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Preface

One of the more pervasive changes in the manufacturing environment is the implementa-
tion of enterprise resource planning (ERP) systems. Manufacturing planning and control
(MPC) is now embedded in ERP systems in a great number of organizations. This both in-
creases the opportunities for effective management and the complexity of integration
required. No MPC activity can now ignore the pervasiveness of ERP systems.

Market requirements are critical in the competitive manufacturing environment. The
capabilities of manufacturing plus the expectations of the market has led to increased pres-
sure for both speed and variety. Customers are demanding more tailoring in the products
that they order and want them faster than ever. Part of this is derived from the expectation
of shortened product life cycles, while part is derived from customers wanting more indi-
vidualized treatment.

A major change that has continued over all the editions of this book is that of globaliza-
tion. Even small and medium-size enterprises now have manufacturing facilities in countries
other than their own. In some instances, this is a complex network of facilities. In others it is
a single manufacturing or manufacturing/marketing subsidiary. The implications of this are
that the geographic reach and diversity of environments within which the manufacturing
planning and control system must operate has increased and will continue to do so.

Partly as consequence of the internationalization of business and partly as a response to
outsourcing as companies focus on their core competencies, the interconnectedness of
manufacturing firms has increased substantially. The implication of this is that companies
are now often integrated as customers of their suppliers and integrated with their customers
whom they supply in complicated ways. This has created the need to manage some very
complex supply chains or networks. In some instances, firms in these supply networks will
find themselves competing with customers and suppliers while simultaneously trying to de-
velop mutually beneficial relationships for some portion of their product line. Increasingly,
firms have a mixture of industrial and consumer markets that require different channels,
which also increases the complexity of the manufacturing relationships. These relation-
ships must be incorporated in the MPC system of the firm.

Comments on the Sixth Edition

Vi

In a sense, this edition of the book is designed to recognize the maturity of much of the ma-
terial in this book. Since the first edition, published in 1984, the techniques and concepts in
the book have developed to where now most of the ideas are commonly available in ERP
systems. So, in this edition, we have significantly streamlined the presentation of the basic
ideas. Our idea is that many of the readers of this book are students just learning the mater-
ial who will appreciate a concise presentation of the material with clear examples. We have,
therefore, removed much of the “research”-oriented material that was included in previous
editions. We have removed some of the ideas that are not in common use while adding new
ideas that are now commonly used.



Preface vii

The first eight chapters of the book provide a thorough coverage of manufacturing plan-
ning and control. In the spirit of previous editions of the book, our coverage is extensive
and complete, yet as concise as we feel is reasonable. We are careful in our use of termi-
nology so as not to confuse the reader by minimizing the use of “lingo” while introducing
the vernacular of the operations and supply chain management professional. Terminology
and the organization of the topics closely follow that used by APICS—the Association for
Operations Management—in the APICS Dictionary and in the APICS Body of Knowledge
Framework (which was co-authored by an author of this book).

The last four chapters of the book focus on the integration of manufacturing with the
supply chain. In these chapters, our emphasis is on the basic techniques and concepts, and
we cover them in a manner that corresponds to how they are commonly implemented in
ERP systems. Integration of MPC with the logistics and warehousing functions in the firm
can no longer be an “arm’s length” activity. Speed and efficiency require tight integration
of these activities with minimal inventory buffering. Complicating matters is the oft-
common outsourcing of the shipping and warehousing activities, which places complex
supply chain—related demands on the MPC system.

It is our contention that the supply chain professional of the future needs a very strong
understanding of the material in this book. Just like the professional accountant must un-
derstand the basics of assets, liabilities, the balance sheet, and the income and expense
statements, together with the transactions that generate the data in the accounting systems,
so too must the supply chain professional understand a set of basic techniques and con-
cepts. The sales and operations plan, master schedule, material requirements planning, and
distribution requirements planning records tie the manufacturing function to the supplier
on the inbound side and the customer on the outbound side in terms of material and inventory.
Logic such as regression analysis, exponential smoothing, available-to-promise, material
planning, and reorder points are the decision support tools that assist the professional mak-
ing rational decisions within the realm of manufacturing and supply chain planning.

This book is designed to be an essential resource for both the student of the field and the
practicing professional. Mastery of the contents provides a solid foundation on which
comprehensive, firm-specific implementations can be developed. It is our contention that
each firm has unique requirements dependent on special supplier and market requirements.
A sustainable competitive advantage comes from taking an innovative approach to how
material and inventory is managed. A comprehensive understanding of the key concepts
and techniques available is essential to structuring and implementing the supply chain ma-
terial and inventory planning systems used by the firm. This book is designed to support
this understanding.
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Chapter

Manufacturing Planning
and Control

The manufacturing planning and control (MPC) system is concerned with planning and
controlling all aspects of manufacturing, including managing materials, scheduling machines
and people, and coordinating suppliers and key customers. Because these activities change
over time and respond differently to different markets and company strategies, this chapter
provides a model for evaluating responses to changes in the competitive environment. We
believe that the development of an effective manufacturing planning and control system
is key to the success of any goods producing company. Moreover, truly effective MPC
systems coordinate supply chains—joint efforts across company boundaries. Finally,
MPC systems design is not a one-time effort; MPC systems need to continuously adapt and
respond to changes in the company environment, strategy, customer requirements, particu-
lar problems, and new supply chain opportunities. The critical question is not what one has
accomplished; it is “What should the firm, together with its supply chain partners, do next?”’
To put these ideas in perspective, this chapter is organized around the following four man-
agerial concerns:

» The MPC system defined: What are the typical tasks performed by the MPC system and

how do these tasks affect company operations?

* An MPC system framework: What are the key MPC system components and how do
they respond to a company’s needs?

* Matching the MPC system with the needs of the firm: How do supply-chain product and
process issues affect MPC system design?

»  Evolution of the MPC system: What forces drive changes in the MPC system and how
do companies respond to the forces?

The MPC System Defined

In this section we define what the MPC system does and some of the costs and benefits
associated with effective MPC systems. The essential task of the MPC system is to manage
efficiently the flow of material, to manage the utilization of people and equipment, and to

1



2 Chapter 1

Manufacturing Planning and Control

respond to customer requirements by utilizing the capacity of our suppliers, that of our
internal facilities, and (in some cases) that of our customers to meet customer demand. Im-
portant ancillary activities involve the acquisition of information from customers on prod-
uct needs and providing customers with information on delivery dates and product status.
An important distinction here is that the MPC system provides the information upon which
managers make effective decisions. The MPC system does not make decisions nor manage
the operations—managers perform those activities. The MPC system provides the support
for them to do so wisely.

Typical MPC Support Activities

The support activities of the MPC system can be broken roughly into three time horizons:
long term, medium term, and short term. In the long term, the system is responsible for pro-
viding information to make decisions on the appropriate amount of capacity (including
equipment, buildings, suppliers, and so forth) to meet the market demands of the future. This
is particularly important in that these decisions set the parameters within which the firm re-
sponds to current demands and copes with short-term shifts in customer preferences. More-
over, long-term planning is necessary for the firm to provide the appropriate mix of human
resource capabilities, technology, and geographical locations to meet the firm’s future needs.
In the case of supply chain planning, the long term has to include the same kind of capacity
planning for the key suppliers. For companies that outsource their manufacturing to outside
companies, the planning of supplier capacity can be more critical than internal capacity plan-
ning. Moreover, the choice of outsourcing partners has to consider their capabilities to ramp
up and adjust capacities to the actual dictates of the marketplace.

In the intermediate term, the fundamental issue addressed by the MPC system is match-
ing supply and demand in terms of both volume and product mix. Although this is also true
in the longer term, in the intermediate term, the focus is more on providing the exact material
and production capacity needed to meet customer needs. This means planning for the right
quantities of material to arrive at the right time and place to support product production and
distribution. It also means maintaining appropriate levels of raw material, work in process,
and finished goods inventories in the correct locations to meet market needs. Another aspect
of the intermediate-term tasks is providing customers with information on expected delivery
times and communicating to suppliers the correct quantities and delivery times for the mate-
rial they supply. Planning of capacity may require determining employment levels, overtime
possibilities, subcontracting needs, and support requirements. It is often in the intermediate
time frame that specific coordinated plans—including corporate budgets, sales plans and
quotas, and output objectives—are set. The MPC system has an important role in meeting
these objectives.

In the short term, detailed scheduling of resources is required to meet production re-
quirements. This involves time, people, material, equipment, and facilities. Key to this
activity is people working on the right things. As the day-to-day activities continue, the
MPC system must track the use of resources and execution results to report on material
consumption, labor utilization, equipment utilization, completion of customer orders,
and other important measures of manufacturing performance. Moreover, as customers
change their minds, things go wrong, and other changes occur, the MPC system must
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provide the information to managers, customers, and suppliers on what happened, pro-
vide problem-solving support, and report on the resolution of the problems. Throughout
this process, communication with customers on production status and changes in expecta-
tions must be maintained.

To effectively manage the manufacturing processes, a number of manufacturing
performance indicators need to be compiled. Among these are output results; equipment
utilization; and costs associated with different departments, products, labor utilization, and
project completions. Also, measures of customer satisfaction such as late deliveries, prod-
uct returns, quantity errors, and other mistakes are needed. The implications physically and
financially of the activities on the manufacturing floor are collected, summarized, and
reported through the MPC system.

The initial costs for a manufacturing planning and control system can be substantial.
Moreover, the ongoing operational costs are also significant. An effective MPC system
requires a large number of professionals and all their supporting resources, including com-
puters, training, maintenance, and space. It’s not uncommon to find the largest number of
indirect employees at a manufacturing firm to be involved in the MPC area.

An MPC System Framework

It is most typical now to find the MPC system imbedded in an enterprise resource planning
(ERP) system. Many essential activities that need to be performed in the MPC system have
not changed. However, the details have evolved as changes in our knowledge, technology,
and markets have occurred. The MPC activities are now carried out in more areas of the
firm and differ to meet the strategic requirements of the company. In this section, we’ll pro-
vide our framework for understanding the MPC system.

MPC System Activities

Figure 1.1 is a schematic of the general MPC system that would be used within a firm for
planning and controlling its manufacturing operations. But linking customer and supplier
firms in a supply chain requires coordinating the MPC activities between the firms. The
model shown in Figure 1.1 is essentially what one will find as a key part of any packaged
ERP system. The figure is divided into three parts or phases. The top third, or front end, is
the set of activities and systems for overall direction setting. This phase establishes the
overall company direction for manufacturing planning and control. Demand management
encompasses forecasting customer/end-product demand, order entry, order promising, ac-
commodating interplant and intercompany demand, and spare parts requirements. In
essence, demand management coordinates all activities of the business that place demands
on manufacturing capacity.

Sales and operations planning balances the sales/marketing plans with available pro-
duction resources. The result is an agreed-on company game plan that determines the
manufacturing role in meeting company strategy. Increasingly, this activity is receiving
more management attention as the need for coordination is recognized in progressive
firms. The master production schedule (MPS) is the disaggregated version of the sales and
operations plan. That is, it states which end items or product options manufacturing will
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build in the future. The MPS must support the sales and operations plan. Resource plan-
ning determines the capacity necessary to produce the required products now and in the
future. In the long run this means bricks and mortar, while in the short run it means labor
and machine hours. Resource planning provides the basis for matching manufacturing
plans and capacity.

The middle third, or engine, in Figure 1.1 encompasses the set of MPC systems for de-
tailed material and capacity planning. The master production schedule feeds directly into
the detailed material planning module. Firms with a limited product range can specify rates
of production for developing these plans. However, for firms producing a wide variety of
products with many parts per product, detailed material planning can involve calculating
requirements for thousands of parts and components, using a formal logic called material
requirements planning (MRP). MRP determines (explodes) the period-by-period (time-
phased) plans for all component parts and raw materials required to produce all the prod-
ucts in the MPS. This material plan can thereafter be utilized in the detailed capacity
planning systems to compute labor or machine center capacity required to manufacture all
the component parts.

The bottom third, or back end, of Figure 1.1 depicts MPC execution systems. Here,
again, the system configuration depends on the products manufactured and production
processes employed. For example, firms producing a large variety of products using thou-
sands of parts often group all equipment of a similar type into a single work center. Their
shop floor system establishes priorities for all shop orders at each work center so the orders
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can be properly scheduled. Other firms will group mixtures of equipment that produce a
similar set of parts into work centers called production cells. For them, production rates and
just-in-time (JIT) systems for execution are appropriate.

The supplier systems provide detailed information to the company suppliers. In the
case of arm’s length relationships with these suppliers, the supplier systems will produce
purchase orders that will be transmitted to the suppliers. Thereafter, the company MPC
systems should provide suppliers with updated priority information, based on current
conditions in the company—as well as in their customers’ companies. In the case of closer
(partnership) relations with suppliers, information can also include future plans—to help
the suppliers understand expected needs. In a general sense the receiving end of this infor-
mation is the demand management module of the front end in the suppliers’ MPC systems.

In firms using MRP systems, execution of the detailed material and capacity plans in-
volves detailed scheduling of machines and other work centers. This scheduling must reflect
such routine events as starting and completing orders for parts and any problem conditions,
such as breakdowns or absenteeism. These schedules are often available on a real-time basis
from the ERP system database. Real-time data are particularly important in factories with
complex manufacturing processes and/or customers demanding responsiveness to volume,
design, or delivery schedule changes.

Components and materials sourced from outside the organization require an analogous
detailed schedule. In essence, purchasing is the procurement of outside work center capac-
ity. It must be planned and scheduled well to maximize final customer satisfaction. Best-
practice purchasing systems typically separate the procurement or contractual activity from
routine order release and follow-up. Procurement, a highly professional job, involves
contracting for vendor capacity and establishing ground rules for order release and order
follow-up. These tasks take on extra dimensions as procurement involves global sourcing
and multinational coordination of schedules.

An important activity that is not depicted in Figure 1.1 is the measurement, follow-up,
and control of actual results. As products are manufactured, the rate of production and tim-
ing of specific completion can be compared to plans. As shipments are made to customers,
measures of actual customer service can be obtained. As capacity is used, it too can be
compared to plans. If actual results differ from plan, appropriate actions to bring the results
back to plan or modifications of the plan must be made. These measurements and control
actions are part of all three of the phases of the MPC system.

The three-phase framework for manufacturing planning and control is supported by
widely available MPC systems and software, from master production scheduling to the
back-end systems. This software is not only integrated to follow the framework, it is also
linked to other business activities in the ERP systems of many firms. That means that the
MPC systems provide inputs to the financial, distribution, marketing, and human resources
systems that require the information.

the MPC System with the Needs of the Firm

The specific requirements for the MPC system design depend on the nature of the pro-
duction process, the degree of supply chain integration, customers’ expectations, and the
needs of management. As the MPC system is required to integrate with other company
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systems in the supply chain and/or with the ERP system of the firm, additional design
parameters are introduced. Moreover, these MPC system requirements are not static. As
competitive conditions, customer expectations, supplier capabilities, and internal needs
change, the MPC system needs to change. In addition, the changes that are being ad-
dressed as we make one set of modifications may well be different when we move to
another change that needs addressing. The result is a different emphasis on various MPC
system modules over time.

MPC technology continues to change over time as well. The present trend is to more
online data access and systems. MPC status is also a product of the increasing speeds,
decreasing costs, and increasing storage capabilities of modern computers. Online systems
provide multiple advantages, particularly between firms. Internet-based systems are be-
coming an important way to support intrafirm coordinated efforts. For these firms the
amount of paper moving between departments of a company or between companies has
been greatly reduced. Planning cycles have been speeded up. Inventories between partners
in the supply chain are being replaced by speedier information. All of these changes dra-
matically affect the way users interact with the MPC system. As information-processing
capabilities increase, MPC systems have evolved to utilize the latest technologies.

MPC systems must also reflect the physical changes taking place on the factory floor. Out-
sourcing, contract manufacturing, and the hollowing out of the corporation dramatically af-
fect MPC systems design. Moves from job shops to flow processes to cellular manufacturing
approaches affect the MPC systems design as well. Providing information at the level where
decisions are made in appropriate time frames has greatly augmented the use of computers
on the factory floor and the speed of interaction between planning and execution.

It’s not, however, just on the factory floor that changes dictate the MPC system needs.
As the firm shapes its manufacturing strategy, different modules of the MPC system may
need to be modified to respond. As an example, firms that are increasing product variety
may need to strengthen the master production scheduling and detailed material planning
modules in order to more quickly phase in and phase out new products. Firms that are com-
peting on delivery speed may need to improve shop floor execution and feedback systems
to more closely monitor the progress of products through the manufacturing facility. This
matching of strategic direction with MPC system design is as dynamic as any of the other
elements that shape the MPC system requirements.

An MPC Classification Schema

Figure 1.2 shows the relationship between MPC system approaches, the complexity of the
manufactured product as expressed in the number of subparts, and the repetitive nature of
production, expressed as the time between successive units. Figure 1.2 also shows some
example products that fit these time and complexity scales.

Several MPC approaches presented in Figure 1.2 are appropriate for products that fit in
various points in the schema. The figure demonstrates that the MPC emphasis changes as the
nature of the product, process, or both change. For example, as a product’s sales volume
grows over time, the MPC emphasis might shift from right to left. Regardless of where the
company is on Figure 1.2, it’s necessary to perform all the activities depicted in Figure 1.1.
However, how they are performed can be quite different for firms at different points on
Figure 1.2.
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The lower left-hand corner of Figure 1.2 shows a flow-oriented manufacturing process
typical of many chemical, food, petroleum, and bulk product firms. Because products are
produced in streams instead of discrete batches, virtually no time elapses between succes-
sive units. With these processes, the front-end concern of the MPC system is primarily the
flow rates that become the master production schedule. Typically, these products have rel-
atively few component parts, so engine management is straightforward. Depending on how
components are purchased, the back end may involve some complexity. Typically, these
firms’ major cost is for raw materials, although transportation costs can also be significant.

Repetitive manufacturing activities are found in many plants that assemble similar prod-
ucts (e.g., automobiles, watches, personal computers, pharmaceuticals, and televisions).
For such products, component-part management is necessary, but everything is coordinated
with the flow or assembly rate for the end items.

In the middle of the figure we show a large application area for just-in-time systems.
Using lean manufacturing approaches, many firms today try to move their processes from
right to left in the figure. That is, they try to make processes more repetitive as opposed to
unique in order to achieve the operational advantages of repetitive manufacturing (shorter
production cycles, reduced lead times, lower inventories, and the like). JIT is shown as
spanning a wide variety of products and processes. This MPC approach is increasingly
being integrated with more traditional MRP-based systems. The goal is to achieve better
MPC system performance and to reduce costs of maintaining the MPC system.

Figure 1.2 also shows material requirements planning as spanning a wide area. MRP is
often the platform for ERP applications and is key to any MPC system involving manage-
ment of a complicated parts situation. The majority of manufacturing firms have this sort
of complexity, and MRP-based systems continue to be widely applied. For many firms, suc-
cessful use of MRP is an important step in evolving their approaches to MPC. Once routine
MRP operation is achieved, portions of the product and processes that can be executed with
JIT methodologies can be selected.

The last form of MPC depicted in Figure 1.2, the project type, is applied to unique
long-lead-time products, such as ships and highly customized products. Here, the primary
concern is usually management of the time dimension. Related to time is cost. Project
management attempts to continually assess partially completed projects’ status in terms
of expected completion dates and costs. Some firms have successfully integrated MRP
approaches with the problems of project management. This is particularly effective in
planning and controlling the combined activities of engineering and manufacturing.
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Evolution of the MPC System

FIGURE 1.3
Evolutionary
Responses to
Forces for
Change

Throughout this chapter, we have discussed the dynamism of the MPC system. This notion
is so important that we devote an entire section to the topic. Although the activities shown
in Figure 1.1 are performed in every manufacturing company, whether large or small, MPC
system configuration depends strongly on the company’s attributes at a particular point in
time. The key to keeping the MPC system matched to evolving company needs is to ensure
system activities are synchronized and focused on the firm’s strategy. This ensures that de-
tailed MPC decision making is in harmony with the company’s game plan. But the process
is not static—the need for matching is ongoing.

The Changing Competitive World

Figure 1.3 depicts some manufacturing firms’ typical responses to changing marketplace
dictates. New technology, products, processes, systems, and techniques permit new com-
petitive initiatives; global competition intensifies many of these forces. Marketplace
dictates drive revisions in company strategy, which in turn often call for changes in manu-
facturing strategy, manufacturing processes, and MPC systems.

Shorter product life cycles come about partly because consumers have access to products
from all over the world. This has spawned the move to “time-based competition.” Who can get
to the market quickest? Similarly, today’s market insists on ever-higher quality, which in turn
has led to many changes in manufacturing practices. Cost pressures have translated into reduc-
tions of all manufacturing cost components from material and labor to overhead and energy.

But increasingly, cost and quality are the ante to play the game—winning requires flexi-
bility and responsiveness in dealing with even more fickle customer demands. Clearly, these
pressures and responses require changes in both the MPC system and the underlying
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manufacturing process. As Figure 1.3 shows, typical MPC responses are MRP and JIT.
Process responses include automation, simplification, and production cells for cellular
manufacturing.

Reacting to the Changes

If the MPC system has remained unchanged for a significant length of time, it may no
longer be appropriate to the company’s needs. The system, like the strategy and processes
themselves, must change to meet the dictates of the market. In many instances, this may
simply imply a different set of evaluative criteria for the MPC system. In other cases, new
modules or information may be required. In yet other cases, entire MPC activities may need
to be eliminated. For example, JIT systems frequently move materials so quickly through
the factory that MRP and shop-floor scheduling systems to track them are not needed. In
supply chain management approaches, the emphasis shifts to the total costs (and values
created) in the joint activities of more than one firm. The typical focus is on the dyad: two
firms where time and inventories are substantially reduced.

The need for evolution in MPC systems implies the need for periodic auditing that com-
pares system responses to the marketplace’s requirements. The audit must address not only
the system’s focus but also the concomitant training of people and match with current
objectives. Although the MPC framework in Figure 1.1 is general, its application is specific
and evolving. Keeping it on track is an essential feature of MPC itself.

Concluding
Principles

This chapter lays the groundwork for the rest of the book. Defining and adjusting the

MPC system to support the manufacturing activity are an ongoing challenge. We hope

that, as you read the rest of the book, you constantly ask how the general framework

applies in specific instances, and what is happening to ensure a better match between

MPC system design and marketplace dictates. From the chapter we draw the following

principles:

* The framework for MPC is general, and all three phases must be performed, but specific
applications necessarily reflect particular company conditions and objectives.

* In supply chain environments, the MPC system must coordinate the planning and con-
trol efforts across all companies involved.

* Manufacturing planning and control systems should support the strategy and tactics
pursued by the firm in which they are implemented.

+ Different manufacturing processes often dictate the need for different designs of the
MPC system.

» The MPC system should evolve to meet changing requirements in the market, technol-
ogy, products, and manufacturing processes.

* The manufacturing planning and control system should be comprehensive in supporting
the management of all manufacturing resources.

* An effective MPC system can contribute to competitive performance by lowering costs
and providing greater responsiveness to the market.

 In firms that have an integrated ERP system and database, the MPC system should inte-
grate with and support cross-functional planning through the ERP system.
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Discussion 1. The discussion of the framework for manufacturing planning and control seems to imply that
Questions overall direction setting must be done before detailed material and capacity planning activities can
be accomplished. The latter must be done before executing and controlling the plans is possible.
Do you agree? Give an example supporting your position.
2. Apply the MPC framework to a college setting. In particular, identify the front end, engine, and
back end.
3. We have suggested that as changes take place in the world, the MPC system would require modi-
fications to adapt. What changes can you see that will require changes in the MPC system?
4. One of the local company’s production managers asked you to advise her on installing an MPC
system. She starts by asking you which particular software brand you prefer and if you believe in
ERP systems. What questions would you ask her?




Chapter 1 A

Enterprise Resource
Planning (ERP)

This chapter concerns the integrated enterprise resource planning (ERP) systems that are
now commonly used by large companies to support MPC decisions. Major software vendors
such as SAP, Oracle, PeopleSoft, and i2 Technologies offer state-of-the art systems designed
to provide real-time data to support better routine decision making, improve the effi-
ciency of transaction processing, foster cross-functional integration, and provide improved
insights into how the business should be run. This chapter is organized around five major
topics:

» What ERP is: What is the scope of ERP implementations and how are the various mod-
ules of the software organized?

* How ERP connects the functional units: That is, how does ERP help integrate overall
company operations?

* How manufacturing planning and control (MPC) decisions are supported by ERP:
What are the detailed MPC issues addressed by ERP and how does an ERP package
help address these issues?

* Performance metrics to evaluate integrated system effectiveness: Why do we need over-
all metrics to break out of “functional silo” thinking?

* What the experience with ERP is: How have some example firms gone about imple-
mentation and what have been the results?

In most companies, ERP provides the information backbone needed to manage day-to-
day execution. Many of the standard production planning and control functions are sup-
ported by ERP. In particular, standard applications include demand management covered in
Chapter 2, sales and operations planning in Chapter 4, master production scheduling found
in Chapter 5, materials requirements planning in Chapter 6, production activity control in
Chapter 8, inventory control in Chapter 11, and forecasting covered in Chapter 3. The soft-
ware is often extended through either commercial software designed to work with the ERP
system or through custom programmed modules built with spreadsheets and other general
purpose software.

11
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What Is ERP?

The term enterprise resource planning (ERP) can mean different things, depending on one’s
viewpoint. From the view of managers in a company, the emphasis is on the word planning;
ERP represents a comprehensive software approach to support decisions concurrent with
planning and controlling the business. On the other hand, for the information technology
community, ERP is a term to describe a software system that integrates application pro-
grams in finance, manufacturing, logistics, sales and marketing, human resources, and the
other functions in a firm. This integration is accomplished through a database shared by all
the functions and data-processing applications in the firm. ERP systems typically are very
efficient at handling the many transactions that document the activities of a company. For
our purposes, we begin by describing our view of what ERP should accomplish for man-
agement, with an emphasis on planning. Following this, we describe how the ERP software
programs are designed and provide points to consider in choosing an ERP system. Our spe-
cial interest is in how the software supports MPC systems.

ERP systems allow for integrated planning across the functional areas in a firm. Perhaps
more importantly, ERP also supports integrated execution across functional areas. Today
the focus is moving to coordinated planning and execution across companies. In many
cases this work is supported by ERP systems.

Consistent Numbers

ERP requires a company to have consistent definitions across functional areas. Consider
the problem of measuring demand. How is demand measured? Is it when manufacturing
completes an order? When items are picked from finished goods? When they physically
leave the premises? When they are invoiced? When they arrive at the customer site? What
is needed is a set of agreed-on definitions that are used by all functional units when they are
processing their transactions. Consistent definitions of such measures as demand, stock-
outs, raw materials inventory, and finished goods inventory, for example, can then be made.
This is a basic building block for ERP systems.

ERP, with the emphasis on planning, is designed to allow much tighter integration, thus
eliminating the problem of local optimization. Tom Wallace and Mike Kremzar, noted
manufacturing industry experts, describe ERP as:

+ an enterprisewide set of management tools that helps balance demand and supply;

+ containing the ability to link customers and suppliers into a complete supply chain;

« employing proven business processes for decision making; and

 providing high degrees of cross-functional integration among sales, marketing, manufac-
turing, operations, logistics, purchasing, finance, new product development, and human
resources; thereby

» enabling people to run their business with high levels of customer service and produc-
tivity, and simultaneously lower costs and inventories, and providing the foundation for
effective e-commerce.

Companies implementing ERP strive to derive benefits through much greater efficiency
gained by an integrated MPC planning and control process. In addition, better responsiveness
to the needs of customers is obtained through the real-time information provided by the sys-
tem. To better understand how this works, we next describe features of ERP software.
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Software Imperatives
There are four aspects of ERP software that determine the quality of an ERP system:

1. The software should be multifunctional in scope with the ability to track financial
results in monetary terms, procurement activity in units of material, sales in terms of
product units and services, and manufacturing or conversion processes in units of
resources or people. That is, excellent ERP software produces results closely related
to the needs of people for their day-to-day work.

2. The software should be integrated. When a transaction or piece of data representing an ac-
tivity of the business is entered by one of the functions, data regarding the other related
functions are changed as well. This eliminates the need for reposting data to the system. In-
tegration also ensures a common vision—we all sing from the same sheet of music.

3. The software needs to be modular in structure so it can be combined into a single
expansive system, narrowly focused on a single function, or connected with software
from another source/application.

4. The software must facilitate classic manufacturing planning and control activities,
including forecasting, production planning, and inventory management.

An ERP system is most appropriate for a company seeking the benefits of data and
process integration supported by its information system. Benefit is gained from the elimi-
nation of redundant processes, increased accuracy in information, superior processes, and
improved speed in responding to customer requirements.

An ERP software system can be built with software modules from different vendors, or
it can be purchased from a single vendor. A multivendor approach can provide the oppor-
tunity to purchase “best in class” of each module. But this is usually at the expense of
increased cost and greater resources needed to implement and integrate the functional
modules. On the other hand, a single-vendor approach may be easier to implement, but the
features and functionality may not be the best available.

Routine Decision Making

It is important to make a distinction between the transaction processing capability and the de-
cision support capability of an ERP system. Transaction processing relates to the posting and
tracking of the activities that document the business. When an item is purchased from a ven-
dor, for example, a specific sequence of activities occurs. The solicitation of the offer, accep-
tance of the offer, delivery of goods, storage in inventory, and payment for the purchase are all
activities that occur as a result of the purchase. The efficient handing of the transactions as
goods move through each step of the production process is the primary goal of an ERP system.

A second objective of an ERP system is decision support. Decision support relates
to how well the system helps the user make intelligent judgments about how to run the
business. A key point here is that people, not software, make the decisions. The system sup-
ports better decision making. In the case of manufacturing planning and control, for exam-
ple, decisions concerning the amount to purchase, the selection of the vendor, and how it
should be delivered will need to be determined. These decisions are made by MPC profes-
sionals while ERP systems are oriented toward transaction processing. But over time, they
evolve using decision logic based on parameters set in the system. For example, for items
stored in inventory, the specific reorder points, order quantities, vendors, transportation
vendors, and storage locations can be established when the items are initially entered in the
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system. At a later point, the decision logic can be revisited to improve the results. A major
industry has been built around the development of bolt-on software packages designed to
provide more intelligent decision support to ERP systems.

Choosing ERP Software

Key considerations when evaluating ERP software are:

1. The complexity of the business, degree of vertical integration, and level of international
operations.

2. The size of the business.

3. The scope of functionality needed—is decision making reasonably routine, or is
complex optimization required?

4. The differences in the conversion processes. Is discrete manufacturing used or process
manufacturing, or both? The needs of these entities are different and perhaps difficult to
accommodate with a single system.

5. The degree of sophistication and unique requirements of the firm’s processes. Are there
unique customer information requirements? How much of a custom solution is needed?

6. The alignment of the manufacturing planning and control modules with the needs of the
firm. For example, are the mechanisms for aggregating demand for forecasting purposes
adequate? Can the inventory control module accommodate the requirement to uniquely
identify production batches?

7. The money available for implementing the system. Are radical process changes needed?

8. The computer hardware and telecommunications availability. Is the existing infrastruc-
ture compatible? Where does the company see the future? Where is the industry going?
Do we need to be state of the art?

How ERP Connects the Functional Units

A typical ERP system is made up of functionally oriented and tightly integrated modules.
All the modules of the system use a common database that is updated in real time. Each
module has the same user interface, similar to that of the familiar Microsoft Office
products, thus making the use of the different modules much easier for users trained on the
system. ERP systems from various vendors are organized in different ways, but typically
modules are focused on at least the following four major areas: finance, manufacturing and
logistics, sales and marketing, and human resources.

One can see the evolution of ERP systems in much the same way as car models evolve
at automobile manufacturers. Automobile manufacturers introduce new models every year
or two and make many minor refinements. Major (platform) changes are made much less
frequently, perhaps every five to eight years. The same is true of ERP software. ERP ven-
dors are constantly looking for ways to improve the functionality of their software, so new
features are often added. Many of these minor changes are designed to improve the usabil-
ity of the software through a better screen interface or added features that correspond to the
“hot” idea of the time. Major software revisions that involve changes to the structure of
the database, changes to the network, and computer hardware technologies, though, are made
only every three to five years. The basic ERP platform cannot be easily changed because of the
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large installed base of users and support providers. Butthese changes do occur. Asan example,
SAP has moved from version R/2 to R/3, a major change in the software.

Figure 1A.1 depicts the scope of ERP applications. The diagram is meant to show how
a comprehensive information system uses ERP as the core or backbone of the information
system. Many other software-based functions may be integrated with the ERP system but
are not necessarily included in the ERP system. The use of more specialized software such
as decision support systems can often bring significant competitive advantage to a firm.
The following brief descriptions of typical module functionality give an indication of how
comprehensive the applications can be.

Finance

As a company grows through acquisition, and as business units make more of their own
decisions, many companies find themselves with incompatible and sometimes conflicting
financial data. An ERP system provides a common platform for financial data capture, a
common set of numbers, and processes, facilitating rapid reconciliation of the general
ledger. The real value of an ERP system is in the automatic capture of basic accounting trans-
actions from the source of the transactions. The actual order from a customer, for example,
is used not only by manufacturing to trigger production requirements, but also becomes the
information for the update of accounts payable when the order is actually shipped.

Manufacturing and Logistics

This set of applications is the largest and most complex of the module categories. The MPC
system components discussed in this book (front end, engine, back end) are concentrated
in this area. Typical components include:

» Sales and operations planning coordinates the various planning efforts including mar-
keting planning, financial planning, operations planning, and human resource planning.
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* Materials management covers tasks within the supply chain, including purchasing, ven-
dor evaluation, and invoice management. It also includes inventory and warehouse
management functions to support the efficient control of materials.

* Plant maintenance supports the activities associated with planning and performing
repairs and preventive maintenance.

*  Quality management software implements procedures for quality control and assurance.

* Production planning and control supports both discrete and process manufacturing.
Repetitive and configure-to-order approaches are typically provided. Most ERP systems
address all phases of manufacturing, including capacity leveling, material requirements
planning, JIT, product costing, bill of materials processing, and database maintenance.
Orders can be generated from sales orders or from links to a World Wide Web site.

* Project management systems facilitate the setup, management, and evaluation of large,
complex projects.

Sales and Marketing

This group of systems supports customer management; sales order management; forecast-
ing, order management, credit checking configuration management; distribution, export con-
trols, shipping, transportation management; and billing, invoicing, and rebate processing.
These modules, like the others, are increasingly implemented globally, allowing firms to
manage the sales process worldwide. For example, if an order is received in Hong Kong, but
the products are not available locally, they may be internally procured from warehouses in
other parts of the world and shipped to arrive together at the Hong Kong customer’s site.

Human Resources

This set of applications supports the capabilities needed to manage, schedule, pay, hire, and
train the people who make an organization run. Typical functions include payroll, benefits
administration, applicant data administration, personnel development planning, workforce
planning, schedule and shift planning, time management, and travel expense accounting.

Customized Software

In addition to the standard application modules, many companies utilize special add-on
modules that link to the standard modules, thus tailoring applications to specific needs.
These modules may be tailored to specific industries such as chemical/petrochemical, oil
and gas, hospital, and banking. They may also provide special decision support functions
such as optimal scheduling of critical resources.

Even though the scope of applications included in standard ERP packages is very large,
it is usually the case that additional software will be required because of the unique
characteristics of each company. A company generates its own unique mix of products and
services that are designed to provide a significant competitive advantage to the firm. This
unique mix of products and services will need to be supported by unique software capabil-
ity, some of which may be purchased from vendors and others that will need to be custom
designed. Customized software applications are also widely used to coordinate the activi-
ties of a firm with its supply chain customers and suppliers.

Data Integration

The software modules, as described earlier, form the core of an ERP system. This core is
designed to process the business transactions to support the essential activities of an
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enterprise in an efficient manner. Working from a single database, transactions document
each of the activities that compose the processes used by the enterprise to conduct business.
A major value of the integrated database is that information is not reentered at each step of
a process, thus reducing errors and reducing work.

Transactions are processed in real time, meaning that as soon as the transaction is entered
into the system, the effect on items such as inventory status, order status, and accounts receiv-
able is known to all users of the system. There is no delay in the processing of a transaction in
a real-time system. A customer could, for example, call into an order desk to learn the exact
status of an order—or determine the status independently through an Internet connection.
From a decision analysis viewpoint, the amount of detail available in the system is extremely
rich. If, for example, one wishes to analyze the typical lead time for a product produced to
order, the analyst could process an information request that selects all of the orders for the
product over the past three months, then a calculation of the time between the order date and
delivery date for each order would be done, and finally the average of this time for the whole
set of orders can be calculated. Analyses, such as this lead time, can be valuable for evaluat-
ing improvements designed to make the process more responsive, for example.

To facilitate queries not built into the standard ERP system software, a separate data
warehouse is commonly employed. A data warehouse is a special program (often running
on a totally separate computer) that is designed to automatically capture and process data for
uses that are outside the basic ERP system applications. For example, the data warehouse
could, on an ongoing basis, capture and perform the calculations needed for the average lead
time question. The data warehouse software and database is set up so that users may access
and analyze data without placing a burden on the operational ERP system. This is a power-
ful mechanism to support higher-level decision support applications.

A good example of a company making use of a data warchouse is Walmart. Walmart is
now able to put two full years of retail store sales data online. The data are used by both in-
ternal Walmart buyers and outside suppliers—sales and current inventory data on products
sold at Walmart and Sam’s Club stores. Vendors, who are restricted to viewing products
they supply, use a Web-based extranet site to collaborate with Walmart’s buyers in manag-
ing inventory and making replenishment decisions. A vendor’s store-by-store sales results
for a given day are available to vendors by 4 a.m. the following day. The database is more
than 130 terabytes in size. Each terabyte is the equivalent of 250 million pages of text.
At an average of 500 pages per book, a terabyte is a half million books. For Walmart
as a whole, that is about 20 major university libraries.

How Manufacturing Planning and Control (MPC)
Fits within ERP

MPC is concerned with planning and controlling all aspects of manufacturing, including
managing materials, scheduling machines and people, and coordinating suppliers and key
customers. The coordination required for success runs across all functional units in the firm.
Consider the following simple example to illustrate the degree of coordination required.

Simplified Example
The Ajax Food Services Company has one plant that makes sandwiches. These are sold in
vending machines, cafeterias, and small stores. One of the sandwiches is peanut butter and
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jelly (PBJ). It is made from bread, butter, peanut butter, and grape jelly. When complete, it
is wrapped in a standard plastic package used for all Ajax sandwiches. One loaf of bread
makes 10 sandwiches, a package of butter makes 50 sandwiches, and containers of peanut
butter and jelly each make 20 sandwiches.

Consider the information needed by Ajax for manufacturing planning and control. First
Ajax needs to know what demand to expect for its PBJ sandwich in the future. This might
be forecast by analyzing detailed sales data from each location where the sandwiches are
sold. Because sales are all handled by sales representatives who travel between the various
sites, data based on the actual orders and sales reports provided by the reps can be used to
make this forecast. The same data are used by human resources to calculate commissions
owed to the reps for payroll purposes. Marketing uses the same data to analyze each current
location and evaluate the attractiveness of new locations.

Freshness is very important to Ajax, so daily demand forecasts are developed to plan
manufacturing. Consider, for example, that Ajax sees that it needs to make 300 PBJ sand-
wiches to be delivered to the sales sites this Friday. Ajax will actually assemble the
sandwiches on Thursday. According to the usage data given earlier, this requires 30 loaves
of bread, six packages of butter, and 15 containers of peanut butter and jelly. Freshness is
largely dictated by the age of the bread, so it is important that Ajax works closely with the
local baker because the baker delivers bread each morning on the basis of the day’s assem-
bly schedule. Similarly, the delivery schedules for the butter, peanut butter, and jelly need
to be coordinated with the vendors of these items.

Ajax uses college students who work on a part-time basis to assemble the sandwiches.
Manufacturing knows that a student can make 60 sandwiches per hour and that sandwiches
must be ready for loading into the delivery trucks by 4:00 p.m. on the day prior to delivery.
Our 300 sandwiches require five hours of work, so any one student doing this work needs
to start at or before 11:00 a.m. on Thursday to make the sandwiches on time.

AnERPsystemisdesigned to provide the information and decision supportneeded to coor-
dinate this type of activity. Of course, with our simplified example, the coordination is trivial,
but consider if our company were making hundreds of different types of sandwiches in 1,000
cities around the world, and these sandwiches were sold at hundreds of sites in each of these
cities. This is exactly the scale of operations that can be handled by a modern ERP system.

Precisely how all of these calculations are made is, of course, the main focus of this
book. All of the details for how material requirements are calculated, how capacity is
planned, and how demand forecasts are made, for example, are explained in great detail.
To illustrate the MPC features within ERP systems, the following section describes
mySAP Supply Chain Management, a software package offered by SAP, a major ERP
vendor.

Supply Chain Planning with mySAP SCM

In this section we see how SAP has approached the details of manufacturing planning and
control. Detailed discussions of these applications are the topic of other sections of this
book. Here, we are using SAP to show how one vendor organizes the functions. Other
major vendors like PeopleSoft, Oracle, and BAAN each have a unique approach to pack-
aging supply chain software.

SAP labels all MPC applications as part of its supply chain software, divided into four
main functions: supply chain planning, supply chain execution, supply chain collaboration,
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and supply chain coordination. Current information about products is on vendors’ websites,
and readers are encouraged to download the white papers that describe a vendor’s current
thinking. These publications are informative and indicate where a vendor will move in the
future. Moreover, comparing/contrasting this information can be very educational—and
help in making key choices as to which business processes can be supported by standard
(plain vanilla) software.

The supply chain design module provides a centralized overview of the entire supply
chain and key performance indicators, which helps identify weak links and potential im-
provements. It supports strategic planning by enabling the testing of various scenarios to
determine how changes in the market or customer demand can be addressed by the supply
chain. Here, for our simplified example of Ajax food services, we could evaluate the rela-
tive profitability of particular market channels and locations such as vending machines ver-
sus shops in train stations.

Collaborative demand and supply planning helps match demand to supply. Demand-
planning tools take into account historical demand data, causal factors, marketing events,
market intelligence, and sales objectives and enable the supply chain network to work on a
single forecast. Supply planning tools create an overall supply plan that covers materials
management, production, distribution and transportation requirements, and constraints.
Here Ajax would be able to anticipate the demands for each kind of sandwich in each loca-
tion and plan replenishments accordingly.

Supply Chain Execution with mySAP SCM

Materials management shares inventory and procurement order information to ensure that
the materials required for manufacturing are available in the right place and at the right
time. This set of applications supports plan-driven procurement, inventory manage-
ment, and invoicing, with a feedback loop between demand and supply to increase
responsiveness. In this set of applications, Ajax would plan for all the sandwich compo-
nents to be delivered to the right places at the right times. Inventories might be maintained
on some items such as peanut butter, while others such as bread might be planned on a just-
in-time basis.

Collaborative manufacturing shares information with partners to coordinate production
and enable everyone to work together to increase both visibility and responsiveness. These
applications support all types of production processes: engineer-to-order, configure-to-
order, make-to-order, and make-to-stock. They create a continuous information flow
across engineering, planning, and execution and can optimize production schedules
across the supply chain, taking into account material and capacity constraints. Here Ajax
might do joint planning with key suppliers and perhaps organize the planning of special
promotions.

Collaborative fulfillment supports partnerships that can intelligently commit to delivery
dates in real time and fulfill orders from all channels on time. This set of applications
includes a global available-to-promise (ATP) feature that locates finished products, com-
ponents, and machine capacities in a matter of seconds. It also manages the flow of prod-
ucts through sales channels, matching supply to market demand, reassigning supply and
demand to meet shifts in customer demand, and managing transportation and warehousing.
Clearly all these logistics activities are critical to Ajax in order to deliver fresh sandwiches
in the right amounts.
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Supply Chain Collaboration with mySAP SCM

The inventory collaboration hub uses the Internet to gain visibility to suppliers and manage
the replenishment process. Suppliers can see the status of their parts at all plants, receive
automatic alerts when inventory levels get low, and respond quickly via the Web. The hub
can also be integrated with back-end transaction and planning systems to update them in
real time. Here Ajax could provide real-time inventory views to its suppliers—not only of
material suppliers, but also of down stream inventories (i.e., sandwiches).

Collaborative replenishment planning is particularly useful in the consumer products
and retail industries. These applications allow manufacturers to collaborate with their
strategic retail customers to increase revenue, improve service, and lower inventory levels
and costs. They enable an exception-based collaborative planning, forecasting, and replen-
ishment (CPFR) process that allows the firm to add retail partners without a proportional
increase in staff. This set of applications would be particularly useful to Ajax, as it grows
its global business and adds new channels of distribution.

Vendor-managed inventory (VMI) is a set of processes to enable vendor-driven replen-
ishment and can be implemented over the Web. Now Ajax vendors would no longer receive
“orders.” They would replenish Ajax inventories as they like—but be paid for their materi-
als only when consumed by Ajax.

Enterprise portal gives users personalized access to a range of information, applications,
and services supported by the system. It uses role-based technology to deliver information
to users according to their individual responsibilities within the supply chain network. It can
also use Web-based tools to integrate third-party systems in the firm’s supply chain network.
Here, for example, marketing people at Ajax might like to examine the detailed sales data
(and perhaps customer questionnaires) in relation to a new product introduction.

Mobile supply chain management is a set of applications so that people can plan, exe-
cute, and monitor activity using mobile and remote devices. Mobile data entry using
personal data assistant devices and automated data capture using wireless “smart tags,” for
example, are supported. Here Ajax can have marketing and even delivery personnel report
on actual store conditions—not just sales but also category management. For example, how
well does the actual assortment of sandwiches match the standard?

Supply Chain Coordination with mySAP SCM

Supply chain event management monitors the execution of supply chain events, such as the
issue of a pallet or the departure of a truck, and flags any problems that come up. This set
of applications is particularly useful for product tracking/traceability. For Ajax, if there is a
customer complaint about a sandwich, it is critical to quickly determine if this is an isolated
instance or whether there might be a large group of bad quality sandwiches—and how to
find them.

Supply chain performance management allows the firm to define, select, and monitor
key performance indicators, such as costs and assets, and use them to gain an integrated,
comprehensive view of performance across the supply chain. It provides constant surveil-
lance of key performance measures and generates an alert if there is a deviation from plan.
It can be used with mySAP Business Intelligence and SAP’s data warehousing and data
analysis software. Here Ajax needs to not only assess profit contribution by sandwich type
and location, it also needs to determine which are the best supplier and customer partners.
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Performance Metrics to Evaluate Integrated
System Effectiveness

FIGURE 1A.2
Manufacturing
Operating
Cycle

As indicated, one significant advantage that a firm gains from using an integrated ERP sys-
tem is the ability to obtain current data on how the firm is performing. An ERP system can
provide the data needed for a comprehensive set of performance measures to evaluate
strategic alignment of the various functions with the firm’s strategy. An example of the
comprehensiveness of the measures is tracking the time from spending cash on purchases
until the cash is received in sales.

The balance sheet and the income and expense statements contain financial measures,
such as net profit, that traditionally have been used to evaluate the success of the firm. A lim-
itation of traditional financial metrics is that they primarily tell the story of past events. They
are less helpful to guide decision makers in creating future value through investments in cus-
tomer infrastructure, suppliers, employees, manufacturing processes, and other innovations.

Our goal is a more holistic approach to management of the firm. Figure 1A.2 depicts three
major functional areas that make up the internal supply chain of a manufacturing enter-
prise: purchasing, manufacturing, and sales and distribution. Tight cooperation is required
between these three functions for effective manufacturing planning and control. Consid-
ered independently, purchasing is mainly concerned with minimizing materials cost, man-
ufacturing with minimum production costs, sales that result in selling the greatest amount,
and distribution with minimum distribution and warehousing costs. Let us consider how
each independently operating function might seek to optimize its operation.

The “Functional Silo” Approach

The purchasing function is responsible for buying all of the material required to support
manufacturing operations. When operating independently, this function wishes to know
what materials and quantities are going to be needed over the long term. The purchasing
group then solicits bids for the best price for each material. The main criterion is simply the
cost of the material, and the purchasing function is evaluated on this criterion: what is lat-
est actual cost versus standard cost? Of course, quality is always going to be important to
the group, so typically some type of quality specification will need to be guaranteed by the
supplier. But quality is more of a constraint than a goal; suppliers must achieve some min-
imal level of specification. Consideration of delivery schedules, quantities, and responsive-
ness are also important, but again these considerations are often secondary at best in how
the purchasing function is evaluated in a traditional firm.

For manufacturing, making the product at the lowest possible cost is the classic metric. To
do this requires minimum equipment downtime, with high equipment and labor utilization.

Sales and distribution
cycle

Procurement
cycle

Manufacturing
cycle

e Purchase cost of material * Raw materials inventory * Distribution inventory
¢ Accounts payable e Work in process e Accounts receivable
* Finished goods inventory
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Stopping to set up equipment is not the desire of this group. This group is focused on high-
volume output, with minimum changeovers. Quality is again “important”—but as in pur-
chasing it is more of a minimum hurdle. Large batches foster better quality performance,
because defects often occur during changeovers. Once production reaches some steady
state, it is easier to maintain a quality standard.

Long production runs lead to lower unit costs, but they also generate larger cycle stock
inventories. For sales, larger inventories appear at first to be desirable, since these should
support customer service. Alas, it is not so; a one-year supply of product A is of no help
when we are out of product B.

Distribution can be equally narrow-minded and suboptimal. In the classic case its job is
moving the product from the manufacturing site to the customer at the lowest possible cost.
Depending on the product, it may need to be stored in one or more distribution centers and
be moved via one or more different modes of transportation (truck, rail, etc.). Evaluation of
distribution activities tends to focus on the specific distribution activity involved. For ex-
ample, many firms focus on the lowest price quotation for moving a product from one stage
of the distribution chain to another, rather than on the fotal costs of moving materials info
and out of the overall firm. And even here this cost focus needs to be integrated with other
objectives such as lower inventories, faster response times, and customer service.

Consider the implications if all three areas are allowed to work independently. To take
advantage of discounts, purchasing will buy the largest quantities possible. This results in
large amounts of raw material inventory. The manufacturing group desires to maximize
production volumes in order to spread the significant fixed costs of production over as
many units as possible. These large lot sizes result in high amounts of work-in-process in-
ventory, with large quantities of goods pushed into finished goods whether they are needed
or not. Large lot sizes also mean that the time between batches increases; therefore, re-
sponse times to unexpected demand increase. Finally, distribution will try to fully load
every truck that is used to move material to minimize transportation cost. Of course, this
may result in large amounts of inventory in distribution centers (perhaps the wrong ones)
and might not match well with what customers really need. Given the opportunity, the sales
group might even sell product that cannot possibly be delivered on time. After all, they are
evaluated on sales, not deliveries. A more coordinated approach is facilitated by the use of
an ERP system. The following is an example of a consistent set of metrics useful for man-
aging supply chain functions effectively.

Integrated Supply Chain Metrics

The Supply Chain Council has developed many metrics to measure the performance of the
overall supply chain. It has used these standardized measures to develop benchmarks for
comparisons between companies. Figure 1A.3 contains a list of some of these measures
with average and best-in-class benchmarks. The average and best-in-class measures are for
typical large industrial products. The Supply Chain Council has developed sets of measures
similar to these for many different categories of companies.

A particularly useful approach to measuring performance captures not only the in-
tegrated impact that the three classic functions have on the entire business supply chain;
the best metrics also integrate the finance function. A metric that does so in measur-
ing the relative efficiency of a supply chain is cash-to-cash cycle time. Cash-to-cash cycle
time integrates the purchasing, manufacturing, and sales/distribution cycles depicted in
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Average or

Measure Description Best in Class Medium
Delivery What percentage of orders is 93% 69%
performance shipped according to schedule?
Fill rate by Orders often contain multiple line 97% 88%
line item items. This is the percentage of

the actual line items filled.
Perfect order This measures how many 92.4% 65.7%
fulfillment complete orders were filled

and shipped on time.
Order The time from when 135 days 225 days
fulfillment an order is placed to when it is
lead time received by the customer.
Warranty cost This is the actual warranty 1.2% 2.4%
of % of revenue | expense divided by revenue.
Inventory This is how long the firm 55 days 84 days
days of supply could continue to

operate if all sources of

supply were cut off.
Cash-to-cash Considering accounts payable, 35.6 days 99.4 days
cycle time accounts receivable, and inventory,

this is the amount of time

it takes to turn cash used

to purchase materials into

cash from a customer.
Asset turns This is a measure of how many 4.7 turns 1.7 turns

times the same assets can be used

to generate revenue and profit.

Figure 1A.2. But it also relates well to the financial maxim: cash is king! Calculating the mea-
sure requires the use of data related to purchasing, accounting, manufacturing, and sales.
Actually, cash-to-cash cycle time is a measure of cash flow. Cash flow indicates where

cash comes from (its source), where cash is spent (its use), and the net change in cash for
the year. Understanding how cash flows through a business is critical to managing the
business effectively. Accountants use the term operating cycle to describe the length of
time that it takes a business to convert cash outflows for raw materials, labor, etc. into cash
inflows. This cycle time determines, to a large extent, the amount of capital needed to start
and operate a business. Conceptually, cash-to-cash cycle time is calculated as follows:

Cash-to-cash cycle time = Inventory days of supply + Days of sales outstanding
— Average payment period for material (1A.1)

The overall result is the number of days between paying for raw materials and getting
paid for the product. Going through the details of calculating cash-to-cash cycle time
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FIGURE 1A.4
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demonstrates the power of integrated information. These calculations are straightforward in
an ERP system. The calculation can be divided into three parts: the accounts receivable
cycle, the inventory cycle, and the accounts payable cycle.

Figure 1A.4 shows the data that are used for calculating cash-to-cash cycle time. The
data are controlled by different functions within the company. The current accounts payable
amount, an account that is dependent on the credit terms that purchasing negotiates with
suppliers, gives the current money that that firm owes its suppliers. As will be seen in the
calculation, this is a form of credit to the company.

The inventory account gives the value of the entire inventory within the company. This
includes raw materials, work in process, finished goods, and distribution inventory. The
value of inventory depends on the quantities stored and also the cost of the inventory to the
firm. All three major functional areas affect the inventory account. Purchasing has the major
influence on raw materials. Manufacturing largely determines work in process and finished
goods. Sales/distribution influences location of finished goods—as well as amounts through
their forecasts and orders.

Just as inventory is affected by all three functions, the cost of sales is dependent on costs
that are incurred throughout the firm. For the purposes of the cash-to-cash cycle time
calculation, this is expressed as a percentage of total sales. This percentage depends on
such items as material cost, labor cost, and all other direct costs associated with the pro-
curement of materials, manufacturing process, and distribution of the product.

Sales are simply the total sales revenue over a given period of time. Finally, accounts
receivable is the amount owed the firm by its customers. The accounts receivable amount will de-
pend on the firm’s credit policy and its ability to deliver product in a timely manner. Figure 1A.4
shows how the three major functional areas influence the cash-to-cash cycle calculation.

Calculating the Cash-to-Cash Time

As noted, the first task in determining the cash-to-cash cycle time is to calculate accounts
receivable cycle time. This measures the length of time it takes a business to convert a sale
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into cash. In other words, how long does it take a business to collect the money owed for
goods already sold? One way is to calculate the number of days of sales invested in ac-
counts receivable:

Sq = 3 (1A.2)
where
S, = average daily sales
S = sales over d days
AR, = /;f (1A.3)

where
AR, = average days of accounts receivable
AR = accounts receivable

The next part of the calculation is the inventory cycle time. This is the number of days
of inventory measured relative to the cost of sales:

Cy=S,CS (1A.49)
where
C, = average daily cost of sales
CS = cost of sales (percent)
I
Iy =— 1A.5
i~ (1A.5)

where
1, = average days of inventory
I = current value of inventory (total)

Next, the accounts payable cycle time measures the level of accounts payable relative to
the cost of sales:

AP, = — (1A.6)
where
AP, = average days of accounts payable
AP = accounts payable
Finally, the cash-to-cash cycle time is calculated from the three cycle times.
Cash-to-cash cycle time = AR, + I, — AP, (1A.7)

Figure 1A.5 shows an example of the cash-to-cash cycle time calculation.
The cash-to-cash cycle time is an interesting measure for evaluating the relative supply
chain effectiveness of a firm. Some firms are actually able to run a negative value for the
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EIGUIEE IA'S Data: Sales over last 30 days = $1,020,000
Cxalrlnf e((; b Accounts receivable at the end of the month = $200,000
Casl -”l(")'- as Inventory value at the end of the month = $400,000
Cylc el ltl,ne Cost of sales = 60% of total sales
alculation Accounts payable at the end of the month = $160,000
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Cash-to-cash cycle time = AR, + I, — AP, = 5.88 + 19.6 — 7.84 = 17.64 days

measure. Dell Computer, for example, typically runs cash-to-cash cycle times of —10 to
—20 days. This implies the ability to invest in the business as needed—with no requirement
for additional funds! Metrics, such as cash-to-cash cycle time, can be efficiently reported
using ERP data. These metrics can even be reported in real time if needed.

What Is the Experience with ERP?

In this section we examine the implementation trials and tribulations of several firms. ERP
implementation is not easy, but the results can be dramatic, and there are some key lessons
to be learned.

Eli Lilly and Company—Operational Standards
for Manufacturing Excellence

Eli Lilly is a multinational company with 35,000 people, manufacturing plants in 16 countries,
and medicine sales in more than 150 different countries. Eli Lilly uses ERP to manage the co-
ordination of its manufacturing, sales, and research facilities around the globe as new products
are developed and introduced. Developing and deploying a new product is a complex process
that requires extensive research, a complex government approval process, marketing plans,
and manufacturing coordination. The promise of ERP information integration was compelling
for this global company managed from its corporate headquarters in Indianapolis.

Managing such a large company can be done in one of two ways. One approach is to
essentially decentralize the company around autonomous units located in the United States,
Europe, Japan, and other major world centers. Each entity might operate independently
from a sales and manufacturing standpoint, sharing products developed by the research
centers operated by the company. This is largely the way the company operated prior to
standardizing processes beginning in the 1990s.
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The company felt that a single-vendor ERP system would generate the following benefits:

* Process improvements. Significant reduction in the number of transactions processed
and reconciliations needed.

* Training. Simplified employee training and more efficient job rotation because of the
similarity of operations across different functions.

» Information technology. Significantly reduced support and infrastructure costs, since
hundreds of legacy systems could be replaced.

» Strategic direction. Resources more efficiently allocated because of visibility from all
operating entities.

» Organization flexibility. Changing more quickly with new products more quickly de-
ployed, quicker response to changing market conditions.

The decision to move to ERP certainly seemed sound to Eli Lilly, but the details have
proved to be difficult. Implementing an ERP system is only part of true enterprise integra-
tion. Reengineering processes to fully utilize the integrated information support is essen-
tial. In practice, process reengineering is more difficult to achieve than the implementation
of ERP computer hardware and software. Moreover, if processes are not changed, the ERP
system will usually create additional work for people rather than less.

At Eli Lilly, a set of global policies was adopted. These policies are documented (and up-
dated) in a book entitled Operational Standards for Manufacturing Excellence: Materials
Management Policies. The book has been extremely important to integration of manufactur-
ing processes in the company, defining a common set of measures to guide the manufacturing
management. The book contains a comprehensive set of policies, activities, measures, and
goals that defines how manufacturing activities are evaluated across Eli Lilly global opera-
tions. Figure 1A.6 is an example of how customer service level is defined.

Figure 1A.6 defines precisely the manufacturing policy related to customer service
satisfaction, integrated with a set of essential activities to support the policy, and a specific
set of measures and goals. In a similar manner, Eli Lilly defines policies for the following:

* Independent demand management
* Dependent demand management
» Sales and operations planning/requirements and operations planning
* Master scheduling
* Material requirements planning
» Shop floor control
» Inventory control
» Capacity management
» Lead time reduction
+ Data quality
* Training
» Evaluation
Deployment of this common set of policies to all manufacturing units set the stage for a

unified vision of manufacturing excellence around the world. Further, processes as well as
measurements and goals are also commonly based on the activities defined in the policies.
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FIGURE 1A.6
Eli Lilly
Definition of
Customer
Service Level

Rationale: Service level is a critical element of customer satisfaction and is defined as
consistently meeting customer needs related to delivery of product.

Policy: Our service level goal to all customers (external and internal) is to fully satisfy valid
orders 100% of the time and to position Lilly as one of the best suppliers in the industry.

Fundamental activities:

1.
2.

Develop a site program directing efforts toward attainment of the service level goal.
Establish a monthly measurement system to report the number of “fully satisfied”
orders delivered “on time” versus the total number of orders delivered.

. Report the number of lines delivered “on time” versus the total number of lines delivered.
. Publish order lead times (at least annually) for make-to-order and make-to-stock

products that meet the customers’ needs and make economic sense.

. Document the number of incompatible orders, determine causes, and take

corrective action as necessary.

Measurements and goals:

1.

For both internal and external customers, monthly measure and report the number
and percentage of valid customer orders not fully satisfied. Pareto root causes for
not fully satisfying a customer’s valid order so that appropriate corrective action can
be taken.

. Compare results of the “customer service surveys” with your service level measure-

ment to assure that your perceptions of service match those of your customers.

. Customer inquiries should receive a response before the end of the next work day.
. When delivery dates change, customers should be notified within two work days after

the problem causing the change occurs. This must be measured and documented.

. Incompatible orders must be routinely measured and should not exceed 10 percent

of the total orders per month.

At Eli Lilly, terms were precisely defined so that the meaning of the measures and
goals is understood. This was facilitated through diagrams such as Figure 1A.7, the order
management process. Horizontally across the middle of the diagram is a sequential list of
all the major processes associated with make-to-order and make-to-stock orders. Vertically,
various lead times are defined on the basis of beginning and ending points of the required
processes.

A final feature of Lilly’s book is the precise definition of how measurement calculations
should be done. These calculations are illustrated by examples. Consider the following cal-
culation of days of stock (DOS). Assume 30 days per month and these data:

March ending inventory (at standard cost) $1,000,000
Forecast demand (at standard cost)
April $400,000
May $300,000
June $500,000

To calculate DOS, consider how many full months can be covered with inventory on
hand. In this case March inventory will fully cover April and May demand ($1,000,000 —
$400,000 — $300,000 = $300,000), projecting that $300,000 worth of inventory will be
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FIGURE 1A.7 Lilly Order Management Processes and Lead Time Definitions
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left for June. Sixty percent of June demand can be met ($300,000/$500,000 = 0.6). Sixty
percent of June demand is equivalent to 18 days (0.6 x 30 = 18). The total DOS is 78 days
(30 for April + 30 for May 4 18 for June = 78 days).

In the mid-1990s Lilly began implementing an SAP ERP product, R/3. The ideas from
the company’s policy book have been embedded in the ERP system. Processes have been
defined to correspond to those outlined, as have performance measures and reports. In
essence, the ERP system has now replaced the policy book, since the concepts are part of
the logic of the processes used by the company and supported by the ERP system. In the
case of Lilly, developing these common standards began years before the actual implemen-
tation of the ERP system.

Concluding
Principles

The value of ERP to a company depends to a great extent on the potential savings that can
be derived from the ability to centralize information and decision making. For example, a
company like Eli Lilly that makes and distributes drugs around the world can derive great
benefit from an ERP system because of the similarity of manufacturing and distribution at
its sites around the world. It is important to recognize that the value of the system is derived
from the synergies obtained from quick access to information from multiple functions in
the company. ERP is especially valuable when these functions are located at many differ-
ent sites within a country or around the world.
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We provide the following principles regarding implementation of an ERP system:

» To achieve efficiencies, redundant transactions must be reduced.

» Data accuracy and efficiencies can be realized if information is captured at the initial
entry and the transactions that document a process are preserved.

* Installing the computer hardware and implementing the software is only a part of the
process of implementing ERP. Processes need to be changed in a manner that efficiently
supports the data needs of the ERP system.

* The company must define a comprehensive set of performance measures together with
policies and goals that correspond to these measures.

* Information technology-related economies of scale can be obtained from the need to
support fewer software and hardware platforms with an ERP implementation.

Discussion 1. What are the essential attributes of ERP systems?

Questions 2. Consultants often argue strongly that processes need to be reengineered at the same time that a
new ERP system is installed. Do you agree with the consultants? Why or why not?

3. What is the value of real-time data?

4. Access the websites for the following companies: SAP (www.sap.com), Oracle (www. oracle.com),
and PeopleSoft (www.peoplesoft.com). Compare the product offerings of these leading ERP soft-
ware vendors.

5. i2 Technologies is a leading vendor of bolt-on software. Access the i2 website (www.i2.com) and
develop a list of the features of this company’s offerings.

Problems 1. The following data were obtained from a recent quarterly report for Dell Computer (in millions):
Net revenue $8,028
Cost of revenue $6,580
Inventories:
Production materials $126
Work-in-process and finished goods $224
Accounts receivable $2,689
Accounts payable $4,326

Calculate the cash-to-cash cycle time for Dell.

2. Obtain from the Internet the current data needed to calculate cash-to-cash cycle time for Dell
Computer, Gateway, and Cisco Systems. Calculate the measure for each company and critically
evaluate the differences in how the companies operate their supply chains.

3. Evaluate the effect of the following changes that a company makes on cash-to-cash cycle time.
Indicate simply the direction of movement of the measurement (i.e., up, down or no change).

Reduction in cost-of-goods sold

More frequent deliveries from suppliers

Reductions in time customers are allowed to pay for goods

Change from paying suppliers on receipt of goods to waiting 60 days to pay suppliers
Write-off of obsolete inventory

Reduction in labor content in a production process

Outsourcing the production of a major product




10.

11.

12.

13.

14.

15.
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. Return to the Ajax sandwich example on page 17. Suppose that in addition to the 300 peanut butter

and jelly sandwiches to be delivered on Friday, Ajax also needs to make 2,000 sandwiches of other
varieties. Assume that the same amount of time is needed to assemble sandwiches and that each part-
time student can work for five hours. How many students are needed on Thursday?

. If the average selling price per sandwich is $2.00 and the cost of materials and labor is $1.25,

what is the daily profit if Ajax sells 2,100 sandwiches (unsold sandwiches are discarded at the
end of the day)? What if it is a really bad day and it only sells 1,500?

. Supposing a new bread supplier provides bread that increases the shelf life for sandwiches from

one day to two. What does this imply for the calculations in problem 5? What kind of MPC
system linkages would be required from Ajax to its customers?

. Suppose that in one college location Ajax typically sells 500 tuna and 500 roast beef sandwiches

per day. Every week, the sales of roast beef are going down by 10 percent because some students
are concerned about eating beef. About one-half of these students now buy tuna instead. How
many of each sandwich should be made per day for the third week?

. Continuing with the data in problems 5 and 7, how much are the profits to Ajax reduced in prob-

lem 6 by the new student behavior in the third week?

. Suppose that the peanut butter for the 300 daily peanut butter and jelly sandwiches is delivered

once per week and one delivery costs $20. A week’s supply of peanut butter is valued at $100 and
the cost of capital is 15 percent. Further suppose that the invoice for peanut butter is paid imme-
diately. What would be the costs and benefits of delivering monthly, using VMI, where payment
is made immediately upon use by Ajax?

Continuing problem 9, what information linkages might be established from the Ajax ERP
systems to the peanut butter supplier to make the VMI work? What would the information links
be if the payment to the supplier was paid based on sale of the sandwiches? What else would
need to be included?

Ajax has established a new sandwich shop format for airports and train stations. Here, the sand-
wiches are only made from a specially made, long, individual loaf of bread. But the innovation
is that the sandwiches are not made ahead in large batches. Instead, a few of each variety of
sandwich are made at a time, in the shop, with the result being a better ability to exactly match
supply to demand. If prior to this change the shop had roughly 5 percent leftovers of one-half of
the sandwich varieties each day, but could have sold 10 percent more of the two best sellers that
day, what are the potential benefits of the new format if the store sells 12 different sandwiches
each with an average demand of 20 per day?

Continuing with problem 11, how might an ERP system help plan the replenishment orders for
sandwich ingredients?

A leading company in the electronics industry estimates that a reduction of 10 days of supply
held in inventory is the equivalent of an increase of 1 percent of sales. What would be the differ-
ence between average performance and best in class according to Figure 1A.3?

Returning to the ideas of problem 13 and Figure 1A.3, what might be said about the difference
between two firms in the same industry with average and best in class results for asset turns?

In the Eli Lilly example, how much would be saved by reducing inventory by 10 days?




Chapter

Demand Management

This chapter covers issues concerned with how a firm integrates information from and about
its customers, internal and external to the firm, into the manufacturing planning and control
system. Itis in this module that all potential demands on manufacturing capacity are collected
and coordinated. Demand management includes activities that range from determining or
estimating the demand from customers, through converting specific customer orders into
promised delivery dates, to helping balance demand with supply. A well-developed demand
management system within the manufacturing planning and control (MPC) system brings
significant benefits to the firm. Proper planning of all externally and internally generated de-
mands means capacity (ultimately, supply) can be better managed and controlled. Informa-
tion that helps to integrate the needs of the customers with the capabilities of the firm can be
developed. Timely and honest customer order promises are possible. Physical distribution
activities can be improved significantly. This chapter shows how to achieve these benefits.
The focus is a combination of management concepts necessary to perform this integrative
activity. This chapter is organized around the following topics:

*  Demand management in MPC systems: What role does demand management play in
the manufacturing planning and control system?

* Demand management and the MPC environment: How do the different manufacturing
environments shape the demand management activities?

o Communicating with other MPC modules and customers: What are the communication
linkages between demand management, other MPC modules and customers?

» Information use in Demand Management: How can the information collected be used
to enhance the current and future performance of the firm?

* Managing demand: What day-to-day management activities are required to manage
demand?

Demand Management in MPC Systems

32

Demand management is a gateway module in manufacturing planning and control (MPC),
providing the link to the marketplace, sister plants, warehouses, and other important
“customers.” As such, it is in demand management that we gather information from and about
the market doing things like forecasting customer demand, entering orders, and determining
specific product requirements. Moreover, it is through this module that we communicate with
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our customers by promising delivery dates, confirming order status, and communicating
changes. Demand management is also concerned with identifying all sources of demand for
manufacturing capacity, including service-part demands, intracompany requirements, and
promotional inventory buildup or other needs for pipeline inventory stocking.

The position of demand management in the MPC system is shown in Figure 2.1. It is the
key connection to the market in the front end of the MPC system. The external aspects of
the demand management module are depicted as the double-ended arrow connected to the
marketplace outside the MPC system. This simply underscores the need to communicate
with the customers as well as to gather information from and about them. The other link-
ages are with the sales and operations planning (SOP) module and the master production
scheduling (MPS) module. The information provided to SOP is used to develop sales and
operations (including manufacturing) plans covering a year or more in duration at a fairly
high level of aggregation. Both forecast and actual demand information is provided to the
MPS module. It is in the MPS module that short-term, product-specific manufacturing
plans are developed and controlled as actual demand becomes available and information is
provided to provide delivery promises and order status to customers.

It is through these linkages that quantities and timing for all demands must be collected
and coordinated with the planning and control activities of the company. The planning
part of manufacturing planning and control (MPC) involves determining the capacity that
will be made available to meet actual future demands for products. Much of this planning
activity occurs in the sales and operations module. The control part determines how the
capacity will be converted into products as the orders come in. The company executes the
plan as actual demand information becomes available. The control function determines
how the company will modify the plans in light of forecast errors and other changes in as-
sumptions that inevitably occur. A substantial portion of the control activity is conducted in
the master production scheduling module. Both the SOP and MPS modules require the
information provided through the demand management module.

For many firms, planning the execution and controlling demand quantities and timings
are a day-to-day interactive dialogue with customers. For other firms, particularly in the
process industries, the critical coordination is in scheduling large inter- and intracompany
requirements. For still others, physical distribution is critical, since the factory must sup-
port a warehouse replenishment program, which can differ significantly from the pattern of
final customer demand.

The difference between the pattern of demand and the response by the company points
out the important distinction between forecasts and plans. In demand management, forecasts
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of the quantities and timing of customer demand are developed. These are estimates of
what might occur in the marketplace. Manufacturing plans that specify how the firm will
respond are based on these forecasts. The plan for response can look quite different from
the forecasts. Take a highly seasonal product like snowboards as an example. The actual
pattern of customer demand will be high in the fall and winter months and very low at other
times. The manufacturing plan, however, might be constant throughout the year.

This distinction between forecasts and plans is important for two reasons. First, a man-
ager cannot be held responsible for not getting a forecast right. We can and should hold
managers responsible for making their plans, however. Much of what the MPC system is
about is providing the means for making as good a set of executable plans as possible and
then providing the information to execute them. When conditions change, the control func-
tion should change the plans and the new plans should be executed faithfully. As much as
we like to hold the weatherman responsible for not forecasting the rain, the forecast is only
a guess, albeit an intelligent one. If the forecast is for rain, an intelligent plan would be to
carry an umbrella. If you don’t, it is hard to feel sorry for you when you get wet. You have
control over the plan and execution, and not the demand.

This brings us to the second reason for making a distinction between the plan and the fore-
cast. The demands of customers are independent demands. When (and if) a customer
decides to buy our product, that decision is independent of the actions of the company.
Obviously, we can influence the timing (and quantities) through advertising, pricing, promo-
tions, and so forth, but the ultimate decision rests with the customer. On the other hand, if we
have plans for building snowboards at a constant rate throughout the year, the demand for the
decals that are needed can be calculated. The demand for the decals depends on our plans
for producing the snowboards. It is dependent demand. Similarly, the “demand” from our
warehouses for snowboards depends on our plans for replenishing the warehouses. When
conditions change, the plans may need to change and this, in turn, could change the depen-
dent demands that need to be coordinated in the demand management module.

It also may be necessary to reconcile different sources of demand information, provide
forecasts for new products, and modify forecasts to meet the requirements of the users or
otherwise adjust the information for use in the company. All these considerations are taken
into account in the demand management process. Techniques for forecasting, aggregating
(pooling) demand, and disaggregating demand can facilitate this process.

The linkage between demand management, sales and operations planning, and master
production scheduling in the front end makes clear the importance of providing complete
forecasts and providing them at the appropriate level of detail. The importance of identifying
all sources of demand is obvious, but sometimes overlooked. If material and capacity re-
sources are to be planned effectively, we must identify all sources of demand: spare parts, dis-
tribution, inventory changes, demonstration stock, new items, promotions, and so on. Only
when we have accounted for all demand sources can we develop realistic MPC plans.

Demand Management and the MPC Environment

Demand management activities must conform to the strategy of the firm, the capabilities of
manufacturing, and the needs of customers. Different strategies, capabilities, and customer
needs define different MPC environments within which demand management activities are
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carried out. In order to understand how the activities might differ from environment to en-
vironment, we first develop a broad classification of manufacturing environments. Key to
this classification is the concept of the customer order decoupling point or, as it is some-
times called, the order penetration point.

The customer order decoupling point can be looked at as the point at which demand
changes from independent to dependent. It is the point at which the firm—as opposed to
the customer—becomes responsible for determining the timing and quantity of material
to be purchased, made, or finished. Consider for a moment a small tailor shop. If cus-
tomers go into the shop and buy suits from the available stock (off the rack), the customer
order decoupling point is the finished suit (the finished goods inventory). In this case, the
customer decides which suit to buy and when to buy it (independent demand for the suits).
The tailor decides what suits to make and when to make them (dependent demand for the
fabric).

If, on the other hand, customers look over the available inventory of fabrics, make their
choice, and request a specific suit design, the customer order decoupling point is the raw
material inventory of fabric. Similarly, if the customer looks at catalogs of fabrics, chooses
one, and requests the tailor to make a specific design, the customer order decoupling point
is the supplier. In this latter case, both the customer and the supplier are included in the
tailor’s manufacturing decisions. In the examples of buying or making suits, the customer
order decoupling point has moved deeper into the tailor’s organization.

Figure 2.2 provides a means for visualizing the customer order decoupling point as it
might move from finished goods inventory through the company all the way back to the
supplier. The different locations of the customer order decoupling point give rise to dif-
ferent categories of manufacturing environments. Firms that serve their customers from
finished goods inventory are known as make-to-stock firms. Those that combine a num-
ber of options together to meet a customer’s specifications are called assemble-to-order
firms. Those that make the customer’s product from raw materials, parts, and components
are make-to-order firms. An engineer-to-order firm will work with the customer to
design the product, then make it from purchased materials, parts, and components. Of
course, many firms will serve a combination of these environments, and a few will have
all simultaneously.

For our purposes in describing the role of demand management in different situations,
we will characterize the MPC environments as make-to-stock, assemble-to-order, or make-
to-order (we will consider the engineer-to-order and make-to-order environment together).
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The Make-to-Stock (MTS) Environment

In the make-to-stock (MTS) environment, the key focus of the demand management activi-
ties is on the maintenance of finished goods inventories. In this environment, the customers
buy directly from the available inventory, so customer service is determined by whether their
item is in stock or not. As we saw with the tailor that sold suits, the customer order decou-
pling point is the finished goods inventory. It is at this point that the independent demand of
the customer for suits becomes the dependent demand for fabric to support the tailor’s plans
for making suits. Unlike the tailor, however, inventory of manufactured goods may be lo-
cated very far from the manufacturing plant. Moreover, there may be several locations from
which the customers buy their goods. This means that there is both a geographical and tem-
poral dimension to the maintenance of finished goods inventory. Thus, tracking of demand
by location throughout the supply chain is an important activity in the MTS environment.

A key aspect of the management of the finished goods inventory is the determination of
when, how much, and how to replenish the stock at a specific location. This is the physical
distribution concern in demand management. This can be an extremely broad concern, en-
compassing numerous locations in many countries, and involving several levels of distri-
bution and storage. Some MTS firms employ plant warehouses, distribution centers, local
warehouses, and even vendor-managed inventory inside their customers’ locations. Man-
agement of this supply chain requires information on the status of inventory in the various
locations, relationships with transportation providers, and estimates of the customers’ de-
mands by location and item. Formal methods of forecasting customer demand can help in
this process.

The essential issue in satisfying customers in the make-to-stock environment is to bal-
ance the level of inventory against the level of service to the customer. If unlimited inven-
tory were possible and costless, the task would be trivial. Unfortunately, that is not the case.
Providing more inventory increases costs, so a trade-off between the costs of the inventory
and the level of customer service must be made. The trade-off can be improved by better
estimates (or knowledge) of customer demand, by more rapid transportation alternatives,
by speedier production, and by more flexible manufacturing. Many MTS firms are invest-
ing in such lean manufacturing programs in order to shift the trade-off, that is, to achieve
higher service levels for a given inventory investment. Regardless of how the trade-off
comes out, the focus of demand management in the make-to-stock environment is on pro-
viding finished goods where and when the customers want them.

The Assemble-to-Order (ATO) Environment

Returning to our tailor for a moment, imagine that you were interested in buying an en-
semble consisting of a jacket, a matching pair of slacks, a contrasting pair of slacks, and a
vest. You would make your choices from the finished items of each, and the tailor would
then cut and sew them to your size. This is a form of assemble-to-order (ATO) business.
Many manufacturing examples exist. You may have experienced this yourself when you
ordered a personal computer. You decided what components you wanted, and the company
assembled the components to complete your order. Many people buy their cars this way,
and some industrial products are assembled to meet the users’ specifications.

In the assemble-to-order environment, the primary task of demand management is to
define the customer’s order in terms of alternative components and options, for example, a
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two-door versus four-door car, with or without antilock brakes. It is also important to as-
sure that they can be combined into a viable product in a process known as configuration
management. This is a critical step, because it might not be possible to assemble certain
combinations. In a sports car, for example, mounting the center “boom box” of a deluxe
sound system might fill the cavity in which the convertible top fits. Not only is that not
desirable, it may not be physically possible to assemble that combination. In addition to
combinations that can’t go together, there may be combinations that must go together. For
example, a heavy-duty radiator might be required for certain air conditioning units in a car.
One of the capabilities required for success in the assemble-to-order environment is engi-
neering design that enables as much flexibility in combining components, options, and
modules into finished products as possible.

The assemble-to-order environment clearly illustrates the two-way nature of the com-
munication between customers and demand management. Customers need to be informed
of the allowable combinations, and the combinations should support marketplace desires,
such as sports trim for cars. Moreover, customers’ orders must be configured, and the cus-
tomers must be informed of the delivery date of the finished product. In this environment,
the independent demand for the assembled items is transformed into dependent demand for
the parts required to produce the components needed. The inventory that defines customer
service is the inventory of components, not the inventory of finished product.

Some ATO firms have applied lean manufacturing principles to dramatically decrease
the time required to assemble finished goods. By so doing they are delivering customers’
orders so quickly that they appear to be MTS firms from the perspective of the customer.

There are some significant advantages from moving the customer order decoupling
point from finished goods to components. The number of finished products is usually sub-
stantially greater than the number of components that are combined to produce the finished
product. Consider, for example, a computer for which there are four processor alternatives,
three hard disk drive choices, four CD-DVD alternatives, two possible speaker systems,
and four monitors available. If all combinations of these 17 components are valid, they can
be combined into a total of 384 different final computer configurations. It is much easier to
manage and forecast the demand for 17 components than for 384 computers. If &, is the
number of alternatives for component i, the total number of combinations for # components
(given all are viable) is:

Total number of combinations =N, * N, * - - - * N, 2.1)

The Make (Engineer)-to-Order (MTO) Environment

The focus of demand management in the MTS and ATO environments was largely on sat-
isfying customers from the appropriate inventory—finished goods or components. In the
make-to-order and engineer-to-order environments, there is another resource that needs to
be taken into account—engineering. Moving the customer order decoupling point to raw
materials or even suppliers puts independent demand information further into the firm and
reduces the scope of dependent demand information. Moreover, the nature of the informa-
tion needed from customers changes. We knew what the customers could buy in the MTS
and ATO environments, but not if, when, or how many; in the make (engineer)-to-order en-
vironment, on the other hand, we are not sure what they are going buy. We need, therefore,
to get the product specifications from the customers and translate these into manufacturing
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FIGURE 2.3 Key Demand Management Tasks for Each Environment

Tasks MTS ATO MTO

Information Provide forecast Configuration management Product specifications

Planning Project inventory levels Determine delivery dates Provide engineering capacity

Control Assure customer service Meet delivery dates Adjust capacity to customer
levels needs

terms in the company. This means that a task of demand management in this environment
is to coordinate information on customers’ product needs with engineering.

The need for engineering resources in the engineer-to-order case is somewhat different
than in the make-to-order case. In the make-to-order environment, engineering determines
what materials will be required, what steps will be required in manufacturing, and the costs
involved. The materials can come from the company’s inventory or be purchased from sup-
pliers. In the engineer-to-order environment, more of this same information is needed from
customers, although more of the detail design may be left to the engineers than the cus-
tomer. Because of the need for engineering resources in this environment, demand man-
agement’s forecasting task now includes determining how much engineering capacity will
be required to meet future customer needs. This may be complicated because some orders
can be in progress, even though they aren’t completely specified and engineered, so mate-
rial coordination is still important. Although there is certainly some overlap among them, a
summary of the major tasks in demand management for each of the environments is pro-
vided in Figure 2.3.

The customer order decoupling point could actually be with the supplier in the
engineer-to-order case. In all the environments, suppliers’ capabilities may limit what we
are able to do, so coordination with them is essential. This span of involvement from
customer to supplier gives rise to the term supply chain (sometimes called the demand
chain), and the coordination of activities along the supply chain is referred to as supply
chain management. This is a concept that we will see again in our discussion of demand
management.

Communicating with Other MPC Modules and Customers

Regardless of the environment, demand management has important internal and external
communication tasks. Forecast information must be provided to sales and operations plan-
ning (SOP). Detailed demand information must be communicated to master production
scheduling (MPS), and information on product availability must be made available to cus-
tomers both for planning purposes and to manage the day-to-day customer order activities.
Some of the major communication needs are shown in Figure 2.4.

Sales and Operations Planning

A key requirement for demand management communication with sales and operations
planning is to provide demand forecast information. In turn, sales and operations planning
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FIGURE 2.4 Demand Management Communication Activities for Each Environment
Connection MTS ATO MTO
SOP Demand forecasts Demand forecasts, Demand forecasts,
product family mix engineering detail
MPS Actual demands Mix forecasts, actual demands Final configuration
Customer(s) Next inventory Configuration issues, delivery Design status, delivery
replenishment date date

will provide coordinated sales and operations plans. In order for these plans to be compre-
hensive, all sources of demand must be accounted for, both in quantity and timing. It is not
sufficient to simply determine the market needs for product. To get a complete picture of
the requirements for manufacturing capacity, engineering resources, and material needs,
we must gather demand information for spare parts, inter- and intracompany transfers, pro-
motion requirements, pipeline buildups, quality assurance needs, exhibition or pilot project
requirements, and even charitable donations. Sometimes this is more difficult than it ap-
pears. The difficulty seems to be greatest for companies with a significant number of inter-
plant transfers. We’ve often heard plant managers complain that their worst customer is a
sister plant or division.

Choosing the appropriate measure for determining capacity needs is important to effec-
tive communication between demand management and SOP. The measure can vary with
the environment. For instance, material capacity may be most important in the make-to-
stock environment, while it may be machine and/or labor hours in the make-to-order case.
Engineering capacity is often most critical in the engineer-to-order environment. It is
essential that the demand management communication with sales and operations planning be
in the proper units for the development of their plans. Moreover, both internal and external
timing issues need to be communicated. For instance, if changes in the timing of deliveries
to a significant customer could affect the plans, this information must be communicated to
sales and operations planning. Similarly, a major change in distribution inventory policy
might influence the plan.

Sales and operations planning may develop plans by product families, geographical
regions, organizational units, or even combinations of these and other categories. This
means the plans may not line up completely with the market. For instance, some customers
may want only some units from each of several families, while others may want several
complete families. Moreover, the sales and operations plans may be stated in dollars or
some other aggregate measure, while the market buys specific products. This creates the
need for demand management to translate and synchronize the communication of data
between market activities and SOP.

Master Production Scheduling

Interactions between demand management and master production scheduling (MPS) are
frequent and detailed. As customer orders are received and entered into the MPS, the de-
tailed order information must be provided to the master production scheduler as the orders
occur. Similarly, demand management needs information on the status of orders, capacity
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consumed, and capacity available so customers can be kept informed. Details vary signifi-
cantly between make-to-stock, assemble-to-order, and make-to-order environments. In all
instances, however, the underlying concept is that forecasts are consumed over time by ac-
tual customer orders, as Figure 2.5 shows. In each case, forecast future orders lie to the
right and above the line, while actual customer orders are to the left and below the line.

Observe in Figure 2.5 that the lines for the three environments are quite different. For the
make-to-stock environment, there are very few actual customer orders, since demand is gen-
erally satisfied from inventory. This reflects the need to manage the finished goods inventory.
In the assemble-to-order environment there are customer orders already booked for several
periods into the future, reflecting the need to provide accurate delivery promise dates to
the customers. Still different demand management problems confront the firm with a make
(engineer)-to-order environment, even though there’s a larger backlog of customer orders.
Communication between the firm and the customer first involves engineering, as orders be-
come completely specified, and then project management status and delivery date promising.

The types of uncertainty also differ between these environments. In the make-to-stock
case, uncertainty is largely in the demand variations around the forecast at each of the in-
ventory locations. In this case, additional levels of inventory (safety stock) are held in
order to provide the service levels required. In the assemble-to-order case, the uncertainty
involves not only the quantity and timing of customer orders but product mix as well. For
the make-to-order environment, the uncertainty is often not the timing or quantity of
the customer order but, rather, what level of company resources will be required to com-
plete the engineering and produce the product once the exact requirements are determined.
One aspect of the communications between master production scheduling and demand
management is to facilitate buffering against the uncertainties that exist.

Dealing with Customers on a Day-to-Day Basis
A primary function of the demand management module is converting specific day-to-day
customer orders into detailed MPC actions. Through the demand management function, ac-
tual demands consume the planned materials and capacities. Actual customer demands
must be converted into production actions regardless of whether the firm manufactures
make-to-stock, assemble-to-order, or make-to-order products. Details may vary, depending
on the nature of the company’s manufacturing environment.

In make-to-order environments, the primary activity is controlling the progress of cus-
tomer orders in order to meet the promised delivery dates. Any engineering or manufacturing
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changes must be related to the master production scheduler to determine their impact on
the final delivery to the customer. While firms often perform this function the same way
for assemble-to-order products, only limited communication with engineering would be
needed to determine promise dates. In both these environments, there’s communication
from the customer (a request for a product) and to the customer (a delivery date) through
the demand management module. Later there may be additional communication with the
customer to respond to order status requests. These aspects of demand management have
such names as order entry, order booking, and customer order service.

In a make-to-stock environment, demand management doesn’t ordinarily provide cus-
tomer promise dates. Because finished goods are stocked, the customer is most often served
from inventory. If there’s insufficient inventory for a specific request, the customer must be
told when more will be available or, if there’s allocation, told what portion of the request can
be satisfied. Conversion of customer orders to MPC actions in the make-to-stock environment
triggers resupply of the inventory from which sales are made. This conversion is largely
through forecasting, since the resupply decision is in anticipation of customer orders.

In all these environments, extraordinary demands often must be accommodated. Exam-
ples include replacement of items after a disaster, advance orders in the make-to-stock
environment, unexpected interplant needs, large spare-part orders, provision of demonstra-
tion units, and increased channel inventories. These all represent “real” demands on the
material system.

Some clear principles emerge from this consideration of the relationship between de-
mand management and the other modules in the front end of the MPC system. It is essen-
tial that all sources of demand be identified and incorporated in the planning and control
activities of the firm. Demand management is responsible, as well, for communicating with
the customers. Keeping the customer honestly informed of the status of an order is impor-
tant to customer satisfaction, even if it is bad news that must be communicated.

Information Use in Demand Management

The information gathered in demand management can be used to enhance current and fu-
ture performance of the firm. Some ways in which this is done are discussed below.

Make-to-Knowledge

As shown in Figure 2.5, a basic concept of demand management is that there is a “pipe” of
capacity, which is filled in the short run with customer orders and the long run with fore-
casts; order entry is a process of consuming the forecast with actual orders. Performance
has improved for many state-of-the-art situations, where supply chain partnerships are cre-
ated. Between these suppliers and customers the goal is to improve the competitiveness of
the entire chain, not just that of each of the companies independently. In some cases this
allows the two firms to operate with knowledge of the other firm’s needs. Figure 2.6 depicts
this situation where a supplier has a forecast of demand, a set of actual orders, and also
knowledge of the situation in some key customers. Examples of such knowledge would
include the customer’s inventory position (when using vender managed inventories, for
example) and/or production schedule. This information allows one to know as closely as
the customer when an order will be needed. This reduces the dependency on forecasts.
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The knowledge comes from a natural evolution in the use of electronic data inter-
change (EDI) and Internet-based systems. The first interfirm applications of these com-
munication means tends to consist of electronically processing transactions, such as orders,
invoices, and payments. But a logical next step is to use the information channels to en-
hance knowledge. This requires determining the key data in the customers’ and suppliers’
companies that could be accessed by the partnership for better overall effectiveness. There
are important potential implications from using knowledge. One example is the decreasing
number of order transactions. If the goal is to maximize effectiveness of the overall supply
chain, many of these types of transactions can be eliminated.

Data Capture and Monitoring

Data capture and monitoring activities of demand management fall into two broad cate-
gories: the overall market and the detailed product mix. The data most appropriate for sales
and operations planning is overall market trends and patterns for the product familes. The
intent is to determine on an ongoing basis any changes in the general levels of actual busi-
ness for input to the sales and operations planning process. The second activity concerns
monitoring the product mix for master production scheduling and customer order promis-
ing. The intent is to quickly determine changes in customer preferences for adjusting man-
ufacturing and providing delivery information.

For both the overall market and the detailed product mix, it’s important to capture actual
demand data where possible. Many companies use sales instead of demand for purposes of
making demand projections. Unless all demands have been satisfied, sales can understate
actual demand. In other instances we know of firms that use shipments as the basis for pro-
jecting demands. In one such instance, the company concluded its demand was increasing
since its shipments were increasing. Not until they had committed to increased raw-material
purchases did they realize the increased shipments were replacement orders for two succes-
sive overseas shipments lost at sea.

It’s in demand management that we explicitly define service levels and resultant safety
stocks. The requisite degree of production flexibility for responding to mix or engineering
design changes is set here as well. Then, through conversion of day-to-day customer orders
into product shipments, we realize the company’s actual service levels. Careful capture and
management of actual demands can provide the stability needed for efficient production,
and that stability provides the basis for realistic customer promises and service. Booking
actual orders also serves to monitor demand against forecasts. As changes occur in the
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marketplace, demand management can and should routinely pick them up, indicating when
managerial attention is required.

Customer Relationship Management

An important tool for gathering information on customers is customer relationship man-
agement (CRM). This is a very broad topic in its own right, so we discuss only a few of the
demand management uses of the tool. In many consumer product companies, particularly
those establishing supply chain relationships over the Internet, individual customer data is
being captured and monitored by using CRM software. Because the data comes from requests
by individual customers, it reflects more closely actual customer demand. In addition, it can
provide closer insights on the real current needs of customers than historical data or projected
trends. For MTS firms, capturing information at this level of detail can help to discern early
demand and mix trends, provide the basis for new products and services, and lead to the de-
velopment of knowledge-gaining activities that improve efficiency along the supply chain.

In the make- or assemble-to-order environments, CRM can be a useful means for devel-
oping similar insights into the customers. Data from CRM can be used to develop make-to-
knowledge plans on an individual customer basis. Gathering current information on the
customers’ preferences can provide early warnings of shifts in design and mix preferences.
This can be a big advantage to engineering and also provide information that could be use-
ful in the development of raw material purchasing and manufacturing scheduling. Although
not as explicit as the knowledge available with vendor-managed inventories, it can be use-
ful in managing mix and service levels.

Outbound Product Flow

Physical distribution (outbound product flow) activities are planned on the basis of the in-
formation developed in the demand management function. Customer delivery promise
dates, inventory resupply shipments, interplant shipments, and other such information
from demand management are used to develop short-term transportation schedules. Infor-
mation on the specific timing for resupply shipments can be integrated with distribution
planning as well. For example, the information can be used to schedule resources at the
warehouse and provide for the delivery capacity needed.

The distribution equivalent of the SOP and MPS function is the determination of the over-
all plans for moving the product to the customer and scheduling the shipments through the
distribution system. This means determining the transportation and warchouse capacity,
scheduling the movement of product and accounting for product availability so customers can
be kept informed. The management of product distribution requires the same comprehen-
siveness of demand determination that the other functions need, since it is within this capac-
ity derived from that demand that the day-to-day distribution function operates. Adequate
planning of the capacity needs greatly facilitates day-to-day distribution operations.

Managing Demand

As we said at the start of this chapter, demand management is the gateway module between
the company and marketplace. As such, it is where market intelligence is gathered, fore-
casts of demand are developed, and status information on customer orders is maintained.
Much of what is required in managing demand is the discipline to be honest with both the
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internal and external customers. This is partly political, partly organizational, and partly a
systems issue. In this section we look at some of the internal demand management activi-
ties that are required to effectively manage demand, including organization and systems
monitoring. We’ll also look at demand management’s role in balancing supply and demand.

Organizing for Demand Management

Most companies already perform many, if not all, the activities associated with demand
management. In many instances, organizational responsibility for these activities is widely
scattered throughout the firm. The finance or credit department performs credit checks and
order screening associated with customer orders. Sales, customer service, or supply chain
management departments handle order entry or booking. Outbound product activities are
associated with the distribution, traffic, or logistics departments of firms.

Organizational responsibility for demand management tends to be a function of the or-
ganization’s history and nature. In marketing-oriented firms (where success requires close
contact with demand trends and good customer relations), demand management might well
be performed by the marketing or sales organization. In firms where product development
requires close interaction between engineering and customers, a technical services de-
partment might manage demand. Some companies establish a materials or supply chain
management function to coordinate demand management activities. These tend to be firms
that feel it important to manage the flow of materials from purchasing raw materials
through the production process to the customer. In all instances, we must clearly assign
responsibilities to make sure nothing is left to chance.

If flexibility is a key objective, then management must carefully design and enforce
rules for interacting with the system and customers so the system can provide this flexibil-
ity. By this we mean customer order processing must be established and enforced through
the communication to the master production scheduling module. It involves carefully es-
tablishing rules for serving particular special customers. For example, if an extraordinarily
large order is received at a field warehouse, procedures need to be established for deter-
mining whether that order will be allowed to consume a large portion of the local inventory
or be passed back to the factory. We must define and enforce limits within which changes
can be made. If a manager violates any of these procedures—for example, by saying,
“I don’t care how you do it, but customer X must get the order by time Y”—demand man-
agement is seriously undercut.

A useful technique for defining and managing these areas of responsibility is to require
higher and higher levels of approval the nearer to the current date that a change is requested.
This procedure doesn’t preclude a change but does force a higher level of review for sched-
ule changes to be made near term. The underlying concept is to take the informal bargaining
out of the system. By establishing and enforcing such procedures for order entry, customer
delivery date promising, changes to the material system, and responses to mix changes in the
product line, everyone plays by the same rules. Clearly this is more a matter of management
discipline than technique. The ability to respond “What don’t you want?” to the statement “I
have to have it right away” for a particular customer request helps establish this discipline.

Monitoring the Demand Management Systems

If demand management is to perform its role in the MPC system well, the data that are pro-
duced must be accurate, timely, and appropriate. This goes not only for the information that
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is consumed internally, but also for information that is provided to customers. Obviously
this means that the data (both input and output) must be monitored, and it also means that
the systems themselves must be monitored. If forecasts for a particular product line sud-
denly increase fourfold, there had better be a way that someone can find this out and start
tracking down why. To do this requires data monitoring capability, not only of the input data
but the calculated data as well. The last thing you want is to be communicating patently
wrong information to your customers. Think of the implications of either a too short or a
too long delivery date promise, for example.

Monitoring the input and output of the configuration management system can disclose
product opportunities and provide insights for managing the priorities for producing product
modules and options. If customers are increasingly requesting product combinations that
can’t be built, it might be a signal to engineering to work on making the products feasible.
These combinations could represent new product offerings. If the combinations that are being
correctly configured are changing, it might mean that the demand for specific components is
changing and manufacturing priorities should be adjusted. When manufacturing and/or en-
gineering starts complaining that too many “bad” combinations are getting through configu-
ration, it could mean that something has gone awry in the configuration management system.

Similar opportunities and concerns can arise in the order entry system. At order entry
time there is an opportunity to pick up market intelligence through CRM, cross-sell
complementary products, and further customer relationships. The essence of the complaints
from customers, incorrect orders, missing information, and other such tips may signal the
need for more training. Complaints from manufacturing about insufficient information from
the customer may also mean more training is needed or could disclose a problem in the sys-
tem itself. Consistent late or early delivery could signal a problem in the MPS—demand
management communication link or some other aspect of delivery date promising.

The common theme in all of these examples is that data must be captured and evaluated
to keep the system honest. As a key communication link to the market, it is particularly im-
portant to monitor the systems in demand management. An effective demand management
module will gather marketing information, generate forecast information, screen and mon-
itor performance information, and provide detailed action instructions to the material
planning and control system. Only by careful monitoring of the system can we be assured
that this is done effectively.

Balancing Supply and Demand

A key element of the demand management module is providing the information to help bal-
ance the supply of products with the demand. Gathering intelligence on actual conditions
in the marketplace provides the basis for deciding whether to change the company’s plans.
We saw, in the forecasting section, the use of pyramid forecasting to harmonize various
forecasts, other sources of information on the market, and company goals. At times this
process will leave some potential demand unfulfilled. There are a myriad of legitimate rea-
sons for this. Investments in capacity may not be warranted, some product lines may not be
sufficiently profitable, key materials may be in short supply, and so forth.

At this time real management discipline is required. Purposely leaving some demand on
the table is extremely difficult. A pleading customer is hard to turn away. Perhaps the most im-
portant activity in demand management is to be honest with customers. In our experience,
customers prefer honest answers (even if they’re unpleasant) to inaccurate information. A
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demand management module with discipline in the management and effective systems pro-
vides the basis for honest communication with customers. They can be told when to expect
delivery or when inventory will be replenished—and they can count on it. Providing the basis
for honest communication with customers can pay handsome dividends in terms of customer
loyalty.

Collaborative Planning, Forecasting,
and Replenishment (CPFR)

CPFR represents a major enhancement of the principles of demand management presented
earlier in this chapter. This approach is a recent innovation for dramatically improving com-
munications between customers and suppliers in forecasting product demand. It was devel-
oped by the Voluntary Interindustry Commerce Standards Association to help retailers in
fast-paced demand situations improve their competitiveness in both cost and delivery per-
formance. CPFR focuses on reducing the variance between supply and demand for indi-
vidual products. It is based on making organizational changes in both customer and
supplier companies to improve communication and collaboration, developing new business
processes for creating forecast information, and introducing daily communication between
companies of a shared forecast. CPFR can benefit both the customer and the supplier by
helping increase sales and fill rates while, at the same time, reducing inventories. This
approach is especially powerful when one or a few customers represent a large portion of a
supplier’s business.

The concept of CPFR is to enable customers and suppliers to work together in a close,
collaborative way to improve the understanding and communication of product forecast in-
formation. The mutual objective is to improve business results for each individual company
and for the combined supply chain. Successful adoption of CPFR was reported by Sears and
Michelin in their joint initiation of collaboration involving 220 Michelin stock-keeping units
(SKUs) at all of Sears’s Auto Center and National Tire and Battery locations.' In this case,
Sears reduced in-store stock levels by 4.3 percent, increased distribution centers-to-store fill
rates by 10.7 percent, and generated additional margin dollars. The combined Michelin and
Sears inventory levels were reduced by 25 percent.

In another case, CPFR was initiated by a manufacturer to improve its competitiveness.
Motorola reports the implementation of CPFR in its Mobile Device Division, where sales
were both highly variable and not synchronized with actual customer demand.? Motorola
lacked visibility into its retailer’s distribution centers, and as a result, forecast error was
very high, resulting in excessive stockouts. After implementing CPFR Motorola reports
that there were dramatic improvements in forecast accuracy, inventory reserved for retail-
ers decreased by 30 percent, transportation costs were cut in half, cell phone promotions
improved, and new product launches were better executed. Motorola’s retailers reported

"Hank Steermann, The “Sears-Michelin Experience,” Supply Chain Management Review, July/August
2003.

2Jerold P. Cederlund, Rajiv Kohli, Susan A. Sherer, and Yuliang Yao, “How Motorola Put CPFR into
Action,” Supply Chain Management Review, October 2007.
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Source: Voluntary Interindustry Commerce Standards Association.

quick reductions in inventory at their distribution centers because of less need for buffer
stock. Stockouts were reduced by one-third.

Nine-Step CPFR Process Model

The Voluntary Interindustry Commerce Standards Association developed a nine-step CPFR
process model to provide a general framework for companies interested in implementing
CPFR (see Figure 2.7). This framework provides retailers and suppliers with general guide-
lines for sharing key supply chain information and coordinating their plans. Under CPFR,
supply chain partners develop one consensus forecast. This forecast can be developed col-
laboratively, or one of the partners can provide an initial forecast that is then used as the
basis for developing a collaborative forecast. Once the collaborative forecast is developed,
then the supply chain partners can go about optimizing the activities of their companies. As
a result, production schedules can then be developed by the supplier based on the actual
demand at the retailer.

Steps 1 and 2 of the CPFR Model

The first two steps in the model, establishing a collaborative relationship and creating a
joint business plan, are critical in ensuring a successful CPFR implementation. In many
companies, this means moving away from a culture of arm’s length transactional relation-
ships with customers or suppliers. Changing a company’s culture can take many months to
accomplish. CPFR projects can fail because of a lack of executive support, lack of collabo-
ration rigor, or unclear objectives at the outset.

It is important to change the firm’s business strategy to one that supports close collabo-
ration between companies and to share sensitive demand information. Key activities at both
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the supplier and the customer include coming to agreement on common business objectives
and strategy, changing the organization structure to facilitate close collaboration, and re-
designing the planning processes so that effective problem identification and resolution can
actually occur. Data sharing and the choice of data-sharing technology represent critical
management issues in developing a solid business partnership. Deciding what information
will be shared with the customers or suppliers, sharing the business strategy, and getting
customers’ or suppliers’ agreement to it are major issues. If these changes are made, the
close collaborative in supply chain relationships emphasized under CPFR can be achieved,
leading to a better forecasting of demand and product requirements.

Motorola reports that an early step was to convince retailers that a long-term collabora-
tive relationship would be in the retailer’s best interest and that Motorola’s organization
would support such close collaborative efforts with customers.® For the first six weeks, the
Motorola team focused on existing delivery problems by holding daily meetings to review
every purchase order, demonstrating improved on-time delivery in order to gain trust. Moto-
rola also pre-built products in anticipation of a stock shortage well before the customer
placed the order. This enabled Motorola to frequently surprise the customer by calling for
the order at the same time that the customer was preparing to place the order. Motorola
changed its organization to form a core business team and the related customer-focused op-
erations teams. These teams worked with the selected retailers to agree upon appropriate
service levels, metrics, and a plan for continuous improvement. They focused on common
business goals and performance plans that represented both Motorola and customer met-
rics, such as inventory and sell-through.

Process Redesign

Process changes are essential in implementing a collaborative relationship and business
strategy. Further, changes in information technology are often required to support the new
process design and to provide more effective information sharing. The Sears-Michelin im-
plementation experience illustrates the way process redesign and information technology
improvements can be made in implementing CPFR.*

Figure 2.8 shows the Sears-Michelin project teams that were created to implement the
project plan and achieve the activity timetables. These teams were created by the two compa-
nies to be responsible for the individual project activities. They included both business and
technical personnel, working on a part-time basis. The teams took between 1 and 4 weeks to
complete their assigned task, depending on the complexity of the task.

The initial team’s task was to document the current supply chain business process, start-
ing with the planning and forecasting activities and culminating with the product reaching
the customer. This task involved understanding how the people in the Sears-Michelin sup-
ply chain interfaced. Individual activities were identified, noting who was involved, when
the activities took place, and what systems were involved. People in both firms were asked
to contribute information on sales forecasting, demand planning, production, store replen-
ishment, and logistics. Once the process document was complete, a second team identified
and evaluated opportunities for improvement by following the nine-step CPFR model. This

*Ibid.
“Steermann. “The Sears-Michelin Experience.”
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team focused on obtaining improvement in the areas of inventory reduction and increasing
information visibility at the two companies.

Based on the areas of opportunity, a third team began to map the future business
processes, documenting the improvement decisions and goals in a front-end arrangement.
This work identified the items/SKUs involved, the data to be considered, program partici-
pants, business rules, and project accountability. Three of the teams shown in Figure 2.8
were involved in the process analysis and redesign. Four other teams were concerned with
the Internet software aspects of this process. These teams are also shown in Figure 2.8.

Early in the project, Sears and Michelin decided they would share all supply chain informa-
tion necessary under CPFR, using the Internet software provided by GNX (GlobalNetXchange)
that provided a business-to-business exchange for the retail industry. GNX had previously
reached an agreement with Manugistics Inc. to make its NetWORKS Collaboration soft-
ware available online, enabling collaboration via the Internet. This system enables Sears
and Michelin users to access CPFR information through a browser with a user ID and pass-
word. The software is flexible and allows views of the data to be tailored to users’ specific
needs. For example, a user can view information at the item level or aggregate to the de-
sired level of the merchandise or location hierarchy. It allows the software to meet the needs
of users who have different responsibilities while still allowing for meaningful analysis to
be conducted.

The redesigned business process at Sears-Michelin has several important characteris-
tics. First, all of the CPFR data have been consolidated at a centralized location that is
accessible to both the customer and the supplier. Through the use of the hosted CPFR soft-
ware, both companies can send files with the agreed-upon data components to GNX each
week. Such data includes sales forecasts for regular and promotional products, inventory at
both the Sears and Michelin locations, inventory on order for Sears, Michelin production
plans, Sears future inventory demand, and actual sales for both regular and promotional
products.

Although both companies may have had all of the required supply chain information
previously, each company may have had only a portion of the data held by the other com-
pany. Consequently, decisions were often based on incomplete information.

Centralized data to support close collaboration has two advantages. The data are mean-
ingful and consistent. The data are meaningful because they contain the key information
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required to develop good plans and forecasts. The data are consistent because the user is as-
sured that the same data elements are updated at the same time each week. Also, because
all of the supply chain data are available at a centralized location, it is easy to develop the
key performance metrics into the software. For example, sales forecast accuracy can be
routinely calculated for the two companies.

Second, the centralized data can be used with disciplined business rules to create mean-
ingful exception reports that are e-mailed weekly to alert Sears and Michelin personnel to
problems that are occurring within the supply chain. Such reports enable Sears and Miche-
lin personnel to anticipate inventory and ordering problems and to take action to resolve
problems/issues early enough to prevent such problems from affecting supply chain per-
formance. The automated exception reports provide valuable information that allows issues
to be discussed by users in regularly scheduled conference calls.

Finally, the CPFR process has made meetings between the two companies much more
productive. Instead of having to expend substantial manual effort to create reports for these
meetings, this work has been replaced by the information directly available from the CPFR
software. The centralized information has created a new tool to view information such as
an item’s current inventory or the aggregated inventory for an item at different levels in the
supply chain. For example, information enables users to track actual monthly performance
versus planned performance.

Steps 3 through 9 in the CPFR Model

The organizational changes, adjustments to business strategy, and business process re-
design efforts undertaken jointly by a customer and its supplier (as described in steps 1 and
2 of the model) are essential in achieving a close collaborative relationship. Once these
steps have been taken, improvements in the daily communication of forecast, inventory,
and order information can be made to improve organizational performance.

The daily communication of supply chain information is normally organized as a part of
a regular monthly cycle and includes conference call meetings. Replenishment activities
during the prior and current week as well as the sell-through position at the retailer are dis-
cussed with Motorola and its retailer in these meetings. This cycle represents an important
part of the demand planning activity that occurs within the sales and operations planning
cycle at the supplier firm. (See Chapter 4 of this text for a discussion of the sales and oper-
ations planning cycle.)

The CPFR process at Motorola provides a good example of the individual weekly activ-
ities in this cycle.’ The communication process includes regular weekly meetings involving
multiple points along the supply chain. As shown in Figure 2.9, the meeting in week 1 in-
volves an operations review of the past month’s performance. Early in the meeting, the
teams review the positive and negative events of the past four weeks. The rest of the meet-
ing is concerned with the strategic implications of what has occurred and the implications
for the future forecast.

Forecasting is the focus of the meeting during week 2 of the cycle. Here, the teams develop
the collaborative forecasts. On Monday the retailer loads its forecast for the next month. On
Tuesday Motorola loads its forecast. On Wednesday, during the weekly call, the two teams

5Cederlund, Kohli, Sherer, and Yao, “How Motorola Put CPFR into Action.”
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Motorola Retailer
Week Objective Participants Participants Topic for Review
1 Operations Replenishment Purchasing Replenishment review
review analyst Sales Prior/current week
Sales manager operations sell-through
Operations Logistics and Inventory position
manager inventory Open order review
management
2 Forecasting Replenishment Purchasing Above plus the
analyst Sales promotional
Sales manager operations schedule
Business Logistics and
operations inventory
manager management
Marketing Product
analyst marketing
3 Process Replenishment Purchasing Above plus 6-month
improvement analyst Sales forecast
Sales manager operations Forecast accuracy
Business Logistics and metrics
operations inventory Promotional
manager management schedule
Product
operations
4 Financial Replenishment Purchasing Above plus product
implications analyst Sales performance review
Sales manager operations next 6 months
Business Logistics and Pricing
operations inventory Rebates
manager management Competitive
Financial Finance information
analyst

Source: Jerold P. Cederlund, Rajiv Kohli, Susan A. Sherer, and Yuliang Yao, “How Motorola Put CPFR into Action,” Supply Chain Management Review, October 2008.

jointly resolve differences line-by-line in the forecasts. The presence of the marketing analyst
ensures that the teams can immediately resolve issues related to the discrepancies.

Process improvement is the primary concern of the meeting during week 3 of the cycle.
The teams examine the issues brought up during the operational review and assign specific
actions. They review what is working correctly in the business process and what is not
working properly. They then focus on improving the forecasting and ordering process.

The financial implications of the process are the subject of the week 4 meeting. The
effect that CPFR can have on a company’s period-end goals is often overlooked. Having
the financial planners attend the meeting with the customer account team helps in assessing
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the financial implications of the CPFR process. The participants can carefully plan the fiscal
period ends for more accurate predictions of profit-and-loss and balance sheet items.

Concluding
Principles

In this chapter we have reviewed the pivotal role of demand management in communicat-
ing with the market. Through the demand management module, information on the market
is gathered, orders are entered, products are configured, manufacturing specifications are
developed, and customers are informed of product availability and delivery times. The fol-
lowing principles will help managers to effectively carry out these tasks.

Demand management systems and procedures must be aligned with the market envi-
ronment of the firm.

All demands on product resources must be identified and accounted for in providing
forecast information to sales and operations planning and master production scheduling.
Data capture must not be limited to sales (demand) but should include knowledge,
trends, systems performance, and demand management performance.

Implementing CPFR can lead to important organizational and business process improve-
ments for the customer and the supplier.

The CPFR process can improve customer service, sales, inventory, and margin perfor-
mance for customers and suppliers in a supply chain.

Discussion
Questions

Problem

1. The customer order decoupling point was described as the point at which the demand changed
from independent to dependent. Describe what this means and why it is important to managers.

2. Provide examples of make-to-stock, assemble-to-order, and make-to-order products available in

your area. What advantages do you see in moving from make-to-stock to assemble or make-to-order?

1. When a firm is able to move to an assemble-to-order capability from a make-to-stock approach,
there can be a substantial reduction in the number of things that must be tracked and stored. For
example, the Northland Computer Shop had decided to stop stocking assembled computers and
moved to an assemble-to-order approach. Northland even invited customers to the work area to
see their computer being assembled, a great customer relations ploy. The company estimated that
there were seven hard disk choices, six mother boards (including the processor), five CD/DVD
alternatives, three operating systems, and four other options.

a. What was the total number of potential finished products?

b. Ifit cost $10 per item to make a forecast each week, what is the weekly savings from forecast-
ing just the components and options as compared to the potential number of finished products?
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Forecasting

In this chapter, we deal primarily with preparing forecast information for the MPC linkages
within the MPC front end (e.g., those between SOP and MPS and demand management).
Forecasting information can come from a variety of sources, have different levels of aggre-
gation, incorporate different assumptions about the market, and manifest other differences
that need reconciliation before it can be used for planning and control. Here we look at
some of the bases upon which forecasting methods are determined, some of the reasoning
behind aggregating forecasts, and some of the means by which forecasts are reconciled for
planning purposes.
This chapter is organized around the following topics:

» Providing appropriate forecast information: What are the needs for forecast information
within the firm?

* Regression Analysis and Cyclic Decomposition Techniques: What are the most used
techniques for intermediate-term forecasts? How is seasonality considered in the fore-
casting model?

o Short-term forecasting techniques: What techniques are useful for short-term individual
item forecasts and what are the metrics of forecast quality?

» Using the forecasts: What techniques are useful in keeping the detailed forecasts and
aggregate management plans synchronized?

Providing Appropriate Forecast Information

Managers need forecasts for a variety of decisions. Among these are strategic decisions in-
volving such things as constructing a new plant, developing more supplier capacity, expand-
ing internationally, and other long-run companywide considerations. Forecasts for this type
of decision are highly aggregated estimates of general business trends over the long term.
These broadly based forecasts are much too general for sales and operations planning, even
though some aggregation is necessary for SOP. The forecast needs for both these applications
(strategic considerations and sales and operations planning) are different, as well, from the
forecasts that are needed for short-term scheduling and execution decision making in master
production scheduling. Not only is the basis of the forecast different for each of these appli-
cations, but the investment in forecasting, the nature of the techniques used, and the fre-

quency varies as well. A framework for some of the differences is provided in Figure 3.1.
53
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FIGURE 3.1

A Framework for Forecasting

Nature of the Decision
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Planning

Sales and Operations
Planning
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The general principle indicated here is that the nature of the forecast must be matched
with the nature of the decision. The level of aggregation, the amount of management
review, the cost, and the time frame of the forecast needed really depends on the nature of
the decision being made. Moreover, the source of the forecast can vary by need as well, as
indicated by the useful techniques line in Figure 3.1. The frequency and number of fore-
casts needed for most short-term operating decisions don’t warrant extensive management
involvement, so computer-generated forecasts are utilized. Strategic decisions, on the other
hand, are less frequent and involve more risk, thus justifying use of more expensive proce-
dures and management involvement.

Forecasting for Strategic Business Planning

Among the decisions that require long-term, broadly based forecasts are those involving
capital expansion projects, proposals to develop a new product line, and merger or acquisi-
tion opportunities. The forecasts are usually stated in very general terms such as total sales
dollars or some output measure such as total tons, board feet, or engineering hours. This
level of aggregation can be related to economic and business indicators such as the gross
national product, net disposable income, or market share of a particular industry. In turn, it
is related to measures of capacity that may be required to meet the future demands. Sub-
stantial managerial judgment is required in preparing and reviewing these forecasts since
the risk from making (or not making) an investment can be very large.

Causal models and the statistical tools of regression and correlation analysis can be used
to augment the managerial insight and judgment needed for making these forecasts. Such
models relate the firm’s business to indicators that are more easily forecast or are available
as general information. For example, household fixtures and furniture sales are closely
related to housing starts. Housing starts and building permits in an area are usually public
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information, readily available to the firm. The relationship between housing starts and furni-
ture sales may be statistically modeled to provide another forecast of demand. In addition,
there are accuracy measures available with the statistical techniques to help determine the
usefulness of the forecast. Moreover, using these models can lead to improved forecasting
results and can help neutralize any emotion involved in the decision.

Forecasting for Sales and Operations Planning

The forecasts needed for sales and operations planning ultimately provide the basis for
plans that are usually stated in terms of planned sales and output of product families in
dollars or some other aggregate measure. The plans extend for a few months up to a year
into the future for each of the product lines they cover. The forecasts, then, must also be
aggregated to the product family level and cover the same (or a greater) number of
periods.

One important input into the forecasts for SOP is information on customer plans and
current demand information. Insights into the customers’ future plans are gained through
discussions with marketing and communication with customers through demand manage-
ment. This information can be augmented with current data on inventory balances, demand
levels, and product mix preferences through programs like CRM and vendor-managed
inventory (VMI). These are important sources of information for the development of the
sales and operations plans.

A common means for producing an aggregated forecast for SOP is to sum the forecasts
for the individual products in each product line. These totals can then be adjusted by incor-
porating knowledge of customers’ plans, current trends, and any marketing plans that
would influence demand. However the forecasts are developed, managerial insight and
judgment are important in using them to develop the plans. Developing the forecast is not
the same as developing the plan.

Forecasting for Master Production Scheduling and Control

Demand management supports the decisions made in the master production scheduling
module by providing detailed forecasts on a nearly continuous basis. The result of the MPS
decisions is a statement of how many of a finished product or component to make and when
to do so. These decisions occur constantly as conditions change in the market and in man-
ufacturing. Consequently, the flow of forecast information to the MPS is frequent and
detailed.

Also occurring constantly are control decisions that change priorities for production, al-
location of inventory, and destinations of shipments. As products move from purchasing of
raw material to distribution of finished goods, changes that require adjustments occur in all
areas of the process. To compensate for these changes, control decisions must be made
quickly and efficiently to keep the product moving to the customer. If the demand for the
product is dependent, then the timing and quantities can be calculated from the plans for
their parents (the products that they are used on); if the demand is independent, then it
must be forecast. Forecasting to support these day-to-day control decisions must be fre-
quent, detailed, and timely.

To produce these detailed forecasts, it is most common to use mechanical procedures,
procedures that can be incorporated into the demand management software. Most often,
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these are models for “casting forward” historical information to make the “fore cast.”
Implicit in this process is a belief that the past conditions that produced the historical de-
mand won’t change. However, we shouldn’t draw from this the impression that managers
can always rely on past information to estimate future activity. In the first place, in cer-
tain instances, we simply have no past data. This occurs, for example, when a new prod-
uct is introduced, a future sales promotion is planned, a new competitor appears, or new
legislation affects our business. These circumstances all illustrate the need for manage-
rial review and modification of the forecast where special knowledge should be taken
into account.

These different approaches simply underscore the variety of sources, aggregation, and
purposes of forecasts. In the next two sections, we illustrate techniques that are appropriate
for two different forecasting purposes. In the first, we address the issue of forecasting de-
mand for the next 6 to 18 months in the future. This would be appropriate for making plans
that relate to staffing sales teams, production capacity planning, estimating aggregate in-
ventory levels, and cash flow analysis. Here, we introduce linear regression analysis and
show how to augment the approach with adjustments for seasonal and other cyclical factors.
After this, we discuss techniques appropriate for forecasts that extend out for 2 to 8 weeks
in the future. These short-term forecasting techniques are commonly used in inventory con-
trol systems to trigger replenishment orders for items that are being actively controlled (we
discuss these types of systems in Chapter 11).

Regression Analysis and Cyclic Decomposition Techniques

Regression can be defined as a functional relationship berween two or more correlated vari-
ables. It is used to predict one variable given the other. The relationship is usually devel-
oped from observed data. The data should be plotted first to see if they appear linear or if
at least parts of the data are linear. Linear regression refers to the special class of regression
where the relationship between variables forms a straight line.

The linear regression line is of the form Y = a + bX, where Y is the value of the depen-
dent variable that we are solving for, « is the Y-intercept, b is the slope, and X is the inde-
pendent variable. (In time series analysis, X is units of time.)

Linear regression is useful for long-term forecasting of major occurrences and aggre-
gate planning. For example, linear regression would be very useful to forecast demands
for product families. Even though demand for individual products within a family may
vary widely during a time period, demand for the total product family is surprisingly
smooth.

The major restriction in using linear regression forecasting is, as the name implies,
that past data and future projections are assumed to fall about a straight line. Although this
does limit its application, sometimes, if we use a shorter period of time, linear regression
analysis can still be used. For example, there may be short segments of the longer period
that are approximately linear.

Linear regression is used both for time series forecasting and for causal relationship
forecasting. When the dependent variable (usually the vertical axis on a graph) changes
as a result of time (plotted as the horizontal axis), it is time series analysis. If one vari-
able changes because of the change in another variable, this is a causal relationship
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(such as the number of deaths from lung cancer increasing with the number of people
who smoke).
We use the following example to demonstrate linear least squares regression analysis.

Example
Least Squares Method

A firm’s sales for a product line during the 12 quarters of the past three years were as
follows:

Quarter Sales Quarter Sales
1 600 7 2,600
2 1,550 8 2,900
3 1,500 9 3,800
4 1,500 10 4,500
5 2,400 11 4,000
6 3,100 12 4,900

The firm wants to forecast each quarter of the fourth year—that is, quarters 13, 14, 15,
and 16.

Solution

The least squares equation for linear regression is
Y=a+bx 3.1

where

Y = dependent variable computed by the equation

y = the actual dependent variable data point (used below)

a = Y-intercept

b = slope of the line

x = time period

The least squares method tries to fit the line to the data that minimizes the sum of the
squares of the vertical distance between each data point and its corresponding point on the
line. If a straight line is drawn through the general area of the points, the difference between
the point and the line is y — Y. Figure 3.2 shows these differences. The sum of the squares
of the differences between the plotted data points and the line points is

1 = Y)?+ (= Y2)* + -+ (o — Ypo)?

The best line to use is the one that minimizes this total.
As before, the straight line equation is

Y=a+ bx
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FIGURE 3.2 $5,000
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Previously we determined a and b from the graph. In the least squares method, the equa-
tions for a and b are

a=y— bx 3.2)

Exy—n)?.ﬁ
hb=—\

Exz — nx?

(3.3)

where
a =Y intercept
b = slope of the line
y = average of all y’s
x = average of all x’s
x = x value at each data point
y =y value at each data point
n = number of data points
Y = value of the dependent variable computed with the regression equation

Figure 3.3 shows these computations carried out for the 12 data points in the problem. Note
that the final equation for Y shows an intercept of 441.6 and a slope of 359.6. The slope
shows that for every unit change in X, ¥ changes by 359.6.
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FIGURE3.3 (1) 2 3) (4) (5) 6)
Least Squares X y Xy x2 y? Y
Regression
Analysis 1 600 600 1 360,000 801.3
2 1,550 3,100 4 2,402,500 1,160.9
3 1,500 4,500 9 2,250,000 1,520.5
4 1,500 6,000 16 2,250,000 1,880.1
5 2,400 12,000 25 5,760,000 2,239.7
6 3,100 18,600 36 9,610,000 2,599.4
7 2,600 18,200 49 6,760,000 2,959.0
8 2,900 23,200 64 8,410,000 3,318.6
9 3,800 34,200 81 14,440,000 3,678.2
10 4,500 45,000 100 20,250,000 4,037.8
11 4,000 44,000 121 16,000,000 4,397.4
12 4,900 58,800 144 24,010,000 4,757.1
78 33,350 268,200 650 112,502,500

X =6.5 b=359.6153

y =2779.17 a = 441.6666

Therefore, Y = 441.66 + 359.6x
Syx=363.9

Strictly based on the equation, forecasts for periods 13 through 16 would be
Y,; =441.6 +359.6(13) =5,116.4
Y, =441.6 +359.6 (14) = 5,476.0
Y,s=441.6 +359.6 (15) = 5,835.6
Ye=441.6 +359.6(16) = 6,195.2

The standard error of estimate, or how well the line fits the data, is

(3.4)

The standard error of estimate is computed from the second and last columns of
Figure 3.3:

g - \/(600 — 801.3)% + (1,550 — 1,160.9)> + (1,500 — 1,520.5)% + - + (4,900 — 4,757.1)?
. 10
=363.9
Microsoft® Excel has a very powerful regression tool designed to perform these calcula-

tions. To use the tool, a table is needed that contains data relevant to the problem (see Fig-
ure 3.4). The tool is part of the Data Analysis ToolPak that is accessed from the Tools menu
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FIGURE 3.4
Excel
Regression Tool
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=1 7 -Cancel
% g ;?gg Input X Range: |$A$2:$A$13 .1,
% ; ;ggg [ Labels D Constant is Zero
E 3 3600 [] Confidence Level: [ S %
|11 “13 4500 Output options —_—
rg‘ ::2 2338 (® Output Range: ‘LL‘W}E
E O New Worksheet Ply: “
| 15 | O New Workbook
| 16 |SUMMARY OUTPUT Residuals

17 . - [[] Residuals [[] Residual Plots

18 Regression Statistics [[] standardized Residuals [ Line Fit Plots
| 19 |Multiple R 0.96601558 %
120 |R Square 0.933186102 Notyal Proti by
| 21 |Adjusted R Square| 0.926504712 [ ormal Probabiity Plots
| 22 |Standard Error 363.8777972

23 |Observations 12
[24]

5 | ANOWA

26 df S8 MS F__ Significance F
| 27 |Regression 1) 18493221.15 18493221 139.6695  3.37202E-07
| 28 |Residual 10| 1324070.513| 132407 1

29 |Total 11 19817291.67

30

il Coefficients Standard Enor|  t Stat | P-value | Lower 35% | Upper 95% Lower 95.0% Upper 95.0%
| 32 |Intercept 441.6666667 223.9513029 1.972155 0.076869| -57.3279302 940.661264 -57.3279302 940.6612636
33 [X Variable 1 359.6153846  30.42899005 11.81818 3.37E-07| 291.8153699 427 415393 291.81537  427.4153933
34
=

(or Data tab in Excel 2007). You may need to add this by using the Add-In option under
Tools.

To use the tool, first input the data in two columns in your spreadsheet, then access the
Regression option from the Tools — Data Analysis menu. Next, specify the Y Range,
which is B2:B13, and the X-Range, which is A2:A13 in our example. Finally, an Output
Range is specified. This is where you would like the results of the regression analysis
placed in your spreadsheet. In the example, A16 is entered. There is some information pro-
vided that goes beyond what we have covered, but what you are looking for is the Intercept
and X Variable coefficients that correspond to the intercept and slope values in the linear
equation. These are in rows 32 and 33 in Figure 3.4.

We discuss the possible existence of seasonal components in the next section on de-
composition of a time series.

Decomposition of a Time Series

A time series can be defined as chronologically ordered data that may contain one or more
components of demand: trend, seasonal, cyclical, autocorrelation, and random. Decompo-
sition of a time series means identifying and separating the time series data into these com-
ponents. In practice, it is relatively easy to identify the trend (even without mathematical
analysis, it is usually easy to plot and see the direction of movement) and the seasonal com-
ponent (by comparing the same period year to year). It is considerably more difficult to
identify the cycles (these may be many months or years long), autocorrelation, and random
components. (The forecaster usually calls random anything left over that cannot be identi-
fied as another component.)
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FIGURE 3.5 Additive and Multiplicative Seasonal Variation Superimposed on Changing Trend
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When demand contains both seasonal and trend effects at the same time, the question is
how they relate to each other. In this description, we examine two types of seasonal varia-
tion: additive and multiplicative.

Additive Seasonal Variation

Additive seasonal variation simply assumes that the seasonal amount is a constant no mat-
ter what the trend or average amount is.

Forecast including trend and seasonal = Trend + Seasonal

Figure 3.5A shows an example of increasing trend with constant seasonal amounts.

Multiplicative Seasonal Variation
In multiplicative seasonal variation, the trend is multiplied by the seasonal factors.

Forecast including trend and seasonal = Trend X Seasonal factor

Figure 3.5B shows the seasonal variation increasing as the trend increases because its size
depends on the trend.

The multiplicative seasonal variation is the usual experience. Essentially, this says that
the larger the basic amount projected, the larger the variation around this that we can expect.

Seasonal Factor (or Index)
A seasonal factor is the amount of correction needed in a time series to adjust for the sea-
son of the year.

We usually associate seasonal with a period of the year characterized by some particu-
lar activity. We use the word cyclical to indicate other than annual recurrent periods of
repetitive activity.

The following examples show how seasonal indexes are determined and used to forecast
(1) a simple calculation based on past seasonal data and (2) the trend and seasonal index
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from a hand-fit regression line. We follow this with a more formal procedure for the de-
composition of data and forecasting using least squares regression.

Example
Simple Proportion

Assume that in past years, a firm sold an average of 1,000 units of a particular product line
each year. On the average, 200 units were sold in the spring, 350 in the summer, 300 in the
fall, and 150 in the winter. The seasonal factor (or index) is the ratio of the amount sold dur-
ing each season divided by the average for all seasons.

Solution

In this example, the yearly amount divided equally over all seasons is 1,000 + 4 =250. The
seasonal factors therefore are

Average Sales

Past for Each Season Seasonal
Sales (1,000/4) Factor
Spring 200 250 200/250 = 0.8
Summer 350 250 350/250 = 1.4
Fall 300 250 300/250 = 1.2
Winter 150 250 150/250 = 0.6
Total 1,000

Using these factors, if we expected demand for next year to be 1,100 units, we would
forecast the demand to occur as

Expected Average Sales Next Year's
Demand for  for Each Season Seasonal Seasonal
Next Year (1,100/4) Factor Forecast
Spring 275 X 0.8 = 220
Summer 275 X 1.4 = 385
Fall 275 X 1.2 = 330
Winter 275 X 0.6 = 165
Total 1,100

The seasonal factor may be periodically updated as new data are available. The follow-
ing example shows the seasonal factor and multiplicative seasonal variation.

Example

Computing Trend and Seasonal Factor from a Hand-Fit Straight Line
Here we must compute the trend as well as the seasonal factors.

Solution

We solve this problem by simply hand fitting a straight line through the data points and
measuring the trend and intercept from the graph. Assume the history of data is
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Quarter Amount Quarter Amount
I—2008 300 —2009 520
1I—2008 200 1I—2009 420
111—2008 220 [11—2009 400
IV—2008 530 IV—2009 700

First, we plot as in Figure 3.6 and then visually fit a straight line through the data. (Natu-
rally, this line and the resulting equation are subject to variation.) The equation for the line is

Trend, = 170 + 55¢

Our equation was derived from the intercept 170 plus a rise of (610 — 170) + 8 peri-
ods. Next we can derive a seasonal index by comparing the actual data with the trend line
as in Figure 3.7. The seasonal factor was developed by averaging the same quarters in

each year.
700 o
600
500
400
300
200
100 | | | | | | |
1 I I v 1 1I 1II v
I 2008 } 2009 |
From Trend Seasonal Factor
Actual Equation Ratio of (Average of Same
Quarter Amount T,=170 + 55t Actual + Trend Quarters in Both Years)
2008
I 300 225 1.33
I 200 280 71
M 220 335 .66 I—1.25
v 530 390 1.36 11—0.78
2009 111—0.69
I 520 445 1.17 IV—1.25
I 420 500 .84
M 400 555 .72
v 700 610 1.15
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FIGURE 3.7 Deseasonalized Demand

) ®) ) 5) ©) % ®)
Actual Deseasonalized XX yy
Period Demand Average of the Same  Seasonal Demand (y,) x? Col. (1) X
(x) Quarter ) Quarters of Each Year Factor  Col. (3) = Col. (5) (Col. 1)? Col. (6)
1 I 600 (600 + 2,400 + 3,800)/3 0.82 735.7 1 735.7
=2,266.7
2 Il 1,550 (1,550 + 3,100 + 4,500)/3  1.10 1,412.4 4 2,824.7
= 3,050
3 1 1,500 (1,500 + 2,600 + 4,000)/3 0.97 1,544.0 9 4,631.9
=2,700
4 v 1,500 (1,500 + 2,900 + 4,900)/3 1.12 1,344.8 16 5,379.0
=3,100
5 I 2,400 0.82 2,942.6 25 14,713.2
6 1l 3,100 1.10 2,824.7 36 16,948.4
7 1 2,600 0.97 2,676.2 49 18,733.6
8 v 2,900 1.12 2,599.9 64 20,798.9
9 | 3,800 0.82 4,659.2 81 41,932.7
10 Il 4,500 1.10 4,100.4 100 41,004.1
1 1 4,000 0.97 4,117.3 121 45,290.1
12 v 4,900 1.12 4,392.9 144 52,714.5
78 33,350 12.03 33,350.1* 650  265,706.9
— 78 _ 6.5 b= 2 XYq — NXYy _ 265,706.9 — 12(6.5)2,779.2 3422
12 Sx? — nx?2 650 — 12(6.5)2

yq=33,350/12 = 2,779.2 a=y, — bx =2,779.2 — 342.2(6.5) = 554.9
Therefore, Y = a + bx = 554.9 + 342.2x

*Column 3 and column 6 totals should be equal at 33,350. Differences are due to rounding. Column 5 was rounded to two decimal places.

We can compute the 2010 forecast including trend and seasonal factors (FITS) as follows:
FITS, = Trend X Seasonal
[—2008 FITS, =[170 + 55(9)]1.25 = 831
II—2008 FITS,, = [170 + 55(10)]0.78 = 562
11I—2008 FITS,, =[170 + 55(11)]0.69 = 535
IV—2008 FITS,, =[170 + 55(12)]1.25 = 1,038

Decomposition Using Least Squares Regression

Decomposition of a time series means finding the series’ basic components of trend, seasonal,
and cyclical. Indexes are calculated for seasons and cycles. The forecasting procedure then re-
verses the process by projecting the trend and adjusting it by the seasonal and cyclical in-
dexes, which were determined in the decomposition process. More formally, the process is

1. Decompose the time series into its components.
a. Find seasonal component.
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b. Deseasonalize the demand.
c¢. Find trend component.
2. Forecast future values of each component.
a. Project trend component into the future.
b. Multiply trend component by seasonal component.

Note that the random component is not included in this list. We implicitly remove the
random component from the time series when we average as in step 1. It is pointless to at-
tempt a projection of the random component in step 2 unless we have information about
some unusual event, such as a major labor dispute, that could adversely affect product de-
mand (and this would not really be random).

Figure 3.7 shows the decomposition of a time series using least squares regression and
the same basic data we used in our earlier examples. Each data point corresponds to using
a single three-month quarter of the three-year (12-quarter) period. Our objective is to fore-
cast demand for the four quarters of the fourth year.

Step 1. Determine the seasonal factor (or index). Figure 3.7 summarizes the calcu-
lations needed. Column 4 develops an average for the same quarters in the three-year pe-
riod. For example, the first quarters of the three years are added together and divided by
three. A seasonal factor is then derived by dividing that average by the general average

b}

33,350
for all 12 quarters ( , or 2,779). These are entered in column 5. Note that the

seasonal factors are identical for similar quarters in each year.

Step 2. Deseasonalize the original data. To remove the seasonal effect on the data,
we divide the original data by the seasonal factor. This step is called the deseasonaliza-
tion of demand and is shown in column 6 of Figure 3.7.

Step 3. Develop a least squares regression line for the deseasonalized data. The
purpose here is to develop an equation for the trend line Y, which we then modify with
the seasonal factor. The procedure is the same as we used before:

Y=a+ bx
where
v, = deseasonalized demand (see Figure 3.8)
X = quarter

Y = demand computed using the regression equation Y =a + bx

a = Y intercept

b

slope of the line

The least squares calculations using columns 1, 7, and 8 of Figure 3.7 are shown
in the lower section of the exhibit. The final deseasonalized equation for our data is
Y'=1554.9 + 342 .2x. This straight line is shown in Figure 3.8.

Step 4. Project the regression line through the period to be forecast. Our purpose
is to forecast periods 13 through 16. We start by solving the equation for Y at each of
these periods (shown in step 5, column 3).
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FIGURE 3.8
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Step S. Create the final forecast by adjusting the regression line by the seasonal
factor. Recall that the Y equation has been deseasonalized. We now reverse the pro-
cedure by multiplying the quarterly data we derived by the seasonal factor for that
quarter:

Y from Seasonal Forecast

Period Quarter Regression Line Factor (Y x Seasonal Factor)
13 1 5,003.5 0.82 4,102.87
14 2 5,345.7 1.10 5,880.27
15 3 5,687.9 0.97 5,517.26
16 4 6,030.1 1.12 6,753.71

Our forecast is now complete. The procedure is generally the same as what we did in the
hand-fit previous example. In the present example, however, we followed a more formal
procedure and computed the least squares regression line as well.

Error Range

When a straight line is fitted through data points and then used for forecasting, errors can
come from two sources. First, there are the usual errors similar to the standard deviation of
any set of data. Second, there are errors that arise because the line is wrong. Figure 3.9
shows this error range. We develop the statistic later in the chapter; here, we will briefly
show why the range broadens. First, visualize that one line is drawn that has some error
such that it slants too steeply upward. Standard errors are then calculated for this line. Now
visualize another line that slants too steeply downward. It also has a standard error. The
total error range, for this analysis, consists of errors resulting from both lines as well as all
other possible lines. We included this exhibit to show how the error range widens as we go
further into the future.
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Short-Term Forecasting Techniques

In this section, we’ll introduce two very common short-term forecasting techniques: moving
averages and exponential smoothing. We choose these procedures since they are com-
monly available in commercial software and meet the criteria of low cost and little man-
agement involvement. The techniques are simple mathematical means for converting past
information into forecasts. The procedures, often called statistical forecasting models, can
easily be automated and incorporated into demand management activities.

There are a number of more complicated forecasting procedures that have been devel-
oped and we contemplated including some of them in this book, but research has shown the
simple procedures to be at least as effective, especially for detailed, frequent forecasts. For
example, Bernard Smith developed a novel approach to short-term forecasting called focus

forecasting. It involves evaluating several simple forecasting models and choosing the one

that performed best in the past to make the current forecast. Flores and Whybark compared
focus forecasting and an average of all the forecasts produced with simple exponential
smoothing. Simple exponential smoothing performed the best.

In another study, Spyros Makridakis and his colleagues challenged experts to a fore-
casting competition. A total of 21 forecasting models were tested on 1,001 actual data sets.
Forecasting accuracy was determined with five different measures. There was no one model
that consistently outperformed all the others for all series, but one conclusion was very
clear. Simple methods do better than the more sophisticated models for detailed forecasts,
especially over short periods. Another conclusion was that any special knowledge about
demand patterns should be used to develop the forecast. If you ignore the seasonal sales
pattern of swimsuits, you do so at your peril.

Moving-Average Forecasting

Moving-average and exponential smoothing forecasting are both concerned with averaging
past demand to project a forecast for future demand. This implies that the underlying
demand pattern, at least for the next few days or weeks, is constant with random fluctuations
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FIGURE 3.10

Demand for Household Cleaning Liquid (Past Nine Weeks)

Week Number
24 25 26 27 28 29 30 31 32

Cases shipped

1,600 1,500 1,700 900 1,100 1,500 1,400 1,700 1,200

FIGURE 3.11
Plot of the Past
Demand for
Household
Cleaning Liquid

about the average. Thus the objective is to smooth out the random fluctuations while being
sensitive to any possible changes that may be taking place with the underlying average.

Figure 3.10 shows the number of cases of a household cleaning liquid shipped to retail
stores from an East Coast distribution center in each of the last nine weeks. If there were
requests for shipments that couldn’t be fulfilled, it would be desirable to capture that
information to get better estimates of the actual demand. For our examples, though, we will
consider the shipments to represent the demand. The past demand is plotted in Figure 3.11.

A tempting procedure would be to simply draw a line through the data points and use
that line as our estimate for week 33 and subsequent weeks. This would require constant
management involvement in making the forecasts, however. Rather than draw a line
through the points in Figure 3.11 to find the average, we could simply calculate the arith-
metic average of the nine historical observations. Since we’re interested in averaged past
data to project into the future, we could even use an average of all past demand data avail-
able for forecasting purposes. There are several reasons, however, why this may not be a de-
sirable way of smoothing. In the first place, there may be so many periods of past data that
storing them all is an issue. Second, often the most recent history is most relevant in fore-
casting short-term demand in the near future. Recent data may reveal current conditions
better than data several months or years old. For these reasons, the moving average proce-
dure uses only a few of the most recent demand observations.
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FIGURE 3.12 Example Moving-Average Calculations

Period
27 28 29 30 31 32
Actual demand 900 1,100 1,500 1,400 1,700 1,200

32
6-period MAF made at the end of period 32 = > actual demand/6
27

= (900 + 1,100 + 1,500 + 1,400
+1,700 + 1,200)/6 = 1,300

32
3-period MAF made at the end of period 32 = ' actual demand/3
30

= (1,400 + 1,700 + 1,200)/3 = 1,433

The moving-average model for smoothing historical demand proceeds, as the name im-
plies, by averaging a selected number of past periods of data. The average moves because a
new average can be calculated whenever a new period’s demand is determined. Whenever
a forecast is needed, the most recent past history of demand is used to do the averaging.

Equation (3.5) shows the model for finding the moving average. The equation shows the
moving average forecast always uses the most recent »n periods of historical information
available for developing the forecast. Notice the moving average is the forecast of demand
for the next and subsequent periods. This timing convention needs to be clearly understood.
We are at the end of period #; we know the demand in period ¢ and forecasts are made for
periods 7 + 1, or # + X periods into the future. Forecasts are not made for period ¢ since that
period’s demand is known. Figure 3.12 shows sample calculations for the number of cases
shipped.

t

Moving average forecast (MAF) _ E Actual demand: /n (3.5)
at the end of period : MAF, =5 ' )

where:
i = period number
t = current period (the period for which the most recent actual demand is known)
n = number of periods in the moving average

You’ll note the moving-average model does smooth the historical data, but it does so with
an equal weight on each piece of historical information. We could adjust this, of course, by
incorporating different weights on past periods. In fact the weighted-moving-average model
does exactly that, but at the cost of complexity and more data storage. In addition, some data
play no part in making a moving average forecast. For example, the demand of 900 in week
27 has no weight in the three-period moving average forecast for period 33. Exponential
smoothing addresses both of these considerations in making forecasts.
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FIGURE 3.13
Example
Exponential
Smoothing
Calculations

Exponential Smoothing Forecasting

The exponential smoothing model for forecasting doesn’t eliminate any past information,
but so adjusts the weights given to past data that older data get increasingly less weight
(hence the name exponential smoothing). The basic idea is a fairly simple one and has a
great deal of intuitive appeal. Each new forecast is based on an average that’s adjusted each
time there’s a new forecast error. For example, if we forecast 90 units of demand for an item
in a particular period and that item’s actual demand turns out to be 100 units, an appealing
idea would be to increase our forecast by some portion of the 10-unit error in making the
next period’s forecast. In this way, if the error indicated demand was changing, we would
begin to change the forecast. We may not want to incorporate the entire error (i.e., add
10 units), since the error may have just been due to random variations around the mean.

The proportion of the error that will be incorporated into the forecast is called the
exponential smoothing constant and is identified as a. The model for computing
the new average appears in Equation (3.6) as we’ve just described it. Equation (3.7) gives
the most common computational form of the exponentially smoothed average. The new
exponentially smoothed average is again the forecast for the next and subsequent periods.
The same timing convention is used; that is, the forecast is made at the end of period ¢ for
period ¢ 4+ X in the future. Figure 3.13 shows example calculations for the number of
cases shipped.

Exponential smoothing forecast (ESF) at the end of period #:

ESF, = ESF,_, + a(Actual demand, — ESF,_,) (3.6)
= a(Actual demand,) + (I — a)ESF,_, 3.7)
where:
a = the smoothing constant (0 = a = 1)
t = current period (the period for which the most recent actual demand is
known)
ESF,_, = exponential smoothing forecast made one period previously (at the end of
period t — 1)
Period
27 28
Actual demand 900 1,100
Assume:

ESF,, = exponential smoothing forecast made at the end of period 26 = 1,000, « = 0.1
ESF,, (made at the end of period 27 when actual demand for period 27 is known but actual
demand in period 28 is not known) =
1,000 + 0.1(900 — 1,000) = 990

0.1(900) + (1 — 0.1)1,000 = 990
ESF,s = 0.1(1,100) + (1 — 0.1)990 = 1001
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FIGURE 3.14 Relative Weights Given to Past Demand by a Moving Average and Exponential

Smoothing Model

Period
20 21 22 23 24 25 26 27* 28

5-period MAF weights 0% 0% 0% 20% 20% 20% 20% 20% —
ESF weights (« = 0.3) 2% 4% 5% 7% 10% 15% 21% 30% —

*Forecast made at the end of period 27.

Let’s compare exponential smoothing and moving average forecasting procedures.
Figure 3.14 compares a five-period MAF with an ESF using a = 0.3. In preparing the fore-
cast for period 28, the five-period MAF would apply a 20 percent weight to each of the five
most recent actual demands. The ESF model (with & = 0.3) would apply a 30 percent weight
to the actual demand in period 27 as seen here:

ESF,, = Period 28 forecast = 0.3 (Period 27 actual demand) + 0.7 (ESF,()

By looking at the ESF for period 27, made at the end of period 26 (i.e., ESF,;), we see
it was determined as

ESF,; = 0.3 (Period 26 actual demand) + 0.7 (ESF,;)
By substitution, ESF,, can be shown to be

ESF,, = 0.3 (Period 27 actual demand)
+ 0.7 [0.3 (Period 26 actual demand) + 0.7 (ESF,;)]

The result of this calculation is a weight of 0.21 (0.7 x 0.3) being applied to the actual
demand in period 26 when the forecast for periods 28 and beyond is made at the end of period
27. By similar substitution, we can derive the entire line for the ESF weights in Figure 3.14.

Figure 3.14 shows, for the forecast made at the end of period 27, 30 percent of the weight
is attached to the actual demand in period 27, 21 percent for period 26, and 15 percent for pe-
riod 25. The sum of these weights, 66 percent, is the weight placed on the last three periods of
demand. The sum of all the weights given for the ESF model in Figure 3.14 is 94 percent. If
we continue to find the weights for periods 19, 18, and so on, the sum for all weights is 1.0, as
intuition would tell us. If the smoothing constant were 0.1 instead of 0.3, a table like Figure 3.14
would have values of 0.1, 0.09, and 0.081 for the weights of periods 27, 26, and 25, respec-
tively. The sum of these three (27 percent) is the weight placed on the last three periods. More-
over, (1 — 27% = 73%) is the weight given to all actual data more than three periods old.

This result shows larger values of « give more weight to recent demands and utilize older
demand data less than is the case for smaller values of «; that is, larger values of « provide
more responsive forecasts, and smaller values produce more stable forecasts. The same ar-
gument can be made for the number of periods in an MAF model. This is the basic trade-off
in determining what smoothing constant (or length of moving average) to use in a forecast-
ing procedure. The higher the smoothing constant or the shorter the moving average, the
more responsive forecasts are to changes in underlying demand, but the more “nervous”
they are in the presence of randomness. Similarly, smaller smoothing constants or longer
moving averages provide stability in the face of randomness but slower reactions to changes
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FIGURE 3.15 . ,
Example Bias Period (i)
Calculation 1 2 3 4
(1) Actual demand 1,500 1,400 1,700 1,200
(2) Forecast demand 1,600 1,600 1,400 1,300
Error (1) — (2) -100 —-200 300 —-100

4
Bias = D error;/4 = (—100 — 200 + 300 — 100)/4
=

—-100/4 = —25

in the underlying demand. Ultimately, however, the trade-off between stability and respon-
siveness is reflected in the quality of the forecasts, a subject to which we now turn.

Evaluating Forecasts

Ultimately, of course, the quality of any forecast is reflected in the quality of the decisions
based on the forecast. This leads to suggesting the ideal comparison of forecasting procedures
would be based on the costs of producing the forecast and the value of the forecast for the
decision. From these data, the appropriate trade-off between the cost of developing and the
cost of making decisions with forecasts of varying quality could be made. Unfortunately, nei-
ther cost is easily measured. In addition, such a scheme suggests that a different forecasting
procedure might be required for each decision, an undesirably complex possibility. As a re-
sult of these complications, we rely on some direct measures of forecast quality.

For any forecasting procedure we develop, an important criterion is honesty, or lack of
bias; that is, the procedure should produce forecasts that are neither consistently high nor
consistently low. Forecasts shouldn’t be overly optimistic or pessimistic, but rather should
“tell it like it is.” Because we’re dealing with projecting past data, lack of bias means
smoothing out past data’s randomness so that forecasts that are too high are offset by fore-
casts that are too low. To measure bias, we’ll use the mean error as defined by Equation (3.8).
In this equation, the forecast error in each period is actual demand in each period minus
forecast demand for that period. Figure 3.15 shows an example calculation of bias.

D' (Actual demand; — Forecast demand,)

Mean error (bias) = (3.8)
n

where:

i = period number

n = number of periods of data

As Figure 3.15 shows, when forecast errors tend to cancel one another out, the measure
of bias tends to be low. Positive errors in some periods are offset by negative errors in oth-
ers, which tends to produce an average error, or bias near zero. In Figure 3.15, there’s a
bias and the demand was over forecast by an average of 25 units per period for the four
periods.
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Period (i)
1 2 3 4
(1) Actual demand 1,500 1,400 1,700 1,200
(2) Forecast demand 1,600 1,600 1,400 1,300
Error (1) — (2) —100 —200 300 —-100

MAD = > |error;|/4
=1

= (1-1001 + 1-2001 + 1300] + |-1001)/4 = 175

Period (i)
1 2 3 4
(1) Actual demand 100 100 5,500 100
(2) Forecast demand 1,600 1,600 1,400 1,300
Error (1) — (2) -1,500 -1,500 4,100 -1,200

4
Bias = Elerroril/4 = (-1,500 — 1,500 + 4,100 — 1,200)/4
i=1

—100/4 = =25

4
MAD = > |error;|/4
i=1

= (|-1,500| + [-1,500| + [4,100| + |—1,200])/4
= 8,300/4 = 2,075

Having an unbiased forecast is important in manufacturing planning and control, since
the unbiased estimates, on average, are about right. But that’s not enough. We still need to
be concerned with the errors’ magnitude. Note, for the example in Figure 3.15, we obtain
the identical measure of bias if actual demand for the four periods had been 100, 100,
5,500, and 100, respectively. (This is shown as part of the calculations in Figure 3.16.)
However, the individual errors are much larger, and this difference would have to be re-
flected in extra inventory if we were to maintain a consistent level of customer service.
Let’s now turn to a widely used measure of forecast error magnitude, the mean absolute
deviation (MAD). The equation for calculating MAD is provided in Equation (3.9), while
Figure 3.16 shows example calculations.

' 1|Actual demand; — Forecast demand,|

Mean absolute deviation (MAD) =
n

(3.9)

The mean absolute deviation expresses the size of the average error irrespective of
whether it’s positive or negative. It’s the combination of bias and MAD that allows us to
evaluate forecasting results. Bias is perhaps the most critical, since we can compensate for
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forecast errors through inventory, expediting, faster delivery means, and other kinds of
responses. MAD indicates the expected compensation’s size (e.g., required speed). How-
ever, if a forecast is consistently lower than demand, the entire material-flow pipeline will
run dry; it will be necessary to start over again with raw materials. Inventory buildups can
arise with a consistently high forecast.

Before turning to some managerial issues concerning forecasting, we would like to
provide one other relationship that is quite useful. The most widely used measure of devi-
ation or dispersion in statistics is the standard deviation. MAD also measures deviation
(error) from an expected result (the forecast). When the forecast errors are distributed nor-
mally, there is a direct relationship between the two measures that can be used to develop
statistical insights and conclusions. The standard deviation of the errors is arithmetically
related to MAD by Equation (3.10):

Standard deviation of forecast errors = 1.25 MAD (3.10)

In the demand management module we are interested in providing the appropriate level
of detail and frequency of the forecast to the other modules in the front end of the MPC
system. This may require modification of the forecasts or reconciliation with other forecast
sources before they can be used for decision making.

Using the Forecasts

Using the forecasts requires a heavy dose of common sense, as well as application of tech-
niques. In this section, we’ll look at some technical reasons for aggregating forecasts and
some of the methods for readying the forecasts for use in sales and operations planning.
We’ll also review some means for incorporating management information into the forecasts.

Considerations for Aggregating Forecasts

In Figure 3.1 we pointed out different means of developing forecasts for different uses in
the company. For sales and operations planning, one source of forecast might be the aggre-
gation by product family of the detailed forecasts for individual products. Other inputs
might come from marketing and our knowledge of customers. The result of reconciling all
these sources is an aggregate demand forecast that is used for developing the sales and
operations plans.

There are several reasons for aggregating product items in both time and level of detail
for forecasting purposes. We must do it with caution, however. Aggregating individual
products into product lines, geographical areas, or customer types, for example, must be
done in ways that are compatible with the planning systems. Product groupings must also
be developed, so that the forecast unit is sensible to forecasters. Provided we follow these
guidelines, we can use product groupings to facilitate the forecasting task.

It’s a well-known phenomenon that long-term or product-line forecasts are more accu-
rate than short-term and/or detailed forecasts. This merely verbalizes a statistical verity.
Consider the example in Figure 3.17. Monthly sales average 20 units but vary randomly
with a standard deviation of two units. This means 95 percent of the monthly demands lie
between 16 and 24 units when demand is normally distributed. This corresponds to a fore-
cast error of plus or minus 20 percent around the forecast of 20 units per month.
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FIGURE 3.17 Monthly sales distribution Yearly sales distribution
Effect of
on Forecast
Accuracy Average = 20 units Average = 240 units
Standard deviation = 2 units Standard deviation = 6.9 units
95% range = 16—24 units 95% range = 226—254 units
Deviation = +20% Deviation = *=5.8%

Now suppose, instead of forecasting demand on a monthly basis, we prepare an annual
forecast of demand—in this case, 240 (12 months x 20 units/month) units for the year. If
monthly sales are independent, the resulting standard deviation is 6.9 units. This is found
by noting that the variance of the monthly distribution is 4 units (2%). The variance of the
yearly distribution is 48 (12 months x 4), so the standard deviation is 6.9 (\/48). This cor-
responds to a 95 percent range of 226 to 254 units or a £5.8 percent deviation. The reduc-
tion from +20 percent to +5.8 percent is due to using a much longer time period. The same
effect can be seen in forecasting demand for product lines instead of for individual items.

In the assemble-to-order environment, Equation (2.1) shows the number of items that
need to be forecast when finished products are used instead of the components. This is often a
substantial increase in the number and, because of the detail, often results in very poor fore-
casting performance. For example, what is the forecast for red, two-door, small engine,
antilock-brake cars with sport stripes. It is much easier to forecast demand for the components
than the detailed component combinations. Many of the same advantages of error reduction
that accrue to aggregating are possible here as well.

An issue arises whenever aggregations of products, regions, or time periods are used to
develop strategic or sales and operations plans. The total forecast must be consistent with
the individual product forecasts. The whole must be equal to the sum of the parts. Very
often an individual product’s share of the aggregate product line totals remains fairly con-
stant. That is, there is more uncertainty in the day-to-day demand for the item than for its
share in the demand for the total line. We can use this knowledge to disaggregate the
aggregate forecasts and thereby maintain the consistency between the detail and the totals.
We may even be able to show improvements in the accuracy of the detail forecasts by doing
it this way. One formal method for achieving consistency is described next.

Pyramid Forecasting

When the basis of the aggregated forecast for sales and operations planning is the sum of
product level forecasts produced by, say, exponential smoothing, it is unlikely that this sum
would match the aggregate forecasts developed by other sources. Yet, for example, knowl-
edge of customers’ and marketing plans need to be taken into account at the individual item
level. In addition, there may be budget restrictions, income goals, or other company consid-
erations that shape the aggregate forecasts that need to be taken into account in developing
the final forecasts at the item level. One procedure for doing this is pyramid forecasting. It
provides a means of coordinating, integrating, and assuring consistency between the various
sources of forecasts and any company constraints or goals.
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FIGURE 3.18
Pyramid
Forecasting
Example

FIGURE 3.19
Initial and
Roll-Up
Forecasts

$
total

business

level 1

X Z

Roll up Force down

Product lines
level 2

Individual items
level 3

$950,000
$778,460

Business forecast ($)
Roll-up forecast ($)

Roll up

Line forecasts (units)
Roll-up forecast (units)
Average price

Roll up

Initial forecast (units)
Unit price

8,200 4,845
$20.61 $10

Figure 3.18 provides the basic framework for pyramid forecasting. The procedure used
in implementing the approach often begins with individual product item forecasts at level 3,
which are rolled up into forecasts for product lines shown as level 2. We then aggregate
forecasts for product lines into a total business forecast (in dollars) at level 1 in Figure 3.18.
Once the individual item and product line forecasts have been rolled up and considered in
finalizing the top management forecast (plan), the next step is to force down (constrain) the
product line and individual item forecasts, so they’re consistent with the plan.

In the example shown in Figure 3.19, the 11 individual product items are divided into
two product lines. Two of these items, X, and XX,, form product line X (which we’ll study in
detail), while the remaining products, Z, through Z,, are included in product line Z. These
two product lines, X and Z, represent the firm’s entire range of products. Figure 3.19 shows
unit prices and initial forecasts for each level.

The roll-up process starts by summing the individual item forecasts (level 3) to provide a
total for each line (level 2). For the X line, the roll-up forecast is 13,045 units (8,200 + 4,845).
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Management forecast ($) $900,000 ggi\(/:rf
X
Forced forecast* (units) 15,082
X X
Forced forecast’ (units) 9,480 5,602
*Forced forecast (X) = % X (13,045) = 15,082 units
*Forced forecast (Z) = % X (28,050) = 32,429 units
"Forced forecast (X;) = } g’gfé X (8,200) = 9,480 units
Forced forecast @X) = g’gig X (4,845) = 5,602 units

The sum of the individual Z line items gives a forecast of 28,050 units. Note that the X line
roll-up doesn’t correspond to the forecast of 15,000 units for the line. If there’s substantial
disagreement at this stage, reconciliation could occur or an error might be discovered.
If there’s to be no reconciliation at this level, we needn’t prepare independent forecasts for
the lines. If dollar forecasts are required at level 2, prices at level 3 can be used to calculate
an average price.

To roll up to the level 1 dollar forecasts, the average prices at the line level are com-
bined with the line roll-up forecasts. The total of $778,460:

$778,460 = (13,045 x 16.67) + (28,050 x 20.00)

is less than the independent business forecast of $950,000. For illustrative purposes,
we’ll assume management has evaluated the business forecast and the roll-up forecast
and has decided to use $900,000 as the forecast at level 1. The next task is to make the
line and individual item forecasts consistent with this amount. To bring about the
consistencies, we use the forcing-down process. The ratio between the roll-up forecast at
level 1 ($778,460) and the management total ($900,000) is used to make the adjustment.

The forecasts at all levels appear in Figure 3.20. The results are consistent forecasts
throughout the organization, and the sum of the parts is forced to equal the whole. Note,
however, the process of forcing the consistency needs to be approached with caution. In the
example, forecasts at the lower level are now higher than they were originally and incorpo-
rate the plans at the higher levels. Even though the sum of the parts equals the whole, it’s
possible the people responsible for the forecast won’t “own” the number. They mustn’t be
made to feel they’re simply being given an allocation of someone else’s wish list.
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Incorporating External Information

Many kinds of information can and should be used to make good forecasts. For example,
in a college town on the day of a football game, traffic around the stadium is a mess. An in-
telligent forecaster adjusts travel plans on game days to avoid the stadium traffic, if possi-
ble. He or she modifies the forecast, knowing the game’s impact on traffic. A mechanical
procedure based on observations during the week would probably forecast very little traf-
fic around the stadium. We certainly wouldn’t use such a forecast without adjusting it for
game day. That simple principle is applicable to business forecasting as well, but it’s sur-
prising how often people fail to make these adjustments.

Examples of activities that will influence demand and perhaps invalidate the use of a
routine exponential forecasting model are special promotions, product changes, competi-
tors’ actions, and economic changes. One of the primary ways to incorporate information
about such future activities into the forecast is to change the forecast directly. We might do
this if we knew, for example, there was to be a promotion of a product in the future, or we
were going to open more retail outlets, or we were going to introduce a new product that
would cannibalize the sales of an existing product. In these instances, we could adjust the
forecast directly to account for the activities, just as we do for the game day. By recogniz-
ing explicitly that future conditions won’t reflect past conditions, we can modify the fore-
cast directly to reflect our assessment of the future.

We may need to change the forecasting method as well. If technology has prolonged the
life of our products, we may need to change the parameters in the model that relates re-
placement sales to the average life of our products in the field. If, for example, we know one
of our competitors is going to introduce a new product, we suspect the market will change,
but we may not be sure of the change’s direction or magnitude. In this case, we may want
to do frequent forecasting and model testing to assess the effect of the new product. We
could also make the smoothing constant larger in an exponential smoothing model and be
more responsive to any changes. There may be circumstances where our knowledge would
lead us to change both the forecast and the forecasting parameters.

Key in all of these adjustments is that intelligence must be included in the forecasts, and
the forecasts must be readied for use in preparing and controlling the plans of the firm.
Determining the appropriate level of aggregation and reconciling various forecasting ap-
proaches (perhaps with pyramid forecasting) are important steps in making the modifications.

Concluding
Principles

In this chapter, we have reviewed a few of the most basic forecasting techniques. We have
also covered the reasoning behind aggregating forecasts and how forecasts are reconciled
for planning purposes.

* The forecasting models should not be any more complicated than necessary. Simple
models often work better than more complicated ones.

+ Input data and output forecasts should be routinely monitored for quality and appropri-
ateness.

 Information on the sources of variation in sales, such as seasonality, market trends, and
company policies, should be incorporated into the forecasting system.

» Forecasts from different sources must be reconciled and made consistent with company
plans and constraints.
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Discussion 1. In the lower levels of the pyramid forecasting system, how would you prevent abdication of the
Questions responsibility for forecasting?

2. Can a grocery store capture true demand data? How might a warehouse capture demand data?

3. Some experts have argued it’s more important to have low bias (mean error) than to have a low
MAD. Why would they argue this way?

Problems 1. Demand for stereo headphones and MP3 players for joggers has caused Nina Industries to grow
almost 50 percent over the past year. The number of joggers continues to expand, so Nina expects
demand for headsets to also expand, because, as yet, no safety laws have been passed to prevent
joggers from wearing them. Demand for the stereo units for last year was as follows:

Demand Demand
Month (Units) Month (Units)
January 4,200 July 5,300
February 4,300 August 4,900
March 4,000 September 5,400
April 4,400 October 5,700
May 5,000 November 6,300
June 4,700 December 6,000

a. Using least squares regression analysis, what would you estimate demand to be for each
month next year? Using a spreadsheet, follow the general format in Figure 3.3. Compare your
results to those obtained by using the forecast spreadsheet function.

b. To be reasonably confident of meeting demand, Nina decides to use three standard errors
of estimate for safety. How many additional units should be held to meet this level of
confidence?

2. Historical demand for a product is

Demand
January 12
February 11
March 15
April 12
May 16
June 15

a. Using a weighted moving average with weights of 0.60, 0.30, and 0.10, find the July forecast.
b. Using a simple three-month moving average, find the July forecast.

c. Using single exponential smoothing with & = 0.2 and a June forecast ~ 13, find the July
forecast. Make whatever assumptions you wish.

d. Using simple linear regression analysis, calculate the regression equation for the preceding
demand data.

e. Using the regression equation in d, calculate the forecast for July.
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3. The following tabulations are actual sales of units for six months and a starting forecast in
January.

a. Calculate forecasts for the remaining five months using simple exponential smoothing with
a=0.2.

b. Calculate MAD for the forecasts.

Actual Forecast
January 100 80
February 94
March 106
April 80
May 68
June 94

4. Zeus Computer Chips Inc. used to have major contracts to produce the Centrino-type chips. The
market has been declining during the past three years because of the dual-core chips, which it
cannot produce, so Zeus has the unpleasant task of forecasting next year. The task is unpleasant
because the firm has not been able to find replacement chips for its product lines. Here is demand
over the past 12 quarters:

2007 2008 2009

I 4,800 | 3,500 | 3,200
Il 3,500 Il 2,700 Il 2,100
] 4,300 ]l 3,500 ] 2,700
v 3,000 v 2,400 v 1,700

Use the decomposition technique to forecast the four quarters of 2010.
5. Sales data for two years are as follows. Data are aggregated with two months of sales in each

“period.”
Months Sales Months Sales
January-February 109 January-February 115
March-April 104 March-April 112
May-June 150 May-June 159
July-August 170 July-August 182
September—October 120 September—October 126
November-December 100 November-December 106

a. Plot the data.
b. Fit a simple linear regression model to the sales data.

c. In addition to the regression model, determine multiplicative seasonal index factors. A full
cycle is assumed to be a full year.

d. Using the results from parts b and ¢, prepare a forecast for the next year.
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6. The demand manager of Maverick Jeans is responsible for ensuring sufficient warehouse space
for the finished jeans that come from the production plants. It has occasionally been necessary to
rent public warehouse space, something that Maverick would like to avoid. In order to estimate
the space requirements the demand manager is evaluating moving-average forecasts. The
demand (in 1,000 case units) for the last fiscal year is shown below.

Month 1 2 3 4 5 6 7 8 9 10 11 12
Demand 20 18 21 25 24 27 22 30 23 20 29 22

a. Use a three-month moving average to estimate the month-in-advance forecast of demand for
months 4-12 and generate a forecast for the first month of next year. Calculate the average
forecast error and mean absolute error.

b. Use a three-month weighted moving average with weights of 0.6, 0.3, 0.1 (most recent to
last recent, respectively) to calculate month-in-advance forecasts for months 4-12 and
forecast for the first month of next year. Calculate the average forecast error and mean ab-
solute error.

c. Compare the average forecast error and MAD for the forecasting methods in parts a and b.
Based on these error calculations, which of the two forecast methods would you recommend?
Why?

7. Maverick Jeans’ demand manager decided to evaluate exponential smoothing. To maintain com-

parability, she used the data from problem 6.

a. Use a starting forecast of 20 for month 4 to develop forecasts for months 5-12 and the first
month of next year. Use smoothing constants («) of 0.2, 0.5, and 0.8. Calculate the average
forecast error and mean absolute error.

b. What observations do you have? How does exponential smoothing compare to the results for
moving averages from problem 6?
8. Talbot Publishing Company’s production planning manager has provided the following historical
sales data for its leading textbook on forecasting:

Year 4 5 6 7
Sales (in 1,000 units) 21 18 20 17

The firm is considering using a basic exponential smoothing model with @ = 0.2 to forecast this

item’s sales.

a. Use the sales average of 20,000 units through year 3 as the forecast for period 4. Prepare fore-
casts for years 5 through 7 as of the end of year 4.

b. Calculate the average error and MAD value for the three forecasts using the actual sales data
provided. Estimate the standard deviation of the forecast errors using the calculated MAD.

c. Redo the forecasts and MAD calculations, updating the forecasts for years 6 and 7 at the end
of years 5 and 6, respectively. What do you observe?

9. Use a spreadsheet program to compare a three-period moving average forecasting model with a
basic exponential smoothing model (ESF). Ten periods of past actual demand data are available
(27, 26, 32, 41, 28, 35, 43, 47, 28, and 38). Use the first five periods data to seed the model (as
described next) and the last 5 periods to test the model.

a. Use the average of the first five periods to seed the ESF model (i.e., the “past forecast”) and
a smoothing model with @ = 0.3. Compare this ESF model with a 3-period moving
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average model using the last 5 periods of data. Use MAD as the criterion for comparing the
techniques.

b. Does your comparison change if you use the past three periods data to seed the ESF model?
What is the best alpha (smoothing) value to use for this model?

10. The following two demand sets are to be used to test two different basic exponential smoothing
models. The first model uses @ = 0.1, and the second uses @ = 0.5. In both cases, the model
should be initialized with a beginning forecast value of 50; that is, the ESF forecast for period 1
made at the end of period 0 is 50 units. In each of the four cases (two models on two demand
sets), compute the average forecast error and MAD. What do the results mean?

Demand Set | Demand Set Il
Period Demand Period Demand
1 51 1 77
2 46 2 83
3 49 3 90
4 55 4 22
5 52 5 10
6 47 6 80
7 51 7 16
8 48 8 19
9 56 9 27
10 51 10 79
11 45 11 73
12 52 12 88
13 49 13 15
14 48 14 21
15 43 15 85
16 46 16 22
17 55 17 88
18 53 18 75
19 54 19 14
20 49 20 16

11. In an effort to improve customer service and reduce the cost of inventory, the Thanskavel Com-
pany invested in a number of lean manufacturing initiatives. One result of these investments was
a reduction of the manufacturing lead time for the company’s specialty product, Eggsbar, from six
weeks to four weeks. A study of Eggsbar disclosed that the demand averages 200 units per week,
with a standard deviation of 22 units. The demand from one week to the next week was found to
be independent.
a. What was the mean and standard deviation of the demand during manufacturing lead time for

this product before and after the initiatives?

b. Thanskavel has a policy of holding safety stock of finished goods inventory in the amount of
2.5 times the standard deviation of demand during manufacturing lead time. In the past, this
amounted to $10,000 of safety stock inventory for this product. What reduction in safety stock
for this product resulted from the reduction of the manufacturing lead time?
12. Five individual products in a product family of the Cumberland Company have identical sales
patterns. Each averages 100 units per month, with a standard deviation of 10 units. Assuming
normal distributions and independent demands:
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a. What is the expected yearly sales distribution of each product?
b. What is the expected monthly aggregate sales distribution for all products together?
c. What is the expected yearly aggregate sales distribution for all products together?

. Using +3 standard deviations for the values obtained in parts a, b, and ¢ of problem 12, compare
your results to the results of a Cumberland Company survey of its managers concerning the
accuracy of the company’s forecasts (shown below).

Expected Forecast Error for a Period of:

Level of Detail 1 Month 1 Quarter 1 Year
Total Volume

Family 12* 8 8
Type in Family 15 10 8
Grade in Type 15 NF* 12
SKU* 30 NF NF
*+12%.

NF = no forecast.

*Stockkeeping unit.

. MacRonald’s Restaurant uses a monthly exponential smoothing forecast for demand of each of
its products. MacRonald’s has four product families: burgers, chicken, hoagies, and pizza.
MacRonald’s also asks the shift managers to come up with a forecast for each product family. The
exponential forecast for each product and the family forecast are given below.

Family Product Forecast $/Unit
Burgers Regular 1,200 1.00
Super 2,700 1.50
Super-Duper 2,100 1.80
Chicken Regular 1,800 2.50
Cajun 2,700 2.75
Hoagies Italian 2,250 3.50
French 1,650 3.00
American 1,350 3.25
Pizza Cheese 750 1.75
Pepperoni 1,200 2.25
Family $ Sales
Burgers 10,000.00
Chicken 15,000.00
Hoagies 20,000.00
Pizza 5,000.00

a. Calculate a roll-up of the individual forecasts and compare it to the product family forecast.

b. Roll up the individual product forecast to the top level and compare it to an overall corporate
forecast of $65,000. Roll the forecast back down to families and individual forecast (dollars
and units).
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15. The general sales manager at Knox Products Corporation has just received next year’s sales fore-
cast (in units) for two of the firm’s major products (Less Knox and More Knox) from sales man-
agers of the Eastern and Western sales regions:

Eastern Region Forecast Western Region Forecast
Less Knox More Knox Less Knox More Knox
150 300 300 450

Less Knox sells for $4.50 per unit and More Knox sells for $8.50 per unit.

a. The corporate economist has forecast a total corporation-wide sales volume for these two prod-
ucts of $11,000 for next year. What’s the disparity between the two forecasts at the item level?

b. If top management agrees to a total corporation-wide sales forecast volume of $9,000, what’s
the sales forecast at the item level?

16. The Gonzales Electric Company’s 12 products are further grouped into four product families.
Products A, B, and C compose family 1; D, E, and F compose family 2; G, H, and I compose fam-
ily 3; and products J, K, and L make up family 4. Dick Gonzales has the following exponential
smoothing forecasts of monthly demand for each product.

Family Product Forecast $/Unit Family Product Forecast $/Unit

1 A 10 1,000 3 G 100 250
B 15 1,200 H 180 100

C 20 900 | 220 100

2 D 5 5,000 4 J 2 10,000
E 3 7,000 K 4 9,000

F 2 9,000 L 3 8,000

Gonzales’s sales force has also come up with the monthly forecasts of sales for each product

family.
Family $ Sales
1 50,000
2 50,000
3 75,000
4 75,000

a. Roll up the individual product forecasts and compare them to the forecast provided by the
sales force. Using a spreadsheet, roll down the forecast to make the individual item forecast
agree with the sales force forecast. Calculate dollar value and number of units in the individ-
ual item forecast.

b. Top management has independently decided to set a $300,000 overall monthly sales goal for
the company. Adjust the sales force forecast to reflect this new goal; then roll down the forecast
to the individual item level. Calculate dollar value and number of units in the individual item
forecast.

17. The analysts at Gonzales were kept busy performing “what-if”” analyses of the data in problem 16.

a. Suppose a top-management meeting produces a decision that the family forecast for product
family 3 (products G, H, and I) in problem 16 can’t be increased. At the same meeting, the
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company’s overall forecast ($300,000) is maintained. Roll the forecasts up and down to deter-
mine the dollar and unit forecasts.

b. Suppose the family forecast data in problem 16 are assumed to be correct, except in any case
where the sum of the exponential smoothing forecast data for items exceeds the family fore-
cast. In these cases, the sum of the item forecasts will be used instead of the family forecast.
Roll up the resultant overall forecast and roll down the resultant item forecasts.

c. Suppose a major customer order has just been received for 10 units of product J. This order
wasn’t expected and is in addition to any other forecasts for product J. The company still
wants to plan a total monthly sales volume of $300,000. Use the family forecasts (revised) to
roll the forecasts up and down to get revised individual product forecasts.

Forecasting at Ross Products

Ross Products Division of Abbott Laboratories is headquartered in Columbus, Ohio. The company
produces a variety of nutritional products, including adult medical nutrition supplements and pedi-
atric infant formulas, as well as ancillary equipment. An example of this equipment is a pump that
supplies nutritional liquids to the stomach and that can also monitor the rate of flow. There are four
manufacturing facilities in the United States, and Ross markets its products in the United States and
overseas. Managers use a program entitled Log*Plus to perform demand management activities.
The firm uses a comprehensive approach to assure that all demands on capacity are included in the
forecast. Figure 3.21 illustrates the system’s key features. The demand management aspects of
Log*Plus produces forecasts from national inputs and monitors actual demand against these forecasts.
The process of producing the forecast used for planning starts with forecasts from marketing and sales

N
Vendor-managed Marketing and sales forecasts
inventory L by product groups (in dollars) ) |
¥ —
forecast review

Demand management f
\

(Log*Plus)

Other customer Breakout of national forecast
orders L by plant )
. . . A
International F oreca_st consolidation and
forecast conversion (to SKUs by plant)/

Meetings for revising
the forecast

l

Forecast available
L for manufacturing planning )
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in dollars by product groups. These are broken out by region in Log*Plus to provide plant-level fore-
casts of national demand. These data are consolidated with the forecast for international sales and the
total is converted to an item level forecast by plant. The process is not finished, however, until market-
ing, the product manager, and the production and inventory manager review the forecasts. Three times
a year, meetings are held to review forecasts for all products in conjunction with budget meetings.
These meetings can be held monthly for products that are experiencing changes, promotions, or other
factors that could change demand.

To provide a service to customers and directly capture information on the market, Ross manages
product inventory in some of its customers’ facilities using VMI. Information on the use of these
products is transmitted to Ross by electronic data interchange (EDI). These data are combined with
the forecasts to produce reports such as the one shown in Figure 3.22 for SKU XYZ, a medical
nutrition product in 8-ounce cans. The top of the figure shows several years’ actual sales with two
years and three months of forecast sales. (The current month is shown with an asterisk in year 0.) To
facilitate any review of the forecasts, the data are plotted in the bottom half of the report. Here the
seasonality is quite evident as is a sales peak about a year and a half ago (because of a promotion).
These forecasts are a basic input to the master production scheduling module of the firm.

Assignment

1. Using the historic data given in Figure 3.22 (through August of year 0), develop your own fore-
cast for the next two years. Use the regression techniques described in the chapter.

2. How do your forecasts compare to those shown in the Ross report?
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Sales and Operations
Planning

Sales and operations planning (SOP) is probably the least understood aspect of manufac-
turing planning and control. However, the payoffs from a well-designed and -executed sales
and operations plan are large. Here we discuss the process for determining aggregate lev-
els of production. The managerial objective is to develop an overall business plan, which
integrates the various functional planning efforts in a company whose manufacturing por-
tion is embodied in the operations plan. The sales and operations plan links strategic goals
to production and coordinates the various planning efforts in a business, including market-
ing planning, financial planning, operations planning, human resource planning, etc. If the
sales and operations plan does not represent an integrated, cross-functional plan, the busi-
ness can fail to succeed in its markets.
Our discussion of sales and operations planning is organized around four topics:

» Sales and operations planning in the firm: What is sales and operations planning? How
does it link with strategic planning and other MPC functions?

o The sales and operations planning process: What are the fundamental activities in sales
and operations planning and what techniques can be used?

o The new management obligations: What are the critical issues in developing an
effective sales and operations planning function?

* Operating with sales and operations planning: What is the state of the art in practice?

Sales and Operations Planning in the Firm

88

Sales and operations planning provides the key communication links for top management
to coordinate the various planning activities in a business. These linkages are shown in
Figure 4.1. For example, marketing initiatives dealing with the entry of a new product in the
market can be coordinated with an increase in manufacturing capacity to support the mar-
keting promotional plans at the same time financial resources are coordinated to support
the working capital for the buildup of pipeline inventories.
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From a manufacturing perspective, sales and operations planning provides the basis to
focus the detailed production resources to achieve the firm’s strategic objectives. The sales
and operations plans provide the framework within which the master production schedule
is developed, subsequent MPS decisions can be planned and controlled, and material re-
sources and plant capacities can be coordinated in ways that are consistent with strategic
business objectives. We now describe the sales and operations planning function in terms
of'its role in top management, necessary conditions for effective planning, linkages to other
MPC system functions, and the payoffs from effective sales and operations planning.

Sales and Operations Planning Fundamentals

There are four fundamentals in sales and operations planning: demand, supply, volume,
and mix. First, let’s consider the balance between demand and supply. When demand
exceeds supply, customer service suffers because manufacturing cannot provide the volume
of products required by the customer. Costs increase because of overtime and premium
freight rates, and quality suffers because of the rush to ship products, all of which are un-
favorable to the business. Likewise, when supply exceeds demand, the effect on the busi-
ness is unfavorable. Inventories increase because of the imbalance between demand and
manufacturing capacity; layoffs result from production rate cuts, causing plant efficiency
and morale to decline; and profit margins are squeezed because of price cuts and discount-
ing. Therefore, the key to good business performance is to maintain a proper balance between
demand and supply. It is important to have business processes in place to maintain a proper
balance between demand and supply, and to provide early warning signals when they are
becoming unbalanced. This is the role of sales and operations planning, and it can be accom-
plished through the effective coordination of the plans of the different functional areas in a
business with the active involvement of top management.

Two other fundamentals are volume and mix. These need to be treated separately in
managing the manufacturing planning and control function. Volume concerns big-picture
decisions about how much to make and the production rates for product families, while mix



90 Chapter 4 Sales and Operations Planning

concerns detailed decisions about which individual products to make, in what sequence,
and for which customer orders. What happens in many companies is that the focus is on
mix decisions because these are urgent as a result of customer pressures. Volumes are only
considered once a year when the business plan is developed and production rates must be
fixed to establish overhead absorption. These companies don’t spend enough time forecast-
ing and planning their volumes. Instead of focusing on the big picture, they focus on the de-
tails in trying to predict mix. Smart companies carefully plan their volumes first and then
focus on mix decisions. This is done because if volumes are planned effectively, mix deci-
sions become much easier to cope with. These companies find that imbalances in demand
and supply occur frequently over the course of a year, and as a result volume decisions need
to be reviewed and adjusted on a monthly basis.

Sales and operations planning is concerned with getting the big picture right and then
attending to the details of manufacturing planning and control. The role of sales and oper-
ations planning is to balance demand and supply at the volume level. Volume concerns
rates: overall sales rates, production rates, aggregate inventories, and order backlogs. Once
volume (rates and levels) is effectively planned, the problems of mix (individual products
and orders) become easier to cope with. Understanding the fundamentals of sales and
operations planning makes this function easier to understand as a part of a company’s man-
ufacturing planning and control system.

Sales and Operations Planning and Management

Sales and operations planning provides a direct and consistent dialogue between manufac-
turing and top management as well as between manufacturing and the other business func-
tions. As Figure 4.1 shows, many key linkages of sales and operations planning are outside
the manufacturing planning and control (MPC) system. Therefore the plan necessarily must
be in terms that are meaningful to the firm’s nonmanufacturing executives. Only in this way
can the sales and operations planning function noted in Figure 4.1 become consistent for each
basic functional area in the business. Likewise, the operations portion of the overall plan must
be stated in terms that the MPC functions can use, so detailed manufacturing decisions are
kept in concert with the overall strategic objectives reflected in the sales and operations plan.

The basis for consistency of the functional plans in a business is the resolution of broad
trade-offs at the top management level. Suppose, for example, there’s an opportunity to expand
into a new market, and marketing requests additional production to do so. When a given oper-
ations plan has been authorized, this could be accomplished only by decreasing the currently
authorized production for some other product group. If this is seen as undesirable—that
is, the new market is to be a direct add-on—by definition a new sales and operations plan is
required, with an updated and consistent set of plans in marketing, finance, and production.
The feasibility of the added volume must be determined and agreed on before detailed exe-
cution steps are taken. This debate is of the type typically discussed in regular sales and
operations planning meetings, and illustrates why top management involvement in sales and
operations planning is critical.

The operations portion of the sales and operations plan states the mission manufacturing
must accomplish if the firm’s strategic objectives are to be met. How to accomplish the opera-
tions plan in terms of detailed manufacturing and procurement decisions is a problem for man-
ufacturing management. Within an agreed-on operations plan, the job in manufacturing is to
“hit the operations plan.” Similar job definitions hold for sales, marketing, and finance.
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Figure 4.1 also indicates that the planning in other MPC system functions is neces-
sarily detailed, and the language is quite different from that required for the operations
plan. The operations plan is normally stated in terms of aggregate units of output per
month, while the master production schedule (MPS) is stated in terms of end product
units per week. The MPS might be stated in units that use special bills of materials to
manage complicated options and do not correspond to the units used to communicate
with top management.

To perform the necessary communication role, the operations plan must be stated in
commonly understood, aggregated terms. In many companies the operations plan is stated
in total units for each product line (or major product family groupings). In other companies
the operations plan is stated as the dollar value of total monthly output. Still other
firms need to break the total output down by individual factories. Some firms also use mea-
sures that relate to capacity, such as direct labor hours and tons of product. The key
requirement is that the operations plan be stated in some commonly understood homoge-
nous unit that thereafter can be kept in concert with other functional plans.

The operations plan needs to be expressed in meaningful units, but it also needs to be
expressed in a manageable number of units. Experience indicates that 6 to 12 family groups
seem to be about right for a top management group to handle. Each family grouping has to
be considered in terms of expectations on sales, manufacturing, and the resultant invento-
ries and backlogs. The cumulative result, expressed in monetary units, also has to be
examined and weighed against overarching business plans.

The operations plan is not a forecast of demand! It’s the planned production, stated on
an aggregate basis, for which manufacturing management is to be held responsible. The
operations plan is not necessarily equal to a forecast of aggregate demand. For example, it
may not be profitable to satisfy all of the demand in a peak monthly period, but the
production would be leveled over the course of a seasonal cycle. Likewise, a strategic
objective of improved customer service could result in aggregate production in excess of
aggregate demand. These are important management trade-offs to be debated in the context
of the sales and operations plan.

The operations plan is a result of the sales and operations planning process. Inputs to the
process include sales forecasts, but these need to be stated on the basis of shipments (not
bookings) so that the inventory projections match physical inventories and so that manu-
facturing goals are expressed correctly with respect to time.

Operations Planning and MPC Systems

So far we have emphasized sales and operations planning linkages to activities outside MPC
system boundaries. Because of these linkages, the sales and operations plan is often called
“top management’s handle on the business.” To provide execution support for the operations
plan, we need linkages to the MPC systems. The most fundamental linkage is that to the
master production schedule, which is a disaggregation of the operations plan. The result
drives the detailed scheduling through detailed material planning and other MPC functions.

The MPS must be kept in concert with the operations plan. As the individual daily
scheduling decisions to produce specific mixes of actual end items and/or options are
made, we must maintain parity between the sum of the MPS quantities and the operations
plan. If the relationship is maintained, then “hitting the schedule” (MPS) means the agreed-
on operations plan will be met as well.
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Another critical linkage shown in Figure 4.1 is the link with demand management. De-
mand management encompasses order entry, order promising, and physical distribution co-
ordination as well as forecasting. This function must capture every source of demand
against manufacturing capacity, such as interplant transfers, international requirements,
and service parts. In some form, one or more of these demand sources may be of more con-
sequence than others. For the firm with distribution warehouses, for example, replenishing
those warehouses may create quite a different set of demands on manufacturing than is true
for other firms. The contribution of demand management, insofar as operations planning is
concerned, is to ensure that the influence of all aspects of demand is included and properly
coordinated.

As a tangential activity, the match between actual and forecast demand is monitored in
the demand management function. As actual demand conditions depart from forecast, the
necessity for revising the operations plan increases. Thus, the assessment of changes’ im-
pact on the operations plan and the desirability of making a change depend on this linkage.
It’s critical for top management to change the plans, rather than to let the forecast errors in
themselves change the aggregate production output level.

The other direct MPC linkage to sales and operations planning shown in Figure 4.1 is
that with resource planning. This activity encompasses long-range planning of facilities.
Involved is the translation of extended operations plans into capacity requirements, usu-
ally on a gross or aggregate basis. In some firms the unit of measure might be constant
dollar output rates; in others, it might be labor-hours, head counts, machine-hours, key-
facility—hours, tons of output, or some other output measure. The need is to plan capac-
ity, at least in aggregate terms, for a horizon at least as long as it takes to make major
changes.

Resource planning is directly related to operations planning, since, in the short term, the
resources available provide a set of constraints to operations planning. In the longer run, to
the extent that operations plans call for more resources than available, financial appropria-
tions are indicated. A key goal of the linkage between operations planning and resource
planning is to answer what-if questions. Maintaining current resource planning factors re-
lated to the product groupings used for planning is the basis for performing this analysis.

Much of the very near term operations plan is constrained by available material supplies.
Current levels of raw material, parts, and subassemblies limit what can be produced in the
short run, even if other resources are available. This is often hard to assess unless informa-
tion links from the detailed material planning and shop status databases are effective.

Links through the MPS to material planning and other MPC functions provide the basic
data to perform what-if simulations of alternative plans. Being able to quickly evaluate
alternatives can facilitate the sales and operations planning process. This is not an argument
to always change the operations plan. On the contrary, having the ability to demonstrate the
impact of proposed changes may reduce the number of instances in which production
“loses” in these negotiations.

The value of the sales and operations planning function is certainly questionable if
there’s no monitoring of performance. This requires linkages to the data on shipment/sales,
aggregated into the sales and operations planning groupings. Measuring performance is an
important input to the planning process itself. Insofar as deviations in output are occurring,
they must be taken into account. If the plan can’t be realized, the entire value of the sales
and operations planning process is called into question.
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One final performance aspect where effort must be expended is in the reconciliation of
the MPS with the operations plan. As day-to-day MPS decisions are made, it’s possible to
move away from the operations plan unless constant vigilance is applied. Like other per-
formance monitoring, it requires a frequent evaluation of status and comparison to plan.

Payoffs

Sales and operations planning is top management’s handle on the business. It provides im-
portant visibility of the critical interactions between sales, marketing, production, and
finance. If sales and marketing wants higher inventories, but top management decides there’s
not sufficient capital to support the inventories, the operations plan will be so designed. Once
such critical trade-off decisions are made, the operations plan provides the basis for moni-
toring and controlling manufacturing performance in a way that provides a much more clear
division of responsibilities than is true under conventional budgetary controls.

Under sales and operations planning, manufacturing’s job is to hit the schedule. This can
eliminate the battle over “ownership” of finished-goods inventory. If actual inventory lev-
els don’t agree with planned inventory levels, it’s basically not a manufacturing problem, if
they hit the schedule. It’s either a sales and marketing problem (the products didn’t sell
according to plan) or a problem of product mix management in the demand management
activity (the wrong individual items were made).

The operations plan provides the basis for day-to-day, tough-minded trade-off decisions
as well. If sales and marketing want more of some items, it must be asked, “Of what do you
want less?” There’s no other response, because additional production without a corre-
sponding reduction would violate the agreed-on operations plan. In the absence of a new,
expanded operations plan, manufacturing, sales, and marketing must work to allocate the
scarce capacity of the completing needs (via the master production schedule).

The reverse situation is also true. If the operations plan calls for more than sales and mar-
keting currently needs, detailed decisions should be reached about which items will go into
inventory. Manufacturing commits people, capacities, and materials to reach company ob-
jectives. The issue is only how best to convert these resources into particular end products.

Better integration between functional areas in a business is one of the major payoffs
from sales and operations planning. Once a consistent sales and operations plan between
top levels of the functional areas is developed, it can be translated into detailed plans that
are in concert with top-level agreements. This results in a set of common goals, improved
communication, and transparent systems.

Without a sales and operations plan, the expectation is that somehow the job will get
done—and in fact, it does get done, but at a price. The price is organizational slack: extra
inventories, poor customer service, excess capacity, long lead times, panic operations, and
poor response to new opportunities. Informal systems will, of necessity, come into being.
Detailed decisions will be made by clerical-level personnel with no guiding policy except
“get it out the door as best we can.” The annual budget cycle won’t be tied in with the de-
tailed plans and will probably be inconsistent and out of date before it’s one month old.
Sales and marketing requests for products won’t be made so as to keep the sum of the de-
tailed end products in line with the budget. In many cases detailed requests for the first
month are double the average monthly volume. Only at the end of the year does the
reconciliation between requests and budget take place, but in the meantime it has been up
to manufacturing to decide what’s really needed.
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We’ve seen many companies with these symptoms. Where are these costs reflected?
There’s no special place in the chart of accounts for them, but they affect the bottom-line
profit results. More and more firms are finding that a well-structured monthly sales and op-
erations planning meeting allows the various functional areas to operate in a more coordi-
nated fashion and to better respond to the marketplace. The result is a dynamic overall plan
for the company, one that changes as needed and fosters the necessary adaptation in each
function.

The Sales and Operations Planning Process

FIGURE 4.2
The Monthly
Sales and
Operations
Planning
Process

This section views aids to managing the sales and operations planning process. Specifi-
cally, we’ll be concerned with the monthly sales and operations planning process, the tab-
ular spreadsheet display, and the basic operations planning trade-offs. We will examine
these techniques with an example.

The Monthly Sales and Operations Planning Process

Sales and operations planning involves making decisions on each product family con-
cerning changes to the sales plan, the operations plan, and the inventory/backlog. These
decisions are made on the basis of recent history, forecasts, and the recommendations of
middle management and top management’s knowledge of business conditions. A formal
process for accomplishing sales and operations planning developed by Tom Wallace is
shown in Figure 4.2 (see Wallace reference for additional details). This process begins
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shortly after a month’s end and continues for some days. These steps involve middle man-
agement and others throughout the company as well as top management, and include:

Updating the sales forecast.

Reviewing the impact of changes to the operations plan and determining whether ade-
quate capacity and material will be available to support them.

Identifying alternatives where problems exist.

Formulating agreed-on recommendations for top management regarding overall changes
to the plans and identifying areas of disagreement where consensus is not possible.
Communicating this information to top management with sufficient time for them to
review it prior to the executive SOP meeting.

Having accomplished this work with the appropriate staff personnel during the month
means that a productive two-hour Executive SOP meeting can be held each month to make
the appropriate decisions regarding changes to the sales and operations plan.

Five steps form the basis for the monthly planning cycle:

. Run the sales forecasting reports. This step occurs shortly after the month end and in-

volves the information systems department updating the files with data from the month
just ended—actual sales, production, inventories, etc. This information is disseminated
to the appropriate people, and forms the basis for sales and marketing people to use in
developing sales analysis reports, and changes to sales forecasts.

. The demand planning phase. The information received in step 1 for new and existing

products is reviewed by sales and marketing and discussed with the view of generating
a new management forecast covering the next 12 or more months. For example, in the
case of consumer make-to-stock products, price changes, competitive activity, eco-
nomic conditions, and field sales input regarding large customers are considered in
revising the sales forecast. The task here is to override the statistical forecasts when
appropriate, and to bring senior marketing and sales management into the loop. It is also
necessary to consider the new forecast along with the actual sales, production, and in-
ventory data from the past month. Once the new forecast has been authorized by sales
and marketing, it is applied to last month’s operations plan. Once this is done it is easy
for the operations people to see where the operations plan needs to be changed, and
where it is acceptable. The necessary changes are then made that produce the new oper-
ations plan.

. The supply (capacity) planning phase. Here is where the capacity planning activity

(resource planning) takes place. The new operations plan for each product family group-
ing is compared with any changes made in the sales forecast or changes that have oc-
curred in inventory or customer order backlog levels. It may be necessary to modify the
operations plan if, for example, demand exceeds supply by a margin that is too large to
reach with the current plant, or vendor, capacity. In cases where a change in the opera-
tions plan is necessary, spending authorization by top management may be required.
These are the types of issues that are carried into the pre-SOP meeting.

. The pre-SOP meeting. The purpose of this meeting involving representatives from the

various business functions is to (a) make decisions regarding the balance of de-
mand and supply, (b) resolve problems where differences in recommendations exist,
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(c) identify areas that cannot be resolved to be discussed in the executive SOP meet-
ing, (d) develop alternative courses of action, and (e) set the agenda for the executive
SOP Meeting. This meeting includes a review of the plans for each product family
grouping, the development of an updated financial view of the business, recommenda-
tions for each product family grouping, recommendations for changes in resource
requirements, and recommendations regarding alternatives to be discussed in the
Executive SOP Meeting.

5. The Executive SOP Meeting. The culminating meeting each month is one that includes
the senior executives in the business. Its purpose is to (a) make decisions on the sales
and operations plans for each product family, (b) authorize spending for changes in pro-
duction/procurement rate changes, (¢) relate the collective impact of the dollarized ver-
sion of the product grouping sales and operations plans to the overall business plan,
(d) break ties in areas where the pre-SOP team was unable to reach consensus, and
(e) to review customer service and business performance.

The discipline required in routinizing the sales and operations planning process is to re-
plan when conditions indicate it’s necessary. If information from the demand management
function indicates differences between the forecast and actual have exceeded reasonable
error limits, replanning may be necessary. Similarly, if conditions change in manufactur-
ing, a new market opportunity arises, or the capital market shifts, replanning may be
needed.

Since the purpose of the planning process is to arrive at a coordinated set of plans for
each function, mechanisms for getting support for the plans are important. Clearly, a mini-
mum step here is to involve the senior executive team in the business in the process. This
does more than legitimize the plan; it involves the people who can resolve issues in the
trade-off stage. A second step used by some firms is to virtually write contracts between
functions on what the agreements are. The contracts serve to underscore the importance of
each function performing to plan, rather than return to informal practices.

To illustrate the nature of the sales and operations planning decisions, we now turn to an
example based on a firm with a seasonal sales pattern on its make-to-stock products. We
raise the issues in the context of a single product family produced in a dedicated production
facility. In this context, there are two issues for discussion:

1. The sales and operations plan must be adjusted frequently to bring sales and production
into a proper balance.

2. It is important to find a low cost operations plan when the cost of inventories, overtime,
changes in the work force levels, and other capacity variations that meet the company’s
sales and operations requirements are considered.

This example presents both a cumulative charting and a tabular representation of alterna-
tive strategies to resolve these issues.

Sales and Operations Planning Displays

Figure 4.3 shows the aggregate sales forecasts for our example, the AA product family at
our mythical XYZ Company, for the year. Monthly totals vary from a high of $15.8 million
to a low of $7 million. Figure 4.4 shows these monthly sales data in the form of a cumula-
tive chart display (see the solid line). In addition, the dashed straight line represents the
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cumulative production if we chose to produce a constant amount each month and that
amount was calculated so that we would produce exactly what we needed over the next

year.

The cumulative chart shows clearly the implications of alternative plans. For example,
the vertical distance between the dashed line and the solid line represents the expected
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inventory at each point in time. If we elected to produce exactly the same amount as what
we expect demand to be each month, we would not expect to carry any inventory. This
unique policy is called a chase strategy, where production output is changed to chase sales.
The opposite extreme is the level strategy, where production is at a constant uniform rate
of output with inventory buildups and depletions over the planning horizon (and as shown
by the dashed line in the graph). Changing production output incurs the costs of changing
the workforce level, hours worked, and potentially subcontracting, if subcontracting is
being used as an option. Keeping production at a constant rate incurs inventory holding,
when cumulative production is greater than cumulative demand and backorder costs when
the opposite is true.

The more typical way of displaying the sales and operations planning information is to
use time-phased planning and a tabular display. The advantage of this approach is that it
is easily captured and communicated using an electronic spreadsheet. This information can
be used for two important management purposes: evaluating current performance against
the sales and operations plan and modifying the future sales and operations plan. An
example of this display is shown in Figure 4.5. This display requires several important in-
formation inputs each month: the sales forecast, the operations and inventory plans, and the
actual operating results for the past three months. The information used for assessing cur-
rent performance is shown in the “history” portion of the report, and the plan for the future
is shown in the “plan” portion.

In the Sales section of the report shown in Figure 4.5, a planning factor of $30 per unit
is used to convert sales dollar to units of sales. This statistic would be obtained from ac-
counting records and represents the average value of a unit sold. Similarly, in the Opera-
tions portion of the report, an employee productivity factor is used to estimate the required
number of employees needed to produce planned production. In our example it is assumed
that eight units can be produced by each employee. In the /nventory section, we see a days
of supply figure. This is calculated by finding the expected sales per day for the next period
and dividing that number into the expected end of month inventory. In the history part of
the report actual sales and inventory level are used, whereas in the plan portion expected
values are used. In the case of December, actual ending inventory is used (215,000 units),
and planned sales are used (253,000 units divided by 20 days = 12,650 units/day). So the
days of supply at the end of December is 215,000/12,650 = 16.99 days. Note that we have
rounded the numbers in our report. Finally, the customer service numbers shown in the Ais-
tory portion are reported from an external source and not a calculation from report data.

The actual plan shown in Figure 4.5 depicts a chase strategy, where we plan to make the
forecast demand for each month. Note how much the planned production changes each
month and how the number of needed employees varies. The reason that there are only 10
working days in July is due to a planned two-week summer shutdown that occurs every year
at our example plant. Whether this plan is feasible or not would depend greatly on the
availability of workers that could be shuttled in and out to meet the widely varying produc-
tion requirements. We discuss this plan relative to cost later in the section, but note how
hires and layoffs are calculated based on the changing number of workers from one month
to the next.

In revising a plan from month to month, the recent history shown in the report can be
quite valuable. Figure 4.5 shows the recent history covering the last three months of
sales, production, and inventory levels for this product line. Note that in this case, the
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actual sales have fallen short of the forecast sales each month during the past quarter.
This is indicated as a negative difference in the fourth and fifth row of Figure 4.5 (differ-
ence month and difference cumulative) and amounts to a cumulative difference of
—100,000 units (or about 40 percent of the January sales forecast) as of the end of the
last quarter as shown in the table. This trend in sales indicates the need to focus on re-
forecasting to better estimate sales during the demand planning phase of the sales and
operations planning cycle.

Furthermore, the actual production has exceeded the operations plan every month
during the past quarter, and the cumulative difference equals +115,000 units. The fact
that actual sales are less than the sales plan, and that production has exceeded the oper-
ations plan in each month, has produced a major increase in finished goods inventory.
As shown in Figure 4.5, the number of days of supply has increased from 3 to 17 over
this period.

These results signal a need to adjust the operations plan to bring sales and production
into balance. There are many ways in which this could be accomplished. One way would be
to reduce the January production plan in order to bring the inventory level back to a rea-
sonable level. It does not appear that our current plan does this. In the next section, we con-
sider the basic trade-offs involved in developing the sales and operations plan and evaluate
these trade-offs based on cost.

The Basic Trade-Offs

The trick to a good sales and operations plan is to find a low-cost operations plan. Later in
the section, we show a plan that has been “optimized.” An optimized plan is interesting, but
it may not be valuable because so many of the nonquantitative issues associated with a plan
are not captured in the costs. In this section, we again look at the two most basic strategies,
a chase strategy and a level strategy. In the chase strategy, just as the name implies we just
chase demand. In the level strategy, we keep a constant production rate each month. These
are usually good starting points for developing a practical strategy.

In Figure 4.6 we depict a chase strategy that is a little more intelligent than the one
shown in Figure 4.5. Here, rather than just producing expected demand each period, we
produce at a level that allows us to maintain a target days of supply inventory level at the
end of each month. This can be useful because the days of supply inventory level target can
ensure that we have enough to cope with uncertainty in demand, but not produce an exces-
sive amount. How these targets can be set using statistics is covered in Chapter 11, but for
our purposes here, assume that we would like to target five days of supply at the end of each
month.

In Figure 4.6, we show a plan that maintains five days of supply at the end of each
month. The trick to calculating this plan is to first calculate the required ending inventory
balances for each month that represent five days of future supply. For example, in February
we expect demand to be 280,000 units or 13,333 units per day (280,000/21). Five-days sup-
ply would be 66,666.67 units, which is our inventory target for the end of January. The
operations plan for January is then calculated by taking the expected demand, subtracting
beginning inventory (actual in this case), and then adding the needed ending inventory
(253,000 — 216,000 + 67,000 = 105,000). Doing this for each month allows us to find a
“chase” type operating plan that results in a five-week supply of inventory at the end of
each month.
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Summarizing, a chase strategy with a five weeks of supply target can be found as
follows:

Step 1. Calculate end of month inventory target values.

Inventory, = Target days X Expected demand,, ,/Working days,, | 4.1

Step 2. Calculate the operations plan in units.

Planned production, = Forecast sales, — Inventory,_, + Inventory, (4.2)

Step 3. Calculate the number of employees required.

Employees, = Planned production,/Employee productivity 4.3)

Step 4. Calculate hires and fires each period.
If Employees, > Employees,_, then Hires = Employees, — Employees,_,
else Fires, = Employees,_, — Employees, 4.49)

Note that a spreadsheet with these calculations can be found at http://www.pom.edu/mpc6e.

The next basic strategy that we will develop is the level strategy. Here, we are looking at
the exact opposite extreme, where we keep a constant workforce for the entire planning hori-
zon. The plan shown in Figure 4.7 shows this type of plan. In this case, the labor force is kept
at a constant 2,153 employees. Of course, the trick in this case is to figure out where the 2,153
employees came from. We do this by figuring out exactly how much we expect to need to pro-
duce over the planning horizon and then divide this by how much one employee can produce
over that same period of time. For our example, forecast demand over the 12 months is
4,333,333 units. We can subtract out our beginning inventory of 215,000 units, but we need
to add back the inventory needed for our days of supply target at the end of the planning hori-
zon (we refer to this as period T in the equations below). From our analysis in Figure 4.6,
we know we need 66,667 units at the end of December. So in total we need to produce
4,333,333 — 215,000 + 66,667 = 4,185,000 units. An employee can produce eight units/day
and will work for 243 days over the 12 months (this is the sum of the working days from
January through December), and an employee can produce 8 X 243 = 1,944 units. From this
we can calculate that we need 4,185,000/1,944 = 2,152.8 employees. We could round this to
2,153 employees if we like, but for our calculations in Figure 4.7 we used the fraction.

After calculating the number of employees needed, we can then fill in the rest of our
table by calculating planned production, planned end of month inventory, and planned days
of supply. Summarizing, a level strategy with a constant number of employees and an
end of the horizon days of supply target level can be found as follows:

Step 1. Calculate the number of employees needed.
Inventory, = Expected demand, ,/Working days,, , 4.1
Total production required =
Total forecast demand — Beginning inventory + Ending inventory, (4.5)
Planned production each period =

Total production required/Number of periods (4.6)
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104 Chapter 4 Sales and Operations Planning

FIGURE 4.8
XYZ Company
Operations
Planning Data

FIGURE 4.9
Costs of
Alternative
Operations
Plans

Employees required each period =

Planned production each period/Employee productivity/Day 4.7)

Step 2. Calculate ending inventory levels and days of supply.
Inventory, = Inventory, , + Planned production, — Forecast demand,  (4.8)
Days of supply, = Inventory,/(Expected demand,, ,/Working days,_ ) 4.9)

The example shows the basic trade-offs in operations planning. In our example we fo-
cused on two alternatives, where the first required hiring and laying off workers based on
meeting required demand, and the second required inventory accumulation to allow a con-
stant compliment of workers. Other alternatives that may be considered are undertime and
overtime options and alternative capacity forms such as outside contracting. Evaluating
these trade-offs is very firm-specific. In the following we look at how to evaluate alterna-
tive plans based on economic analysis.

Economic Evaluation of Alternative Plans

To illustrate the analysis when cost data are available, we assume Figure 4.8 cost data were
provided for our sample company. The cost to hire an employee is estimated to be $200,
whereas the cost to lay off is $500. The final cost element, inventory carrying cost, is esti-
mated to be 2 percent per month, on the basis of monthly ending inventory value.

We must establish the starting conditions before beginning the operations planning
analysis. Here, we assume the current actual employment status with 1,437 employees and
January inventory of 215,000 units. In Figure 4.9 we have captured the costs associated
with the chase strategy shown in Figure 4.6 and the level strategy in Figure 4.7. With these
plans we are assuming that the total amount produced is the same with both plans because
we start and end with the same amount of inventory and produce to meet the forecast

Hiring cost $200 per employee
Firing cost $500 per employee
Inventory carrying cost 2% per month (applied to the monthly ending
inventory)

Beginning and ending inventory 215,000 product units
Beginning labor force 1,437 persons

Chase Level

Sales Production Mixed
Cost of: Plan* Plan Plan
Hiring $669,112 $ 143,156 $ 259,765
Layoff 1,261,072 0 237,705
Carrying inventory 663,767 2,718,667 895,073

Total $2,593,951 $2,861,823 $1,392,543

*Note: The chase sales plan costs have been adjusted to reflect the —100,000 unit adjustment made in January.
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demand. Given this, we have not considered the actual cost of production and only calcu-
lated the incremental cost of hiring, layoffs, and carrying inventory. From this analysis the
chase plan looks like the winner, at least from the cost analysis data.

The last alternative, evaluated in Figure 4.9 and shown in Figure 4.10, is a mixed strat-
egy calling for adding employees in April, July, and August, and laying off employees in
December. In this strategy, we plan to carry the five days of supply at the end of December,
as was done in the other two plans. In this plan we have some periods when inventory is
being drawn down (January, February, and March) and other periods when inventory is
being built in anticipation of future demand (August and October). As can be seen, this
strategy looks attractive due to its low cost.

Developing a mixed strategy is probably best done using a trial-and-error approach based
on the actual situation and options that are available. If labor flexibility is needed, it may be
possible to have a temporary labor pool that is available during certain times each year. For
example, during the summer college students may be available, and it may be possible to
take advantage of this talent at fairly reasonable cost. Many companies use temporary labor
pools during certain peak demand times of the year as part of the operations strategy.

Setting up a spreadsheet that allows trial-and-error testing of ideas can be done with
equations similar to those used for the chase and level strategies. A key decision that must
be made is deciding what will be the decision variables. Decision variables are those cells
in the spreadsheet that can be varied as part of the trial-and-error process. In the case of the
mixed strategy spreadsheet shown in Figure 4.10, the decision variables are the hiring and
layoff decisions in January through December. The spreadsheet is designed so that changes
in these cells are tied directly to the number of employees row in the operations part of the
plan. So, for example, if we hire 554 employees in April, this is reflected in the number of
employees in April being 554 higher than the March compliment. Planned production is
then tied to the number of employees by multiplying by employee productivity and number
of working days in the period. Inventory is then calculated by taking the inventory from the
previous period plus planned production and then subtracting forecast sales.

The solution shown in Figure 4.10 was actually found by using the Solver optimizer that
comes with Microsoft Excel. Details for how to actually set this up are found in Chapter 4A,
Advanced Sales and Operations Planning. In the next section, we turn our attention to how
to actually implement a sales and operations planning process, including the role of man-
agement and the various functions in the firm.

The New Management Obligations

Implementing sales and operations planning requires major changes in management, par-
ticularly in top management coordination of functional activities in the business. If the
sales and operations plan is to be the game plan for running a manufacturing company, it
follows that top management needs to provide the necessary direction.

Top Management Role

Top management’s first obligation is to commit to the sales and operations planning
process. This means a major change in many firms. The change involves establishing the
framework for sales and operations planning: getting the right team together, setting meetings,
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participating in the process, and so on. The change may also imply modifications of per-
formance measurement and reward structures to align them with the plan. We should ex-
pect at the outset that many existing goals and performance measures will be in conflict
with the integration provided by the sales and operations planning activity. These should be
rooted out and explicitly changed. Enforcing changes implies a need to abide by and
provide an example of the discipline required to manage with the planning system. This im-
plies even top management must act within the planned flexibility range for individual ac-
tions and must evaluate possible changes that lie outside the limits.

As part of the commitment to the planning process, top management must force the res-
olution of trade-offs between functions prior to approving plans. The sales and operations
plan provides a transparent basis for resolving these conflicts. It should provide basic im-
plications of alternative choices even if it doesn’t make decisions any easier. If trade-offs
aren’t made at this level they’ll be forced into the mix of day-to-day activities of operating
people who’ll have to resolve them—perhaps unfavorably. If, for example, manufacturing
continues long runs of products in the face of declining demand, the mismatch between
production and the market will lead to increased inventories.

One of the benefits of sales and operations planning is to be able to run the business with
one set of numbers. Top management should lead the cultural change to make that happen.
Sales and operations activities must encompass all formal plans in an integrated fashion. If
budgeting is a separate activity, it won’t relate to the sales and operations plan and operating
managers will need to make a choice. Similarly, if the profit forecast is based solely on the
sales forecast (revenue) and accounting data (standard costs) and doesn’t take into account
implications for production, its value is doubtful. The sales and operations planning process
intention is to produce complete and integrated plans, budgets, objectives, and goals that are
used by managers to make decisions and provide the basis for evaluating performance. If
other planning activities or evaluation documents are in place, the end result will be poor ex-
ecution. An unfortunate but frequent approach is to invest management time in the sales and
operations planning activity, but thereafter allow the company to be run by a separate per-
formance measurement system or budget.

Functional Roles

The primary obligation under sales and operations planning is to “hit the plan” for all func-
tions involved: manufacturing, sales, engineering, finance, and so on. A secondary obliga-
tion is the need to communicate when something will prevent hitting the plan. The sooner
a problem can be evaluated in terms of other functional plans, the better. The obligation for
communication provides the basis for keeping all groups’ plans consistent when changes
are necessary.

The purpose of the monthly planning cycle shown in Figure 4.2 is to facilitate cross-
functional communication. This cycle ensures that critical demand and supply issues and
important business trade-offs are considered on a routine basis. Further, the pre-SOP and
executive SOP meetings are structured to ensure that decisions are made to resolve impor-
tant demand and supply issues. In managing this process, it is important to have a cross-
functional team with the appropriate skills to implement and execute sales and operations
planning. There are six areas to be addressed in terms of roles and responsibilities.

1. Executive champion/sponsor. This role needs to be filled by a senior executive in the
business who can keep top management focused on the process, clear major obstacles,



108 Chapter 4 Sales and Operations Planning

and acquire the necessary resources. Either the president or a senior executive who has
a solid working relationship with the president is a good candidate.

2. SOP process owner. This needs to be a person who can lead the implementation effort
and can provide the leadership for the sales and operations planning process, normally
as a part of other responsibilities. A well-organized person who has good people skills
and can run meetings is a good choice. This person might come from any of the follow-
ing jobs: director of sales administration, demand manager, materials manager, produc-
tion control manager, controller, or sales manager.

3. Demand planning team. This team typically includes people with the following job
titles: demand manager, product manager, forecast analyst, sales manager, salesperson,
customer service manager, sales administration manager, new products coordinator, and
SOP process owner.

4. Supply planning team. This team is made up of the following group: plant manager,
materials manager, purchasing manager, master scheduler, distribution manager, pro-
duction control manager, new products coordinator, and SOP process owner.

5. Pre-SOP team. This team needs to provide effective cross-functional skills within the
business and could include the demand manager, materials manager, customer service
manager, forecast analyst, product manager, master scheduler, plant manager, purchas-
ing manager, controller, new products coordinator, and SOP process owner.

6. Executive SOP team. This group should include the president (general manager, chief
operating officer), vice presidents of sales, marketing, operations, product development,
finance, logistics, and human resources, and the SOP process owner.

In addition, information technology support is needed to support the sales and operations
planning team because the planning process is most often carried out with electronic
spreadsheets. This role might be filled by a spreadsheet developer or by having an appro-
priate level of spreadsheet skills in the team. An example of the software used for SOP is
shown by Roger Brooks (see references).

Other cross-functional issues involve defining product families and determining how
many of them to consider in developing the sales and operations plan. Experience suggests
that if more that a dozen are used, that is too many. Six to twelve appears to be the best num-
ber. A larger number involves getting into too much detail and losing top management’s at-
tention during the monthly planning meetings. Figure 4.11, from Tom Wallace’s book Sales
and Operations Planning, shows a range of possibilities to consider in defining the product
family groupings. It is difficult to do sales and operations planning at the top of the pyra-
mid because there is not enough granularity at that level on which to base the demand/
supply decisions. Likewise, at the bottom of the pyramid there is too much detail, and it
will be difficult to see an overall picture of volume in aggregate planning.

The other problem in defining the product families is how to structure these families in
a way that is convenient for the different functions in the business. Some of the possibili-
ties include structuring the product family groupings by product type, product characteris-
tics, product size, brand, market segment, or customer. The fundamental question is simply
“How do you go to market?” Since products are what a company provides to customers, the
product family groupings should be set up on that basis. Setting up the product family
groupings in a way that is consistent with how the sales and marketing people think about
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the market is best. However, when the product groupings line up with the market segments
or customer groups, they often do not line up with the resources—plants, departments, and
processes. This can, however, be handled by identifying the production resources and re-
viewing their status separately.

A final problem in structuring the product families is to choose the appropriate unit of
measure for each family. Choices include: units, pounds, gallons, cases, etc. Here the best
approach is to select a measure that is based on how the company goes to market. If the
plants need to use a different measure, this can be handled in capacity planning through
conversion routines.

Still another cross-functional issue is that the process of budgeting usually needs to
change and to be integrated with sales and operations planning and subsequent departmen-
tal plans. In many firms, budgeting is done on an annual basis, using data that aren’t part of
the manufacturing planning and control system. Manufacturing budgets are often based on
historical cost relationships and a separation of fixed and variable expenses. These data
aren’t as precise as data obtained by utilizing the MPC system database. By using the data-
base, we can evaluate tentative master production schedules in terms of component part
needs, capacities, and expected costs. We can then analyze the resultant budgets for the
effect of product mix changes as well as for performance against standards.

Another important aspect of relating budgeting to the sales and operations planning
activity and underlying MPC systems and database is that the cycle can be done more fre-
quently. We won’t need to collect data—they always exist in up-to-date form. Moreover,
inconsistencies are substantially cut. The budget should always agree with the sales and op-
erations plan, which, in turn, is in concert with the disaggregated end-item and component
plans that support the operations plan. As a result, an operating manager should have to
choose between a budget and satisfying the operations plan far less often.

With budgeting and sales and operations planning done on the same basis with the same
underlying dynamic database, it’s natural to incorporate cost accounting. This enables us to
perform detailed variance accounting as well as cross-check transaction accuracy.
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The most obvious need for integrated planning and control is between sales, marketing, and
production. Yet it’s often the most difficult to accomplish. Firms must ensure product availabil-
ity for special promotions, match customer orders with specific production lots, coordinate dis-
tribution activities with production, and deal with a host of other cross-functional problems.

The sales and marketing job under integrated sales and operations planning is to sell
what’s in the sales plan. We must instill the feeling that overselling is just as bad as under-
selling. In either case, there will be a mismatch with manufacturing output, financial re-
quirements, and inventory/backlog levels. If an opportunity arises to sell more than the
plan, it needs to be formally evaluated via a change in the sales and operations plan. By
going through this process, we can time this increase so it can be properly supported by
both manufacturing and finance. And once the formal plan has been changed, it’s again
each function’s job to achieve its specified objectives—no more and no less.

Similarly, it’s manufacturing’s job to achieve the plan—exactly. Overproduction may
well mean that too much capacity and resources is being utilized. Underproduction possi-
bly means the reverse (not enough resources) or means poor performance. In either case,
performance against the plan is poor. This can be the fault of either the standard-setting
process or inadequate performance. Both problems require corrective action.

When manufacturing is hitting the schedule, it’s a straightforward job for sales and
marketing to provide good customer order promises and other forms of customer service. It’s
also a straightforward job for finance to plan cash flows and anticipate financial performance.

If the sales and operations planning results can’t be achieved, whatever component can’t
meet its plan must be clearly responsible for reporting this condition promptly. If, for ex-
ample, a major supplier can’t meet its commitments, the impact on the detailed sales, mar-
keting, and operations plans must be quickly ascertained.

Integrating Strategic Planning

An important direction-setting activity, strategic planning can be done in different ways.
Some companies approach it primarily as an extension of budgeting. Typically, these firms
use a bottom-up process, which is largely an extrapolation of the departmental budgets
based on growth assumptions and cost-volume analysis. One key aspect of these firms’
strategic plans is to integrate these bottom-up extrapolations into a coherent whole. An-
other is to critically evaluate the overall outcome from a corporate point of view.

A more recent approach to strategic planning is to base the plan more on products and
markets, and less on organizational units. The company’s products/markets are typically
grouped into strategic business units (SBUs), with each SBU evaluated in terms of its
strength and weakness vis-a-vis competitors’ similar business units. The budgetary process
in this case is done on an SBU basis rather than an organizational unit basis. Business units
are evaluated in terms of their competitive strengths, relative advantages, life cycles, and
cash flow patterns (e.g., when does an SBU need cash and when is it a cash provider?).
From a strategic point of view, the objective is to carefully manage a portfolio of SBUs to
the firm’s overall advantage.

Sales and operations planning and departmental plans to support these strategic plan-
ning efforts can be important. In the case of the operations plan, the overall database and
systems must ensure that the sales and operations plans will be in concert with disaggre-
gated decision making. In other words, the MPS and related functions ensure that strategic
planning decisions are executed!
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All the advantages of integrating sales and operations planning with budgeting also
apply when the SBU focus is taken. It makes sense to state the sales and operations plan in
the same SBU units; that is, rather than use dollar outputs per time unit, the sales and op-
erations plan should be stated in SBU terminology.

Controlling the Operations Plan

A special responsibility in sales and operations planning involves control of performance
against the plan. As a prerequisite to control, the sales and operations planning process
should be widely understood in the firm. The seriousness with which it’s regarded should
be communicated as well as the exact planned results that pertain to each of the organiza-
tion’s functional units. In other words, the planning process must be transparent, with clear
communication of expectations, to control actual results. For the operations plan, this
means wide dissemination of the plan and its implications for managers.

Key issues in sales and operations planning are when and how to change the plan, and
how stable to keep the operations portion of the plan from period to period. No doubt a sta-
ble operations plan results in far fewer execution problems by the detailed master production
scheduling, material planning, and other execution functions. Stability also fosters achieve-
ment of some steady-state operations where capacity can be more effectively utilized.

Increasingly, companies are using lean manufacturing concepts, with many aspects of
the system based on manual controls. One key to making lean manufacturing work is a sta-
ble operations plan. The output rate is held constant for long time periods and is modified
only after extensive analysis. This means the production rate at each step of the manufac-
turing process can be held to very constant levels, providing stability and predictability.

Concluding
Principles

Sales and operations planning provide key inputs to MPC systems. It represents manage-
ment’s handle on the business. This chapter emphasizes the key relationships of top man-
agement and functional management in developing and maintaining an effective sales and
operations plan. The following important principles summarize our discussion.

» The operations plan is not a forecast; it must be a managerial statement of desired pro-
duction output.

» The operations plan should be a part of the sales and operations planning process so it
will be in complete agreement with the other functional plans (sales plan, budget, and
so on) that make up the business plan.

* The trade-offs required to frame the operations plan must be made prior to final ap-
proval of the plan.

* There must be top-management involvement in the sales and operations planning
process, which should be directly related to strategic planning.

» The MPC system should be used to perform routine activities and provide routine data,
so management time can be devoted to important tasks.

» The MPC system should be used to facilitate what-if analyses at the sales and operations
planning level.

+ Reviews of performance against sales and operations plans are needed to prompt re-
planning when necessary.
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Discussion 1. The sales and operations plan is sometimes called “management’s handle on manufacturing.” Discuss.
Questions

2

What would you guess would be the aggregate terms used in managing a university as a whole?

The computer center? Buildings and grounds? An individual major?

3. What are the differences between sales and operations planning and budgeting?

4. Some experts argue the sales and operations planning process ought to be done only on exception,
that is, only when conditions have changed enough to warrant replanning. Others argue it should
be done on a periodic basis and when required by exception. What’s your view?

5. Discuss the relative merits of cumulative charts (e.g., Figure 4.4) and tabular plans (e.g., Fig-
ure 4.5) for sales and operations planning.

6. What are some implications of not making the trade-offs explicit in the sales and operations plan-
ning process?

7. In incorporating the firm’s strategic objectives into the sales and operations planning process,

what differences exist between such firms as coal mines or cardboard manufacturers versus fashion

or manufacturers of machine tools?

Problems 1. Complete the history portion of the Elm Co. sales and operations planning spreadsheet given below.
Inventory is valued at $700 per unit. The actual inventory at the end of September was 150 units.

Elm Co. Sales and Operations Planning Spreadsheet

History
October November December

Sales
Forecast (in million $) 0.80 0.85 0.90

(in units) 800 850 900
Actual (in units) 826 851 949
Diff. month
Diff. cumulative
Operations
Plan (in units) 800 800 800

(in employees) 6 8 8
Number working days/mo. 23 19 19
Actual (in units) 798 802 800
Diff. month
Diff. cumulative
Inventory
Plan (in units)

(in 1,000 $)
Actual (in units) 122 73 —76

Days of supply | | | |
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2. The Trapper Lawn Equipment Company manufactures a line of riding mowers. The company
currently uses a chase strategy in its sales and operations planning. Management attempts to
maintain a line fill rate of at least 99 percent and hold inventory of five days. Employees can pro-
duce three units a day on average. The historical records for the last three months and the plan for
the next six months are given as follows:

Trapper Lawn Equipment Company Sales and Operations Planning Spreadsheet: Riding Mowers Product
Group (Make-to-Stock)

History Plan
Oct Nov Dec Jan Feb Mar Apr May Jun
Sales
Forecast (in million $) 12.50 10.00 16.25 5.00 5.00 7.50 10.00 12.50 17.50
(in units) 5,000 4,000 6,500 | 2,000 2,000 3,000 4,000 5,000 7,000
Actual (in units) 4,384 3,626 6,065
Diff. month —616 —374 —435
Diff. cumulative —990 -1,425
Operations
Plan (in units) 5,000 4,000 6,500 | 2,000 2,000 3,000 4,000 5,000 7,000
(in employees) 72 70 114 33 32 43 67 76 106
Number working days/mo. 23 19 19 20 21 23 20 22 22
Actual (in units) 5,649 4,091 7,279
Diff. month 649 91 779
Diff. cumulative 740 1,519
Inventory
Plan (in units) 1,270 1,270 1,270 | 3,944 3,944 3,944 3,944 3,944 3,944
(in 1,000 $) 2,223 2,223 2,223 | 6,902 6,902 6,902 6,902 6,902 6,902
Actual (in units) 2,265 2,730 3,944
Days of supply 12 12 12 39 41 30 20 17 12

a. Given this information, suggest a revised production plan for the next three months (January,
February, March) that will hit the five days of inventory supply target if you accept the sales
forecast.

b. What are the implications of this plan, considering the qualitative factors?

3. As production manager for the Trapper Lawn Equipment Company, you are concerned about the
impact of marketing’s forecast accuracy on inventory performance. If the future actual sales for
January through June are off by the same average historical error percentage as the last three
months (see table in problem 2):

a. What is the historical forecast error?
b. What would your estimate of actual sales be for January through June?

c. What would the days of supply and inventory level be assuming the production plan is exe-
cuted according to the current plan and your estimate in part b is correct?

d. What options would you consider to address this problem?
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4. On December 20 (the end of the fourth quarter), Ivar Jorgenson, head operations planner for
Ski & Sea, Inc., is in charge of developing a sales and operations plan for the coming year. Ski &
Sea assembles jet skis and snowmobiles from subassemblies and component parts provided by
reliable vendors. Both products (end items) utilize the same small engines and many of the same
parts. They require the same assembly time and employee labor skills. The available planning in-
formation is as follows:

Demand Forecasts

Quarter Jet Skis Snowmobiles
1 10,000 9,000
2 15,000 7,000
3 16,000 19,000
4 3,000 10,000

Anticipated Quarter 1

Beginning inventory 600 skis 400 Snowmobiles
Production and costs
Regular time $15.00 per unit
Overtime $22.50 per unit
Subcontract $30.00 per unit
Part-time $36.00 per unit
Inventory $3.00 per unit per quarter, based on average
inventory during each quarter
Back order $24.00 per unit per quarter (based on back
orders at end of quarter)
Hiring $300.00 per full-time employee (no cost if part-time)
Layoff $1,500.00 per full-time employee (no cost if part-time)

Production rates
Regular 500 units per full-time employee per
quarter (of either unit)

Overtime (max.) 200 units per full-time employee per
quarter (of either unit)
Part-time 400 units per part-time employee per
quarter (of either unit)
Initial workforce size 44 full-time employees (beginning of quarter 1)

Additional assumptions
1. Part-time employees may not work overtime.

2. Assume 100% utilization of employees on regular time (i.e., all employees on the payroll
during a period produce at least 500 units). If overtime is used, up to another 200 units can
be produced per employee.

a. Develop an operations plan that utilizes a level, or constant, rate of output each quarter using
full-time regular employees only. Ending inventory and back orders for quarter 4 must be
equal to zero. Summarize the plan, its costs, and its consequences.
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b. Prepare a cumulative chart for your plan in part a of this problem.

c. If each shipping container for completed jet skis and snowmobiles requires 20 cu. ft. of space,
what is the maximum finished-goods warehouse space you will need next year if the plan in
part b of this problem is adopted.

d. If the cost of each completed end item is $600, what is the maximum amount of capital that
will be tied up in finished-goods inventory during the year?

. Suppose that Ivar Jorgenson finds out on December 21 that the long-range weather forecast was

revised by the weather service and now more snow than normal is predicted. As a result, the mar-

keting department at Sea & Ski raises its forecast for quarter 1 sales of snowmobiles from 9,000

to 11,000 units. He will now have to develop and analyze several alternative level plans for next

year. Keep in mind that each of these plans must consider:

» Beginning inventory of 600 skis and 400 snowmobiles.
» Ending inventory and back orders for quarter 4 must be zero.
» Each plan must have the same level total-output rate each quarter.
a. Develop a level plan that uses overtime by regular, full-time employees to meet the new

demand conditions (with no additional hiring). Calculate the total annual cost of this
plan.

b. Develop a second plan that will use regular employees (no overtime) plus subcontracting to
meet the new demand conditions (with no additional hiring). Calculate the total annual
Costs.

c. Another possibility would be to hire an additional full-time employee on January 2 and
employ him/her for the full year. Calculate the total annual cost.

. Susie Svensen, the VP of marketing at Ski & Sea, is not happy with having back orders in any
sales and operations plan for the future. She asks Ivar to develop a plan that requires no back
orders at any time during the year. The VP of manufacturing, Josef Jaeger, says he will insist that
any such plan specify the same output each quarter and use full-time employees on a regular time
only. The VP of finance, Thor Ledger, states that quarter 4 ending inventory need not be zero, but
it should be as low as possible.

a. Use the original forecasts, beginning inventory, and other data from problem 4. Develop a
plan that will meet the requirement of all three VPs. (Hint: Examine the graphs you prepared
for problem 4b. What slope is required for the output line to eliminate backlogs?)

b. What will the ending inventory for quarter 4 be?

. On December 22, Thor Ledger informs Ivar that the cost of capital will be extremely high next
year. As a consequence he asks him to develop a radically different type of sales and operations
plan based on a chase strategy and the data from problem 4. Ending inventory is to be zero at the
end of each quarter. The VP of manufacturing says he realizes this type of strategy will require
him to adandon his beloved “level” strategy and asks Ivar to vary the total output rate from one
quarter to the next. When necessary to do so, the following options and priorities should be used
in developing the required output each period.

Priority Option Limit (maximum)
1 Full-time employees (FTE) 500 units/quarter/worker
2 Overtime (FTE) Up to 200 units/worker
3 Subcontract Up to 5,000 units/quarter
4 Part-time employees Up to 25 workers/quarter
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10.

Finally, the personnel manager reports that because of end-of-year retirements, only 36 (not 44)

full-time employees will be on the payroll as of January 2.

a. Develop a chase plan that varies the number of full-time workers per quarter to meet demand
without using overtime, subcontracting, or part-time employees.

b. Develop a chase plan following the guidelines noted above. Summarize your plan on the
worksheet (you may not hire any additional regular-time workers, but you can lay them off).

c. What hiring/layoff actions will the personnel department need to take each quarter in parts a
and b, above?

. An operations planner, Lovell Bradley, is developing a sales and operations plan that involves back

orders. The company’s demand and production rates for the next four periods are as follows:

Period Demand Production
1 8,200 8,000
2 10,000 8,000
3 7,000 8,000
4 6,600 7,600

Beginning inventory at the start of period 1 is 400 units. Calculate beginning inventory, end-
ing inventory, average inventory, and the back order amount, if any, for each of the next four
periods.

. The VP of manufacturing for the N. L. Hyer Company is ready to decide on her sales and oper-

ations plan for next year. The firm’s single product (known throughout the adult puzzle trade as
“Hyer’s Hexagon”) is “red hot,” according to the VP of marketing, so she insists that backorders
are not acceptable next year. Since the United Puzzlemakers Union is trying to organize the
plant, the manufacturing VP decided the number of employees must remain constant (i.e., level)
throughout all four quarters. Pertinent information is as follows:

Quarter Production Days Demand Forecast
1 60 12,000
2 58 13,000
3 61 13,590
4 70 9,000

Beginning inventory = 1,000 units
Regular time output rate = 10 units/day employee

a. What daily production rate and number of employees will be required?
b. How many units will be in inventory at the end of quarter 4?

Below is the plotted cumulative demand for Joan’s Joyous Nature Food (in pounds) for the next
four months. Beginning inventory is 10 pounds.

Month Demand
1 120
2 160
3 20
4 70
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600 —
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Month

a. How much should Joan produce each month if she wishes to have a level operations plan
with no back orders or stockouts? Plot your cumulative production on the preceding
graph.

b. What is ending inventory for month 4 under this plan?

c. Joan decides to have a level-production, level-employment sales and operations plan with no
ending inventory at the end of the planning horizon. How much should she make each month?
What are the monthly back orders?

d. Given inventory carrying costs of $5/pound/month (based on the average inventory) and back
orders of $8/pound/month (based on month-end back orders), calculate the cost of back
orders and inventory for the plan in part c.

The Oro del Mar Company’s forecast (in 1,000 pounds) for the first three months of next year is:

January—100. February—0, March—300. Beginning inventory is 100,000 pounds.

a. Plot cumulative demand and a level operations plan that meets demand with no back orders
and no ending inventory in March.

b. What production each month is needed to meet part a’s conditions?

Crazy Tubb Thumpers uses a level plan to produce its snowshoe covers. Beginning inventory for

January is zero. Demand for covers in January, February, and March is as follows:

Month Demand
January 5,000
February 0
March 20,000

a. Graph cumulative production for a level operations plan of 10,000 units per month. Show
cumulative demand for the months January through March and indicate the ending inventory
for March.

b. Consider the following additional data for Crazy Tubb Thumpers:
Employment = 9 people.
Production = 1,000 units/month/employee (regular time).
Standard hours/months = 166 hours (regular time).
Regular-time labor rate = $1,200/month.
Overtime rate = 1.5 times regular-time rate.

Assuming a production rate of 10,000 units per month, what’s the labor cost of one month’s
production at Crazy Tubb Thumpers?
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13. The Bi-Product Company produces two products (A and B) that are similar in terms of labor con-
tent and skills required. Company management wishes to “level” the number of employees
needed each day so no hiring or layoffs will be required during the year. A complication to this
problem is that the number of working days in each quarter varies.

Demand
Quarter Product A Product B Working Days
1 9,800 14,500 68
2 12,000 30,000 56
3 14,000 19,500 62
4 31,000 25,000 58

Beginning inventory: 2,400 units of Product A
900 units of Product B
Inventory holding cost: $10 per unit per quarter (either product)
No back orders allowed
No variations in size of workforce allowed
Output rate = 25 units of either product per day per employee

a. What daily production rate will be required to meet the demand forecast and yield zero in-
ventory at the end of quarter 4?7

b. How many employees will be required each day? What are the inventory levels each quarter?

14. Cubby Compressors has had relatively steady sales volume for years. The introduction of a new
high-end “biscuit” model for the professional contractor market has added the potential for
additional sales. The operations manager is also concerned about losing sales if product is not
readily available. The current sales and operations plan is given below. Assume all days-of-
supply calculations are based on a 20-day month and that back orders are to be filled from
current production.

a. Propose a revised production plan that brings the days of supply to the target of five days for
the next six months.

b. What would the plan look like if you had a hiring freeze at 45 employees maximum and still
want to achieve the target five days of supply?

c. What other options are available to not exceed the 45-employee limit and still not experience
inventory shortages and related customer service problems?

Cubby Compressors Sales and Operations Planning Spreadsheet

History Plan
Oct Nov Dec Jan Feb Mar Apr May Jun
Sales
Forecast (in million $) 0.56 0.60 0.63 0.63 063 0.63 063 0.63 0.63
(in units) 800 850 900 900 900 900 900 900 900
Actual (in units) 826 851 949
Diff. month 26 1 49
Diff. cumulative 27 76
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History Plan
Oct Nov Dec Jan Feb Mar Apr May Jun
Operations
Plan (in units) 800 800 800 900 900 900 900 900 900
(in employees) 34 42 42 45 43 39 45 41 41
Number working 23 19 19 20 21 23 20 22 22
days/mo.
Actual (in units) 758 842 824
Diff. month —42 42 24
Diff. cumulative 0 24
Inventory
Plan (in units) 150 100 0 -52 52 -52 52 -52 52
(in 1,000 $) 74 49 0 0 0 0 0 0 0
Actual (in units) 82 73 52
Days of supply 23 1.6 —-1.0

15. The ABC Consumer Electronics Company has a hard time forecasting demand on its current mix of
products. In order to be sure to not run out during periods of unforecast high demand, the manage-
ment team has decided to raise the inventory target from 5 to 10 days of supply. They currently use
a chase production strategy. Their five-day target plan follows. Propose a level build plan that grad-
ually brings the days of supply to the 10-day level over the next three months. Use 30 days per month
for all days of supply calculations. Employees can build an average of 1,000 units per workday. Note
that July is a short work month due to a two-week vacation shutdown.

ABC Sales and Operations Planning Spreadsheet

History Plan
Apr May Jun Jul Aug Sep
Sales
Forecast (in million $) $22.50 $25.50 $28.50 $31.50 $34.50 $37.50
(in million units) 1.50 1.70 1.90 2.10 2.30 2.50
Actual (in million units) 0.78 1.95 1.63
Diff. month —0.72 0.25 —0.27
Diff. cumulative —0.47 —0.74
Operations
Plan (in million units) 1.50 1.70 1.90 2.10 2.30 2.50
(in employees) 75 77 86 210 110 109
Number working
days/mo. 20 22 22 10 21 23
Actual (in million units) 1.51 1.70 1.88
Diff. month 0.01 0.00 —0.02
Diff. cumulative 0.01 —0.01
Inventory
Plan (in units) 250,000 250,000 250,000 250,001 250,001 250,001
(in 1,000 $) $2,625  $2,625  $2,625 $2,625  $2,625 $2,625
Actual (in units) 250,001 250,000 250,001
Days of supply 7.4 2.4 29 3.6 3.3 3.0
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16. Mike Blanford, master scheduler at General Avionics, has the following demand forecast for one
line in his factory:

Quarter Unit Sales
1 5,000
2 10,000
3 8,000
4 2,000

At the beginning of quarter 1, there are 1,000 units in inventory. The firm has prepared the fol-
lowing data:

Hiring cost per employee = $200

Firing cost per employee = $400

Beginning workforce = 60 employees

Inventory carrying cost = $2 per unit per quarter of ending inventory

Stockout cost = $5 per unit

Regular payroll = $1,200 per employee per quarter

Overtime cost = $2 per unit

Each employee can produce 100 units per quarter. Demand not satisfied in any quarter is lost
and incurs a stockout penalty. If Mike produces exactly enough to meet demand each quarter,
with no inventories at the end of quarters and no overtime, how much will he produce each
quarter, and what is the overall cost? (Use a spreadsheet model for the calculations.)

17. Use the data in problem 16 to calculate production amounts and costs for a level rate of output
with no ending inventory. In this case, allow items to be backordered. When this occurs,
a $5 penalty is incurred.

18. For the data in problem 16, at the end of the first quarter, inventory is 2,000 units. Marketing has re-
vised the forecasts for quarters 2, 3, and 4 with a 20 percent reduction (i.e., remaining sales = 16,000).
Develop a level and chase plan for the revised forecast that provides for an inventory of at least 1,000
units at the end of each quarter. (Assume 50 people were in the workforce in the first quarter.)

Case Delta Manufacturing Company’s Integrated Sales
and Operations Planning Process

The sales and operations planning process is a top-down process that begins with a senior manage-
ment commitment to orchestrating the process. It is focused on positioning the business enterprise to
support expected future sales requirements. The end results of this activity are (1) a financial projec-
tion of the future sales and operations plans and (2) a road map for the company activities so the
individual areas in the business arrive at the same destination at the same time.
Delta’s management believes that the following criteria are necessary for the successful imple-
mentation of sales and operations planning:
1. The development of a company unit of measure that all of the business functions agree can be
used for the process of sales and operations planning.
2. An understanding of the capacity of the producing entity that is stated in the company’s standard
unit of measure.
3. Agreement on the product level that will be used in the process, e.g., end items or some agreed-
on grouping of end items.
4. Establishment of the business requirement for each product item. This involves determining
whether the product will be built to stock or built to order and determining the appropriate level
of inventory or back orders to be maintained.
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Delta Manufacturing Company’s Operations

Delta manufactures plastic components for products that are sold to major retailers and to the health
care industry. The company has two major business units, and annual sales are approximately $200
million. Delta produces 750 end products that are grouped into 150 product groupings for planning
purposes. The 150 product groupings can be further aggregated into 12 market segments that relate
to the two business units. The 150 product groupings were developed so that each category is defined
in terms of similar manufacturing capabilities. The company’s products are produced in two plants
that include a total of 14 manufacturing work centers. Approximately 70 percent of the production
volume is shipped directly from inventory. For sales and operations planning purposes, the company
uses pounds of extruded plastic as the sales and operations planning measure. The total annual pro-
duction output exceeds 100 million pounds of product.

Delta’s Sales and Operations Monthly
Planning Cycle

Each month the sales and operations planning process develops a full sales and operations plan cov-
ering the next 12 months. Figure 4.12 provides an example of an SOP calendar that shows the tim-
ing for each step during the monthly SOP cycle. This calendar is prepared and sent one quarter in
advance to all of the SOP participants. During one of the SOP monthly cycles each year, a five-year
SOP is completed as a part of the annual budgeting process.

The sales forecast is a key input to the monthly SOP process. The sales forecast is the result of an
interactive process involving the manufacturing planning group and the sales representatives for each
of the 750 end items forecast. This forecasting activity begins with a statistical forecast that utilizes
several moving-average and exponential smoothing techniques and that identifies the forecasting
technique that provides the “best fit” to the actual sales history data. Figure 4.13 provides an example
of the one-year sales forecast for one of the product groupings, “Market 005 Patient Care.” This prod-
uct grouping includes five individual products.

A statistical sales forecast is sent electronically to each of the sales representatives that covers
their individual products and accounts. The sales representatives update the statistical forecast with
additional information received from customers. The statistical forecast for each of the 750 items is
then updated and aggregated into product categories. These product categories represent the product
level used in the SOP process. The final updated forecast with all the customer modifications included
is sent to the business unit directors for their review and approval.

At midnight on the last day of the month, the finished goods inventory status (organized by prod-
uct category and net of any past due orders) is updated for use in the SOP process. At this point all of
the information needed in the SOP monthly cycle is available. This information includes the currently
available capacity, the sales forecasts, and the inventory status.

Figure 4.14 shows the sales and operations plan spreadsheet for the Market 005 Patient Care prod-
uct grouping. These plans can be displayed for various levels of aggregation in Delta’s planning
process, including the company level, the business unit level, and at a product grouping level. In the
case of Figure 4.14 the inventory goal is a 20-day supply. At the end of July the actual inventory was
at a 16-day supply. This means that the production plan for some of the items in Market 005 Patient
Care product grouping will have to be increased beyond the forecast in order to increase the inven-
tory to the required level. For example, the planned production in September is 403,000 pounds and
the forecast sales are 369,000 pounds.

Once the production plan for each product grouping has been determined, the detailed planning
for individual production facilities is developed. For example, the product category 05C RP em-
bossed pad (which is a part of the Market 005 Patient Care product grouping) is planned for produc-
tion on extrusion line 2. This is shown in Figure 4.15. This particular product category did not require
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FIGURE 4.16
Agenda,
Executive Sales
and Operations
Planning
Meeting

August 23, Y1
2:00 p.m.

1. On-time shipments review
a. Review of July and August-to-date performance

2. Capacity issues
a. Planned downturns
b. Production line graphs and summary

3. Inventory review
a. Inventory turns
b. Total inventory value graphs
c. Finished goods DOH (days on hand) graphs
d. Raw materials DOH graphs

15-minute break

4. SOP follow-ups and spreadsheet review
a. Process of review
b. Follow-ups from prior meeting
c. Spreadsheet review and decisions

5. Critique of meeting

any inventory adjustments to increase the number of days’ supply, and the planned production will
equal the forecast sales amount. Since the product category 05A PP embossed pad requires more pro-
duction than is available on extrusion line 2, this will result in a portion of the requirements being
planned on an alternative line.

The resulting plan for extrusion line 2 shows that the required production days will equal the
scheduled production days (available capacity) for the next 12 months. (Rounding the numbers shows
a slight difference.) After the planning is complete for each extrusion line, the plans are reviewed with
the plants for their agreement. This step is indicated on the SOP calendar in Figure 4.12. These plans
may be further modified as necessary during this plant review. This review is completed approxi-
mately one week before the monthly SOP meeting in order to allow time for the needed changes to
be incorporated into the plan.

SOP Monthly Meeting

The formal agenda shown in Figure 4.16 is sent to the SOP meeting attendees prior to each meeting.
The senior operating officer of the company chairs this meeting, and attendance is mandatory.

The first item on the agenda is a review of customer satisfaction performance as shown by the
example in Figure 4.17. The percentage of time that shipments met both the company’s promise of
shipment and the customer’s request for shipment is charted and reviewed. For each area where the
company failed to meet either of these criteria, a discussion is held and corrective action plans are as-
signed.

The second agenda item is a review of plant capacity. The graphs in Figure 4.18 show the planned
downtime and capacity by line, the actual sales, and the production over the past three months. Actual
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FIGURE 4.19 Plant 2 Total Raw Materials Inventory
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performance is compared to plan. In addition, the sales and production planned for the next 12
months is compared to the planned capacity. This review begins with the overall company perfor-
mance and continues through each production line. For example, the data shown in Figure 4.18 indi-
cate that actual sales exceeded the forecast in June, and was less than forecasted in May and July. This
has resulted in adjustments in planned production in order to achieve targeted inventory levels.

The third area of discussion is a review of inventory performance. Here the past 12-month actual
statistics are charted and trends developed. The example shown in Figure 4.19 is the raw materials
inventory. This review also begins with overall company totals, and continues with each plant’s per-
formance. The on-hand dollar amount and the number of days’ supply are compared with the goals.
If the goals are not being met, specific problem areas are discussed and corrective action is assigned.

The fourth part of the meeting is a review of the sales and operations plans that were developed
during the SOP process. Figure 4.14 provides an example of these plans. The majority of the meeting
is spent in this area. During this discussion, the business unit directors discuss these plans for each
market, the performance during the past three months, and the plans during the next 12 months for
sales, production, and inventory. The final part of the meeting is a critique of the process and sug-
gested improvements.

Results

From the beginning of the implementation of the SOP process two years ago, Delta has improved its de-
livery reliability by raising the on-time shipment to promise performance from 65 percent to the current
level of more than 95 percent. During this same period of time the company also reduced the investment
in finished goods inventories by more than $2,000,000, and the raw materials inventory by $2,500,000.
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While these improvements are impressive in and of themselves, the most important improvement
was expressed by the vice president of operations during a recent SOP meeting when he commented,
“The company is no longer running us, we are running the company.”

Lessons Learned

Several lessons were learned during the successful implementation of sales and operations planning
at Delta. They include the importance of:

» Senior management owning the SOP process.

* The SOP plans being visible to all parts of the company.

» Having one set of books, which include the sales, operations, and financial plans of the company.

» Preparing the SOP plans on a global basis for the company.

» The impact of the SOP process on the return-on-assets performance achieved by the company.

» Having no surprises in the SOP process homework.

» The SOP process in reducing uncertainty in demand and supply, which enables important inven-
tory reductions.

» Viewing the SOP process as a planning process instead of a scheduling process.

* Not second-guessing the sales forecasts.

Overall, the company considers continuous improvement to be an important ingredient in further im-
proving the SOP process. It views SOP as a journey, not a destination!

Assignment

1. Please review the SOP process at Delta. What are your conclusions regarding the SOP process at
Delta?

2. What recommendations do you have for changing the process?




Chapter

Advanced Sales and
Operations Planning

This chapter deals with modeling procedures for establishing the overall, or aggregate, pro-
duction and inventory portion of the sales and operations plan. Given a set of product de-
mands stated in some common denominator, the basic issue is what levels of resources
should be provided in each period. Resources include items such as production capacity, em-
ployment levels, and inventory investment. Today, powerful and easily accessible tools are
available for solving these models. This is important because as firms implement MPC sys-
tems, there’s a natural evolution toward questions of overall production planning that provide
direction to the other MPC system modules. This chapter provides a basic understanding of
these models together with an introduction to how problems formulated with these models
can be solved using a spreadsheet. This chapter is organized around two topics:

* Mathematical programming approaches: How can aggregate production planning
problems be solved using mathematical programming techniques?

»  Company example: Lawn King Inc.: How can mathematical programming approaches
be used to develop an actual production plan, and what information does it provide for
the company?

Mathematical Programming Approaches

In this section, we present an overview of some mathematical programming models that
have been suggested for the aggregate production planning problem. We start by formulat-
ing the problem as a linear programming model. This approach is relatively straightforward
but is necessarily limited to cases where there are linear relationships in the input data.
Thereafter, we describe a mixed integer programming approach for preparing aggregate
production plans on a product line basis.

These approaches are already substantially more sophisticated than the practice found in
most firms. More common are spreadsheet programs used to explore alternative production
plans. Using forecasts of demand and factors relating to employment, productivity, over-
time, and inventory levels, a series of what-if analyses helps to formulate production plans
and evaluate alternative scenarios. Level and chase strategies are developed to bracket the
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132 Chapter 4A  Advanced Sales and Operations Planning

options, and alternatives are evaluated against the resultant benchmarks. Although spread-
sheet programs do not provide the optimal solutions reached by the models discussed in this
chapter, they do help firms better understand the inherent trade-offs and provide a focal point
for important dialogue among the functional areas of the firm.

Linear Programming

There are many linear programming formulations for the aggregate production planning
problem. The objective is typically to find the lowest-cost plan, considering when to hire
and fire, how much inventory to hold, when to use overtime and undertime, and so on,
while always meeting the sales forecast. One formulation, based on measuring aggregate
sales and inventories in terms of direct labor hours, follows:

Minimize:
m
ZI(CHHt + CpF, + CgX, + CoO, + C(I, + CyU,)
subject to: t
1. Inventory constraint:
I,y + X, +0;—1,= D,
1,

v
=

2. Regular time production constraint:

X, — AW, +U, =0
3. Overtime production constraint:

O; — AW, +85,=0
4. Workforce level change constraints:

W, — W, —H,+F =0
5. Initializing constraints:

W0:A3
Iop = A4
Wm:AS

where:

C,, = The cost of hiring an employee.

C = The cost of firing an employee.

Cy = The cost per labor-hour of regular time production.

C,, = The cost per labor-hour of overtime production.

C, = The cost per month of carrying one labor-hour of work.

C,, = The cost per labor-hour of idle regular time production.
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H, = The number of employees hired in month .
F, = The number of employees fired in month ¢.
X, = The regular time production hours scheduled in month .
O, = The overtime production hours scheduled in month .
1, = The hours stored in inventory at the end of month ¢.
U, = The number of idle time regular production hours in month .
D, = The hours of production to be sold in month ¢.
B, = The minimum number of hours to be stored in inventory in month ¢.

A,, = The maximum number of regular time hours to be worked per employee
per month.

W, = The number of people employed in month ¢.

A,, = The maximum number of overtime hours to be worked per employee per month.
S, = The number of unused overtime hours per month per employee.

A, = The initial employment level.

A, = The initial inventory level.

A = The desired number of employees in month m (the last month in the planning
horizon).

m = The number of months in the planning horizon.

Similar models have been successfully formulated for several variations of the produc-
tion planning problem. In general, however, few real-world aggregate production planning
decisions appear to be compatible with the linear assumptions. Some plans require discrete
steps such as adding a second shift. For many companies, the unit cost of hiring or firing
large numbers of employees is much larger than that associated with small labor force
changes. Moreover, economies of scale aren’t taken into account by linear programming
formulations. Let’s now turn to another approach, which partially overcomes the linear
assumption limitations.

Mixed Integer Programming

The linear programming model provides a means of preparing low-cost aggregate plans
for overall workforce, production, and inventory levels. However, in some firms, aggre-
gate plans are prepared on a product family basis. Product families are defined as
groupings of products that share common manufacturing facilities and setup times. In
this case, overall production, workforce, and inventory plans for the company are essen-
tially the summation of the plans for individual product lines. Mixed integer program-
ming provides one method for determining the number of units to be produced in each
product family.
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Minimize:

>3

i=1

m

“0' + leXll + Ch zt + E(CHHI + CFFt + COOI + AlzCRWt)

t=1

Ms

N
Il
-

subject to:
1. Inventory constraint:
Liyw— 1+ X, =D (forl=1,...,nandT =1,...,m)

2. Production and setup time constraint:

n n
AW, + 0, — zx,, - 21 Bio(X;) =0 (fort=1,...,m)
1= 1=

3. Workforce level change constraint:
W, =W,y —H,+F, =0 (fort=1,...,m)
4. Overtime constraint:
O, — AW, =0 (fort=1,...,m)
5. Setup constraint:
- Qo(X;) +X; =0 (forr=1,...,mandI =1,...,n)
6. Binary constraint for setups:
1 ifX;;, >0
2 (Xu) = {0 ileit, =0
7. Nonnegativity constraints:
Xipy Lipy Hiy Fr, O, W, = 0

where:

X;, = Production in hours of product family i scheduled in month ¢.

I, = The hours of product family i stored in inventory in month .

D,, = The hours of product family i demanded in month ¢.

H, = The number of employees hired in month ¢.

F, = The number of employees fired in month ¢.

O, = Overtime production hours in month ¢.

W, = Number of people employed on regular time in month ¢.

o(X;,) = Binary setup variable for product family i in month .

C,; = Setup cost of product family i.
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C,; = Inventory carrying cost per month of one labor-hour of work for product
family i.
C,; = Materials cost per hour of production of family i.
C,, = Hiring cost per employee.
Cy = Firing cost per employee.
C, = Overtime cost per employee hour.
C, = Regular time workforce cost per employee hour.

A,, = The maximum number of regular-time hours to be worked per employee in
month 7.

B; = Setup time for product family i.
A,, = Maximum number of overtime hours per employee in month .

Q; = A large number used to ensure the effects of binary setup variables; that is,

m
0 = ZDU
t:

n = Number of product families.
m = Number of months in the planning horizon.

The objective function and constraints in this model are similar to those in the linear pro-
gramming model. The main difference is in the addition of product family setups in con-
straints 5 and 6. This model assumes all the setups for a product family occur in the month in
which the end product is to be completed. Constraint 5 is a surrogate constraint for the binary
variables used in constraint 6. This constraint forces o(X,) to be nonzero when X, > 0 because
Q; is defined as at least the total demand for a product family over the planning horizon.

Additional constraints should be added to the model to specify the initial conditions at the
start of the planning horizon; that is, constraints specifying beginning inventory for the prod-
uct family, 7, and workforce level in the previous month, W, are required. Likewise, con-
straints specifying workforce level at the end of the planning horizon, and minimum required
closing inventory balance at the end of each month in the planning horizon, may be added.

Company Example: Lawn King Inc.

In this section we present an application of advanced production planning models. The case,
Lawn King Inc., has been developed to demonstrate the role of production planning models
in the sales and operations planning process. Included are the ways a company might estimate
the necessary parameters, the additional information that might be generated in a sales and
operations planning meeting, and the construction and use of the model. We start with a de-
scription of the company and its products, then turn to the development of the planning model,
and close with how the model might be used in a sales and operations planning meeting.
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FIGURE4A.1 .
Profit and Loss Year Last Year This Year
Statement Sales $11,611 $14,462
($000) Cost of goods sold
Material 6,430 8,005
Direct labor 2,100 2,595
Depreciation 743 962
Overhead 256 431
Total CGS 9,439 11,993
G&A expense 270 314
Selling expense 140 197
Total expenses 9,849 12,504
Pretax profit 1,762 1,958

Company Background

Lawn King Inc. (disguised name) is a medium-sized producer of lawn mower equipment. The
company makes four lines of gas-powered lawn mowers: an 18-inch push mower, a 20-inch
push mower, a 20-inch self-propelled mower, and a 22-inch deluxe self-propelled mower.
Lawn care products in general, of course, face a seasonal demand and have historically been
sensitive to overall economic conditions. Lawn King Inc. enjoys a positive reputation for
product quality and customer service in the industry, so, despite the recent economic down-
turn, it has been able to show sales growth and profitability in the last few years. Moreover, the
sales team expects a significant recovery in the economy and is very optimistic about sales for
the next year. Sales, costs, and profits for the last two years are shown in Figure 4A.1.

The only cloud over the rosy expectations for sales growth next year was the occurrence
of some product shortages last year. These shortages occurred even though manufacturing
used overtime to try to keep up with demand. It was the first time that the firm had ever
needed to put any of its products on backorder, and even though the backorders were filled
quickly, there was still some concern that its reputation for good customer service could be
negatively impacted. This concern persuaded Lawn King’s management to consider more
formal planning processes to help meet the increased demand.

Deciding on a Planning Model

Up to this year, Lawn King’s annual planning had been quite informal. The process con-
sisted of gathering forecast information and establishing budgets for the fiscal year (from
September 1 to August 31). Once the budgets were established, external events (big cus-
tomer order or a cancellation or adverse weather pattern) would trigger informal meetings
where plans would be adjusted, reduced time or overtime would be authorized, and other ad-
justments would be made. In discussions about preparing for next year’s selling season,
there was general agreement that backorders should be avoided if possible, and that more
formalized meetings during the year might be helpful. Management also agreed that it
would be worthwhile to evaluate a formal planning model as part of the budgeting process
and as the basis for the subsequent meetings.
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Though there was general agreement to proceed with the development of a planning model,
there was little agreement on what approach to take, whether to hire a consultant, how exten-
sive the model should be, and other details of the approach. During one meeting, the marketing
manager, plant manager, and the managing director agreed to start simply, use internal re-
sources (not a consultant), and not use unfamiliar technology. With this in mind, all members
of management were charged to consult with their colleagues in trade associations, their class-
mates from school, people in their departments, and professors who they felt might be useful.

The results of these discussions turned up remarkably similar results. Most of the advice
the managers received reinforced their decision to start simply. Many of their contacts
recommended an aggregate production-planning model formulated as a linear program.
Several of the managers were familiar with linear programming, and if the time increments
were monthly, it could tie in with the more formal meetings the company was planning.
Another advantage was that the model could be formulated using spreadsheet technology
(such as Excel), which all of the management team currently used for some of their own
management tasks. Moreover, there were several people in the company who were familiar
with Excel’s advanced capabilities.

The managing director and plant manager had already used Excel to estimate the results
of different staffing levels and inventory policies, so they had some experience with simple
production planning models. Some of the managers had studied linear programming in col-
lege and others were familiar with the use of such models to find solutions to complex
problems and provide what-if capability. The end result was an agreement to focus on ag-
gregate production planning, to determine staffing levels, to provide sufficient inventory to
avoid backorders, to develop an in-house linear programming model of the process, and to
assign a young engineer to assist in the model development and subsequent analysis.

The Linear Programming Model

The linear programming model the managers developed can determine aggregate inventory
levels, direct labor staffing levels, and production rates for each month of the year. The ob-
jective function minimizes direct payroll, overtime, hiring and layoff, and relevant inven-
tory costs. The model also incorporated the desired inventory level for each month and
direct labor force at the end of the year. The model is shown below:

Minimize:
> (CyH, + CpF, + CxW, + Co O; + Cyl,)
subject to: t
1. Inventory constraint:
I,y + P, +0,— D, =1,
2. Regular time production constraint:
P, = AW,
3. Overtime production constraint:

0, = AW,
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4. Workforce level change constraint:
Wit H —F, =W,

5. Initializing constraints:

Wy = A3
Iy = A4
W, = AS
1, = A6

where:
C,; = The cost of hiring an employee.
C.. = The cost of firing an employee.
Cy = The cost per month of an employee on regular time.
C, = The cost per unit of production on overtime.
C, = The cost per month of carrying one unit of inventory.
H, = The number of employees hired in month ¢.
F, = The number of employees fired in month ¢.
P, = The number of units produced on regular time in month ¢.
O, = The number of units produced on overtime in month .
W, = The number of people employed in month ¢.
I, = The number of units stored in inventory at the end of month ¢.
D, = The number of units of demand in month .

A4, = The number of units that one employee can produce in one month on regular
time.

A, = The maximum number of units that one employee can produce in one month on
overtime.

A, = The initial inventory level.

A, = The initial workforce level.

A = The desired workforce level at the end of the planning horizon.
A, = The desired inventory level at the end of each month.

m = The number of months in the planning horizon.

Developing the Planning Parameters

In the early stages of the development of the model, management decided to use the actual
sales data for the current year. This would give them a known base and might also provide
some insights into what they might have done differently to avoid the shortages they in-
curred during the last year. In addition to the sales data, they needed estimates of the other
parameters for the linear programming planning model.
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Lawn King fabricates metal frames and other metal parts for its lawn mowers in its own
machine shop. Much of the parts fabrication is coordinated with the assembly schedule, but
some inventory is kept in order to support schedule changes, overtime, and other unantici-
pated events. In addition to fabrication, it purchases parts and components including
engines, bolts, paint, wheels, and sheet steel directly from vendors. In the current year, ap-
proximately $8 million in parts and supplies were purchased and an inventory of $1 million
in purchased parts was held to supply the machine shop and the assembly line. When a par-
ticular mower is running on the assembly line, the purchased and fabricated parts for that
model are moved to the assembly line.

The workforce strategy of Lawn King might be described as a one-shift level-workforce
strategy with overtime used as needed. At the time the model was being developed in the
current year, a total of 93 employees worked at the plant. These employees included 52
workers on the assembly line, 6 floaters, 20 workers in the machine shop, 10 maintenance
workers, and 5 office staff. Even though the employment level of the direct workforce (as-
sembly and machine shop workers) may be varied over the course of a year, the company
tried to keep it as level as possible. The company is not able to do this exactly due to
turnover and short-run production requirements. There is, however, very little turnover for
the office staff and the maintenance group. Overtime is used when regular time cannot meet
production requirements (as was the case in the current year).

The plant is unionized, and relations between the union and the company have always
been good. The company had access to good direct labor skills and provided a comprehen-
sive training program. It estimated the total training cost in the current year was $42,000.
Using this and other factors (overhead, personnel, screening, and so forth) the personnel of-
ficer estimated it cost $800 to hire a new employee. The company relied mostly on turnover
to reduce the direct labor but did have some experience with layoffs. The personnel officer
estimated that the cost to lay off an employee was $1,500, including the severance costs and
supplemental unemployment benefits that are required.

The six floaters are kept on the workforce to fill in for people who are absent, especially
on Mondays and Fridays. They also help train the new employees when they are not needed
for direct production work and often perform some administrative tasks. There was some dis-
cussion about how to treat the floaters in the planning model. To be conservative, the decision
was to not consider them as producing employees. This would compensate for absences, new
employee training, and the time they spent in administrative tasks. This meant that, even
though there are 78 direct employees, only 72 would be considered as production employees.

Since the model was an aggregate planning model, an “average” aggregate product
was to be used, so an average cost of direct labor and labor productivity were needed as
parameters in the model. A beginning assembly-line worker was paid $7.15 per hour plus
$2.90 an hour in benefits. The maintenance and machine-shop employees earned an
average of $12 per hour (including benefits). To simplify the model, the machine-shop
and assembly activities were combined and the average labor cost per direct worker was
calculated to be $1,828 per month, using a 12-month planning horizon. The actual produc-
tion data for the current year is shown in Figure 4A.2. The average productivity for the
assembly and machine shop workers combined was 83 end-product units per month per
employee on regular time. Due to union restrictions, a maximum of 17 units could be pro-
duced per month per employee (on four 8-hour Saturdays) at this productivity rate. Based
on this information, the labor cost per unit on regular time for the combined assembly and
machine shop units was $22.03, and the overtime labor cost per unit was $33.04.
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FIGURE4A.2
Monthly
Production
During the
Current Year
(units)

FIGURE4A.3
Beginning
Inventory,
Monthly Sales,
and Ending
Inventory

in the Current
Year

18" 20" 20" SP 22" SP  Total Units  Overtime Units*
September 3,000 3,100 — — 6,100 —
October — — 3,400 3,500 6,900 —
November 3,000 3,800 — — 6,800 —
December — — 4,400 3,750 8,150 1,000
January 4,000 4,100 — — 8,100 1,500
February — — 4,400 3,500 7,900 1,620
March 3,000 3,000 2,000 — 8,000 1,240
April — — 2,000 4,500 6,500 —
May 3,000 2,000 2,000 — 7,000 —
June 1,000 — 2,000 3,000 6,000 —
July 2,000 3,000 2,000 — 7,000 —
August 2,000 2,000 — 2,000 6,000 —
Total 21,000 21,000 22,200 20,250 84,450
*Number of units produced on overtime (included in the total units).

18" 20" 20" SP 22" SP

Beginning Inventory 4,120 3,140 6,250 3,100
September 210 400 180 110
October 600 510 500 300
November 1,010 970 860 785
December 1,200 1,420 1,030 930
January 1,430 1,680 1,120 1,120
February 2,140 2,210 2,180 1,850
March 4,870 5,100 4,560 3,210
April 5,120 4,850 5,130 3,875
May 3,210 3,310 2,980 2,650
June 1,400 1,500 1,320 800
July 710 950 680 1,010
August 400 600 660 960
Total 22,300 23,500 21,200 17,600
End inventory 2,820 640 7,250 5,750

The beginning inventory, monthly sales and closing inventory for the current year are
shown in Figure 4A.3. The sales vary considerably from month to month with the strong
sales season occurring from February through May. Not only are the sales highly seasonal,
but total sales are dependent on a number of other factors, such as the weather and the
economy. Thus, there is considerable uncertainty in addition to the seasonal variation. This
can result in overall changes in volume and variations in the mix of models sold. An indi-
cation of the variation between expectations and actual sales can be seen in Figure 4A.4,
which provides the forecast and actual values for the last two years and next year’s forecast.

Finished goods inventory was used to buffer against the uncertainties, to decouple produc-
tion and sales, and to accommodate the cycle between models on the assembly line. When
Lawn King was out of stock, any sales were backordered and filled from the next available
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Annual Sales
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FIGURE4A.5
Actual Total
Sales,
Production,
Employment,
Inventory, and
Overtime for
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Year
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Last Year Last Year This Year This Year Next Year
Forecast Actual Forecast Actual Forecast
18" 30,000 25,300 23,000 22,300 24,000
20" 11,900 15,680 20,300 23,500 35,500
20" SP 15,600 14,200 20,400 21,200 31,500
22" SP 10,500 14,320 21,300 17,600 19,000
Total 68,000 69,500 85,000 84,600 110,000
Actual Total Actual Ending Overtime
Month Sales Production Inventory Workforce Production*
August 16,610 84
September 900 6,100 21,810 73
October 1,910 6,900 26,800 83
November 3,625 6,800 29,975 82
December 4,580 8,150 33,545 92 1,000
January 5,350 8,100 36,295 88 1,500
February 8,380 7,900 35,815 85 1,620
March 17,740 8,000 26,075 88 1,240
April 18,975 6,500 13,600 78
May 12,150 7,000 8,450 84
June 5,020 6,000 9,430 72
July 3,350 7,000 13,080 84
August 2,620 6,000 16,460 72
Total 84,600 84,450

*Included in the total actual production figures.

production run. In an effort to avoid the backorders that were incurred last year, management
decided to establish a planned minimum inventory of 2,000 units for each month.

The determination of the cost of carrying inventory required estimates from nearly all of
the management. The controller said that the cost of capital was on the order of 10 percent.
The direct cost of storage (space, light, wages, etc.) was estimated to be about 4 percent of
the amount invested, and design changes meant that there was some obsolescence which
was estimated to be about 3 percent of the inventory investment. Thus, a total of 17 percent
of inventory value was to be used for the carrying cost per year for inventory. The average
unit produced in the current year had $94.62 in material costs. The current year mix of reg-
ular and overtime resulted in $30.67 in direct labor costs. Thus, the average inventory car-
rying cost was estimated at $1.77/unit/month [($94.62 + $30.67) x (0.17/12) = $1.77].

The actual sales, starting conditions, and ending conditions were the only other data
needed for the planning model. The actual monthly sales for the individual product has been
totaled to provide the total aggregate sales for the company during the current year selling
season, which is shown in Figure 4A.5. Also shown are the beginning aggregate inventory
level and the beginning employment level of 84 direct workers. In addition, Figure 4A.5
provides the closing aggregate inventory level and the actual direct workforce of 72 people.
Using these data, the planning model could be run to determine the improvement in
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FIGURE4A.6
LP Model
Planning
Assumptions
and Cost
Parameters

operating costs that could be obtained with the linear programming (LP) model. Once this
was accomplished, additional work could be initiated to apply the model to the forecasts for
next year’s selling season so that these improvements could be obtained in the coming year.

Figure 4A.5 also provides the data to determine a cost base against which to compare the
results of the planning model. This figure shows the aggregate sales, production, inventory,
workforce, and overtime production actually achieved in the current year. By applying the
planning cost parameters to these data, a cost basis can be developed for comparison with
the LP model results. When the planning costs are applied to the actual current year’s re-
sults, the total annual cost is $2,562,925. This includes regular-time costs of $1,793,268,
inventory carrying costs of $480,263, overtime costs of $177,094, firing costs of $79,500,
and hiring costs of $32,800.

Solving the Linear Programming Model
and Understanding the Results

The LP model was used to evaluate the actual operating performance for the current year’s
season. A summary of the planning assumptions and the cost parameters used in develop-
ing the model are provided in Figure 4A.6. These parameters were used along with the
actual sales figures to produce the LP results shown in Figure 4A.7 for the current year’s
selling season. Overall, the LP model produced savings of $207,432, or 8.1% of the pro-
duction planning related costs for actual operations.

In reviewing the differences between the LP model result in Figure 4A.7 and the actual
operating results shown in Figure 4A.5 several conclusions can be drawn. First, substan-
tial overtime was incurred by the plant to meet the actual sales demand. Overall, the
employment-related costs of regular time and overtime totaled $1,970,362 for actual
operations. Using the LP model, the total employment-related costs equaled $1,863,108,
saving $107,254. The main difference is that while substantial overtime was used in actual
operations ($177,094), the LP model used regular-time production capacity instead of
overtime to produce nearly all of the product units.

Second, the employment level was adjusted each month, hiring and firing employees as
required to meet the actual sales demand. This resulted in $112,300 in hiring and firing costs.
In contrast, the LP model made small adjustments in the employment level in February and
August, maintaining a relatively constant workforce throughout the year because of the
magnitude of the hiring and firing costs. Thus, $87,400 was saved in hiring and firing costs.

Regular-time cost/employee/month $1,828
Overtime cost/unit $33.04
Inventory carrying cost/unit/month $1.77
Hiring cost/employee $800
Firing cost/employee $1,500
Regular-time productivity (units/month/employee) 83
Maximum overtime units/month 17

Ending inventory must be at least 2,000 units

The August (current year) inventory is equal to 16,460 units
The August (current year) employment level is 72




Company Example: Lawn King Inc.

143

FIGURE4A.7 LP Model Optimal Results for the Current Year’s Selling Season
Regular Ending Number

Month Sales Production Workforce  Inventory Fired
September 900 6,972 84 22,682 —
October 1,910 6,972 84 27,744 —
November 3,625 6,972 84 31,091 —
December 4,580 6,972 84 33,483 —
January 5,350 6,972 84 35,105 —
February 8,380 7,221 87 33,946 —
March 17,740 7,221 87 23,427 —
April 18,975 7,221 87 11,673 —
May 12,150 7,221 87 6,744 —
June 5,020 7,221 87 8,945 —
July 3,350 7,221 87 12,816 —
August 2,620 5,976 72 16,460 15

Third, the LP model was also able to provide a small reduction in finished goods inven-
tory and still meet the inventory goals of the company. This amounted to a reduction of
$12,778 in total.

Many of the cost improvements are related to implementing an overall sales and opera-
tions plan as opposed to reacting to monthly variations in sales and customer backorders.
Reducing the level of system nervousness produces a better balance of costs in managing
operations. Clearly, the overall cost of operations is affected by the planning assumptions
regarding the employment level and the ending inventory targets at the end of the seasonal
cycle (in this case ending figures for August of the current year). Different assumptions
regarding the appropriate level for employment and inventory can change the overall cost
of operations. These assumptions are heavily influenced by executive judgments regarding
the sales forecast for the next year and the level of safety stock inventory needed to achieve
the level of customer service required by the market. Such judgments are discussed and
agreed on by senior executives in the company’s sales and operations meetings.

Sales and Operations Planning Issues

After the results of the LP model and the comparisons to actual operating performance
were available, a formal meeting of the senior managers of Lawn King was scheduled in a
planning retreat. The purpose was to look at what adjustments should be made to the
parameters as the basis for starting next year’s planning. Although not called a sales and op-
erations planning meeting, that is precisely what the company was doing. Here are some of
the key points and perspectives brought out during the meeting.

1. Marketing manager: The company’s best customers are complaining about back
orders during the peak selling season. A few have threatened to drop the Lawn King prod-
uct line if they don’t get better service next year. It is important to produce not only enough
product, but also to produce the right models to service the customer demand. We need to
determine the right amount of inventory to avoid shortages on individual products when we
have peaks in demand.
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2. Plant manager: Three months ago the marketing and sales group predicted sales of
98,000 units for the next year. Now the forecast has been raised by 12 percent to 110,000
units. It is difficult to do a reasonable job of production planning when the target is always
moving. The plant is already operating at full capacity, and the additional units in the new
forecast can’t be made with one shift. A new shift might have to be added to accommodate
the higher forecast. It is important to be sure these sales forecasts are realistic before hiring
an entire second shift.

3. General manager: We have to be responsive to changing market conditions. We
cannot permit the same stockout situation we experienced last year.

4. Controller: We must find a way to reduce costs. Last year we carried too much
inventory, which required a great deal of capital. At 17 percent carrying cost, we cannot
afford to build up as much inventory again next year.

5. Personnel officer: 1f we reduce our inventories by more nearly chasing demand, the
labor force will fluctuate from month to month and our hiring and layoff costs will increase.
These include the severance costs and supplemental unemployment benefits that are paid.

The sales and operations planning issues raised by the executives at Lawn King can be
resolved using a planning model, such as a spreadsheet model or an LP model, and planning
meetings can be focused on decision making by senior executives regarding the important
trade-off issues between the various functions in the company. The development of the
sales and operations plan can help in stimulating discussion between the executives in a
company so that a consensus can be reached regarding the operating plans to be pursued by
the company. It is critical to note that the sales and operations plan serves as the basis for
other detailed plans and schedules in manufacturing, and provides the capacity available
for responding to sales throughout the year. Business issues such as the amount of inven-
tory investment necessary to ensure that customer demand is met, the timing and amount
of investment in manufacturing capacity that is appropriate, and the acceptable level of em-
ployment costs that must be provided for in the sales and operations plan need to be re-
solved in order to be competitive in the market place.

Using Microsoft Excel Solver

The sales and operations planning problem at Lawn King can be addressed using the
“Solver” tool in Microsoft Excel. Figure 4A.8 shows a spreadsheet design to solve the
problem. The table, starting on row 9, is the aggregate plan. The decision variables are in
cells D10:D21 (regular production), E10:E21 (overtime production), H10:H21 (workers
hired), and 110:121 (workers fired). As given in the first constraint set of the model, ending
inventory in each month is calculated as:

Beginning inventory + Regular production + Overtime — Forecast demand

The ending inventory for a month is the beginning inventory for the next month. Similarly,
the workforce level for a month is:

Previous month workforce level + Hires — Fires

These are often called balance equations by those familiar with setting up linear program-
ming models.

Maximum regular time production is calculated by taking the workforce level
(C10:C21) and multiplying by the number of units produced by a regular-time employee
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FIGURE 4A.8 Excel Lawn King Spreadsheet
crosoft Excel - lawnking optimal. x| ;lg]ﬂ
@] File Edt View [nset Fomat Tools Data Window Help v -8 X
G10 - f~ =B10+D10+E10-F10
A B Cc D = F G | H | J K L Al
1 Lawn - Optimal Solution Costs 7
2 Cost/Employee/Month $1828
3 Inventory Cost/Unit/Mor $1.77
4 | Beginning Workforce = 84 OT Cost/Unit $33.04
5 August Workforce = 72 Hire Cost/Employee $800
6 Beginning Inventory = 16,610 Fire Cost/Employee $1,500
7 Ending Inventory Minimum = 2,000 Reg. Time Unit/Mo/Emp 83
8 August Ending Inventory = 16,460 OT Max Units/Month 17
Beginning Reg Ending Max Reg Max OT Total
9 Month Inventory  Workforce Production  Overtime Sales Invent #Hired #Fired Production Production Production
10 |September 16610 84 6972 0 900 I 22 682! 0 0 6972 1,428 6972
11 October 22682 84 6972 0 1910 27,744 0 a 6972 1428 6972
12 November 27,744 84 6972 0 35625 31,09 0 0 6972 1428 6972
13 December 31,091 84 6972 0 4580 33,483 1] a 6972 1428 6972
14 January 33,483 84 6972 0 5350 35,105 0 0 6972 1428 6972
15 February 35,105 a7 7221 0 8,380 33946 3 1 7221 1479 7221
16 |March 33946 87 221 0 17,740 23427 0 1 7221 1479 7221
17 | April 23427 87 7221 0 18975 11673 0 0 7221 1479 7221
18 May 11673 87 7221 0 12,150 6744 0 0 7221 1479 7221
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per month (cell G7, 83 units). Overtime production is calculated in the same way, using the
overtime maximum units per employee (G8, 17 units). These maximum levels are needed
for setting up constraints that limit regular and overtime production.

Solutions are evaluated by calculating the total cost of the solution. Hiring cost is the
sum of the number of employees hired during the year [SUM(H10:H21)] multiplied by
$800 (G5). Firing cost is the number of employees fired during the year [SUM(110:121)]
multiplied by $1,500 (G6). Workforce regular time cost is the number of regular time em-
ployees over the year [SUM(C10:C21)] multiplied by $1,828 (G2). Overtime cost is the
number of units produced during overtime [SUM(E10:E21)] multiplied by overtime cost
per unit (G4, $33.04). Inventory cost is the sum of the ending inventory levels
[SUM(G10:G21)] multiplied by inventory cost per unit per month (G3, $1.77). The total
cost is calculated by summing these individual costs [G25, SUM(B25:F25)].

Constraints and other parameters needed to solve this problem with Excel are specified
in the Excel Parameters form (see Figure 4A.9). This form is accessed through Tools then
Solver menu options. First, the target cell is set to G25 and Equal To: is set to Min. This tells
Solver to minimize the value calculated in cell G25 (i.e., total cost).

Next, By Changing Cells specifies the decision variables in the model. The Solver can
change the values in two blocks of cells, D10:E21 and H10:121. D10:E21 is where regular
and overtime production is put into the model. H10:121 is the block of cells for hiring and
firing numbers. By specifying these cells in By Changing Cells, we are telling the program
to determine the minimum cost solution by varying the values in these cells.
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FIGURE 449 2]
Solver

Parameters Set Target Cell:

X

Solve

|

Equal To: CMax &M O valueof: |0

) Close |

~By Changing Cells:

[$D$10:E$21,$H$10: 41521 ) Guess |
-Subject to the Constraints: Options

[$C$21 = $c45 =l Add

$D$10:4D$21 <= $3$10:47$21

$E$10:4E$21 <= $K$10:$K$21

$G$10:$G$21 »= $C47 _ Change_|

Reset All

$G$21 = $C48
$H$10:41$21 = integer ] Delete I

il

Help

FIGURE 44,10 121

Solver Options

Max Time: seconds | oK ]
Iterations: I 10000 Cancel |
Precision: |0.000001 Load Model. .. |

Tolerance: IS % Save Model...
Convergence: |0.0001 Help

[V assume Linear Model [V Use Automatic Scaling

IV Assume Non-Negative [" Show Iteration Results
Estimates [ Derivatives Search

% Tangent % Forward % Newton
" Quadratic " Central " Conjugate

Next the remaining constraints need to be specified. Six constraints need to be specified.
The first constraint forces the August workforce level to 72 employees (C21 = C5). The
second requires regular-time production to be less than the maximum regular-time produc-
tion (D10:D21 = J10:J21). The third states that overtime production must be less than
maximum overtime production (E10:E21 = K10:K21). Next, we need monthly ending in-
ventory levels to always be equal to or greater than 2,000 units (G10:G21 = 2000). The
fifth constraint forces ending inventory equal to 16,460 units (G21 = C8). Finally, the last
constraint requires an integer number of employees.

Additional options need to be set through the Options button. Figure 4A.10 shows
this form. It is important that Assume Linear Model and Assume Non-Negative be
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checked on this form. Clicking OK returns to the Solver Parameters form. The problem
can now be solved optimally by clicking on the Solve button. The optimal solution is
given in Figure 4A.8.

Concluding
Principles

This chapter has introduced linear programming approaches to sales and operations plan-
ning. We stress the following principles:

The match between the real world and the model should be as close as possible to make
it easier to build the credibility necessary to use the model.

Relatively homogeneous product lines or portions of lines allow for a closer match
between model and reality.

Investing in training, enhancing data, improving basic MPC practices, and determining
clear objectives must all be done before the full potential for using advanced techniques
can be realized.

Management must realize that significant efforts in model formulation, understanding,
testing, and explanation are all important to successful applications.

Advanced techniques must be built on a foundation of good basic practice. Modeling a
mess doesn’t make it better.

Spreadsheet-based models offer a better choice for use by current executives.

Discussion
Questions

Problems

What is the least certain of the data inputs to sales and operations planning models? What can be
done about this uncertainty?

. What does a mixed integer programming formulation add over a linear programming approach?

What concerns should managers have about using sales and operations planning models?

. Why must we have effective MPC systems in place before we can anticipate adoption of advanced

sales and operations planning concepts?

1. The Seymore Bicycle Manufacturing Company of Boise, Idaho, has developed the following
demand forecast for next year’s bicycle:

Quarter Sales
1 5,000
2 10,000
3 8,000
4 2,000

On January 1, there are 1,000 units in inventory. The firm has prepared the following data:

Hiring cost per employee = $200.

Firing cost per employee = $400.

Beginning workforce = 60 employees.

Inventory carrying cost = $2 per unit per quarter of ending inventory.
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Stockout cost = $50 per unit.

Regular payroll = $1,200 per employee per quarter.

Overtime cost = $2 per unit, limited to 40 units per employee per quarter.
Each employee can produce 100 units per quarter on regular time.
Demand not satisfied in any quarter is lost.

Using linear programming:
a. How much will Seymore produce during each quarter?
b. What’s the total budget Seymore’s plan will require for the next year?

2. Kosar Manufacturing has collected the following information on one of its major products. (Use
a spreadsheet to model (a) and (b) below.)

Most efficient production rate = 2,100 units per period.

Production change costs = $15 per unit of change (from 2,100 units/period).
Inventory costs = $5 per unit per period (on closing inventory balance).
Backorder costs = $10 per unit to carry demand into next period.

Beginning inventory = 350 units.

Period Demand (Units)
| 3,000
Il 2,250
1] 2,000
v 2,700

a. Using the preceding demand schedule, calculate a level production schedule that yields zero
inventory at the end of period IV.

b. Calculate the total costs associated with the production schedule in part a.

3. The Kew Toy Company’s production manager wonders whether to produce at a level production
rate or a rate that matches sales each quarter. His analysis of company operations yields the fol-
lowing information:

Beginning employment level = 10 employees.

Beginning inventory = 0

Hiring cost = $10 per employee.

Firing cost = $5 per employee.

Production per employee = 10 units per quarter.

Inventory carrying costs = $1 per unit per quarter (on ending inventory).
Target inventory at the end of the fourth quarter = 0.

Target employment level at the end of the fourth quarter equals the planned.

Employment level specified by the plan under consideration.

Sales
Quarter Forecast (Units)

1 50
2 80
3 120
4 150
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a. Which of the two policies would result in the lowest annual cost?
b. What’s the total annual cost of the policy adopted in part 1?
c. What production rate should he use each quarter?
d. Formulate this problem so it can be solved using linear programming.

. Mischief Company had been experimenting with various sales and operations plans. As the firm
started to lay out plans for next year, management decided to use a four-month planning horizon
to reduce computation cost. The firm’s basic data were:

Employment level for this December = 20 people.

Demand forecast for January of next year = 200.

Demand forecast for February of next year = 220.

Demand forecast for March of next year = 200.

Demand forecast for April of next year = 220.

Inventory level planned for the end of this December = 0.

Back orders aren’t allowed in the plan.

Desired April ending inventory = 0.

Regular time per month = $2,000 per worker-month.

Production = 10 units/person/month.

Overtime premium = 50 percent of regular time.

Overtime limit = 25 percent of regular time per person per month.
Inventory carrying cost = $150/month/unit (on the average per month).
Hiring (or firing) cost = $2,000 per person.

Use a spreadsheet model to compare the cost of a fixed employment production plan (i.e., 20 peo-
ple) that uses overtime to meet demand to a level production plan that uses no overtime to meet
production.

. Consider the following information for the Fairmount Company:

Production change cost = $20/unit of change (from a base of 4,000 units).
Most efficient production rate = 4,000 units per period.

Maximum amount of production capacity = 4,600 units per period.
Inventory costs = $4/unit per period on the ending inventory.

Shortage costs = $15/unit per period.

Subcontracting costs = $18/unit (maximum of 1,000 units per period).
Beginning inventory = 1,200 units.

Period Demand (Units)
1 6,000
2 4,500
3 6,000
4 5,100

a. As production manager of Fairmount, you'’re in charge of meeting the preceding demand
schedule for periods 1 through 4. President Shea specifies that you keep your production plan
level for all four months. In addition, Shea limits the total amount of production per month to
4,600 units. Also, since the market Fairmount competes in is very competitive, planned
stockouts are not allowed. Therefore, you must decide if and when to subcontract. Maximum
amount of subcontracting available in any one period is 1,000 units. Ending inventory at the
end of period 4 should be zero. Use a spreadsheet to determine your plan’s cost.
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b.

Assuming the same facts as in part a, except that no subcontracting is allowed, could you fol-
low a pure chase strategy and still meet demand? Why or why not?

6. On December 31, the ABC Company forecast its next year’s sales to be:

Quarter Sales Forecast

1 9,000 units

2 12,000

3 16,000

4 12,000
49,000

Currently, the firm has 12 employees, each producing up to 1,000 units per quarter and earning
$2,000 per quarter. The firm estimates its inventory carrying cost to be $2 per unit of ending
inventory per quarter and its hiring or layoff costs to be $1,600 per employee. The firm could
increase production by working overtime, but overtime work is limited to 25 percent of the reg-
ular production rate (or 250 units per employee per quarter). Overtime work is paid at the rate of
1.5 times the regular pay rate. Unused regular time costs the firm $4.16 per hour. (Assume there
are 60 eight-hour days per quarter.) The company currently has an inventory of 1,000 units and
wishes to have an ending inventory of 1,000 units at the end of the year. The company does not
plan to incur inventory shortages.

a.
b.
c.

Develop the total incremental cost expression of this problem.
Formulate this problem for solution, using linear programming.

What’s the total incremental cost of a production plan that assumes a constant production rate
(include both regular and overtime production) and level workforce (assume 12 workers)
each quarter?

Compare the cost of the production plan in ¢ to one based on a production rate equal to sales
in each quarter. Which has the lowest cost?

7. The production manager at the Boston Paint Company is preparing production and inventory
plans for next year. The production manager has the following data concerning the firm:

Quarter Sales Forecast
1 3,000 units
2 1,800
3 2,400
4 3,500

Current inventory level = 300 units.

Current employment level = 600 people.

Production rate last quarter = 2,400 units (4 units/employee/quarter).
Inventory carrying cost = $20/unit/quarter (on ending inventory).
Hiring cost = $200/employee hired.

Layoff cost = $200/employee laid off.

Regular time production cost per unit = $320/unit.

Cost of overtime = $60/unit.

Desired closing inventory level = 100 units (minimum).
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The production manager sees no equipment capacity limitations during the next two years.
Employees are hired or laid off only at the beginning of each quarter.

Formulate a linear programming production planning model for this company, in sufficient
detail so the production manager can solve it to determine the production plan.

. The Pickwick Company’s production director and marketing director are currently negotiating

next year’s production and sales plans. The marketing director confidently forecasts a major sales
increase as follows:

Quarter
1 2 3 4
Sales forecast (in units) 950 1,200 1,420 1,630

a. Assume that the beginning inventory is 200 units and the target ending inventory for the fourth
quarter is 200 units. What production each quarter will provide a level production plan?

b. If average variable cost per unit for items produced by Pickwick is $500, what will be the
monetary value of the finished-goods inventory at the end of the second quarter if it uses a
level production plan?

c. If average variable labor cost per unit for the items produced by Pickwick is $200 and aver-
age wage rate is $5 per hour, what’s the quarterly labor budget in hours and in dollars for a
level production plan?




Chapter

Master Production
Scheduling

In this chapter, we discuss constructing and managing a master production schedule
(MPS), a central module in the manufacturing planning and control system. An effective
master production schedule provides the basis for making good use of manufacturing
resources, making customer delivery promises, resolving trade-offs between sales and
manufacturing, and attaining the firm’s strategic objectives as reflected in the sales and
operations plan. The prerequisites to master production scheduling are to define the MPS
unit (and associated bill of materials) and to provide the master production scheduler with
the supporting concepts and techniques described in this chapter.

This chapter is organized around the following eight topics:

The master production scheduling (MPS) activity: What is the role of master produc-
tion scheduling in manufacturing planning and control?

Master production scheduling techniques: What are the basic MPS tasks and what
techniques are available to aid this process?

Bill of materials structuring for the MPS: How can nonengineering uses of the bill of
materials assist the master production scheduling function?

The final assembly schedule: How is the MPS converted into a final build schedule?

The master production scheduler: What does a master production scheduler do and
what are the key organizational relationships for this position?

Company examples: How do actual MPS systems work in practice?
Master production schedule stability: How can a stable MPS be developed and maintained?
Managing the MPS: How can MPS performance be monitored and controlled?

The Master Production Scheduling (MPS) Activity

152

We begin with a brief overview of the role of master production scheduling (MPS) in the
manufacturing planning and control (MPC) system. We look at the fundamental role of the
MPS in converting the disaggregated sales and operations plan into a specific manufacturing
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schedule. Next we consider how the environment in which the MPS activity takes place
shapes the MPS task. Finally, we discuss the linkages between the MPS, other MPC mod-
ules, and other company activities.

At the conceptual level, the master production schedule translates the sales and opera-
tions plan of the company into a plan for producing specific products in the future. Where
the sales and operations plan provides an aggregate statement of the manufacturing output
required to reach company objectives, the MPS is a statement of the specific products that
make up that output. The MPS is the translation of the sales and operations plan into pro-
ducible products with their quantities and timing determined.

On a day-to-day basis, the MPS provides the information by which sales and manufac-
turing are coordinated. The MPS shows when products will be available in the future,
thereby providing the basis for sales to promise delivery to customers. These promises will
be valid as long as manufacturing executes the MPS according to plan. When conditions
arise that create customer promise dates that are unacceptable from a marketing or manu-
facturing perspective, the MPS provides the basis for making the required trade-offs.

Atthe operational level, the most basic concern is with the construction of the MPS record
and updating it over time. The MPS record is developed to be compatible with the material
requirements planning (MRP) system and to provide the information for coordinating with
sales. Over time, as production is completed and products are used to meet customer require-
ments, the MPS record must be kept up to date. Doing this means implementing a periodic
review and update cycle that we term “rolling through time.” Updating the record involves
processing MPS transactions, maintaining the MPS record, responding to exception condi-
tions, and measuring MPS effectiveness on aroutine basis. Performing these tasks effectively
will keep manufacturing resources and output aligned with the sales and operations plan.

The MPS Is a Statement of Future Output

The master production schedule is a statement of planned future output. It specifies the
products (or product options) that will be completed, the time of completion, and the quan-
tities to be completed. It is the anticipated build schedule for the company. As such, it is a
statement of production, not a statement of demand. The MPS specifies how product will
be supplied to meet future demand. We stress the fact that the MPS is not a forecast, since
manufacturing is held responsible for meeting the MPS requirements.

The forecast is an important input into the planning process that determines the master
production schedule, but the MPS differs from the forecast in significant ways. The MPS
takes into account capacity limitations, the costs of production, other resource considera-
tions, and the sales and operations plan. As a consequence, the MPS may specify large
batches of product when the demand is for single units. Or production may take place in ad-
vance of market demand in order to better utilize production capacity. It is even possible
that product for which there is forecast demand may not even be made.

As the statement of output, the master production schedule forms the basic communication
link between the market and manufacturing. The MPS is stated in product specifications—
in part numbers for which there are bills of materials (BOM), the language of product man-
ufacturing. Because the MPS is a build schedule, it must be stated in terms used to determine
component-part needs and other requirements. It can’t, therefore, be stated in overall dollars
or some other global unit of measure. It must be in terms that relate to a producible product.
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The MPS can be stated in specific end-item product designations, but this is not always
the case. The MPS units might be options or modules from which a variety of end products
could be assembled. Alternatively, the MPS might be stated in a number of units of an
“average” final product. Doing this requires a special planning bill of materials designed
to produce the parts and components necessary to build that “average” configuration. Con-
verting the options, parts, and components into specific end products would be controlled
by a separate final assembly schedule (FAS), which isn’t ascertained until the last possible
moment. The choice of MPS unit is largely dictated by the environment in which the MPS
is implemented, a topic to which we now turn our attention.

The Business Environment for the MPS

The business environment, as it relates to master production scheduling, encompasses the
production approach used, the variety of products produced, and the markets served by the
company. Three basic production environments have been identified: make-to-stock, make-
to-order, and assemble-to-order. Each of these environments affects the design of the MPS
system, primarily through the choice of the unit used for stating the MPS—that is whether
the MPS is stated in end-item terms, some average end item, product modules or options,
or specific customer orders.

The make-to-stock company carries finished goods inventories for most, if not all, of its
end items. The MPS is the production statement of how much of and when each end item
is to be produced. Firms that make to stock are often producing consumer products as op-
posed to industrial goods, but many industrial goods, such as supply items, are also made
to stock.

The choice of MPS unit for the make-to-stock company is fairly straightforward. All
use end-item catalogue numbers, but many tend to group these end items into model
groupings until the latest possible time in the final assembly schedule. Thus, the Ethan
Allen Furniture Company uses a consolidated item number for items identical except
for the finish color, running a separate system to allocate a lot size in the MPS to specific
finishes at the last possible moment. Similarly, the Black & Decker tool manufacturing
firm groups models in a series, such as sanders, which are similar, except for horsepower,
attachments, and private-brand labels. All products so grouped are run together in batches
to achieve economical runs for component parts and to exploit the learning curve in the
final assembly areas.

The make-to-order (or engineer-to-order) company, in general, carries no finished-goods
inventory and builds each customer order as needed. This form of production is often used
when there’s a very large number of possible production configurations, and, thus, a small
probability of anticipating a customer’s exact needs. In this business environment, customers
expect to wait for a large portion of the entire design and manufacturing lead time.

In the make-to-order company, the MPS unit is typically defined as the particular end item
or set of items composing a customer order. The definition is difficult since part of the job is
to define the product; that is, design takes place as construction takes place. Production often
starts before a complete product definition and bill of materials have been determined.

The assemble-to-order firm is typified by an almost limitless number of possible end item
configurations, all made from combinations of basic components and subassemblies. Cus-
tomer delivery time requirements are often shorter than total manufacturing lead times, so
production must be started in anticipation of customer orders. The large number of end-item
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possibilities makes forecasting exact end-item configurations extremely difficult and stock-
ing end items very risky. As a result, the assemble-to-order firm tries to maintain flexibility,
starting basic components and subassemblies into production, but, in general, not starting
final assembly until a customer order is received.

Examples of assemble-to-order firms include Dell with their endless variety of computer
end-item combinations; the Hyster Company, which makes forklift trucks with such options as
engine type, lift height, cab design, speed, type of lift mechanism, and safety equipment; and
Mack Trucks, which produces trucks with many driver/owner-specified options. None of these
firms know until the last minute the specific choices their customers will make.

The assemble-to-order firm typically doesn’t develop a master production schedule for
end items. The MPS unit is stated in planning bills of materials, such as an average Hyster
forklift truck of some model series or an average Mack highway truck. The MPS unit has
as its components a set of common part and options. The option usages are based on per-
centage estimates, and their planning in the MPS incorporates buffering or hedging tech-
niques to maximize response flexibility to actual customer orders.

We’ve said here that the primary difference between make-to-stock, make-to-order, and
assemble-to-order firms is in the definition of the MPS unit. However, most master pro-
duction scheduling techniques are useful for any kind of MPS unit definition. Moreover,
the choice of the MPS unit is somewhat open to definition by the firm. Thus, some firms
may produce end items that are held in inventory, yet still use assemble-to-order ap-
proaches. Also, some firms use more than one of these approaches at the same time, so
common systems across all approaches are important.

Linkages to Other Company Activities

Figure 5.1 presents a partial schematic for the overall manufacturing planning and control
system showing the linkages to master production scheduling. The detailed schedule pro-
duced by the MPS drives all the engine and, subsequently, the back-end systems, as well as
the rough-cut capacity planning activities. All the feedback linkages aren’t shown in the fig-
ure, however. For example, as execution problems are discovered, there are many mecha-
nisms for their resolution, with feedback to the MPS and to the other MPC modules.

Resource Sales and operations Demand
. T — S g—
planning planning management

Master production
scheduling (MPS)

Rough-cut capacity
planning

Detailed material
planning (MRP)

Enterprise resource planning system (ERP)
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The linkages to the enterprise resource planning (ERP) system of the firm are shown as
indirect, but they are important. All of the major ERP vendors have a master production
scheduling module. The role of the MPS in an ERP system is the same as we have
described here: disaggregating the sales and operations plan, creating a statement of the
output from the factory, and providing the information for coordinating sales and manu-
facturing. The records for a particular ERP system may look different from the version that
we use here, but all of the functions will be included.

The demand management block in Figure 5.1 represents a company’s forecasting, order
entry, order promising, and physical distribution activities. Demand management collects
data on all sources of demand for manufacturing capacity: customer orders, forecasts of
future customer orders, warehouse replenishments, interplant transfers, spare parts require-
ments, and so forth. These forecasts are summarized and provided to sales and operations
planning. Moreover, demand management books customer orders (enters the order, deter-
mines a delivery date with the customer and provides product details to manufacturing).
These booked orders are also provided to master production scheduling to coordinate prod-
uct availability with customer requirements.

In sales and operations planning, the forecasts from demand management will be consol-
idated and incorporated into the sales and operations plan. This is sometimes referred to as
the company game plan. The operations plan is a statement of the aggregate output that will
meet the objectives of the firm, both quantitatively and qualitatively. In some firms this plan
is stated in terms of the sales dollars generated for the company as a whole or for individual
plants or regions. In other firms it is stated as the number of units of output to be produced in
the next year. The aggregate operations plan constrains the MPS, because the sum of the de-
tailed MPS quantities must always equal the whole as defined by the operations plan.

Rough-cut capacity planning involves an analysis of the master production schedule to
discover the existence of any manufacturing resources that represent potential bottlenecks
in the production flow. This is the linkage that provides a rough evaluation of potential
capacity problems with a particular MPS. If any problems are disclosed, they must be
resolved before attempting to execute the MPS.

The disaggregation of the operations plan into production plans for specific products
defines the product mix that will be produced. These plans also provide the basic demand
“forecast” for each MPS production unit. It is on the basis of these forecast data that the
master production schedule is developed. The MPS, in turn, provides the input (gross
requirement) data to the material requirements planning system. The MPS, then, is the driver
of all the detailed manufacturing activities needed to meet the output objectives of the firm.

The MPS also is the basis for key interfunctional trade-offs. The most profound of these
is between production and sales. The specification of exact production output, in terms of
products, dates, and quantities, provides the basis for promising delivery to customers.
Moreover, when there is a request to increase the output for any one item, the MPS helps
determine the feasibility of the request.

Because the MPS is an important input to the manufacturing budget, it follows that
financial budgets should be integrated with master production scheduling activities. When
the MPS is extended over a time horizon sufficient to make capital equipment purchases, a
better basis is provided for capital budgets. On a day-to-day basis, both cash flow and prof-
its can be better forecast by basing the estimates on the planned production output specified
in the MPS.
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FIGURE 5.2
MPS Example

This section presents the basic logic for master production scheduling. We start with the
time-phased record to show relationships between production output, the “forecast” (de-
rived from the sales and operations plan), and expected inventory balance. We then show
how plans are revised as you roll through time during a review cycle. Finally, we present the
process for promising delivery to customers. This process illustrates how the actual cus-
tomer orders “consume” the forecast.

The Time-Phased Record

Figure 5.2 shows an example of an MPS involving an item with a beginning on-hand in-
ventory of 20 units, a sales forecast that is increasing each period (typically weekly), and
master a production schedule of 10 units per period. The master production schedule row
states the timing for completion of units available to meet demand. As with the sales and
operations plan, the projected available balance is governed by the following relationship:

Projected available balance = Beginning balance + Master production schedule — Forecast

Data in this record show the expected condition as of the current period. The record covers a
five-period planning horizon for which the total sales forecast is 43 and the total master pro-
duction schedule (planned production) is 50 units.

Many different approaches can be used to meet demand. The strategy shown in Figure 5.2
is a level strategy where production is held constant. A chase strategy or some other type
of mixed strategy might be appropriate. The exact strategy chosen depends on characteris-
tics of the process employed for making the item and the constraints within the company.
The goal is to find the plan that best balances costs and benefits.

Often the same production process is used to make different items. In this case, produc-
tion must switch from one item to the next, and this switching usually involves some
changeover time. To minimize the impact of the loss of production due to the changeover,
parts are made in batches rather than one at a time. The number of units made in a batch is
referred to as the lot size.

In Figure 5.3 we show an MPS where the lot size has been set to 30 units. In addition, in
this example we have set a safety stock of five units. The safety stock provides a cushion to
protect the schedule against uncertainty in demand. Safety stock, in the context of master
production scheduling, is the additional inventory and capacity planned as protection

Period
On hand 1 2 3 4 5
Forecast 5 5 8 10 15
Projected available balance 20 25 30 32 32 27
Master production schedule 10 10 10 10 10
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FIGURE 5.3
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Master Production Scheduling

Period
On hand 1 2 3 4 5
Forecast 5 5 8 10 15
Projected available balance 20 15 10 32 22 7
Master production schedule 30
Lot size = 30
Safety stock = 5 units
Period
On hand 2 3 4 5 6
Forecast 20 20 20 15 20
Projected available balance 10 -10 0 —-20 | —35 =55
Master production schedule 30
Lot size = 30
Safety stock = 5 units

against forecast errors and short-term changes in the backlog. Logically one can think of
the five units as a trigger level, when projected available balance falls below five units, a
new batch of parts are scheduled for production. In Figure 5.3, if we did not produce an-
other batch in period 3, inventory would drop to two units and would be below our safety
stock level. We therefore schedule a lot of 30 units to be produced in period 3 to replenish
inventory. Manufacturing using a lot size procedure produces inventories that last between
production runs. This inventory, called cycle stock, is part of the projected available inven-
tory row in the schedule. The larger the lot size, the greater the average cycle stock carried
in the schedule.

Rolling through Time

The MPS is a rolling schedule that requires updating the record to so the MPS reflects ac-
tual current conditions. The updating captures the impact of actual transactions that have
occurred from one period to the next on the MPS. Figure 5.4 show the situation at the start
of the second period (now for periods 2 through 6), using the original MPS for the five-
week period given in Figure 5.3.

No material was received during the first week, because none was planned by the MPS.
But actual sales were 10 units instead of 5 units, so now we see that on-hand inventory at
the beginning of period 2 is 10 units rather than the 15 we expected last period. The pro-
jected available balance reflects these changes and assumes the master schedule planned
during period 1. Our forecast has also been updated, reflecting an anticipated surge in
demand in periods 2, 3, and period 4. Note that we have added a forecast for period 6 as part
of rolling our plan forward one period.
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Period
On hand 2 3 4 5 6
Forecast 20 20 20 15 20
Projected available balance 10 20 30 10 25 5
Master production schedule 30 30 30
Lot size = 30
Safety stock = 5 units

The increase in demand has created some problems that we need to deal with in the mas-
ter schedule. If possible, we would like to move up the batch currently scheduled for
production in period 3 to period 2. This would keep us from stocking out in period 2. In ad-
dition, we need to schedule batches in periods 3 and 5. These changes were made using the
same triggering logic used before where we maintain a safety stock level of five units.

The revision shown in Figure 5.5 solves the problem of projected negative available in-
ventory but puts in clear focus the question of feasibility. Does the company have the
capacity to immediately produce a batch that was originally scheduled for period 3? Can
the company produce batches in two consecutive periods in the future? Is material available
to meet the requirements of this schedule? Furthermore, high costs are typically associated
with making production changes. The master production schedule should be buffered from
overreaction, with changes made only when essential.

Order Promising and Available-to-Promise (ATP)

For many products, customers do not expect immediate delivery, but place orders for future
delivery. The delivery date (promise date) is negotiated through a cycle of order promising,
where the customer either asks when the order can be shipped or specifies a desired ship-
ment date. If the company has a backlog of orders for future shipments, the order promising
task is to determine when the shipment can be made. Order promising can be coordinated
with production schedules by using a concept known as available-to-promise (ATP).

Figure 5.6 builds on the lot-sized MPS depicted in Figure 5.3. The original sales fore-
cast and MPS as of the beginning of week 1 are shown. In addition, we now consider an
“Orders” row that reflects shipments that are tied to actual customer orders. That is, we now
have data on expected shipments and consider these when planning the master schedule. Of
course, this information could also be shared with the sales group so that they understand
the precise implication of promising orders to customers on a particular date.

The row labeled “Orders” in Figure 5.6 represents the company’s backlog of orders at
the start of the first period. Five units are promised for shipment in the first period, three
more in period 2, and an additional two units promised for delivery in period 3. Thus, the
cumulative order backlog is 10 units over the three periods.

The logic for calculating available-to-promise will be explained next, but before doing
this, consider the issues associated with the calculation. When we consider the situation as
of the beginning of period 1, we have 20 units in inventory, and between now and when we
expect to replenish our supply in period 3, we have orders for 8 units. So between now and
the beginning of period 3, we could deliver an additional 12 units. We can ignore the issue
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Period
On hand 1 2 3 4 5
Forecast 5 5 8 10 15
Orders 5 3 2 0 0
Projected available balance 20 15 10 32 22 7
Available-to-promise 12 28
Master production schedule 30
Lot size = 30
Safety stock = 5
Period
On hand 1 2 3 4 5
Forecast 5 5 8 10 15
Orders 5 3 2 0 0
Projected available balance 20 15 10 32 22 7
Available-to-promise (cumulative) 12 40
Master production schedule 30
Lot size = 30
Safety stock = 5

of safety stock in this analysis, because those units are available and could be sold if we can
find customers for them. When we get to period 3, the whole cycle starts again. So far we
only have orders for 2 units, so out of that second batch we could promise another 28 units
for delivery in period 3 and out into the future.

The logic that we have just described is usually referred to as discrete ATP logic, where
the first period, and every order after it, are considered independent from a planning view.
We could take a cumulative ATP view and carry the units that we can promise from one
batch forward to the next. In Figure 5.7 the cumulative ATP calculations are show.

The following is a step-by-step process for calculating the MPS including ATP
calculations:

1. Calculate projected available inventory. Projected available inventory = Previous
available inventory + Master production schedule — MAX (Forecast, Actual orders).
Calculate for every period in the planning horizon.

2A. ATP calculations (discrete logic). For the first period, ATP = On-hand + MPS —
Sum of the orders until the next MPS. For each period when a subsequent MPS
occurs, ATP = MPS — Sum of the orders until the next MPS.
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2B. ATP calculations (cumulative logic). For the first period, ATP = On-hand + MPS —
Sum of the orders until the next MPS. For each period when a subsequent MPS oc-
curs, ATP = Previous ATP + MPS — Sum of the order until the next MPS.

One nuance that we see in step 1 of our process is the calculation for projected available in-
ventory. When calculating what we expect to have available in a period, we use the maxi-
mum of forecast and actual orders. This reflects a conservative approach to the demand side
of the equation. Our hope is that during a period we will eventually sell up to the forecast,
and, if this proves to be true, we want to reflect the additional sales in projecting our inven-
tory balance. Some experts refer to this as consuming the forecast. Using our example in
period 1 we see all five units of the forecast have been consumed.

To illustrate this idea further, let’s roll our plan to period 2, assuming that we delivered
the five units scheduled in period 1. Let’s consider a set of new orders that come in during
period 2 and see if we can accept them, assuming they are received in the following
sequence:

Order Number Amount Desired Week
1 5 2
2 15 3
3 35 6
4 10 5

In Figure 5.8 we show how things look prior to making any changes to our master sched-
ule. Here, the projected available balance reflects demand as the maximum of orders or
forecast. As we can see, another batch needs to be scheduled in period 5 because sales were
higher than expected and we would expect to stock out six periods from now.

Figure 5.9 reflects the status of our master schedule after entering a new batch in period
5 and a second batch in period 6. Using the discrete ATP logic, it is a little difficult to un-
derstand how sound the schedule is given the positive ATP values in periods 2, 3, and 5 and
the negative value in period 6. Cumulative ATP values, shown in Figure 5.10, show that the

Period

2 3 4 5 6
Forecast 5 8 10 15 20
Orders 3+5(ew) |2+ 15 0 10 35
Projected available balance 15 7 20 10 =5 | —40
Available-to-promise 7 -32
Master production schedule 30
Lot size = 30
Safety stock = 5
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FIGURE 5.9 -

ATP Order Period

Promising 2 3 4 5 6

Example:
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Example:

Week 2 after Forecast 5 8 10 15 20

Update— Orders 3+5(ew) | 2+ 15 0 10 35

Cumulative - .

ATP Logic Projected available balance 15 7 20 10 25 20
Available-to-promise (cumulative) 7 20 40 35
Master production schedule 30 30 30
Lot size = 30
Safety stock = 5

schedule looks fine. What works better in practice, discrete or cumulative ATP calculations,
depends on the actual situation with the company. Even though the cumulative approach
looks attractive with this example, in practice it might overstate the real availability in the fu-
ture due to the timing of how orders are booked. Within software packages, there are often
options for how these calculations are performed and for the format of the schedules.

The use of both the projected available balance and the available-to-promise row is the
key to effective master production scheduling. Using ATP to book orders means that it is
unlikely that a customer promise will be made that cannot be kept. Note, this may mean
some orders must be booked at the end of a planning horizon concurrent with creating an
additional MPS order. As actual orders are booked (and reflected in the order row), or an-
ticipated (in the forecast row), or shipped (as reflected in the projected available balance),
the available-to-promise row provides a signal for the creation of new MPS orders.

Planning in an Assemble-to-Order Environment

The assemble-to-order firm is typified by an almost limitless number of end-item possibil-
ities due to the myriad combinations of basic components and subassemblies. For example,
the number of unique Ford automobiles runs into the billions when one considers all the
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options available to the customer. Moreover, each new product option tends to double the
number of end-item possibilities. This means that the MPS unit in the assemble-to-order
environment cannot feasibly be based on end items. In this section, we present how this
problem is addressed relative to planning the master production schedule.

The bill of materials specifies the ingredients required to make each part number or as-
sembly in our system. It is a listing of all the subassemblies, intermediates, parts, and raw
materials that go into a parent assembly, showing the quantity of each required to make an
assembly. The bill of material may also be called the formula, recipe, or ingredients list in
certain process industries. We discuss the details of what the bill of material is and how they
are processed in Chapter 6. In this chapter, we discuss a special type of bill of materials,
one useful for MPS management, called the planning bill of materials.

Figure 5.11 is a diagram that depicts how components and options come together in
an assemble-to-order company. The assembly-to-order firm is unique in that a relatively
few number of modular options can be combined to make a unique end item wanted by
a customer. One approach that we could take to building the unique item that a customer
wants would be to simply take the order and then construct the item totally from scratch,
first building the components, then assembling the components into the option mod-
ules, and finally assembling the options into the final product. Of course, this could take
a considerable amount of time, and our customers may not be willing to wait this long.
Another approach—one that would make customer response much quicker—would be
to synchronize two parallel production systems. The first system is designed to effi-
ciently produce the components and options that are needed in the final product. The
second system is a final assembly process that is designed to put together a product
from the options selected by each customer. For this approach to be successful, these
two systems must be tightly integrated so that the desired options are available when the
customer orders the product. The two-level MPS, which we discuss next, is designed to
support this type of integration.

A special type of planning bill is one known as the super bill. The super bill de-
scribes the related options or modules that make up the average end item. For example,
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FIGURE 5.12
The
4-Horsepower
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a maker of notebook computers may know from past experience that the average com-
puter has 2GB of memory, 0.5 web cameras (half the notebooks are configured with a
camera), 0.3 cell phone interface modems (30 percent are configured to access a cell
phone carrier), and 0.8 extra-high-contrast displays (80 percent have the optional high-
contrast display). This end item is impossible to build, but it’s very useful information
for planning and master scheduling. Our super bill will show all the possible options as
components, with their average decimal usage. The super bill combines the modules, or
options, with the decimal usage rates to describe the average notebook computer. The
bill of material logic forces arithmetic consistency in the mutually exclusive options; for
example, the sum of two possible display screen options needs to equal the total number
of notebook computers made.

The super bill is as much a marketing tool as a manufacturing tool. With it, instead of
forecasting and controlling individual modules, the forecast is now stated in terms of total
average units, with attention given to percentage breakdowns—to the single-level super bill
of materials—and to managing module inventories by using available-to-promise logic on
a day-to-day basis as actual customer orders are booked.

Let’s consider an artificially small example. The Garden Till Company makes rototillers
in the following options:

Horsepower: 3 HP, 4 HP, 5 HP

Drive train: Chain, Gear

Brand name: Taylor, Garden Till, Original Equipment Manufacturer (OEM)

The total number of end item buildable units is 18 (3 x 2 x 3). Management and master
scheduling at the end-item level would mean each of these would have to be forecast. Fig-

ure 5.12 shows a super bill for 4-horsepower tillers. Using this artificial end item for an
average 4-horsepower tiller, only one forecast is needed from marketing. More important,

4 HP

‘ Super bill ’

Common parts
Usage = 1.0
Safety stock = 0

Gear option
Usage = 0.6
Safety stock = 150

Taylor option
Usage = 0.4
Safety stock = 10

Chain option
Usage = 0.4
Safety stock = 100

Garden-Till option
Usage = 0.5
Safety stock = 20

OEM option
Usage = 0.1
Safety stock = 15
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the MPS unit can be the super bill. The entry of 1,000 four-horsepower super bill units into
the MPS would plan the appropriate quantities of each of the options to build 1,000 four-
horsepower units in the average option proportions. Actual orders may not reflect the aver-
age in the short run.

Figure 5.12 shows the use of safety stocks for the options to absorb variations in the mix.
No safety stock is shown for the common parts. This means protection is provided for prod-
uct mix variances but not for variances in the overall MPS quantity of 4-horsepower tillers.
A commitment to an MPS quantity for the super bill means exactly that number of common
parts will be needed. In Figure 5.12°s example, if 1,000 four-horsepower super bills were
entered, the bill of materials would call for 1,000 common-parts modules, 600 gear options,
400 chain options, 400 Taylor options, 500 Garden Till options, and 100 OEM options. The
safety stocks allow shipments to customers to vary from the usages specified by the bill of
materials percentage.

Although 600 of the 1,000 four-horsepower tillers are expected to be finished with the
gear drive option, as many as 750 can be promised because of the safety stock. Similar flex-
ibility exists for all other options. Safety stocks are maintained with MRP logic, so appro-
priate quantities are maintained as orders arrive. Moreover, the safety stock will exist in
matched sets because of the modular bill of materials structure. Matched sets occur be-
cause when one unit of the module is specified for safety stock, all parts required for that
unit will be planned. Furthermore, costs of all safety stocks are readily visible. Marketing
has the responsibility to optimize the mix and review safety stock levels.

Order entry using planning bill of materials concepts tends to be more complex than
when the structure is end-item based. To accept a customer order, the available-to-promise
logic must be applied to each option in the order, meaning it’s necessary to check each of
the affected modules. Figure 5.13 shows the flow for a particular customer order, in this
case for 25 Taylor 4-horsepower units in the gear option (T4G). The safety stocks are avail-
able for promising and will be maintained by MRP as additional MPS quantities are
planned. We can provide the information needed to implement the logic shown in Fig-
ure 5.13 using a concept often referred to as a two-level MPS, which we describe next.

'
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Managing Using a Two-Level MPS

When a planning bill is used, the final assembly schedule (FAS) is often used to state the
exact set of end products to be built over some time period. It is the schedule that serves to
plan and control final assembly and test operations, including the launching of final assem-
bly orders, picking of component parts, subassembly, painting, or other finishing. In short,
the FAS controls that portion of the business from fabricated components to completed
products ready for shipment (for a good example, see the Hill-Rom FAS case at the end of
the chapter).

Many firms have found it useful to coordinate the final assembly schedule and compo-
nent production by using a concept known as two-level master production schedules.
This technique is most useful for an assemble-to-order firm, where it is critical that before
an order is promised, key components are guaranteed to be available. The technique allows
the use of available-to-promise logic at both the component level and at the final assembly
level in the bill of materials. The typical situation has the firm using a super bill such as that
shown in Figure 5.12.

To illustrate the idea, let’s consider our Garden Till Company and focus on two models
of our 4-horsepower tillers, the branded Taylor product and the OEM product. Assume that
we plan to sell 100 units per week and that these will be assembled to order. We expect
40 percent of the demand to be the Taylor brand and 10 percent will be OEM. The other
50 percent are sold as options in other bundled products. Figure 5.14 shows the calculations
for our two-level master schedule.

The top portion of the table, 4-Horsepower Tillers, is the assembly plan for making our
tillers. Here, we see that we plan to make 100 tillers each period and that they will be as-
sembled based on actual customer orders. We have already received 100 orders to be made
in period 1, 72 in period 2, and 54 in period 3. As can be seen, sales can take orders for 28
additional tillers in period 2, 46 in period 3, and 100 per period after that, using discrete
ATP calculations.

The middle portion of the table is the master schedule for our Taylor Brand tiller. We ex-
pect demand to be 40 percent of 4-horsepower tiller demand. Our plan is to make to demand,
but just to be safe we want to carry 10 of these in inventory as safety stock. We have firm or-
ders for 42 of these in period 1, 37 in period 2, and 23 in period 3. We would like to assem-
ble these in lot sizes of 80 at a time. In calculating projected available inventory, we use our
rule that demand is the greater of actual orders and forecast demand, so the projected avail-
able balance for period 1 is 10 (on hand balance) + 80 (MPS) — 42 (actual demand, which
is greater than the forecast) = 48 units. Period 2 projected available balance is 48 + 80
(MPS) — 40 (the forecast) = 88 units. Note here that we had to schedule another 80 units in
period 2 to keep our projected inventory level above the eight-unit safety stock level.

Available-to-promise is calculated using discrete logic in Figure 5.13. For the first
period, the calculation is 10 (units on hand) + 80 (MPS) — 42 (week 1 orders) = 48 units.
For period 2, 80 (MPS) — (37 + 23) = 20. For period 4, when our next MPS is due,
available-to-promise is calculated 80 (MPS) — 0 (no order in the planning horizon) = 80 units.
Figure 5.15 calculates available-to-promise using cumulative logic. For the cumulative
logic, unsold units are carried forward and included with our next MPS.
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Managing Using a Two-Level MPS

4-Horsepower Tillers Period
On hand 1 2 3 4 5
Production plan 100 | 100 100 100 100
Orders 100 72 54 0 0
Projected available balance 0 0 0 0 0 0
Available-to-promise 0 28 46 100 100
Master production schedule 100 | 100 100 100 100

Safety stock = 0

Taylor Brand 4-Horsepower Tillers—40% of Demand

Forecast for model 40 40 40 40 40
Orders 42 37 23 0 0
Projected available balance 10 48 88 48 88 48
Available-to-promise 48 20 80
Master production schedule 80 80 80

Safety stock =10

OEM Brand 4-Horsepower Tillers—10% of Demand

Forecast for model 10 10 10 10 10
Orders 10 12 3

Projected available balance 15 15 13 13 13 13
Available-to-promise 15 -2 7 10 10
Master production schedule 10 10 10 10 10

Safety stock = 15

167

The logic for calculating available-to-promise is exactly the same as used previously; by
doing this at these two levels, we are able to coordinate the sales of the various models with
our actual assembly schedule. Overall, the two-level MPS approach helps us align the MPC
process closely to market forces. Products are planned and controlled in the way they are
sold as opposed to the way they are designed or manufactured.
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”ll:":vc(;)-liI:\ilsB.ills 4-Horsespower Tillers Period
of Material On hand 1 2 3 4 5
Cample Production plan 100 | 100 | 100 | 100 | 100
Calculations Orders 100 72 54 0 0
Projected available balance 0 0 28 46 100 100
Available-to-promise 0 28 74 174 274
Master production schedule 100 | 100 100 100 100
Safety stock = 0
Taylor Brand 4-Horsepower Tillers—40% of Demand
Forecast for model 40 40 40 40 40
Orders 42 37 23 0 0
Projected available balance 10 48 88 48 88 48
Available-to-promise 48 68 148
Master production schedule 80 80 80
Safety stock =10
OEM Brand 4-Horsepower Tillers—10% of Demand
Forecast for model 10 10 10 10 10
Orders 10 12 3
Projected available balance 15 15 13 13 13 13
Available-to-promise 15 13 20 30 40
Master production schedule 10 10 10 10 10

Safety stock =15

Master Production Schedule Stability

A stable master production schedule translates into stable component schedules, which
mean improved performance in plant operations. Too many changes in the MPS are costly
in terms of reduced productivity. However, too few changes can lead to poor customer ser-
vice levels and increased inventory. The objective is to strike a balance where stability is

monitored and managed.
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Freezing and Time Fencing

Figure 5.16 shows the first eight weeks in the MPS as frozen. This means no changes in-
side of eight weeks are possible. In reality, “no” may be a bit extreme. If the president dic-
tates a change, it will probably happen, but such occurrences should be rare.

Many firms do not like to use the term frozen, saying that anything is negotiable—but
negotiations get tougher as we approach the present time. However, a frozen period provides
a stable target for manufacturing to hit. It also removes most alibis for missing the schedule!

Time fencing is an extension of the freeze concept. Many firms set time fences that
specify periods in which various types of change can be handled. A common practice, for
example, is to have three time fences, say 8, 16, and 24 weeks. The marketing/logistics peo-
ple could make any changes that they wanted beyond the 24-week fence as long as the sum
of all MPS records is synchronized with the production plan. From weeks 16 to 24, substi-
tutions of one end item for another would be permitted, provided required parts would be
available and the production plan was not violated. From weeks 8 to 16, the MPS is quite
rigid; but minor changes within the model series can be made if component parts are
available. The period before 8 weeks is basically a freeze period, but occasional changes are
made even within this period. To achieve the productivity necessary to remain competitive,
stability in short-range manufacturing plans is essential.

Two common fences are the demand fence and the planning fence. The demand fence
is the shorter of the two. Inside the demand fence, the forecast is ignored in calculating the
projected available balance. The theory is that customer orders—not the forecast—matter
in the near term. The planning fence indicates the time at which the master production
scheduler should be planning more MPS quantities. Within the demand fence it is very dif-
ficult to change the MPS. Between the demand fence and the planning fence, management
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trade-offs must be made to make changes; outside the planning fence, changes can be made
by the master production scheduler. Some firms refer to these as the ice, slush, and water
zones.

Managing the MPS

We turn now to managing the MPS: how do we measure, monitor, and control detailed day-
to-day performance against the MPS? The first prerequisite for control is to have a realistic
MPS. Most agree that it is critical to hold people accountable only for performance levels
that are attainable. This means the MPS cannot be a wish list, and it shouldn’t have any sig-
nificant portion that’s past due. In fact, the presence of a significant amount of past due is a
major indication of a poor manufacturing planning and control system.

Stability and proper buffering are also important, because the objective is to remove all
alibis and excuses for not attaining the performance for which the proper budget has been
provided. Successful companies hit the production plan every month, and they do the best
job possible to disaggregate the plan to reflect actual product mix in the MPS.

The Overstated MPS

The MPS must not be overstated. To do so destroys the relative priorities developed by
MRP and shop-floor control; more important, the overstated MPS erodes belief in the for-
mal system, thereby reinstituting the informal system of hot lists and black books. A key to
not overstating the MPS is to always force the sum of the MPS to equal the production plan.

There should be an overall output budget for manufacturing. Capacity should be in place
and should match (not be more or less than) the budget. Manufacturing and marketing
should work diligently to respond to product mix changes, but within the overall budgetary
constraint.

Concluding
Principles

The master production schedule plays a key role in manufacturing planning and control
systems. In this chapter, we’ve addressed what the MPS is, how it’s done, and who does it.
The following general principles emerge from this discussion:

* The MPS unit should reflect the company’s approach to the business environment in
which it operates.

» The MPS function should use the common ERP database if such a system is imple-
mented in the firm.

* Common systems, time-phased processing, and MPS techniques facilitate effective
scheduling regardless of the firm’s environment.

» Customer order promising should be closely linked to the MPS.

+ Available-to-promise information should be derived from the MPS and provided to the
sales department.

» A final assembly schedule should be used to convert the anticipated build schedule into
the final build schedule.

* The master production scheduler must keep the sum of the parts (the MPS) equal to the
whole (the operations plan).
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. Why does the text stress that the master production schedule is not a forecast?

2. Some companies try to increase output simply by increasing the MPS. Discuss this approach.

1.

. What do you feel would be the key functions of the MPS in each of the following three environ-

ments: make-to-stock, make-to-order, and assemble-to-order?

. Much of the order-promising logic is directed at telling customers when they can honestly

expect delivery. Several firms, on the other hand, simply promise their customers delivery
within X weeks (often an unrealistic claim) and then deliver when they can. Contrast these two
approaches.

. One characterization of the available-to-promise record is that the “Projected available balance”

row is for the master scheduler and the “Available-to-promise” row is for customers. What’s meant
by this contention?

. Explain how determining the “Projected available balance” row with the “greater of forecast or

orders” logic can overstate required production.

. Many companies have come to view their master production schedulers as key people in prof-

itably meeting the firm’s strategic goals. Would you agree? What qualities would you look for in
a master production scheduler?

. Discuss the relationship between stability and firm planned orders.

Excelsior Springs Ltd. schedules production of one end product, Hi-Sulphur, in batches of 80
units whenever the projected ending inventory balance in a quarter falls below 10 units. It takes
one quarter to make a batch of 80 units. Excelsior currently has 30 units on hand. The sales fore-
cast for the next four quarters is:

Quarter
1 2 3 4
Forecast 20 70 70 20

a. Prepare a time-phased MPS record showing the sales forecast and MPS for Hi-Sulphur.
b. What are the inventory balances at the end of each quarter?
c. During the first quarter, no units were sold. The revised forecast for the rest of the year is:

Quarter
2 3 4
Forecast 30 50 70

How does the MPS change?

. Neptune Manufacturing Company’s production manager wants a master production schedule

covering next year’s business. The company produces a complete line of small fishing boats for
both saltwater and freshwater use and manufactures most of the component parts used in assem-
bling the products. The firm uses MRP to coordinate production schedules of the component part
manufacturing and assembly operations. The production manager has just received the following
sales forecast for next year from the marketing division:




172 Chapter 5 Master Production Scheduling

Sales Forecast (Standard Boats for Each Series)
Product Lines  1st Quarter 2nd Quarter 3rd Quarter 4th Quarter

FunRay series 8,000 9,000 6,000 6,000
SunRay series 4,000 5,000 2,000 2,000
StingRay series 9,000 10,000 6,000 7,000
Total 21,000 24,000 14,000 15,000

The sales forecast is stated in terms of “standard boats,” reflecting total sales volume for each
of the firm’s three major product lines.

Another item of information supplied by the marketing department is the target ending inventory
position for each product line. The marketing department would like the production manager to plan
on having the following number of standard boats on hand at the end of each quarter of next year:

Quarterly Target

Ending Inventory
Product Line (in Standard Boats)
FunRay series 3,000 boats
SunRay series 1,000 boats
StingRay series 3,000 boats

The inventory position for each product is:

Current Inventory Level

Product Line (in Standard Boats)
FunRay series 15,000 boats
SunRay series 3,000 boats
StingRay series 5,000 boats

The master production schedule is to specify the number of boats (in standard units) to be
produced for each product line in each quarter of next year on the firm’s single assembly line.
The assembly line can produce up to 15,000 standard boats per quarter (250 boats per day during
the 60 days in a quarter).

Two additional factors are taken into account by the production manager in preparing the
master production schedule: the assembly line changeover cost and the inventory carrying cost
for the finished goods inventory. Each assembly line changeover costs $5,000, reflecting material
handling costs of changing the stocking of component parts on the line, adjusting the layout, and
so on. After some discussion with the company comptroller, the production manager concluded
that the firm’s inventory carrying cost is 10 percent of standard boat cost per year. The item value
for each of the product line standard units is:

Product Line Standard Boat Cost
FunRay series $100
SunRay series 150
StingRay series 200

The master production scheduler has calculated the production lot sizes as 5,000, 3,000, and
4,000 units, respectively.
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a. Develop a master production schedule for next year, by quarter, for each of Neptune’s fishing
boat lines. Identify any problems.

b. Verify the lot size calculations using the EOQ formula.
. The MPS planner at Murphy Motors uses MPS time-phased records for planning end-item pro-

duction. The planner is currently working on a schedule for the P24, one of Murphy’s top-selling
motors. The planner uses a production lot size of 70 and a safety stock of 5 for the P24 motor.

Week
On
Item: P24 hand 1 2 3 4 5 6 7 8
Forecast 30 | 30 | 30 |40 [ 40 |40 |45 |45
Orders 13 8 4
Projected available
balance 20

Available-to-promise

MPS

a. Complete the MPS time-phased record for product P24.
b. Can Murphy accept the following orders? Update the MPS time-phased record for accepted orders.

Order Amount Desired Week
1 40 4
2 30 6
3 30 2
4 25 3

. The Spencer Optics Company produces an inexpensive line of sunglasses. The manufacturing
process consists of assembling two plastic lenses (produced by the firm’s plastic molding depart-
ment) into a finished frame (purchased from an outside supplier). The company is interested in
using material requirements planning to schedule its operations and has asked you to prepare an
example to illustrate the technique.

The firm’s sales manager has prepared a 10-week sales forecast for one of the more popular
sunglasses (the Classic model) for your example. The forecast is 100 units per week. Spencer has
customer orders of 110 units, 80 units, 50 units, and 20 units in weeks 1, 2, 3, and 4, respectively.
The sunglasses are assembled in batches of 300 units. Presently, three such batches are sched-
uled: one in week 2, one in week 5, and one in week 8.

Complete the following time-phased record:

Week
Classic Model On
MPS Record hand 1 2 3 4 5 6 7 8 9 10
Forecast
Orders

Projected available
balance 140

Available-to-promise

MPS
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5. Nino Spirelli has constructed the following (partial) time-phased MPS record:

Week

On

hand 1 2 3 4 5 6
Forecast 20 | 30 | 20 | 30 | 20 | 30
Orders 14 8 6
Projected available
balance 5
Available-to-promise
MPS 50 50 50 | 50

a. Complete the record.
b. Are there any problems?
c. What’s the earliest Nino can promise an order for 44 units?

d. Assume that an order for 15 is booked for week 4. Assume the order for 44 units in part c is
not booked; recompute the record.

6. Georgia Clay and Gravel was updating the MPS record for one of its products, Smell Fresh Cat
Litter.

a. Complete the following MPS time-phased record.

Week
Item: Smell On
Fresh hand 1 2 3 4 5 6 7 8
Forecast 20| 20| 20| 30| 30| 30 | 30 | 30
Orders 5 3 2
Projected available | 20 | 50 | 30 | 10 | 30 | 50 | 20 | 40 | 10
balance
Available-to-promise
MPS 50 50 | 50 50

MPS Lot Size = 50.

The following events occurred during week 1:
» Actual demand during week 1 was 25 units.
» Marketing forecasted that 40 units would be needed for week 9.
* An order for 10 in week 2 was accepted.
* An order for 20 in week 4 was accepted.
* An order for 6 in week 3 was accepted.
* The MPS in week 1 was produced as planned.
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b. Update the record below after rolling through time.

Week
Item: Smell On
Fresh hand 2 3 4 5 6 7 8 9
Forecast
Orders

Projected available
balance 45

Available-to-promise
MPS

MPS Lot Size = 50.

7. Falcon Sports Inc. makes a line of Jet Skis. There are eight different end items (catalog num-
bers) in the Jet Ski product line. The skis vary according to horsepower, seating capacity, and
starting mechanism. The company expects to sell one-half of the Jet Skis in the 12-horsepower
model and one-half in the 10-horsepower model. The seating capacity breaks down to 60 per-

cent for dual seating and 40 percent for single seating. The breakdown for starters is 25 percent
manual and 75 percent automatic.

Catalog number | 2100 | 2101 1100 1101 2120 | 2121 1120 1121

Horsepower 10 10 10 10 12 12 12 12
Seating style Dual Dual | Single | Single Dual Dual | Single | Single
Starter Manual | Auto [ Manual | Auto | Manual | Auto | Manual | Auto
Component 602 602 602 602 601 601 601 601
parts 350 350 360 360 350 350 360 360

400 400 400 400 400 400 400 400
235 230 235 230 235 230 235 230
320 320 315 315 320 320 315 315
600 600 600 600 600 600 600 600
250 254 250 254 250 254 250 254
410 410 410 410 610 610 610 610

a. Group the component parts. Which are common? Which are associated with horsepower?
Seating style? Starter?

b. Create a super bill for Jet Skis matching the appropriate components with each option (in-
clude the usage percentages).

c. What are the advantages and disadvantages of the super bill approach to planning?
8. The Ace Electronics Company produces printed circuit boards on a make-to-order basis.

a. Prepare an MPS record for one of its items (catalogue #2400), including the available-to-
promise information, using the following data:
Final assembly production lead time = 2 weeks.
Weekly forecast = 100 units.
Current on-hand quantity = 0.
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Booked customer orders (already confirmed):
95 units in week 1.
105 units in week 2.
70 units in week 3.
10 units in week 5.

Master production schedule:
200 units to be completed at the start of week 1.
200 units to be completed at the start of week 3.
200 units to be completed at the start of week 5.
200 units to be completed at the start of week 7.
b. Suppose the cumulative lead time for the item (catalogue #2400) is eight weeks. What deci-
sion must the master scheduler make this week?

9. Brandy Boards produces circuit boards on a make-to-order basis. The company is currently plan-
ning production for one of its boards, the Sound Xapper. It has a weekly forecast of 50 boards,
current inventory of 70 boards, and uses an MPS quantity of 150. MPS and order information for
the next seven weeks are given below:

Current Booked Master Production
Orders Schedule
Week Quantity Week Quantity
1 60 2 150
2 70 5 150
3 20
4 70
5 40
6 30

a. Prepare an MPS record for the Sound Xapper for the next seven weeks, including available-
to-promise information.

b. Suppose the planning time fence is six weeks; what decision should the master scheduler
make this week?

c. Sales received the following customer requests at the start of week 1. Using the information

in the MPS record completed in part a, indicate to Sales which delivery commitments can be
made to the customers.

Possible New Orders

Week Quantity
1 5
3 10
6 20

10. The Parker Corporation produces and sells a machine for tending golf course greens. The
patented device trims the grass, aerates the turf, and injects a metered amount of nitrogen into the
soil. Machines are marketed through the Taylor Golf Course Supply Company, under the Parker
Company’s own original equipment brand, and, recently, through a lawn and garden supply house
(Brown Thumb), which serves both commercial and consumer accounts. Addition of the lawn
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EXHIBIT A
Last Year’s Catalog Number Sales Key
Sales by Body Horsepower* Drive Total = 100
Catalog T 4 c 1
Number
T 4 G 4 Body:
T = Taylor Supply
T 2 . [ O = OEM Parker’s
T 5 G 17 own
B = Brown Thumb
0} 4 C 13
0} 4 G 9
0} 5 C 10
O 5 G 8
B 4 C 6 Drive
C = Chain
g i o / G = Gear
B 5 C 2
B 5 G 5

*Note: The 3-HP machine would be offered in all three body styles and both drives.

and garden outlet and requests to add a 3-HP version have called into question the production
planning and control process for the machines.

Forecasting the products to be produced is difficult. There are now two drive mechanisms
(chain and gear), three different body styles (one for each outlet), and two sizes of engine (4- and
5-HP). This gives a total of 12 end items, all of which had some demand. (See Exhibit A.) The
3-HP motor would add six more end items. Forecasting demand for these new items would add
to the difficulty of forecasting demand.

Lead times for some of the castings and for 5S-HP motors have increased to the extent that it’s
not possible to wait until firm orders are received for the end items before the castings and mo-
tors have to be ordered. In addition, the firm’s business is growing; it anticipates selling about
120 units next year. Consequently, the production manager has arranged to purchase enough ma-
terial for 10 units per month. There’s plenty of capacity for the small amount of parts fabrication
required, but assembly capacity must be carefully planned. The current plan calls for assembly
capacity of 10 units per month.

With regard to the specific issue of forecasting, the marketing manager summarized the data on
the sales of each end item over the past year. (See Exhibit A.) He felt that a 20 percent growth in
total volume was about right and that 3-HP machines will perhaps account for half that growth. Of
course, once the forecasts were made, the production manager had to determine which motors and
castings (gear or chain) to order. Each machine was made up of many common parts, but the mo-
tors, chain or gear drive subassemblies, and bodies were different (though interchangeable).

a. Suggest an improved method of forecasting demand for the firm’s products.

b. As the production manager contemplated the difficulty of forecasting demand for the firm’s
products and determining exactly what to schedule into final assembly, two customers called.
The first, from Taylor, wanted to know when the company could deliver a model T3G; the
second wanted as early delivery as possible of one of Parker’s own machines, an O4C. The
Taylor representative said he felt that the three-horsepower models might “really take off.”
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EXHIBIT B
Inventories and
On-Order

Case

Item Inventory On Order in: Due Date Lot size
Common “kit” 0 5 each in: weeks 1,3,5,7,9 5
5-HP motor 10 5in: week 5 5
4-HP motor 3 5in: weeks 3, 8 5
3-HP motor 0 5in: week 1 5
Chain drive 14 — — 10
Gear drive 6 10 in: week 3 10

Delivery Week

1 2 3 4 5 6
Models 2T4G* 1B3G 1T5C 105G 1T5G 104G
105C 1T4C 1B4C
104G
Total 3 3 2 1 1 1

*2 units of T4G.

Before making any commitment at all, it was necessary to check the material availability
and get back to the two customers. It was the firm’s practice not to promise immediate deliv-
ery, since units scheduled for final assembly were usually already promised. The planned as-
sembly schedule called for assembly of three units next week, two units the following week,
and alternating three and two thereafter. As a matter of practice, all parts for assembly and
delivery in any week would need to be ready at the start of that week.

Exhibit B shows current inventory and on-order positions for the common part “kit,” the
motors, and the drives. (The production manager didn’t concern himself with the body styles
since all three styles can be obtained in a week.) Booked orders promised for delivery over the
next few weeks are also listed. Organize this information to respond to the delivery promise
requests. (Assume that no safety stocks are held.) What should the delivery promises be?

Customer Order Promising at Kirk Motors Ltd.

Kirk Motors Ltd. is a licensed motor vehicle dealer for Mitsubishi cars and trucks. Headquartered just
outside of Wellington, New Zealand, Kirk has outlets in several cities in New Zealand. The company is
a full-service distributor offering a complete range of Mitsubishi cars and trucks, with full maintenance
and used-vehicle facilities. The company sells products that are assembled in New Zealand, Australia,
and Japan. The wide variety of production/option combinations means that keeping a complete inven-
tory is impossible. Moreover, because of the multiple geographical sources of product, customer order
promising is complicated. To facilitate customer order promising and provide customers with infor-
mation on the specific models they are interested in, the company uses an availability record. This
record provides inventory and final assembly schedule information. Consequently, the firm can provide
very reliable product and delivery information to its customers.

The information to produce a response to a customer request is stored centrally, and individual re-
quests for a specific model and options are run when a customer wants the information. Figure 5.17
is an example of part of the record for the Wellington, New Zealand, location. The header informa-
tion gives the name of the dealer (Kirk, Wellington), and the salesperson specifies the vehicle model
number (KS6P41, containing information on engine, doors, etc.), special packages, other options,
and any paint (PT) specifications. Specifying the options does limit the search but doesn’t provide any
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FIGURE 5.17 Kirk Motors Available to Promise from Stock

Vehicle Search

Dealer Kirkwe

Model KS6P41

Package

Options

PT

Dealer Order PT ™ BS RS AM Locn Due

KIRKWE 631194 DF A5 BABS RSTD AIM KIRKWE STOCK
JX A5 BABS RSTD AlM TODDPK STOCK
JX A5 BABS RSTD AIM TODDPK STOCK
WP A5 BABS RSTD AIM TODDPK STOCK
WP A5 BABS RSTD AIM TODDPK STOCK
AE A5 BABS RSTD AIM TODDPK STOCK

KIRKLH 631426 AE A5 BABS RSTD AIM KIRKLH STOCK

MCVEMA 631294 DF A5 BABS RSTD AlM MCVEMA STOCK

TOUR 626477 LR A5 BABS RSTD TOUR STOCK

information for the customer to use for trading off, say, color for availability. For each vehicle listed,
the paint (PT), trim (TM), brakes (BS), air bags (RS), alarm system (AM), location (Locn), and avail-
ability (Due) codes are provided. The vehicles in stock are listed first, starting with those at the
Wellington dealership (KIRKWE), continuing with those in stock at the New Zealand assembly plant
(Todd Park, located near Wellington), and then those at other dealers at ever-increasing distances
from Wellington. If the customer finds the desired vehicle in stock, then arrangements are made for
delivery at the Wellington location.

The salesperson can use the system to look at the automobile assembly schedule to determine
availability if the vehicle is not in stock (or is too far away for delivery). An example is shown in Fig-
ure 5.18 on the next page, again for the Wellington dealership. The information is the same except
that now the assembly dates are provided in the Due column. Vehicles that are not already promised
to a dealer are available to promise to customers. In addition, for vehicles to be assembled in the fu-
ture there is some flexibility for the customer to change the options that are specified for the sched-
ule. The sales people are satisfied with their ability to provide reliable information to their customers
and to close sales that might not have been possible before. The system has been such an effective de-
vice that the company is now using it in its advertising, inviting customers to come in and configure
their own vehicle.

Assignment

1. A customer has called with an interest in purchasing an automobile with the following options:
PT = WP, TM = A5, BS = BABS, RS = RSTD, HM = AIM. How should Kirk Motors respond
to this inquiry?

Hill-Rom’s Use of Planning Bills of Materials

The use of planning bill of materials concepts can be very helpful in the sales and operations plan-
ning process. An example is the application developed at Hill-Rom, a manufacturer of hospital
beds, related equipment, and accessories for hospitals and nursing homes.
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FIGURE 5.18 Kirk Motors Available to Promise from Assembly

Vehicle Search

Dealer Kirkwe

Model KS6P41

Package

Options

PT

Dealer Order PT ™ BS RS AM Locn Due

DONNDN 630606 LQ A5 BSTD RSTD AIM TODDPK 01MAR

KIRKNM 630675 DF A5 BSTD RSTD AIM TODDPK 01MAR

DALLHA 630678 DA A5 BSTD RSTD AIM TODDPK 01MAR

KIRKMA 630761 WP A5 BSTD RSTD AlM TODDPK 01MAR
DA A5 BABS RSTD AIM TODDPK 01MAR
DF A5 BABS RBDR AIM TODDPK 01MAR

KIRKLH 631426 DA A5 BSTD RSTD AIM TODDPK 28MAR

DALLHA 631461 LQ A5 BSTD RSTD AIM TODDPK 28MAR

WRPH 631463 LQ A5 BABS RSTD AlM TODDPK 28MAR

DF A5 BSTD RSTD AIM TODDPK 28MAR
DF A5 BSTD RSTD AIM TODDPK 28MAR
WP A5 BSTD RSTD AIM TODDPK 29MAR
WP A5 BSTD RSTD AIM TODDPK 29MAR
DF A5 BABS RSTD AIM TODDPK 29MAR

FIGURE 5.19 Hill-Rom’s “Super-Duper” Bill

Total beds

Hospital beds Nursing home beds

I I
I I I | [ 1

Model A Model B Model C Model D Common Model X Model Y
add-ons

| | I I

Nursing home furniture (e.g., [ Over-bed ] [ Chai ] [ Add- ]
cabinets, dressers, safety sides) tables as ons

Hospital furniture (e.g.,
cabinets, chests, flower tables)
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Hill-Rom has expanded the planning bill concept to what it calls the “super-duper” bill. Figure
5.19 shows an abbreviated example. In this approach, only one item is forecast: total bed sales. All
other forecasts are treated as bill of materials relationships. For example, the forecast for over-bed
tables is a percentage of overall bed sales.

One marketing person at Hill-Rom found the super-duper bill concept ideal for implementing an
idea he’d been thinking about for some time. He believed the company makes trigger products and
trailer products. Beds are trigger products, whereas over-bed tables, chairs, and add-ons (such as
trapezes or intravenous fluid rods) are trailer products. Purchase of trailer products is dependent on
purchase of trigger products in somewhat the same relationship as component sales depend on end-
item sales. This relationship means that rather than forecast demand for over-bed tables, Hill-Rom
tracks and maintains the percentage relationship between sales of beds and over-bed tables.

This bill of materials relationship will probably be a better estimate than a direct forecast of over-
bed tables. If we expect bed sales to go up or down, by treating over-bed tables as a trailer product
with a bill of materials linkage, we have an automatic adjustment in over-bed table forecasts, as in all
trailer products.

Using bill of materials approaches to forecasting also forces a logical consistency. At one time the
forecast for 84-inch mattresses at Hill-Rom exceeded combined forecasts for beds using 84-inch mat-
tresses. Treating these relationships with bill of materials approaches reduces these inconsistencies,
which always result from independent estimating.

The sales and operations planning unit for these products at Hill-Rom is total beds. Furthermore,
the percentage split into hospital beds and nursing home beds is not only estimated, it’s managed.
Sales personnel are held to specified tolerance limits on this split because the capacity and net profit
implications of the percentage split are important.

Below each of these two super-duper bills are “super” bills for the various model series. Finally,
there’s another trigger-trailer relationship between total hospital bed sales and sales of hospital
furniture such as cabinets and flower tables. The same kind of bill of materials relationship is used to
forecast nursing home furniture sales. These various bill of materials relationships pass the planning
information down through the MPC system in a logically consistent way.

Finally, this entire approach is consistent with the way the firm does its strategic planning, which
is in terms of strategic business units (SBUs). SBUs are established as super bills. The result is a very
close integration of MPC and strategic planning.

Assignment

1. Suppose the production plan for total beds is 1,000 units per week and the percentage split for the
over-bed table is 10%. How many over-bed tables will be planned for production each week?




Chapter

Material Requirements
Planning

This chapter deals with material requirements planning (MRP), a basic tool for perform-
ing the detailed material planning function in the manufacture of component parts and
their assembly into finished items. MRP is used by many companies that have invested
in batch production processes. MRP’s managerial objective is to provide “the right part at
the right time” to meet the schedules for completed products. To do this, MRP provides
formal plans for each part number, whether raw material, component, or finished good.
Accomplishing these plans without excess inventory, overtime, labor, or other resources is
also important.
Chapter 6 is organized around the following five topics:

* Material requirements planning in manufacturing planning and control: Where does
MRP fit in the overall MPC system framework, and how is it related to other MPC
modules?

* Record processing: What is the basic MRP record, and how is it produced?

o Technical issues: What additional technical details and supporting systems should you
recognize?

» Using the MRP system: Who uses the system, how is it used, and how is the exact
match between MRP records and physical reality maintained?

»  System dynamics: How does MRP reflect changing conditions, and why must transac-
tions be processed properly?

Material Requirements Planning in Manufacturing
Planning and Control

For companies assembling end items from components produced in batch manufacturing
processes, MRP is central to the development of detailed plans for part needs. It is often
where companies start in developing their MPC systems. Facility with time-phased plan-
ning and the associated time-phased records is basic to understanding many other aspects
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FIGURE 6.1
Manufacturing
Planning and
Control System
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of the MPC system. Finally, although the introduction of JIT and investments in lean manu-
facturing processes have brought about fundamental changes in detailed material planning
for some firms, companies continue to adapt the MRP approach or enhance their existing
systems.

For firms using MRP, the general MPC framework depicted in Figure 6.1 shows that
detailed requirements planning is characterized by the use of time-phased (period-by-
period) requirement records. Several other supporting activities are shown in the front
end, engine, and back end of the system as well. The front end of the MPC system produces
the master production schedule (MPS). The back end, or execution system, deals with pro-
duction scheduling and control of the factory and with managing materials coming from
vendor plants.

The detailed material planning function represents a central system in the engine portion
of Figure 6.1. For firms preparing detailed material plans using MRP, this means taking a
time-phased set of master production schedule requirements and producing a resultant
time-phased set of component parts and raw material requirements.

In addition to master production schedule inputs, MRP requires two other basic
inputs. A bill of material shows, for each part number, what other part numbers are

Resource Sales and operations Demand
. _— : -~
planning planning —_— management
Master production
scheduling Front end

Routing Bills f’f Detailed materlal
file material planning
Detailed capacity Tri:clle(iir-é)r}rlliiid
lanni Y
pannme (MRP) records
Material and
capacity plans

Inventory
status
data

Shop-floor Vendor
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required as direct components. For example, for a car, it could show five wheels re-
quired (four plus the spare). For each wheel, the bill of materials could be a hub, tire,
valve stem, and so on. The second basic input to MRP is inventory status. To know how
many wheels to make for a given number of cars, we must know how many are on hand,
how many of those are already allocated to existing needs, and how many have already
been ordered.

The MRP data make it possible to construct a time-phased requirement record for
any part number. The data can also be used as input to the detailed capacity planning
models. Developing material and capacity plans is an iterative process where the plan-
ning is carried out level by level. For example, planning for a car would determine re-
quirements for wheels, which in turn determines requirements for tires, and so on. But
planning for tires has to be done affer the planning for wheels; if the company wants to
build 10 cars (50 wheels) and has 15 complete wheels on hand, it only needs 35 more—
and 35 tires. If 20 wheels have already been ordered, only 15 more must be made to
complete the 10 cars.

An MRP system serves a central role in material planning and control. It translates the
overall plans for production into the detailed individual steps necessary to accomplish
those plans. It provides information for developing capacity plans, and it links to the sys-
tems that actually get the production accomplished.

Record Processing

In this section, we present the MRP procedures starting with the basic MRP record, its
terminology, timing conventions, and construction. We then turn to an example illustrat-
ing coordination of planning component parts and end items. We examine several as-
pects of this coordination and the relationships that must be accounted for. We then look
at linking MRP records to reflect all the required relationships. We intend to show
clearly how each MRP record can be managed independently while the system keeps
them coordinated.

The Basic MRP Record

At the heart of the MPC system is a universal representation of the status and plans for any
single item (part number), whether raw material, component part, or finished good: the
MRP time-phased record. Figure 6.2 displays the following information:

The anticipated future usage of or demand for the item during each period (i.e., gross
requirements).

Existing replenishment orders for the item due in at the beginning of each period (i.e.,
scheduled receipts).

The current and projected inventory status for the item at the end of each period

(i.e., projected available balance).

Planned replenishment orders for the item at the beginning of each period (i.e.,
planned order releases).



FIGURE 6.2
The Basic
MRP Record
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Period

Gross requirements 10 40 | 10
Scheduled receipts 50

Projected available

balance 4 | 54 | 44 | 44 4 | 44
Planned order releases 50

Lead time = one period
Lot size = 50

The top row in Figure 6.2 indicates periods that can vary in length from a day to a quar-
ter or even longer. The period is also called a time bucket. A widely used time bucket or
period is one week. A timing convention is that the current time is the beginning of the
first period. The initial available balance of four units is shown prior to period 1. The num-
ber of periods in the record is called the planning horizon. In this simplified example, the
planning horizon is five periods. The planning horizon indicates the number of future peri-
ods for which plans are made.

The second row, “Gross requirements,” is the anticipated future usage of (or demand
for) the item. The gross requirements are time phased, which means they’re stated on a
unique period-by-period basis, rather than aggregated or averaged; that is, gross require-
ments are stated as 10 in period 2, 40 in period 4, and 10 in period 5, rather than as a total
requirement of 60 or as an average requirement of 12 per period. This method of presenta-
tion allows for special orders, seasonality, and periods of no anticipated usage to be explic-
itly taken into account. A gross requirement in a particular period will be unsatisfied unless
the item is available during that period. Availability is achieved by having the item in in-
ventory or by receiving either a scheduled receipt or a planned replenishment order in time
to satisfy the gross requirement.

Another timing convention comes from the question of availability. The item must be
available at the beginning of the time bucket in which it’s required. This means plans must
be so made that any replenishment order will be in inventory at the beginning of the period
in which the gross requirement for that order occurs.

The “Scheduled receipts” row describes the status of all open orders (work in process
or existing replenishment orders) for the item. This row shows the quantities ordered
and when we expect these orders to be completed. Scheduled receipts result from previ-
ously made ordering decisions and represent a source of the item to meet gross require-
ments. For example, the gross requirements of 10 in period 2 cannot be satisfied by the
4 units presently available. The scheduled receipts of 50, due in period 1, will satisfy
the gross requirement in period 2 if things go according to plan. Scheduled receipts
represent a commitment. For an order in the factory, necessary materials have been
committed to the order, and capacity at work centers will be required to complete it. For
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a purchased item, similar commitments have been made to a vendor. The timing con-
vention used for showing scheduled receipts is also at the beginning of the period; that
is, the order is shown in the period during which the item will be available to satisfy a
gross requirement.

The next row in Figure 6.2 is “Projected available balance.” The timing convention in
this row is the end of the period; that is, the row is the projected balance after replenish-
ment orders have been received and gross requirements have been satisfied. For this
reason, the “Projected available balance” row has an extra time bucket shown at the
beginning. The bucket shows the balance at the present time; that is, in Figure 6.2, the be-
ginning available balance is 4 units. The quantity shown in period 1 is the projected bal-
ance at the end of period 1. The projected available balance shown at the end of a period
is available to meet gross requirements in the next (and succeeding) periods. For exam-
ple, the 54 units shown as the projected available balance at the end of period 1 result
from adding the 50 units scheduled to be received to the beginning balance of 4 units.
The gross requirement of 10 units in period 2 reduces the projected balance to 44 units at
the end of period 2. The term projected available balance is used, instead of projected on-
hand balance, for a very specific reason. Units of the item might be on hand physically but
not available to meet gross requirements because they are already promised or allocated
for some other purpose.

The “Planned order releases” row is determined directly from the “Projected available
balance” row. Whenever the projected available balance shows a quantity insufficient to
satisfy gross requirements (a negative quantity), additional material must be planned for.
This is done by creating a planned order release in time to keep the projected available bal-
ance from becoming negative. For example, in Figure 6.2, the projected available balance
at the end of period 4 is 4 units. This is not sufficient to meet the gross requirement of
10 units in period 5. Because the lead time is one week, the MRP system creates a planned
order at the beginning of week 4 providing a lead time offset of one week. As we have used
a lot size of 50 units, the projected available balance at the end of week 5 is 44 units.
Another way that this logic is explained is to note that the balance for the end of period 4
(4 units) is the beginning inventory for period 5, during which there’s a gross requirement
of 10 units. The difference between the available inventory of 4 and the gross requirement of
10 is a net requirement of 6 units in period 5. Thus, an order for at least 6 units must be
planned for period 4 to avoid a shortage in period 5.

The MRP system produces the planned order release data in response to the gross re-
quirement, scheduled receipt, and projected available data. When a planned order is created
for the most immediate or current period, it is in the action bucket. A quantity in the ac-
tion bucket means some action is needed now to avoid a future problem. The action is to
release the order, which converts it to a scheduled receipt.

The planned order releases are not shown in the scheduled receipt row because they
haven’t yet been released for production or purchasing. No material has been committed to
their manufacture. The planned order is analogous to an entry on a Christmas list, since the
list comprises plans. A scheduled receipt is like an order mailed to a catalog firm for a
particular Christmas gift, since a commitment has been made. Like Christmas lists versus
mailed orders, planned orders are much easier to change than scheduled receipts. Not
converting planned orders into scheduled receipts any earlier than necessary has many
advantages.
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The basic MRP record just described provides the correct information on each part in
the system. Linking these single part records together is essential in managing all the parts
needed for a complex product or customer order. Key elements for linking the records are
the bill of materials, the explosion process (using inventory and scheduled receipt infor-
mation), and lead time offsetting. We consider each of these before turning to how the
records are linked into a system.

An Example Bill of Materials

Figure 6.3 shows a snow shovel, and item part number 1605. The complete snow shovel is
assembled (using four rivets and two nails) from the top handle assembly, scoop assembly,
scoop-shaft connector, and shaft. The top handle assembly, in turn, is created by combining
the welded top handle bracket assembly with the wooden handle using two nails. The
welded top handle bracket assembly is created by welding the top handle coupling to the
top handle bracket. In a similar way, the scoop assembly combines the aluminum scoop
with the steel blade using six rivets.

M
E E E
13122 11495 129 457
Top handle Welded top Top handle Top handle
assembly handle bracket bracket (Steel) (Wood)
assembly
101 O 10 Of
\ &5 \ \ oS \
cccccc
1605 314 2142 019
Snow shovel Scoop assembly Scoop (Aluminum) Blade (Steel)

=

048 1118 118
Scoop-shaft Top handle Shaft (Wood)
connector (Steel) coupling (Steel)
082 062 14127
Nail Nail Rivet

(Steel - 2 required)

(Steel - 4 required)

(Steel - 10 required)
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Explaining even this simple assembly process is a cumbersome task. Moreover, such di-
agrams as Figure 6.3 get more complicated as the number of subassemblies, components,
and parts used increases, or as they are used in increasingly more places (e.g., rivets and
nails). Two techniques that get at this problem nicely are the product structure diagram
and the indented bill of materials (BOM) shown in Figure 6.4. Both provide the detailed
information of Figure 6.3, but the indented BOM has the added advantage of being easily
printed by a computer.

FIGURE 6.4 Parts for Snow Shovel

Product structure diagram

1605

Shovel
complete

13122 048 118 062 14127 314
Top handle Scoop-shaft Shaft Nail Rivet Scoop
assembly connector (4 required) (4 required) assembly
457 082 11495 2142 019 14127
Top Nail Bracket Scoop Blade Rivet
handle (2 required) assembly (6 required)
129 1118
Top handle Top handle
bracket coupling

Indented bill of materials (BOM)
1605 Snow Shovel

13122 Top Handle Assembly (1 required)
457  Top Handle (1 required)
082  Nail (2 required)
11495 Bracket Assembly (1 required)
129 Top Handle Bracket (1 required)
1118 Top Handle Coupling (1 required)

048  Scoop-Shaft Connector (1 required)
118  Shaft (1 required)
062  Nail (4 required)
14127 Rivet (4 required)
314 Scoop Assembly
2142 Scoop (1 required)
019  Blade (1 required)
14127 Rivet (6 required)
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Note that both the product structure diagram and the indented BOM show exactly what
goes into what instead of being just a parts list. For example, to make one 13122 top han-
dle assembly, we see by the product structure diagram that one 457 top handle, two 082
nails, and one 11495 bracket assembly are needed. The same information is shown in the
indented BOM; the three required parts are indented and shown, one level beneath the
13122. Note also that we don * need a top handle bracket (129) or a top handle coupling
(1118) to produce a top handle assembly (13122). These are only needed to produce a
bracket assembly (11495). In essence, the top handle assembly does not care zow a bracket
assembly is made, only that it is made. Making the bracket assembly is a separate problem.

Before leaving our brief discussion of bills of material, it is important to stress that the
bill of material used to support MRP may differ from other company perceptions of a bill
of materials. The BOM to support MRP must be consistent with the way the product is
manufactured. For example, if we’re making red cars, the part numbers should be for red
doors. If green cars are desired, the part numbers must be for green doors. Also, if we
change to a different set of subassemblies, indentations on the BOM should change as well.
Engineering and accounting may well not care what color the parts are or what the manu-
facturing sequence is.

Gross to Net Explosion

Explosion is the process of translating product requirements into component part require-
ments, taking existing inventories and scheduled receipts into account. Thus, explosion
may be viewed as the process of determining, for any part number, the quantities of all
components needed to satisfy its requirements, and continuing this process for every part
number until all purchased and/or raw material requirements are exactly calculated.

As explosion takes place, only the component part requirements net of any inventory or
scheduled receipts are considered. In this way, only the necessary requirements are linked
through the system. Although this may seem like an obvious goal, the product structure can
make a determination of net requirements more difficult than it seems. To illustrate, let’s
return to the snow shovel example.

Suppose the company wanted to produce 100 snow shovels, and we were responsible for
making the 13122 top handle assembly. We are given current inventory and scheduled re-
ceipt information from which the gross requirements and net requirements for each com-
ponent of the top handle can be calculated, as shown in Figure 6.5.

FIGURE 6.5 Gross and Net Requirement Calculations for the Snow Shovel

Part Part Scheduled Gross Net
Description Number Inventory Receipts Requirements Requirements
Top handle assembly 13122 25 — 100 75
Top handle 457 22 25 @ 28
Nail (2 required) 082 4 50 150 96
Bracket assembly 11495 27 — 79 48
Top handle bracket 129 15 — «4@ 33

Top handle coupling 1118 39 15 48 —
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The gross and net requirements in Figure 6.5 may not correspond to what we feel they
should be. It might at the outset seem that since one top handle coupling (1118) is used per
shovel, the gross requirements should be 100 and the net requirement 46, instead of the 48
and zero shown. To produce 100 shovels means we need (have a demand for) 100 top han-
dle assemblies (part 13122). Twenty-five of these 100 can come from inventory, resulting in
a net requirement of 75. As we need to make only 75 top handle assemblies, we need 75 top
handles and bracket assemblies. This 75 is the gross requirement for parts 457 and 11495
(as indicated by the circled numbers in Figure 6.5). Because 2 nails (part 082) are used per
top handle assembly, the gross requirement for 082 is 150. The 25 units of top handle as-
sembly inventory contain some implicit inventories of handles, brackets, and nails, which
the gross to net process takes into account. Looking on down, we see that there are 27 units
of the bracket assembly in inventory, so the net requirement is for 48. This becomes the
gross requirement for the bracket and coupling. Since there are 39 top handle couplings in
inventory and 15 scheduled for receipt, there is no net requirement for part 1118.

Gross to net explosion is a key element of MRP systems. It not only provides the basis for
calculating the appropriate quantities but also serves as the communication link between part
numbers. It’s the basis for the concept of dependent demand; that is, the “demand” (gross
requirements) for top handles depends on the net requirements for top handle assemblies. To
correctly do the calculations, the bill of material, inventory, and scheduled receipt data are all
necessary. With these data, the dependent demand can be exactly calculated. It need not be
forecast. On the other hand, some independent demand items, such as the snow shovel, are
subject to demand from outside the firm. The need for snow shovels will have to be forecast.
The concept of dependent demand is often called the fundamental principle of MRP. It pro-
vides the way to remove uncertainty from the requirement calculations.

Lead Time Offsetting

Gross to net explosion tells us how many of each subassembly and component part are
needed to support a desired finished product quantity. What it does not do, however, is tell
us when each component and subassembly is needed. Referring back to Figures 6.3 and
6.4, clearly the top handle bracket and top handle coupling need to be welded together
before the wooden top handle is attached. These relationships are known as precedent
relationships. They indicate the order in which things must be done.

In addition to precedent relationships, determining when to schedule each component
part also depends on how long it takes to produce the part (that is, the lead time). Perhaps
the top handle bracket (129) can be fabricated in one day, while the top handle coupling
(1118) takes two weeks. If so, it would be advantageous to start making the coupling before
the bracket, since they are both needed at the same time to make a bracket assembly.

Despite the need to take lead time differences into account, many systems for component
part manufacturing ignore them. For example, most furniture manufacturers base production
on what is called a cutting. In the cutting approach, if a lot of 100 chairs were to be assem-
bled, then 100 of each part (with appropriate multiples) are started at the same time. Fig-
ure 6.6 is a Gantt chart (time-oriented bar chart) showing how this cutting approach would be
applied to the snow shovel example. (Note that processing times are shown on the chart.)

Figure 6.6 shows clearly that the cutting approach, which starts all parts as soon as pos-
sible, will lead to unnecessary work-in-process inventories. For example, the top handle
bracket (129) doesn’t need to be started until the end of day 9, since it must wait for the
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coupling (1118) before it can be put into its assembly (11495), and part 1118 takes 10 days.
In the cutting approach, parts are scheduled earlier than need be. This results from using
front schedule logic (that is, scheduling as early as possible).

What should be done is to back schedule—start each item as late as possible. Figure 6.7
provides a back schedule for the snow shovel example. The schedules for parts 1118,
11495, 13122, and 1605 don’t change, since they form a critical path. All of the other parts,
however, are scheduled later in this approach than in the front scheduling approach. A sub-
stantial savings in work-in-process inventory is obtained by this shift of dates.

Back scheduling has several obvious advantages. It will reduce work-in-process, post-
pone the commitment of raw materials to specific products, and minimize storage time of
completed components. Implementing the back schedule approach, however, requires a
system. The system must have accurate BOM data and lead time estimates, some way to
ensure all component parts are started at the right times, and some means of tracking com-
ponents and subassemblies to make sure they are all completed according to plans. The cut-
ting approach is much simpler, since all component parts are started at the same time and
left in the pipeline until needed.

MREP achieves the benefits of the back scheduling approach and performs the gross to
net explosion. In fact, the combination of back schedules and gross to net explosion is the
heart of MRP.
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FIGURE 6.7
Gantt Chart
Based on Back
Schedule
(latest start)
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Linking the MRP Records

Figure 6.8 shows the linked set of individual time-phased MRP records for the top handle as-
sembly of the snow shovel. We have already used the first five periods of the 082 nail record
shown in Figure 6.8 as the record in Figure 6.2. To see how that record fits into the whole, we
start with the snow shovels themselves. We said 100 snow shovels were going to be made, and
now we see the timing. That is, the “Gross requirements” row in the MRP record for part
number 13122 in Figure 6.8 shows the total need of 100 time phased as 20 in week 2, 10 in
week 4,20 in week 6, 5 in week 7, 35 in week 9, and 10 in week 10. Because each snow shovel
takes a top handle assembly, the “Gross requirements” row for the top handle shows when
shovel assembly is to begin. Note the total planned orders for the top handle assembly is the
net requirement of 75 that we calculated before in the gross to net calculations of Figure 6.5.

The lead time for the top handle assembly is two weeks, calculated as the five days pro-
cessing time shown in Figure 6.6 plus five days for paperwork. The lead time for each of the
other records is similarly calculated; one week (five days) of paperwork time is added to the
processing time and the total rounded to the nearest five-day week. The current inventories
and scheduled receipts for each part are those shown in Figure 6.5. The scheduled receipts
are shown in the appropriate periods. Using the two-week lead time and recognizing a net
requirement of five units in week 4 for the top handle assembly, we see the need to plan an
order for week 2 of five units.
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Week
1 2 3 4 5 6 7 8 9 10
Gross requirements 20 10 20 5 35110
13122 Top .
Scheduled receipts
handle assembly P
Lead time = 2 Projected available balance | 25125 5| 5 0 0 0 0 0 0 0
Planned order releases (.’D 20| 5 35110
Gross requirements @ 20| 5 35|10
457 Top .
handle Scheduled receipts 25
Lead time = 2 Projected available balance | 2222|1742 |22 17|17 o] o] o] ©
Planned order releases 18| 10
Gross requirements 10 40 | 10 70 | 20
082 Nail
(2 required) Scheduled receipts 50
Lead time = 1 Projected available balance 4 (54|44 44| 4|44 |44 |24]| 4| 4| 4
Lot size = 50
Planned order releases 50 50
Gross requirements 5 20| 5 35|10
11495 Bracket .
assembly Scheduled receipts
Lead time = 2 Projected available balance | 27 [ 27 [ 22|22 | 2| o| o] o| 0| o] ©
Planned order releases 3 35110
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129 Top handle .
bracket Scheduled receipts
Lead time = 1 Projected available balance | 15 | 15 [ 15 [12|12| o| o] o| o] o| ©
Planned order releases 23 |10
Gross requirements 3 35110
1118 Top handle
coupling Scheduled receipts 15
Lead time = 3 Projected available balance | 39 | 39 | 54 | 51 | 51 | 20 | 20 | 20 | 20 | 20 | 20
Safety stock = 20
Planned order releases 4 (10
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This planned order release of five units in week 2 becomes a gross requirement in
week 2 for the top handles as shown by the circles in Figure 6.8. Note also the gross re-
quirements for the nails and brackets in period 2 derive from this same planned order
release (with two nails per top handle assembly). Thus, the communication between records
is the dependent demand that we saw illustrated before in the gross to net calculations of
Figure 6.5.

The remaining planned order releases for the top handle assembly exactly meet the net
requirements in the remaining periods, offset for the lead time. The ordering policy used
for these items is called lot-for-lot (i.c., as required) sizing. An exception to the lot-for-lot
procedure is the ordering of nails, which is done in lots of 50. In the case of the nails, the
total planned orders will not necessarily add up to the net requirements.

Another part for which there is a discrepancy between the planned orders and the net re-
quirements calculated in Figure 6.5 is the top handle coupling. For this part, a safety stock
of 20 units is desired. This means the planned order logic will schedule a planned order
release to prevent the projected available balance from going below the safety stock level
of 20 units. For the top handle couplings, this means a total of 4 units must be planned for
period 2 and 10 for period 3 to maintain the 20-unit safety stock.

The one element we have yet to clearly show is the back scheduling effect. We saw in
Figure 6.7 that it would be desirable to delay the start of the top handle bracket (part 129)
so that this item is completed at the same time as the top handle coupling (part 1118). The
MRP records show that the start of the first planned order for part 129 isn’t until week 4,
two weeks after the first planned order for part 1118. Both of these planned orders are to
satisfy a gross requirement of 35 derived from the planned order for the bracket assembly
in week 5. We see then that the orders are back scheduled. This relationship can be more
complicated than our example, because the planned order release timing depends on the
safety stock and inventory levels, as well as the lead times. The MRP system, however, co-
ordinates all of that information and determines the appropriate planned order release
dates, based on back scheduling.

At this point, we see fully the linking of the MRP time-phased records. The “Planned
order releases” row for the top handle assembly (13122) becomes (with the appropriate
multiplier) the “Gross requirements” row for each of its components (parts 457, 082, and
11495), and they are linked together. Once all the gross requirements data are available for
a particular record, the individual record processing logic is applied and the planned order
releases for the part are passed down as gross requirements to its components, following
the product structure (BOM) on a level-by-level basis. In some cases, parts will receive
their requirements from more than one source (common parts), as is true for the nails and
rivets in the snow shovel. In these cases, gross requirements will reflect needs from more
than one planned order release source. Again, the system accounts for this and incorporates
it into the gross to net logic.

The MRP records take proper account of gross to netting. They also incorporate back
scheduling and allow for explicit timings, desired lot sizing procedures, safety stocks, and
part commonality. Even more important, however, is independence of the part number plan-
ning. With the MRP approach, the person planning snow shovels need not explicitly coor-
dinate his planning with planning of the component parts. The MRP system accomplishes
the coordination. Whatever is done to the MRP record for the snow shovels will result in a
set of planned orders that the system will correctly pass down as gross requirements to its



Technical Issues 195

components. This means plans for each part number can be developed independently of
the product structures, and the plans at each level will be communicated correctly to the
other levels.

Technical Issues

In this section, we briefly introduce some technical issues to consider in designing MRP
systems.

Processing Frequency

Thus far we’ve looked only at the static construction of the MRP records and how they’re
linked together. Since conditions change and new information is received, the MRP records
must be brought up to date so plans can be adjusted. This means processing the MRP
records anew, incorporating current information. Two issues are involved in the processing
decision: how frequently the records should be processed and whether all the records
should be processed at the same time.

Processing all of the records in one computer run is called regeneration. This signifies
that all part number records are completely reconstructed each time the records are
processed. When a regeneration run is conducted, all current planned orders are removed.
Then, starting with the end items, each item is completely rescheduled. This can generate
very large processing demands on the system. When initiated on line, the data-intensive
run can negatively affect overall system performance and cause inconvenience to other
users. To avoid this common problem, it is possible to conduct regeneration runs as back-
ground jobs. In addition to operating in the background, these jobs can be scheduled to
take place automatically during periods of low system demand, such as late evenings or
weekends.

The problem with processing less frequently is that the portrayal of component status
and needs expressed in the records becomes increasingly out of date and inaccurate. This
decrease in accuracy has both anticipated and unanticipated causes. As the anticipated
scheduled receipts are received and requirements satisfied, the inventory balances change.
As unanticipated scrap, requirement changes, stock corrections, or other such transactions
occur, they cause inaccuracies if not reflected in all the time-phased records influenced by
the transactions. Changes in one record are linked to other time-phased records as planned
order releases become gross requirements for lower-level components. Thus, some change
transactions may cascade throughout the product structure. If these transactions are not
reflected in the time-phased records early enough, the result can be poor planning.

More frequent processing of the MRP records increases computer costs but results in
fewer unpleasant surprises. When the records reflecting the changes are produced, appro-
priate actions will be indicated to compensate for the changes.

A logical response to the pressure for more frequent processing is to reduce the required
amount of calculation by processing only the records affected by the changes. An alterna-
tive to regeneration is the net change approach. With net change, only those items that are
affected by the new or changed information are reprocessed.

The argument for the net change approach is that it can reduce computer time enough to
make daily or even real-time processing possible. Because only some of the records are
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reviewed at each processing, there’s a need for very accurate computer records and transaction
processing procedures. Some net change users do an occasional regeneration to clean up all
records.

The most challenging aspect of net change is its hypersensitivity, or nervousness. The
frequent replanning may result in continual revision of recommended user actions through
the revision of planned order releases. Users may be frustrated with these frequent revi-
sions to the plan.

Bucketless Systems

To some extent, the problems of timing are tied to the use of time buckets. When the buck-
ets are small enough, the problems are reduced significantly. However, smaller buckets
mean more buckets, which increases review, storage, and computation costs. A bucketless
MRP system specifies the exact release and due dates for each requirement, scheduled
receipt, and planned order. The managerial reports are printed out on whatever basis is
required, including by exact dates.

Bucketless MRP systems are a better way to use the computer. Above and beyond that,
the approach allows better maintenance of lead time offsets and provides more precise
time-phased information. The approach is consistent with state-of-the-art software, and
many firms now use bucketless systems. The major addition is that the planning cycle itself
is bucketless. That is, plans are revised as necessary, not on a periodic schedule, and the
entire execution cycle is also shortened.

Lot Sizing

In the snow shovel example of Figure 6.8, we use a fixed lot size (50 units for the nails) and
the lot-for-lot procedure. The lot size of 50 for the nails could have been someone’s esti-
mate of a good lot size or the result of calculation. The time-phased information can be
used in combination with other data to develop lot sizes conforming to organizational
needs. We might reach the conclusion, for the top handle (1118) in Figure 6.8, that it’s un-
desirable to set up the equipment for 4 parts in week 2, and again for 10 parts in week 3, so
we’d combine the two orders. The time-phased record permits us to develop such discrete
lot sizes that will exactly satisfy the net requirements for one or more periods.

Several formal procedures have been developed for lot sizing the time-phased require-
ments. The basic trade-off usually involves elimination of one or more setups at the
expense of carrying inventory longer. In many cases, discrete lot sizes possible with MRP
are more appealing than fixed lot sizes. Compare the residual inventory of nails in week 10,
with that of the bracket assemblies in Figure 6.8, for example.

At first glance the lot-for-lot technique seems a bit too simple-minded since it does not
consider any of the economic trade-offs or physical factors. However, batching planned or-
ders at one level will increase gross requirements at the next level in the product structure.
So larger lot sizing near the end-item level of the bill of materials cascades down through
all levels. Thus, it turns out that lot-for-lot is better than we might expect in actual practice,
particularly at the intermediate levels in the bill of materials. This is especially the case
when a product structure has many levels, and the cascading effect becomes greatly mag-
nified. This cascading effect can be mitigated to some extent for components and raw
materials that are very common. When this is the case, again lot sizing may be appropriate.
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As a consequence, many firms employ lot sizing primarily at the end-item and basic com-
ponent levels, while intermediate subassemblies are planned on a lot-for-lot basis.

Safety Stock and Safety Lead Time

Carrying out detailed component plans is sometimes facilitated by including safety stocks
and/or safety lead times in the MRP records. Safety stock is a buffer of stock above and
beyond that needed to satisfy the gross requirements. Figure 6.8 illustrates this by incorpo-
rating safety stock for the top handle coupling. Safety lead time is a procedure whereby
shop orders or purchase orders are released and scheduled to arrive one or more periods
before necessary to satisfy the gross requirements.

Safety stocks can be incorporated into MRP time-phased records. The result is that the
projected available balance doesn’t fall below the safety stock level instead of reaching
zero. To incorporate safety lead time, orders are issued (planned) earlier and are scheduled
(planned) to be received into inventory before the time that the MRP logic would indicate
as necessary. Figure 6.9 shows the top handle bracket from Figure 6.8 being planned with
a one-week safety lead time. Notice that both the planned release and planned receipt dates
are changed. Safety lead time is not just inflated lead time.

Both safety stock and safety lead time are used in practice and can be used simultane-
ously. However, both are hedges indicating that orders should be released (launched) or that
they need to be received when, in fact, this is not strictly true. To use safety stocks and
safety lead times effectively, we must understand the techniques’ influence on plans. If they
are not well understood, wrong orders can be sent to the factory, meaning workers will try
to get out part A because of safety lead time or safety stock when, in fact, part B will be
required to meet a customer order.

Safety stock tends to be used in MRP systems where uncertainty about quantities is the
problem (e.g., where some small amount of scrap, spare part demand, or other unplanned
usage is a frequent occurrence). Safety lead time, on the other hand, tends to be used when
the major uncertainty is the timing rather than the quantity. For example, if a firm buys
from a vendor who often misses delivery dates, safety lead time may provide better results
than safety stock.

FIGURE 6.9 MRP Record with Safety Lead Time

1 2 3 4 5 6 7 8 9 10

Part 129

Top handle
bracket
lead time = 1

Lot-for-lot

Safety lead
time =1

Gross
requirements 3 35| 10

Scheduled receipts

Projected
available
balance 15115115 12| 35| 10 0| O 0 0 0

Planned order
releases 23 | 10
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Low-Level Coding

If we refer once again to Figure 6.4, we see that the rivet (part 14127) is a common part.
The “Planned order” row for completed shovels will be passed down as gross requirements
to the rivet. But there are additional requirements for the rivets (14127) from the scoop
assembly (314). If we process the time-phased record for this common part before all of its
gross requirements have been accumulated, the computations must be redone.

The way this problem is handled is to assign low-level code numbers to each part in the
product structure or the indented BOM. By convention, the top final assembly level is
denoted as level 0. In our example, the snow shovel would have a low-level code of 0. All
immediate component part numbers of this part (13122, 048, 118, 062, 14127, and 314 in
Figure 6.4) are given the low-level code number 1. The next level down (part numbers 457,
082, 11495,2142, 019, and 14127) are low-level coded 2. Note the common part (rivet) has
just been recoded as level 2, indicating it is used lower in the product structure. The higher
the level codes, the lower in the product structure the part is used. Consequently, the last
level code assigned to a part indicates the lowest level of usage and is the level code
retained for that part. We finish the example when part numbers 129 and 1118 are coded
level 3. The level code assigned to any part number is based on the part’s usage in all prod-
ucts manufactured by the organization.

Once low-level codes are established, MRP record processing proceeds from one level
code to the next, starting at level code 0. This ensures all gross requirements have been
passed down to a part before its MRP record is processed. The result is planning of com-
ponent parts coordinated with the needs of all higher-level part numbers. Within a level, the
MRP record processing is typically done in part number sequence.

Pegging

Pegging relates all the gross requirements for a part to all the planned order releases or
other sources of demand that created the requirements. The pegging records contain the
specific part number or numbers of the sources of all gross requirements. At level 0, for ex-
ample, pegging records might contain the specific customer orders to be satisfied by the
gross requirements in the end-item, time-phased records. For lower-level part numbers, the
gross requirements are most often pegged to planned orders of higher-level items, but
might also be pegged to customer orders if the part is sold as a service part.

Pegging information can be used to go up through the MRP records from a raw mater-
ial gross requirement to some future customer order. In this sense, it’s the reverse of the
explosion process. Pegging is sometimes compared to where-used data. Where-used data,
however, indicate for each part number, the part numbers of all items on which the part is
used. Pegging, on the other hand, is a selective where-used file. Pegging shows only the
specific part numbers that produce the specific gross requirements in each time period.
Thus, pegging information can trace the impact of a material problem all the way up to the
order it would affect.

Firm Planned Orders

The logic used to illustrate the construction of an MRP record for an individual part num-
ber is automatically applied for every processed part number. The result is a series of
planned order releases for each part number. If changes have taken place since the last time
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the record was processed, planned order releases can be very different from one record-
processing cycle to the next. Because planned orders are passed down as gross require-
ments to the next level, the differences can cascade throughout the product structure.

One device for preventing this cascading down through the product structure is to create
a firm planned order (FPO). FPO, as the name implies, is a planned order that the MRP
system does not automatically change when conditions change. To change either the quan-
tity or timing of a firm planned order, managerial action is required. This means the trade-
offs in making the change can be evaluated before authorization.

The FPO provides a means for temporarily overriding the system to provide stability or
to solve problems. For example, if changes are coming about because of scrap losses on
open orders, the possibility of absorbing those variations with safety stock can be evalu-
ated. If more rapid delivery of raw material than usual is requested (say by using air freight)
to meet a special need, lead time can be reduced for that one order. An FPO means the sys-
tem will not use the normal lead time offset from the net requirement for that order.

Service Parts

Service part demand must be included in the MRP record if the material requirements are
not to be understated. The service part demand is typically based on a forecast and is
added directly into the gross requirements for the part. From the MRP system point of
view, the service part demand is simply another source of gross requirements for a part,
and the sources of all gross requirements are maintained through pegging records. The
low-level code for a part used exclusively for service would be zero. If it’s used as a com-
ponent part as well, the low-level code would be determined the same way as for any
other part.

As actual service part needs occur, it’s to be expected that demand variations will arise.
These can be partially buffered with safety stocks (inventories specifically allocated to ser-
vice part usage) or by creative use of the MRP system. By careful examination of pegging
records, expected shortage conditions for manufacturing part requirements can sometimes
be satisfied from available service parts. Conversely, critical service part requirements can
perhaps be met with orders destined for higher-level items. Only one safety stock inventory
is needed to buffer uncertainties from both sources, however.

Planning Horizon

In Figure 6.8, the first planned order for top handle assemblies occurs in week 2 to meet
period 4’s gross requirement of 10 units. This planned order of 5 units in week 2 results
in a corresponding gross requirement in that week for the bracket assembly (part 11495).
This gross requirement is satisfied from the existing inventory of part 11495. But a differ-
ent circumstance occurs if we trace the gross requirements for 35 top handle assemblies in
week 9.

The net requirement for 35 units in week 9 becomes a planned order release in week 7.
This, in turn, becomes a gross requirement for 35 bracket assemblies (part 11495) in
week 7 and a planned order release in week 5. This passes down to the top handle coupling
(part 1118), which creates a planned order release for 4 units in week 2. This means the
cumulative lead time for the top handle assembly is 7 weeks (from release of the coupling
order in week 2 to receipt of the top handle assemblies in week 9).
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Scheduled Receipts versus Planned Order Releases

A true understanding of MRP requires knowledge of certain key differences between a
scheduled receipt and a planned order. We noted one such difference before: the scheduled
receipt represents a commitment, whereas the planned order is only a plan—the former is
much more difficult to change than the latter. A scheduled receipt for a purchased item
means a purchase order, which is a formal commitment, has been prepared. Similarly, a
scheduled receipt for a manufactured item means there’s an open shop order. Raw materi-
als and component parts have already been specifically committed to that order and are no
longer available for other needs. One major result of this distinction, which can be seen in
Figure 6.8, is that planned order releases explode to gross requirements for components,
but scheduled receipts (the open orders) do not.

A related issue is seen from the following question: Where would a scheduled receipt for
the top handle assembly (13122) in Figure 6.8 of, say, 20 units in week 2 be reflected in the
records for the component parts (457, 082, and 11495)? The answer is nowhere! Scheduled
receipts are not reflected in the current records for component parts. For that scheduled
receipt to exist, the component parts would have already been assigned to the shop order
representing the scheduled receipt for part 13122 and removed from the available balances
of the components. As far as MRP is concerned, the 20 part 457s, 40 part 082s, and 20 part
11495s don’t exist! They’re on their way to becoming 20 part 13122s. The 13122 record
controls this process, not the component records.

Using the MRP System

In this section, we discuss critical aspects of using the MRP system to ensure that MRP sys-
tem records are exactly synchronized with physical flows of material.

The MRP Planner

The persons most directly involved with the MRP system outputs are planners. They are
typically in the production planning, inventory control, and purchasing departments. Plan-
ners have the responsibility for making detailed decisions that keep the material moving
through the plant. Their range of discretion is carefully limited (e.g., without higher autho-
rization, they cannot change plans for end items destined for customers). Their actions,
however, are reflected in the MRP records. Well-trained MRP planners are essential to
effective use of the MRP system.

Computerized MRP systems often encompass tens of thousands of part numbers. To
handle this volume, planners are generally organized around logical groupings of parts
(such as metal parts, wood parts, purchased electronic parts, or West Coast distribution
center). Even so, reviewing each record every time the records are processed would not be
an effective use of the planners’ time. At any time, many records require no action, so the
planner only wants to review and interpret those that do require action.

The primary actions taken by an MRP planner are:

1. Release orders (i.e., launch purchase or shop orders when indicated by the system).
2. Reschedule due dates of existing open orders when desirable.
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3. Analyze and update system planning factors for the part numbers under her control. This
would involve such things as changing lot sizes, lead times, scrap allowances, or safety
stocks.

4. Reconcile errors or inconsistencies and try to eliminate root causes of these errors.

5. Find key problem areas requiring action now to prevent future crises.

6. Use the system to solve critical material shortage problems so actions can be captured
in the records for the next processing. This means the planner works within formal MRP
rules, not by informal methods.

7. Indicate where further system enhancements (outputs, diagnostics, etc.) would make the
planner’s job easier.

Order Launching

Order launching is the process of releasing orders to the shop or to vendors (purchase
orders). This process is prompted by MRP when a planned order release is in the current
time period, the action bucket. Order launching converts the planned order into a sched-
uled receipt reflecting the lead time offset. Order launching is the opening of shop and
purchase orders; closing these orders occurs when scheduled receipts are received into
stockrooms. At that time, a transaction must be processed—to increase the on-hand inven-
tory and eliminate the scheduled receipt. Procedures for opening and closing shop orders
have to be carefully defined so all transactions are properly processed.

The orders indicated by MRP as ready for launching are a function of lot sizing proce-
dures and safety stock as well as timing. We saw this in Figure 6.8 where we worked with
lot-for-lot approaches and fixed lot sizes. A key responsibility of the planner is managing
with awareness of the implications of these effects. For example, not all of a fixed lot may
be necessary to cover a requirement, or a planned order that’s solely for replenishment of
safety stock may be in the action bucket.

When an order is launched, it’s sometimes necessary to include a shrinkage allowance
for scrap and other process yield situations. The typical approach allows some percentage
for yield losses that will increase the shop order quantity above the net amount required. To
effect good control over open orders, the fofal amount, including the allowance, should be
shown on the shop order, and the scheduled receipt should be reduced as actual yield losses
occur during production.

Allocation and Availability Checking

A concept closely related to order launching is allocation—a step prior to order launching
that involves an availability check for the necessary component or components. From the
snow shovel example, if we want to assemble 20 of the top handle assembly (13122) in
period 4, the availability check would be whether sufficient components (20 of part 457, 40
of part 082, and 20 of part 11495) are available. If not, the shop order for 20 top handle
assemblies (13122) should not be launched, because it cannot be executed without compo-
nent parts. The planner role is key here, as well. The best course of action might be to
release a partial order. The planner should evaluate that possibility.

Most MRP systems first check component availability for any order that a planner de-
sires to launch. If sufficient quantities of each component are available, the shop order can
be created. If the order is created, then the system allocates the necessary quantities to the
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particular shop order. (Shop orders are assigned by the computer, in numerical sequence.)
The allocation means this amount of a component part is mortgaged to the particular shop
order and is, therefore, not available for any other shop order. Thus, the amounts shown in
Figure 6.8 as projected available balances may not be the same as the physical inventory
balances. The physical inventory balances could be larger, with the differences represent-
ing allocations to specific shop orders that have been released, but whose component parts
have not been removed from inventory.

After availability checking and allocation, picking tickets are typically created and sent
to the stockroom. The picking ticket calls for a specified amount of some part number to be
removed from some inventory location, on some shop order, to be delivered to a particular
department or location. When the picking ticket has been satisfied (inventory moved), the
allocation is removed and the on-hand balance is reduced accordingly.

Availability checking, allocation, and physical stock picking are a type of double-entry
bookkeeping. The result is that the quantity physically on hand should match what the
records indicate is available plus what is allocated. If they don’t match, corrective action
must be taken. The resulting accuracy facilitates inventory counting and other procedures
for maintaining date integrity.

Exception Codes

Exception codes in MRP systems are used “to separate the vital few from the trivial many.”
If the manufacturing process is under control and the MRP system is functioning correctly,
exception coding typically means only 10 to 20 percent of the part numbers will require
planner review at each processing cycle. Exception codes are in two general categories. The
first, checking the input data accuracy, includes checks for dates beyond the planning hori-
zon, quantities larger or smaller than check figures, nonvalid part numbers, or any other
desired check for incongruity. The second category of exception codes directly supports the
MRP planning activity. Included are the following kinds of exception (action) messages or
diagnostics:

1. Part numbers for which a planned order is now in the most immediate time period (the
action bucket). It’s also possible to report any planned orders two to three periods out
to check lead times, on-hand balances, and other factors while there’s some time to
respond, if necessary.

2. Open order diagnostics when the present timing and/or amount for a scheduled receipt
is not satisfactory. Such a message might indicate that an open order exists that’s
not necessary to cover any of the requirements in the planning horizon. This message
might suggest order cancellation caused by an engineering change that substituted some
new part for the one in question. The most common type of open order diagnostic shows
scheduled receipts that are timed to arrive either too late or too early and should, there-
fore, have their due dates revised to reflect proper factory priorities. An example of this
is seen with each of the three scheduled receipts in Figure 6.8. The 457 top handle open
order of 25 could be delayed one week. A one-week delay is also indicated for the 082
nail scheduled receipt. For part 1118 (the top handle coupling), scheduled receipt of 15
could be delayed from week 2 until week 5. Another open order exception code is to flag
any past-due scheduled receipt (scheduled to have been received in previous periods, but
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for which no receipt transaction has been processed). MRP systems assume a past-due
scheduled receipt will be received in the immediate time bucket.

3. A third general type of exception message indicates problem areas for management;
in essence, situations where level 0 quantities can’t be satisfied unless the present
planning factors used in MRP are changed. One such exception code indicates a require-
ment has been offset into the past period and subsequently added to any requirement in the
first or most immediate time bucket. This condition means an order should have been
placed in the past. Since it wasn’t, lead times through the various production item levels
must be compressed to meet the end-item schedule. A similar diagnostic indicates the al-
locations exceed the on-hand inventory—a condition directly analogous to overdrawing a
checking account. Unless more inventory is received soon, the firm will not be able to
honor all pick tickets issued, and there will be a material shortage in the factory.

Bottom-up Replanning
Bottom-up replanning—using pegging data to solve material shortage problems—is best seen
through an example. Let’s return again to Figure 6.8, concentrating on the top handle assembly
and the nails (parts 13122 and 082). Let’s suppose the scheduled receipt of 50 nails arrives on
Wednesday of week 1. On Thursday, quality control checks them and finds the vendor sent the
wrong size. This means only 4 of the 10 gross requirement in week 2 can be satisfied. By peg-
ging this gross requirement up to its parent planned order (5 units of 13122 in week 2), we see
that only 7 of the gross requirement for 10 units in week 4 can be satisfied (the 5 on hand plus
2 made from 4 nails). This, in turn, means only 7 snow shovels can be assembled in week 4.

The pegging analysis shows that 3 of the 10 top handle assemblies can’t be available
without taking some special actions. If none are taken, the planned assembly dates for the
snow shovels should reflect only 7 units in week 4, with the additional 3 scheduled for week 5.
This should be done if we cannot overcome the shortfall in nails. The change is necessary
because the 10 snow shovels now scheduled for assembly in week 4 also explode to other
parts—parts that won’t be needed if only 7 snow shovels are to be assembled.

There may, however, be a critical customer requirement for 10 snow shovels to be as-
sembled during week 4. Solving the problem with bottom-up replanning might involve one
of the following alternatives (staying within the MRP system, as planners must do):

1. Issue an immediate order to the vendor for six nails (the minimum requirement), secur-
ing a promised lead time of two days instead of the usual one week. This will create a
scheduled receipt for six in week 2.

2. Order more nails for the beginning of week 3, and negotiate a one-week reduction in
lead time (from two weeks to one week) for fabricating this one batch of part 13122. The
planned order release for five would be placed in week 3 and converted to a firm planned
order, so it would not change when the record is processed again. The negotiation for a
one-week lead time might involve letting the people concerned start work earlier than
week 3 on the two part 13122s, for which material already exists, and a reduction in the
one-week paperwork time included in the lead times.

3. Negotiate a one-week lead time reduction for assembling the snow shovels; place a firm
planned order for 10 in week 5, which will result in a gross requirement for 10 top han-
dle assemblies in period 5 instead of period 4.
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Thus, we see the solution to a material shortage problem might be made by compress-
ing lead times throughout the product structure using the system and bottom-up replanning.
Planners work within the system using firm planned orders and net requirements to develop
workable (but not standard) production schedules. The creativity they use in solving prob-
lems will be reflected in the part records at the next MRP processing cycle. All implications
of planner actions will be correctly coordinated throughout the product structure.

It’s important to note that the resolution of problems cannot a/ways involve reduced lead
time and/or partial lots. Further, none of these actions are free. In some cases, customer
needs will have to be delayed or partial shipments made. Pegging and bottom-up replanning
will provide advance warning of these problems so customers can take appropriate actions.

An MRP System Output

Figure 6.10 is an MRP time-phased record for one part number out of a total of 13,000 at
the Batesville, Indiana, facility of the Hill-Rom Company. The header information includes
the date the report was run, part number and description, planner code number, buyer code
number (for purchased parts), unit of measure for this part number (pieces, pounds, etc.),
rejected parts that have yet to receive disposition by quality control, safety stocks, shrink-
age allowance for anticipated scrap loss, lead time, family data (what other parts are simi-
lar to this one), year-to-date scrap, usage last year, year-to-date usage, and order policy/lot
size data. The policy code of 3 for this part means the order policy is a periodic order
quantity (POQ). In this case, “periods to comb. = 04” means each order should combine
four periods of net requirements.

The first time bucket is “past due.” After that, weekly time buckets are presented for the
first 28 weeks of data; thereafter, 24 weeks of data are lumped into 4-week buckets. In the
computer itself, a bucketless system is used with all data kept in exact days, with printouts
prepared in summary format for one- and four-week buckets. The company maintains a
manufacturing calendar; in this example, the first week is 563 (also shown as 1/22), and the
last week is 612.

In this report, safety stock is subtracted from the on-hand balance (except in the past-
due bucket). Thus, the exception message indicating that a planned order for 491 should
have been issued three periods ago creates no major problem, since the planner noted that
this amount is less than the safety stock. This report also shows the use of safety lead time.
Planned receipts are given a specific row in the report and are scheduled one week ahead
of the actual need date. For example, the 337-unit planned order of week 565 is a planned
receipt in week 573, although it’s not needed until week 574.

The final data in the report is the pegging data section tying specific requirements to the
part numbers from which those requirements came. For example, in week 565 (shop order
no. 790205), the requirement for 483 derives from part number F17144. MRP records are
printed at this company only for those part numbers for which exception messages exist.

System Dynamics

Murphy’s law states that if anything can go wrong, it will. Things are constantly going
wrong, so it’s essential that the MRP system mirror actual shop conditions; that is, both the
physical system and the information system have to cope with scrap, incorrect counts,
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FIGURE 6.11
MRP Record
for Part 1234
as of Week 1

Gross
requirements 30| 20 | 20 0 45
Scheduled

Lead time = 2 receipts 50

Lot size = 50 Projected
available balance 10 [ 30 | 10 | 40 | 40 | 45

Planned order
releases 50 50

changes in customer needs, incorrect bills of material, engineering design changes, poor
vendor performance, and a myriad of other mishaps.

In this section, we look at the need for quick and accurate transaction processing and re-
view the MRP planner’s replanning activities in coping with change. We discuss sources of
problems occurring as a result of database changes plus actions to ensure the system is
telling the truth, even if the truth hurts.

Transactions during a Period

To illustrate transaction processing issues, we use a simple example for one part. Figure 6.11
shows an MRP record (for part 1234) produced over the weekend preceding week 1. The
planner for part 1234 would receive this MRP record on Monday of week 1.

The planner’s first action would be to try to launch the planned order for 50 units in pe-
riod 1; that is, the MPC system would first check availability of the raw materials for this
part and then issue an order to the shop to make 50, if sufficient raw material is available.
Launching would require allocating the necessary raw materials to the shop order, remov-
ing the 50 from the “Planned order release” row for part 1234, and creating a scheduled
receipt for 50 in week 3, when they’re needed. Thereafter, a pick ticket would be sent to the
raw material area and work could begin.

Let’s assume during week 1 the following changes occurred, and the transactions were
processed:

+ Actual disbursements from stock for item 1234 during week 1 were only 20 instead of
the planned 30.

* The scheduled receipt for 50 due in week 1 was received on Tuesday, but 10 units were
rejected, so only 40 were actually received into inventory.

* The inventory was counted on Thursday and 20 additional pieces were found.
» The requirement date for the 45 pieces in week 5 was changed to week 4.

» Marketing requested an additional five pieces for samples in week 2.

* The requirement for week 6 has been set at 25.

The resultant MRP record produced over the weekend preceding week 2 is presented as
Figure 6.12.



FIGURE6.12
MRP Record
for Part 1234
as of Week 2
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2 3 4 5 6

Gross
requirements 25| 20 | 45 0| 25
Scheduled

Lead time = 2 receipts 50

Lot size = 50 Projected
available balance 50| 25|55 | 10| 10| 35

Planned order
release 50

Rescheduling

The MRP record shown in Figure 6.12 illustrates two important activities for MRP plan-
ners: (1) indicating the sources of problems that will occur as a result of database changes
and (2) suggesting actions to ensure the system is telling the truth. Note the scheduled
receipt presently due in week 3 is not needed until week 4. The net result of all the changes
to the database means it’s now scheduled with the wrong due date, and the due date should
be changed to week 4. If this change is not made, this job may be worked on ahead of some
other job that is really needed earlier, thereby causing problems. The condition shown in
Figure 6.12 would be highlighted by an MRP exception message, such as “reschedule the
receipt currently due in week 3 to week 4.”

Complex Transaction Processing

So far, we’ve illustrated system dynamics by using a single MRP record. However, an ac-
tion required on the part of an MRP planner may have been caused by a very complex set
of database transactions involving several levels in the bill of materials. As an example,
consider the MRP records shown in Figure 6.13, which include three levels in the product
structure. Part C is used as a component in both parts A and B as well as being sold as a ser-
vice part. Part C, in turn, is made from parts X and Y. The arrows in Figure 6.13 depict the
pegging data.

The part C MRP record is correctly stated at the beginning of week 1. That is, no ex-
ception messages would be produced at this time. In particular, the two scheduled receipts
of 95 and 91, respectively, are scheduled correctly, since delaying either by one week would
cause a shortage, and neither has to be expedited to cover any projected shortage.

While the two scheduled receipts for part C are currently scheduled correctly, transac-
tions involving parts A and B can have an impact on the proper due dates for these open or-
ders. For example, suppose an inventory count adjustment for part A resulted in a change
in the 30-unit planned order release from week 1 to week 3. In this case, the 95 units of part
C would not be needed until week 3, necessitating a reschedule. Similarly, any change in
timing for the planned order release of 25 units of part A in week 4 would call for a resched-
ule of the due date for 91 units of part C. Finally, suppose a transaction requiring 75 addi-
tional units of part B in week 5 were processed. This would result in an immediate release
of an order for 100 units of part C. This might necessitate rescheduling for parts X and Y.
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FIGURE 6.13

MRP Record
Relationships
for Several
Parts

Part A Part B

o -
T SN~ ] Service part
e~ T~ — \ demand
Planned order Planned order 50 pieces
releases 30 25125 releases 15 40 25 in week 6
| I
1 2 3 4 5 6
Part C Gross requirements 45 65 | 25 75
Lead time = 4 | Scheduled receipts 95 91
Order quantity | Projected available balance 18 (68| 68| 3|69 |69 |94
= 100 Planned order releases 100
{ I }
Gross Gross
requirements 100 requirements 100
Scheduled | L —1 | 24— | Scheduled | 1 |
receipts _—— receipts _——
Part X Part Y

Note: This example is based on one originally developed by Joseph Orlicky. Orlicky s Material Requirements Planning, 2nd ed. New York:
McGraw-Hill, 1994, chap. 4, pp. 69-99.

The point here is that actions required on the part of an MRP planner can occur because of
a complex set of database transactions involving many different parts. They may not nec-
essarily directly involve the particular part being given attention by the MRP planner.

Procedural Inadequacies

MRP replanning and transaction processing activities are two essential aspects of ensuring
the MPC database remains accurate. However, while these activities are necessary, they
aren’t sufficient to maintain accurate records. Some of the procedures used to process trans-
actions simply may be inadequate to the task.

To illustrate inadequate transaction procedures, let’s return to the example in Figure 6.13.
Note that, if 4 or more pieces are scrapped on the shop order for 95, there will be a shortage
in week 3, necessitating rescheduling of the order for 91 one week earlier.

It’s even more interesting to see what would happen if 4 pieces were scrapped on the
order for 95, and this scrap transaction weren’t processed. If the scrap isn’t reported, MRP
records would appear as shown in Figure 6.13, indicating no required rescheduling—
when, in fact, that’s not true. If the shortage were discovered by the person in charge of
the stockroom when he or she puts away this order, then only one week would be lost be-
fore the next MRP report shows the problem. If, however, the stockroom person doesn’t
count, or if the person who made the scrap puts the defective parts at the bottom of the
box where they go undetected by quality control, then the problem will be discovered only
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when the assembly lines are trying to build As and Bs in week 3. Such a discovery comes
under the category of unpleasant surprises. An interesting sidelight to this problem is that
the cure will be to rush down to the shop to get at least 1 piece from the batch of 91. The
very person who failed to report the earlier scrap may well now be screaming, “Why don’t
those idiots know what they need!”

Still another aspect of the scrap reporting issue can be seen by noting the 95 and 91 were
originally issued as lot sizes of 100. This probably means 5 and 9 pieces of scrap have oc-
curred already, and the appropriate adjustments have been made in the scheduled receipt
data. Note that, if these adjustments had not been made, the two scheduled receipts would
show as 100 each. The resultant 14 (or 5 4 9) pieces (that don’t, in fact, exist) would be re-
flected in the MRP arithmetic. Thus, the projected available balance at the end of period
5 would be 83 (or 69 + 14); this is more than enough to cover the gross requirement of 75
in period 6, so the planned order release for 100 in period 2 would not exist and the error
would cascade throughout the product structure. Further, even if shop orders are carefully
counted as they are put into storage, the five-piece shortage in period 1 is not enough to
cause the MRP arithmetic to plan an order. Only after period 4 (the beginning of period 5)
will the additional nine pieces of scrap be incorporated in the MRP record showing a pro-
jected shortage in period 6. This will result in an immediate order, to be completed in one
week instead of four! What may be obvious is that, if accurate counting isn’t done, then the
shortage is discovered in week 6, when the assembly line goes down. This means proce-
dures for issuing scrap tickets when scrap occurs and procedures for ensuring good
parts are accurately counted into inventory must be in place. If not, all the MPC systems
will suffer.

The long and the short of all this is that we have to believe the numbers, and an error of
as little as one piece can cause severe problems. We have to know the truth. We have to
tightly control transactions. Moreover, we have to develop iron-clad procedures for pro-
cessing MPC database transactions.

Concluding
Principles

Chapter 6 provides an understanding of the MRP approach to detailed material planning. It
describes basic techniques, some technical issues, and how MRP systems are used in prac-
tice. MRP, with its time-phased approach to planning, is a basic building-block concept for
materials planning and control systems. Moreover, there are many other applications of
the time-phased record. We see the most important concepts or principles of this chapter
as follows:

+ Effective use of an MRP system allows development of a forward-looking (planning)
approach to managing material flows.

* The MRP system provides a coordinated set of linked product relationships, thereby
permitting decentralized decision making on individual part numbers.

» All decisions made to solve problems must be done within the system, and transactions
must be processed to reflect the resultant changes.

» Effective use of exception messages allows focusing attention on the “vital few,” not on
the “trivial many.”
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System records must be accurate and reflect the factory’s physical reality if they’re to be
useful.

Procedural inadequacies in processing MRP transactions need to be identified and
corrected to ensure material plans are accurate.

Discussion
Questions

Problems

. Why is the MRP activity in the “engine” part of the MPC system shown in Figure 6.1?
. What additional information would be helpful to you in using or following the basic MRP

record?

. Compare a bill of materials (BOM) and a cookbook recipe.
4. How does the system coordinate the individual item records and provide back schedule

information?

. Provide examples of potential differences between the information system and the physical real-

ity for university activities. What are the consequences of some of these mismatches?

. What are some of the reasons for wanting to process the records in an MRP system frequently?

Provide examples and consequences of delaying the processing of the information.

. The chapter uses a Christmas list and Christmas gift order analogy for planned order releases and

scheduled receipts. What are other analogies of these two concepts? Why is it important to keep
them separate in the MRP records?

. What are the implications of not allocating material to a shop order after availability checking?
. Give some examples of transaction processing for individual students at a university. What hap-

pens if they are not done well?

. Joe’s Burgers sells three kinds of hamburgers—Big, Giant, and The Football. The bills of mate-

rials are:
Big Burger Giant Burger Football Burger
1 Ib. patty 1.0 1 Ib. patty 1.0 1 Ib. patty 2.0
Regular bun 1.0 Sesame bun 1.0 Sesame bun 1.0
Pickle slice 1.0 Pickle slices 2.0 Pickle slices 4.0
Catsup 0.1 oz. Catsup 0.2 oz. Lettuce 0.3 oz.
Onion 0.2 oz. Catsup 0.2 oz.
Cheese 0.5 oz.
Onion 0.2 oz.

a. If the product mix is 20 percent Big, 45 percent Giant, and 35 percent Footballs, and Joe sells
200 burgers a day, how much hamburger meat is used per day?

b. How many pickle slices are needed per day?

c. Suppose buns are delivered every second day. Joe is ready to order. His on-hand balance of
regular buns is 25, and his on-hand balance of sesame buns is 20. How many buns should be
ordered?

d. Reconsider question c if Joe has 10 Big hamburgers, 5 Giant, and 15 Footballs all made.

. The following illustration shows how to assemble your own computer.
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Memory board (M) Arithmetic board (A)
Assemble 4 RAM chips (C) Assemble 1 integrated microprocessor (Z)
and 1 switch (S) onto a with 2 ROM chips (R) and 1 switch (S)
board type (X). onto a board type (Y).
C C R 2
S zZ
C C S

Processor unit (P)

Working from back to front of the box
casing (B), assemble one switch (S) to the
inside of each of the 4 plug connections at
the back of the box. Then fit 3 memory
boards (M) into the 3 identical rows of
connectors. Finally, fit 2 arithmetic
boards (A) into the front connector rows.

S S S S

Final assembly

The video unit (V) and the

keyboard unit (K) have been
preassembled (with connecting cables).
Simply connect the sockets on the end
of their cables to the corresponding
plugs at the rear of the processor unit (P).
Your computer is now ready to use.

a. Draw the product structure tree corresponding to the assembly instructions.

b. Determine low-level codes for the following items: (1) A—arithmetic board, (2) B—box cas-
ing, (3) C—RAM chip, (4) K—keyboard unit, (5) M—memory board, (6) P—Processor unit,
(7) R—ROM chip, (8) S—switch, (9) V—video unit, (10) X—board type X, (11) Y—board
type Y, and (12) Z—integrated microprocessor.

c. Assume no inventory of any item. How many of each part should be available to assemble one
completed unit?

3. Power Tools (PT) has just received an order for 70 PT band saws, to be shipped at the beginning
of week 9. Information concerning the saw assembly is given here:

PT Band Saw

Item Lead Time (weeks) Components
Saw 2 A(2*), B, C(3)

A 1 E(3), D

B 2 D(2), F(3)

C 2 E(2), D(2)

D 1

E 1

F 3

*Number of parts required to make one parent.
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a. Draw the product structure tree.
b. Construct a Gantt chart for the new order using front schedule logic.
c. Construct a Gantt chart for the new order using back schedule logic.

4. The recipe for 6 servings of Martha’s Triple Chocolate Smoothie calls for 4 dashes of cinnamon,
1.5 liters of vanilla ice cream, 2 liters of chocolate ice cream, 0.5 liter of chocolate milk, and
1 bag of chocolate chips.

a. Martha is planning an ice cream social for 12 people and wants to make Triple Chocolate
Smoothies. How much chocolate ice cream does she need for 12 servings if her chocolate
ice cream is totally gone?

b. How many liters of vanilla ice cream must be bought if Martha already has one liter of vanilla
on hand?

c. Martha is planning her party for November 15. It’s now November 11. The local dairy will de-
liver liters of ice cream and milk if given a one-day notice. Fill in the following MRP record
for chocolate milk if Martha has 0.5 liter on hand and wants the rest delivered. Assume she
can make the Smoothies on the day of the social.

November
11 12 13 14 15

Gross requirements

Scheduled receipts

Projected available balance

Planned order release

5. Develop an MRP spreadsheet record for six periods using the following parameters for the item:

Period 1 2 3 4 5 6
Gross requirements 20 20 40 30 30 30

Lead time 1 period
Lot size 50 units
Safety stock 0 units
Inventory 2 units
Scheduled receipt 50 units in period 1

a. In what periods are there planned order releases?
b. What happens to the timing, number of planned order releases, and average inventory (for
periods 1 through 6) if 15 units of safety stock are required?
c. What happens to the timing, number of planned order releases, and average inventory (for
periods 1 through 6) if a one-week safety lead time is used instead of the safety stock?
6. Given the following product structure diagram, complete the MRP records for parts A, B,
and C.




Problems 213

Week
Part A 1 2 3 4 5 6
Gross requirements 5 |15 18| 8 | 12 | 22
Scheduled receipts
Projected available balance 21
Planned order release
Q=20;LT=1;S8=0.
Week
Part B 1 2 3 4 5 6
Gross requirements
Scheduled receipts 32
Projected available balance 20
Planned order release
Q=40;LT=2;SS=0.
Week
Part C 1 2 3 4 5 6

Gross requirements

Scheduled receipts

Projected available balance 70

Planned order release

Q=LFL; LT = I; SS = 10.




214 Chapter 6 Material Requirements Planning

7. Given the product structure diagrams at Traci’s Tomahawk shown below, complete the MRP
records for parts A, F, and G using the data provided for each.

Product Structures

I _I_‘
I I |
[(2 re(;ilired)] [ ¢

Week
Part A 1 2 3 4 5
Gross requirement 5 3 10 | 15 | 15
Scheduled receipt 5
Projected available balance 10
Planned order release
Lead time = 13 Q = L4L; SS = 0.
Week
Part F 1 2 3 4 5
Gross requirement 10 | 20 | 25 | 15 | 5
Scheduled receipt 15
Projected available balance 15
Planned order release
Lead time = 2; Q = L4L; SS = 0.
Week
Part G 1 2 3 4 5

Gross requirement

Scheduled receipt 20

Projected available balance 30

Planned order releases

Lead time = 1; Q = multiples of 20; SS = 10.

8. Ajax produces two basic products called A and B. Each week, Paul, the owner, plans to assemble
20 product As and 8 product Bs.
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a. Given this information and the following product structure diagrams for A and B, fill out
the MRP records (inventory status files) for component parts G and Y for the next seven
weeks.

Y
[(2 required)] [ z ]

Week
Part G 1 2 3 4 5 6 7
Gross requirements
Scheduled receipts 10
Projected available balance 0
Planned order release
Q = lot for lo; LT = 138 = 0.
Week
Part Y 1 2 3 4 5 6 7

Gross requirements

Scheduled receipts 10

Projected available balance 67

Planned order release

Q = lot-for-lot; LT = 2; SS = 0.

b. Suppose 10 units of safety stock are required for part Y. What changes would result in the
records? Would the MRP system produce any exception messages?

9. Consider the following product structure and inventory information:

B C D
(1 required) (2 required) (1 required)
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Item Inventory
A 10
B 40
C 60
D 60

Lead time = 1 week for all items. There are no scheduled receipts for any item. How many units
of product A can be delivered to customers at the start of next week (i.e., in one week) under each
of the following circumstances? (Treat each independently; that is, only a, only b, or only c.)

a. The bill of materials for B is wrong. It actually takes 2 units of B to make an A.

b. The inventory for D is only 30 units.

c. There was need to scrap 5 units of the inventory for item C.

10. XYZ Manufacturing Company has collected 10 periods of data for two of its products, A and B.
Using the two data sets as gross requirements data, construct MRP time-phased records. Using a
spreadsheet program, create four time-phased records, two for each data set. For one case, use a
lot size of 150 units, and for the other use an order quantity equal to the total net requirements for
the next three periods. In all four records, start with a beginning inventory of 150 units and com-
pute the average inventory level held over the 10 periods. What do the results mean?

Period
Demand 1 2 3 4 5 6 7 8 9 10
A 71 | 46 | 49 | 55 | 52 | 47 | 51 | 48 | 56 | 51
B 77 | 83|90 (22| 10|10 | 16 [ 19 | 27 | 79

11. Consider the information contained in the planned order row of the following MRP record. The
planned order releases in weeks 2 and 4 are firm planned orders and cannot be changed without
managerial approval.

Period
1 2 3 4 5
Gross requirements 10 [ 30 | 20 | 15 | 20

Scheduled receipts 40

Projected available balance 10 | 40 | 10 | 30 | 15 | 35

Planned order release (firm) 40 40

Q=40;LT=1;SS=5.

Use an MRP spreadsheet to answer the following questions:
a. What transactions would cause an action message on the firm planned order in week 2?
b. What transactions would cause an action message on the firm planned order in week 4?
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12. Consider the following MRP record:

Week
1 2 3 4 5 6
Gross requirements 25 | 30 5 115] 5 10
Scheduled receipts 50 15

Projected available balance 35 {10 |30 | 25|10 | 20 | 10

Planned order releases

Q = lot-for-lot; LT = 5; SS = 0.

Suppose 15 units of the scheduled receipt for 50 units due on Monday of week 2 are scrapped
during week 1, and no scrap ticket is issued. Furthermore, assume this lot isn’t counted before it’s
put away in the stockroom on Monday of week 2, but is recorded as a receipt of 50 units. What
impact will these actions have on factory operations?

13. Complete the following MRP time-phased record:

Week
Item: Toaster 1 2 3 4 5 6 7 8
Gross requirements 20 | 20 | 35 [ 25 | 35 | 35 | 35 | 35

Scheduled receipts 50

Projected available balance 10

Planned order release

Q=50;LT=2;SS=5.

The following events occurred during week 1:

1. Actual demand during week 1 was only 5 units.

2. A scheduled receipt of 45 was received during week 1.

3. A cycle count of on-hand units showed 17 units at the start of week 1.
4. Marketing forecasted that 40 toasters would be required in week 9.
Update the record below after rolling through time.

Week
Item: Toaster 2 3 4 5 6 7 8 9
Gross requirements 20 | 25 | 25 | 35 | 35 | 35 | 35

Scheduled receipts 50

Projected available balance

Planned order release

Q=50;LT=2;SS =5.
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14. The MPC system at ABC Manufacturing Company is run weekly to update the master produc-
tion schedule (MPS) and MRP records. At the start of week 1, the MPS for end products X and
Y is:

Master Production Schedule

Week Number 1 2 3 4 5 6
Product X 10 — 25 5 10 —
Product Y 5 30 — 20 — 20

One unit of component C is required to manufacture one unit of either end product X or Y. Pur-
chasing lead time for component C is two weeks, an order quantity of 40 units is used, and no
(zero) safety stock is maintained for this item. Inventory balance for component C is 5 units at
the start of week 1, and there’s an open order (scheduled receipt) for 40 units due to be delivered
at the beginning of week 1.

a. Complete the MRP record for component C as it would appear at the beginning of week 1:
Week
1 2 3 4 5 6

Gross requirements

Scheduled receipts

Projected available balance

Planned order releases

b. During week 1, the following transactions occurred for component C:

1. The open order for 40 units due to be received at the start of week 1 was received on Monday
of week 1 with a quantity of 30 (10 units of component C were scrapped on this order).

2. An inventory cycle count during week 1 revealed that five units of component C were
missing. Thus, an inventory adjustment of —5 was processed.

3. Ten units of component C were actually disbursed (instead of the 15 units planned for dis-
bursement to produce end products X and Y). (The MPS quantity of 5 in week 1 for prod-
uct B was canceled as a result of a customer order cancellation.)

4. The MPS quantities for week 7 include 15 units for product X and 0 units for product Y.

5. Because of a change in customer order requirements, marketing has requested that the
MPS quantity of 25 units for product X scheduled in week 3 be moved to week 2.

6. An order for 40 units was released.

Given this information, complete the MRP record for component C as it would appear at the
beginning of week 2:
Week

2 3 4 5 6 7

Gross requirements

Scheduled receipts

Projected available balance

Planned order releases
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What action(s) are required by the inventory planner at the start of week 2 as a result of transac-
tions occurring during week 1?

15. Use a spreadsheet program to develop the MRP records for parts A and B from the following
product structure. Use the data from the following table:

Part A B
Requirements 50/period —

Initial inventory balance 63 8

Lead time 1 1

Lot size lot-for-lot 250
Safety stock 10 —
Scheduled receipt — 250 in period 1

|

I
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a. What are the planned orders for item B?

b. On an unlucky day (it must have been the 13th), the planner for part A found that the inven-
tory was wrong by 13 units. Instead of 63, there were only 55 on hand. What happens to the
planned orders for part B?

|
L]

N

c. Use the spreadsheet model to generate a 10-period material plan for parts A and B. Assume
that the 63 units of inventory for A were correct. Suppose that in period 1, actual demand for
part A was 60 units instead of 50. Regenerate the spreadsheet for periods 2 through 11. What
changes occur in the material plans for parts A and B?
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Advanced MRP

This chapter concerns some advanced issues in material requirements planning (MRP).
Some concepts and conventions discussed here can improve well-functioning basic sys-
tems. Most concepts are of a “fine-tuning” nature and can provide additional benefits to the
company.

We feel the first, most important phase in MRP is to install the system, make it part of
an ongoing managerial process, get users trained in the use of MRP, understand the critical
linkages with other areas, achieve high levels of data integrity, and link MRP with other
modules of the front end, engine, and back end of manufacturing planning and control
(MPC) systems. Having achieved this first phase, many firms then turn to the advanced
issues discussed in this chapter.

Chapter 6A is organized around three topics:

» Determining manufacturing order quantities: What are the basic trade-offs in lot sizing
in the MRP environment, and what techniques are useful?

* Buffering concepts: What are the types of uncertainties in MRP, and how can we buffer
against these uncertainties?

* Nervousness: Why are MRP systems subject to nervousness, and how do firms deal
with system nervousness?

Determining Manufacturing Order Quantities
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The MRP system converts the master production schedule into a time-phased schedule for
all intermediate assemblies and component parts. Detailed schedules consist of two parts:
scheduled receipts (open orders) and planned orders. Each scheduled receipt’s quantity and
timing (due date) have been determined prior to release to the shop. We determine quanti-
ties and timings for planned orders via MRP logic using the inventory position, the gross
requirements data, and specific procedures for making the decisions.

A number of quantity-determination (lot-sizing) procedures have been developed for
determining order quantities in MRP systems, ranging from ordering as required (lot-for-
lot), to simple decision rules, and finally to extensive optimizing procedures. This section
describes four such lot-sizing procedures using a common problem.
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The primary consideration in the development of lot-sizing procedures for MRP is the
nature of the net requirements data. The demand dependency relationship from the product
structures and the time-phased gross requirements mean the net requirements for an item
might appear as illustrated in Figure 6A.1. First, it’s important to note that the requirements
do not reflect the key independent demand assumption of a constant uniform demand. Sec-
ond, the requirements are discrete, since theyre stated on a period-by-period basis (time-
phased), rather than as a rate (e.g., an average of so much per month or year). Finally, the
requirements can be /umpy, that is, they can vary substantially from period to period and
even have periods with no requirements.

MRP lot-sizing procedures are designed specifically for the discrete demand case. One
problem in selecting a procedure is that reductions in inventory-related costs can generally
be achieved only by using increasingly complex procedures. Such procedures require more
computations in making lot-sizing determinations. A second problem concerns local opti-
mization. The lot-sizing procedure used for one part in an MRP system has a direct impact
on the gross requirements data passed to its component parts. The use of procedures other
than lot-for-lot tends to increase gross requirements data lumpiness further down in the
product structure.

The manufacturing lot-size problem is basically one of converting requirements into
a series of replenishment orders. If we consider this problem on a local level—that is,
only in terms of the one part and not its components—the problem involves determin-
ing how to group time-phased requirements data into a schedule of replenishment
orders that minimizes the combined costs of placing manufacturing orders and carrying
inventory.

Because MRP systems normally replan on a daily or weekly basis, timing affects the
assumptions commonly made in using MRP lot-sizing procedures. These assumptions
are as follows. First, since we aggregate component requirements by time period for
planning purposes, we assume all requirements for each period must be available at the
beginning of the period. Second, we assume all requirements for future periods must
be met and can’t be back ordered. Third, since the system is operated on a periodic
basis, we assume ordering decisions occur at regular time intervals (e.g., daily or
weekly). Fourth, we assume the requirements are properly offset for manufacturing
lead times. Finally, we assume component requirements are satisfied at a uniform rate
during each period. Therefore, we use average inventory level in computing inventory
carrying costs.

In the following sections, we’ll illustrate the results from applying four different order-
ing procedures to the example data in Figure 6A.1. This example will illustrate how these

Example Problem: Weekly Net Requirements Schedule

Week number
Requirements

1 2 3 4 5 6 7 8 9 10 11 12
10 10 15 20 70 180 250 270 230 40 0 10

Ordering cost = C, = $300 per order
Inventory carrying cost = C,; = $2 per unit per week
Average requirements = D = 92.1
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FIGURE 6A.2

procedures vary in their assumptions and how much they utilize available data in making
lot-sizing decisions.

Economic Order Quantities (EOQ)

Because of its simplicity, people often use the economic order quantity (EOQ) formula
as a decision rule for placing orders in a requirements planning system. As the following
example shows, however, the EOQ model frequently must be modified in requirements
planning system applications. Because we base the EOQ on the assumption of constant
uniform demand, the resulting total cost expression won’t necessarily be valid for require-
ments planning applications.

Figure 6A.2 shows the results of ordering material in economic lot sizes for the exam-
ple data. In this example the EOQ formula used average weekly demand of 92.1 units for
the entire requirements schedule to compute the economic lot size. Note, too, order quan-
tities are shown when received, and average inventory for each period was used in comput-
ing the inventory carrying cost.

This example illustrates several problems with using economic lot sizes. When the re-
quirements aren’t equal from period to period, as is often the case in MRP, fixed EOQ lot
sizes result in a mismatch between order quantities and requirements values. This can mean
excess inventory must be carried forward from week to week. As an example, 41 units are
carried over into week 6 when a new order is received.

In addition, we must increase the order quantity in those periods where the requirements
exceed the economic lot size plus the amount of inventory carried over into the period. An
example occurs in week 7. This modification is clearly preferable to the alternative of plac-
ing orders earlier to meet demand in such periods, since this would only increase inventory
carrying costs. Likewise, the alternative of placing multiple orders in a given period would
needlessly increase the ordering cost.

Finally, use of the average weekly requirements figure in computing economic lot size
ignores much of the other information in the requirements schedule. This information
concerns magnitude of demand. For instance, there appear to be two levels of component
demand in this example. The first covers weeks 1 to 4 and 10 to 12; the second covers weeks
5t0 9. We could compute an economic lot size for each of these time intervals and place

Economic Order Quantity Example

Week number
Requirements
Order quantity

1 2 3 4 5 6 7 8 9 10 11 12
10 10 15 20 70 180 250 270 230 40 0 10
166 166 223 270 230 166

Beginning inventory 166 156 146 131 111 207 250 270 230 166 126 126

Ending inventory

156 146 131 111 41 27 0 0 0 126 126 116

Ordering cost $1,800
Inventory carrying cost 3,065
Total cost $4,865

(Economic lotsize = V2GD/Cy = V2(300)(92.1)/2 = 166)
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FIGURE 6A.3 Periodic Order Quantity Example
Week number 1 2 3 4 5 6 7 8 9 10 11 12
Requirements 10 10 15 20 70 180 250 270 230 40 0 10
Order quantity 20 35 250 520 270 10
Beginning inventory 20 10 35 20 250 180 520 270 270 40 0 10
Ending inventory 10 0 20 0 180 0 270 0 40 0 0 0
Ordering cost $1,800
Inventory carrying cost 2,145

Total cost $3,945

orders accordingly. This proposal, however, would be difficult to implement because deter-
mining different demand levels requires a very complex decision rule.

Periodic Order Quantities (POQ)

One way to reduce the high inventory carrying cost associated with fixed lot sizes is to
use the EOQ formula to compute an economic time between orders (TBO). We do
this by dividing the EOQ by the mean demand rate. In the preceding example, the eco-
nomic time interval is approximately two weeks (166/92.1 = 1.8). The procedure then
calls for ordering exactly the requirements for a two-week interval. This is termed the
periodic order quantity (POQ). Applying this procedure to the data in our example
(Figure 6A.1) produces Figure 6A.3. The result is the same number of orders as the
EOQ produces, but with lot sizes ranging from 20 to 520 units. Consequently, inven-
tory carrying cost has been reduced by 30 percent, thereby improving the total cost of
the 12-week requirements schedule by 19 percent in comparison with the preceding
EOQ result.

Although the POQ procedure improves inventory cost performance by allowing lot sizes
to vary, like the EOQ procedure it too ignores much of the information in the requirements
schedule. Replenishment orders are constrained to occur at fixed time intervals, thereby
ruling out the possibility of combining orders during periods of light product demand (e.g.,
during weeks 1 through 4 in the example). If, for example, orders placed in weeks 1 and 3
were combined and a single order were placed in week 1 for 55 units, combined costs can
be further reduced by $160, or 4 percent.

Part Period Balancing (PPB)

The part period balancing (PPB) procedure uses all the information provided by the re-
quirements schedule. In determining an order’s lot size, this procedure tries to equate the
total costs of placing orders and carrying inventory. We illustrate this point by considering
the alternative lot-size choices available at the beginning of week 1. These include placing
an order covering the requirements for:

. Week 1 only.

. Weeks 1 and 2.

. Weeks 1, 2, and 3.

. Weeks 1, 2, 3, and 4.

. Weeks 1,2, 3,4, and 5, etc.

wn AW N =
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FIGURE 6A.4

Inventory carrying costs for these five alternatives are shown below. We base these cal-
culations on average inventory per period, hence the 1/2 (average for one week), 3/2 (one
week plus the average for the second week), and so on.

1. ($2) - [(1/2) - 10] = $10.

. ($2) - [(1/2) - 10] + [(3/2) - 10] = 40.

. ($2) - [(1/2) - 10] + [(3/2) - 10] + [(5/2) - 15] = $115.

L ($2) - [(1/2) - 10] + [(3/2) - 10] + [(5/2) - 15] + [(7/2) - 20] = $255.

L ($2) - [(1/2) - 10] + [(3/2) - 10] + [(5/2) - 151 +[(7/2) - 20] + [(9/2) - 70] = $885.

In this case, the inventory carrying cost for alternative 4 (ordering 55 units to cover
demand for the first four weeks) most nearly approximates the $300 ordering cost; that is,
alternative 4 “balances” the cost of carrying inventory with the ordering cost. Therefore, we
should place an order at the beginning of the first week and the next ordering decision need
not be made until the beginning of week 5.

When we apply this procedure to all the example data, we get the result in Figure 6A.4.
As seen, total inventory cost falls almost $500—it’s 13 percent lower than the cost obtained
with the periodic order quantity procedure. The PPB procedure permits both lot size and
time between orders to vary. Thus, for example, in periods of low requirements, it yields
smaller lot sizes and longer time intervals between orders than occur in high demand peri-
ods. This results in lower inventory-related costs.

Despite the fact that PPB utilizes all available information, it won’t always yield the
minimum-cost ordering plan. Although this procedure can produce low-cost plans, it may
miss the minimum cost, since it doesn’t evaluate all possibilities for ordering material to
satisfy demand in each week of the requirements schedule.

wmoRA W N

Wagner-Whitin Algorithm

One optimizing procedure for determining the minimum-cost ordering plan for a time-
phased requirements schedule is the Wagner-Whitin (WW) algorithm. Basically, this
procedure evaluates all possible ways of ordering material to meet demand in each week of
the requirements schedule, using dynamic programming. We won’t attempt to describe the
computational aspects of the Wagner-Whitin algorithm in the space available here. Rather,
we’ll note the difference in performance between this procedure and the part period bal-
ancing procedure.

Part Period Balancing Example

Week number
Requirements
Order quantity

1 2 3 4 5 6 7 8 9 10 11 12
10 10 15 20 70 180 250 270 230 40 0 10
55 70 180 250 270 270 10

Beginning inventory 55 45 35 20 70 180 250 270 270 40 0 10

Ending inventory 45 35 20 0 0 0 0 0 40 0 0 0
Ordering cost $2,100
Inventory carrying cost 1,385

Total cost

$3,485
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FIGURE 6A.5 Wagner-Whitin Example

Week number 1 2 3 4 5 6 7 8 9 10 11 12
Requirements 10 10 15 20 70 180 250 270 230 40 0 10
Order quantity 55 70 180 250 270 280

Beginning inventory 55 45 35 20 70 180 250 270 280 50 10 10

Ending inventory 45 35 20 0 0 0 0 0 50 10 10 0
Ordering cost $1,800
Inventory carrying cost 1,445

Total cost $3,245

Figure 6A.5 shows the results of applying the Wagner-Whitin algorithm to the example.
Total inventory cost is reduced by $240, or 7 percent, compared with the ordering plan pro-
duced by the part period balancing procedure in Figure 6A.4. The difference between these
two plans occurs in the lot size ordered in week 9. The part period balancing procedure
didn’t consider the combined cost of placing orders in both weeks 9 and 12. By spending
an additional $60 to carry 10 units of inventory forward from week 9 to 12, we avoid the
$300 ordering cost in week 12. In this case, we can save $240 in total cost. The increased
number of ordering alternatives considered, however, clearly increases the computations
needed in making ordering decisions.

Simulation Experiments

The example problem we’ve used to illustrate these procedures is for only one product item,
without regard for its components, with no rolling through time, and with only a fixed num-
ber of weeks of requirements. To better understand lot-sizing procedures’ performance, we
should compare them in circumstances more closely related to company dynamics. Many
simulation experiments do exactly that.

Figure 6A.6 presents summary experimental results. The first experiment in this figure
is for a single level (i.e., one MRP record) with no uncertainty. PPB, POQ, and EOQ are
compared to Wagner-Whitin. PPB produces results about 6 percent more costly, POQ about
11 percent, and EOQ over 30 percent greater than Wagner-Whitin. These differences may
be more important than the magnitudes indicate. Total cost savings of 6 percent may not
be trivial.

Moving down to the third experiment,! we see results for a multilevel situation, again
with no uncertainty. In this case, the comparison isn’t against Wagner-Whitin, but against a
dynamic programming procedure that produces close to optimal results in a multilevel en-
vironment. The key finding in this experiment is that the results are roughly the same as in
the first comparisons, although POQ does a little worse and PPB a little better than in the
first experiment.

Perhaps the most interesting result in Figure 6A.6 comes from comparing the first and third
experiments to the second experiment. The second experiment is for a single-level procedure,
but with uncertainty expressed in the gross requirements data. The results here are quite

'B. J. MclLaren, “A Study of Multiple Level Hot Sizing Techniques for Material Requirements Planning
Systems,” Ph.D. Dissertation, Purdue University, 1977.
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FIGURE 6A.6 P
rocedure
Summary
Experimental Wagner-Whitin PPB POQ EOQ
Results Experiment 1: Percent over
Wagner-Whitin cost; Single level,
no uncertainty 0 5.74 10.72 33.87
Experiment 2: Percent over
Wagner-Whitin cost; Single level,
uncertainty 0 0.67 2.58 0.19
Experiment 3: Percent over nearly
optimal procedure; Multilevel, no
uncertainty 0.77 6.92 16.91 —
Computing time 0.30 0.10 0.08 —

mixed. Note PPB does better than Wagner-Whitin, and both POQ and EOQ are within 3 per-

cent of Wagner-Whitin.

The conditions modeled in the second experiment replicate conditions likely to be found
in actual industrial situations. Moreover, other studies show as uncertainty grows increas-
ingly larger, it becomes very hard to distinguish between lot-sizing procedures’ perfor-
mance. What’s more, while there were statistically significant differences among procedures
in the first experiment, there were none in the second.

The message is clear. Lot-sizing enhancements to an MRP system should only be done
after major uncertainties have been removed from the system: that is, affer data integrity is in
place, other MPC system modules are working, stability is present at the MPS level, and so on.
Ifthe MPC isn’t performing effectively, that’s the place to start, not with lot-sizing procedures.

Buffering Concepts

In this section we deal with another advanced concept in MRP, the use of buffering mechanisms
to protect against uncertainties. We, however, make the same proviso as for lot sizing: Buffer-
ing is not the way to make up for a poorly operating MRP system. First things must come first.

Categories of Uncertainty

Two basic sources of uncertainty affect an MRP system: demand and supply uncertainty.
These are further separated into two types: quantity uncertainty and timing uncertainty. The
combination of sources and types provides the four categories of uncertainty illustrated in

Figures 6A.7 and 6A.8.

Demand timing uncertainty is illustrated in Figure 6A.8 by timing changes in the re-
quirements from period to period. For example, the projected requirements for 372 units in
period 7 actually occurred in period 4. This shift might result from a change in the promise
date to a customer or from a change in a planned order for a higher-level item on which this

item is used.

Supply timing uncertainty can arise from variations in vendor lead times or shop flow
times. Thus, once an order is released, the exact timing of its arrival is uncertain. In
Figure 6A.8, for example, a receipt scheduled for period 3 actually arrived in period 1. Note
in this case the uncertainty isn’t over the order’s amount but over its timing. The entire order

may be late or early.
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FIGUR!E 6A.7 Sources
Categories of
Uncertainty in  Types Demand Supply
MRP Systems  Tjming Requirements shift from one Orders not received when due
period to another
Quantity Requirements for more or less Orders received for more or less
than planned than planned
FIGURE 6A.8 Examples of the Four Categories of Uncertainty
Periods
1 2 3 4 5 6 7 8 9 10
Demand timing:
Projected requirements 0 0 0 0 0 0 372 130 0 255
Actual requirements 0 0 0 372 130 0 146 255 143 0
Supply timing:
Planned receipts 0 0 502 0 0 403 0 0 144 0
Actual receipts 502 0 0 0 0 403 0 0 144 0

Demand quantity:
Projected requirements 85 122 42 190 83 48 41 46 108 207

Actual requirements 103 77 0 101 124 15 0 100 80 226
Supply quantity:

Planned receipts 0 161 0 271 51 0 81 109 0 327

Actual receipts 0 158 0 277 50 0 77 113 0 321

Demand quantity uncertainty is manifest when the amount of a requirement varies, per-
haps randomly, about some mean value. This might occur when the master production
schedule is increased or decreased to reflect changes in customer orders or the demand
forecast. It can also occur when there are changes on higher-level items on which this item
is used, or when there are variations in inventory levels. In Figure 6A.8, period 1’s projected
requirements of 85 actually turned out to be 103 units of usage.

Supply quantity uncertainty typically arises when there are shortages of lower-level
material, when production lots incur scrap losses, or when production overruns occur.
Figure 6A.8 illustrates this category of uncertainty, where actual quantity received varied
around planned receipts.

Safety Stock and Safety Lead Time

There are two basic ways to buffer uncertainty in an MRP system. One is to specify a quan-
tity of safety stock in much the same manner as with statistical inventory control tech-
niques. The second method, safety lead time, plans order releases earlier than indicated by
the requirements plan and schedules their receipt earlier than the required due date. Both
approaches produce an increase in inventory levels to provide a buffer against uncertainty,
but the techniques operate quite differently, as Figure 6A.9 shows.
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FIGURE 6A.9 Order quantity = 50 units

Safety Stock

and Safety
Lead Time
Buffering

Lead time = 2 periods

Period
No Buffering Used 1 2 3 4 5
Gross requirements 20 | 40 | 20 0| 30
Scheduled receipts 50
Projected available balance 40 | 20 | 30 | 10 | 10 | 30
Planned order released 50
Safety Stock = 20 Units 1 2 3 4 5
Gross requirements 20 | 40 | 20 0 | 30
Scheduled receipts 50
Projected available balance 40 | 20 | 30 | 60 | 60 | 30
Planned order releases 50
Safety Lead Time = 1 Period 1 2 3 4 5
Gross requirements 20 | 40 | 20 0 | 30
Scheduled receipts 50

Projected available balance 40 | 20 | 30 | 10 | 60 | 30

Planned order releases 50

The first case in Figure 6A.9 uses no buffering. A net requirement occurs in period 5,
and a planned order is created in period 3 to cover it. The second case specifies a safety
stock of 20 units. This means the safety stock level will be broken in period 3 unless an
order arrives. The MRP logic thus creates a planned order in period 1 to prevent this con-
dition. The final case in Figure 6A.9 illustrates use of safety lead time. This example in-
cludes a safety lead time of one period. The net result is the planned order being created in
period 2 with a due date of period 4.

Most MRP software packages can easily accommodate safety stock, since we can de-
termine planned orders simply by subtracting the safety stock from the initial inventory
balance when determining the projected available balance. Safety lead time is a bit more
difficult. We can’t achieve it by simply inflating the lead time by the amount of the safety
lead time. In our example, this approach wouldn’t produce the result shown as the last case
in Figure 6A.9. The due date for the order would be period 5, instead of period 4. Thus, we
must change the planned due date as well as the planned release date.

Both safety stock and safety lead time illustrate the fundamental problem with all MRP
buffering techniques: They lie to the system. The real need date for the planned order shown
in Figure 6A.9 is period 5. If the real lead time is two periods, the real launch date should be
period 3. Putting in buffers can lead to behavioral problems in the shop, since the resulting
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schedules don’t tell the truth. An informal system may be created to tell people what’s really
needed. This, in turn, might lead to larger buffers. There’s a critical need to communicate
the reasoning behind the use of safety stock and safety lead times, and to create a working
MPC system that minimizes the need for buffers.

Safety Stock and Safety Lead Time Performance Comparisons

Simulation experiments reveal a preference for using either safety stock or safety lead
time, depending on the category of uncertainty to be buffered. These results show a dis-
tinct preference for using safety lead time in all cases where demand or supply timing
uncertainty exists. Likewise, the experiments show a strong preference for using safety
stock in all cases where there’s uncertainty in either the demand or supply quantity.

Figures 6A.10 and 6A.11 show typical results from these experiments. Figure 6A.10
compares safety stock and safety lead time for simulated situations similar to Figure 6A.8’s
top two examples. The horizontal axis shows the average inventory held, and the vertical
axis depicts the service level in percentage terms; that is, the horizontal axis is based on the
period-by-period actual inventory values in the simulation, and the vertical axis is based on
the frequency with which actual requirements were met from inventory.
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For both the supply and the demand timing uncertainty cases, Figure 6A.10 shows a
strong preference for safety lead time buffering. For any given level of inventory, a higher
service level can be achieved with safety lead time than with safety stock. For any given
level of service, safety lead time can provide the level with a smaller inventory investment.

Figure 6A.11 shows the comparison for uncertainty in quantities. This simulated situa-
tion is similar to Figure 6A.8’s bottom two examples. The results are a bit more difficult to
see, since the graphs for supply and demand uncertainty overlap. Nevertheless, the results
are again clear. For any given level of inventory investment, higher service levels are
achieved by use of safety stocks than by use of safety lead times. This result is true for sit-
uations involving quantity uncertainty in both demand and supply.

The results of the experiments provide general guidelines for choosing between the two
buffering techniques. Under conditions of uncertainty in timing, safety lead time is the
preferred technique, while safety stock is preferred under conditions of quantity uncertainty.
The experimental conclusions didn’t change with the source of the uncertainty (demand or
supply), lot-sizing technique, lead time, average demand level, uncertainty level, or lumpi-
ness in the gross requirements data. The experiments also indicate that, as lumpiness and
uncertainty levels increase, so does the importance of making the correct choice between
safety stock and safety lead time.

These guidelines have important practical implications. Supply timing uncertainty and de-
mand quantity uncertainty are the two categories with the largest differences in service levels.
An obvious instance of supply timing uncertainty is in vendor lead times. Orders from vendors
are subject to timing uncertainty due to variability in both production and transportation times.

These experiments strongly support the use of safety lead time for purchased parts ex-
periencing this type of uncertainty. Demand quantity uncertainty often appears in an MRP
system for parts subject to service part demand. Another cause of demand quantity uncer-
tainty is when an end product can be made from very different options or features. The ex-
perimental results support using safety stock for buffering against these uncertainties.

Scrap Allowances

A concept closely tied to buffering is use of scrap allowances in calculating the lot size to
start into production to reach some desired lot size going into the stockroom. It’s a fairly
straightforward procedure to use any lot-sizing procedure to determine the lot size and then
adjust the result to take into account the scrap allowance. One issue that arises is whether
the quantity shown on the shop paper (and as a scheduled receipt) should be the starting
quantity or the expected finished quantity. Practice suggests using the former. This requires,
however, that each actual occurrence of scrap be transacted and reflected in updated plans.

The overall issue of the scrap allowance is clearly related to the use of safety stocks for
quantity uncertainty buffering. One or both of these techniques could be used in a particu-
lar situation. The point is, if scrap losses occur, they must be planned for and buffered. It
also means this may be an area where tight control can lead to performance improvements.

Other Buffering Mechanisms

Before we end our discussion of uncertainty, it’s useful to consider some additional alterna-
tives for dealing with uncertainty. First, rather than live with uncertainty, an alternative is to
reduce it to an absolute minimum. In fact, that’s one of the major objectives of MPC systems.



Nervousness 231

For example, increasing demand forecasts’ accuracy and developing effective procedures
for translating demand for products into master schedules reduces the uncertainty transmit-
ted to the MRP system. Freezing the master schedule for some time period achieves the same
result. Developing an effective priority system for moving parts and components through the
shop reduces the uncertainty in lead times. Responsive shop-floor control systems can
achieve better due date performance, thereby reducing uncertainty. Procedures that improve
the accuracy of the data in the MRP system reduce uncertainty regarding on-hand inventory
levels. Aspects of JIT manufacturing reduce lead time, improve quality, and decrease uncer-
tainty, providing the same benefits. Other activities could be mentioned, but all focus on the
reduction of the amount of uncertainty that needs to be accommodated in an MRP system.

Another way to deal with uncertainty in an MRP system is to provide for slack in the
production system in one way or another. Production slack is created by having additional
time, labor, machine capacity, and so on over what’s specifically needed to produce the
planned amount of product. This extra production capacity could be used to produce an
oversized lot to allow for that lot’s shrinkages through the process. We also could use slack
to allow for production of unplanned lots or for additional activities to speed production
through the shop. Thus, providing additional capacity in the shop allows us to accommo-
date greater quantities than planned in a given time period or to expedite jobs through the
shop. We must understand, however, that slack costs money, but if the people can be put to
good use when production is not needed, the “costs” can become investments.

Nervousness

This chapter so far has described several enhancements to MRP systems. However, we
should recognize some lot-sizing procedures can contribute to the problem of “nervous-
ness” (i.e., instability) in the MRP plans. In this section, we discuss the problem of ner-
vousness in MRP systems and guidelines for reducing its magnitude.

Sources of MRP System Nervousness

MRP system nervousness- is defined as significant changes in MRP plans, which occur even
with only minor changes in higher-level MRP records or the master production schedule.
Changes can involve the quantity or timing of planned orders or scheduled receipts.
Figure 6A.12 illustrates just such a case. Here, a reduction of one unit in the master schedule
in week 2 produced a significant change in the planned orders for item A. This change had an
even more profound impact on component part B. It’s hard to imagine a reduction at the MPS
level could create a past-due condition, but that’s precisely what Figure 6A.12 shows—how
the change caused by a relatively minor shift in the master schedule is amplified by use of the
periodic order quantity (POQ) lot-sizing procedure.

There are a number of ways relatively minor changes in the MRP system can create
nervousness and instability in the MRP plans. These include planned orders released
prematurely or in an unplanned quantity, unplanned demand (as for spare parts or engi-
neering requirements), and shifts in MRP parameter values, such as safety stock, safety

2Daniel C. Steele, “The Nervous MRP System: How to Do Battle,” Production and Inventory
Management (4th quarter 1975), pp. 83-89.
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FIGURE 6A.12
MRP System
Nervousness
Example

Before reducing second-week requirements by one unit:

Item A
POQ = 5 weeks
Lead time = 2 weeks

Week

Gross requirements

24

50

Scheduled receipts

Projected available balance 28

26

13

Planned order releases

14

50

Component B
POQ = 5 weeks
Lead time = 4 weeks

Week

Gross requirements

14

50

Scheduled receipts

14

Projected available balance 2

Planned order releases

48

After second-week requirement change:

Item A
POQ = 5 weeks
Lead time = 2 weeks

Week

Gross requirements

50

Scheduled receipts

Projected available balance 28

26

58

57

54

50

Planned order releases

63

Component B
POQ = 5 weeks
Lead time = 4 weeks

Week

Gross requirements

63

Scheduled receipts

14

Projected available balance | 2

16

—47

AR

Planned order releases ‘(AZ,‘

Past due/
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lead time, or planned lead-time values. Nervousness created by such changes is most dam-
aging in MRP systems with many levels in the product structure. Furthermore, use of some
lot-sizing techniques, such as POQ, can amplify system nervousness at lower levels in the
product structure, as Figure 6A.12 shows.

Reducing MRP System Nervousness

There are several ways to reduce nervousness in MRP systems. First, it’s important to re-
duce causes of changes to the MRP plan. It’s important to introduce stability into the mas-
ter schedule through such devices as freezing and time fences. Similarly, it’s important to
reduce the incidence of unplanned demands by incorporating spare parts forecasts into
MREP record gross requirements. Furthermore, it’s necessary to follow the MRP plan with
regard to the timing and quantity of planned order releases. Finally, it’s important to control
the introduction of parameter changes, such as changes in safety stock levels or planned
lead times. All of these actions help dampen the small adjustments that can trigger MRP
system nervousness.

A second guideline for reducing MRP system nervousness involves selective use of
lot-sizing procedures; that is, if nervousness still exists after reducing the preceding
causes, we might use different lot-sizing procedures at different product structure levels.
One approach is to use fixed order quantities at the top level, using either fixed order
quantities or lot-for-lot at intermediate levels, and using period order quantities at the
bottom level. Since the fixed order quantity procedure passes along only order timing
changes (and not changes in order quantity), this procedure tends to dampen lot-size—
induced nervousness. Clearly, fixed order quantity values need to be monitored, since
changes in the level of requirements may tend to make such quantities uneconomical
over time.

A third guideline for reducing nervousness involves using firm planned orders in MRP (or in
MPS) records. Firm planned orders tend to stabilize requirements for lower-level items. The off-
setting cost, however, is the necessary maintenance of firm planned orders by MRP planners.

These guidelines provide methods for reducing nervousness in MRP plans. There’s a
distinction, however, between nervousness in the MRP plans and nervousness in the exe-
cution of MRP system plans. Nervousness in the execution of the plans can also influence
behavior. If system users see the plans changing, they may make arbitrary or defensive
decisions. This can further aggravate changes in plans.

One way to deal with the execution issue is simply to pass updated information to sys-
tem users less often. This suggestion argues against the use of net change MRP systems, or
at least against publishing every change. An alternative is simply to have more intelligent
users. A well-trained user responding to the problem in Figure 6A.12 might, through bottom-
up replanning, change the lot sizes to eliminate the problem. However, Figure 6A.12 does in-
dicate this isn’t an easy problem to detect. Many aspects are counterintuitive. The fact still
is, more intelligent users will make more intelligent execution decisions. User education
may still be the best investment!

Concluding
Principles

Chapter 6A describes several advanced concepts and conventions in MRP systems. Many
ideas are of research interest, but all have practical implications too. Certain kinds of
enhancements can be made in a well-operating MRP system, if made by knowledgeable
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professionals and if implemented with knowledgeable users. The following principles
are critical to successful implementation:

MRP enhancements should be done after a basic MPC system is in place.

Discrete lot-sizing procedures for manufacturing can reduce inventory-associated costs.
The complexity should not outweigh the savings, however.

Safety stocks should be used when the uncertainty is of the quantity category.
Safety lead times should be used when uncertainty is of the timing category.

MRP system nervousness can result from lot-sizing rules, parameter changes, and other
causes. The MPC professional should take appropriate precautions to dampen the am-
plitude and impact.

Uncertainty needs to be reduced (flawless execution) before implementing complex
procedures.

MRP system enhancements should follow the development of ever more intelligent users.

Discussion 1

Questions
2.
3.
4.
5.
6.
Problems

. Some practitioners complain discrete lot-sizing procedures (e.g., POQ, PPB) aggravate system

nervousness because of changing lot quantities. What do they mean?

Reviewing Figure 6A.6 and using your own powers of intuition, what do you think would happen
to the difference in costs between lot-sizing procedures as uncertainty gets larger and larger?
What about the absolute cost values?

How could the lot-sizing procedures be modified to consider quantity discounts that might occur
in a purchasing situation?

Why is it necessary to change both the release date and the due date for safety lead time?

What are some of the difficulties with introducing “organizational slack” as a method of buffering
against uncertainty?

One suggestion for reducing execution nervousness is to give the status information only at the
time of need. Thus, the only time a foreman would need to determine job priorities would
be when he or she was choosing the next job to put on a machine. Give pros and cons of this
suggestion.

1. Consider the following information about an end-product item:
Ordering cost = $45/order.
Average usage = 12 units/week.
Inventory carrying cost = $1/unit/week.

a. How many orders should we place per year (52 weeks) to replenish inventory of the item
based on average weekly demand?

b. Given the following time-phased net requirements from an MRP record for this item, deter-
mine the sequence of planned orders using economic order quantity and periodic order
quantity procedures. Assume lead time equals zero and current on-hand inventory equals zero.
Calculate the inventory carrying cost on the basis of weekly ending inventory values. Which
procedure produces the lowest total cost for the eight-week period?
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1 2 3 4 5 6
Requirements 15 2 10 12 6 0 14

2. A final assembly (A) requires one week to assemble and has a component part (B) requiring two
weeks to fabricate. Three units of final assembly A and four units of part B are currently on hand.
The gross requirements for assembly A for the next 10 weeks are as follows (one part B is used
on each A):

Requirements 1 4 2 8 1 0 6 2 1 3

a. What are the planned order releases for part B using lot-for-lot lot sizing for both parts A
and B?

b. What are the planned order releases for part B using POQ = 2 for both parts A and B?
3. A company has estimated net requirements for a particular part as follows:

Month
1 2 3 4 5 6 7 8 9 10 11 12
Requirements 100 10 15 20 70 250 250 250 250 40 O 100

Ordering cost associated with this part is $300. Estimated inventory carrying cost is $2 per unit
per month calculated on average inventory. Currently no parts are available in inventory. The
company wishes to know when and how much to order over the next 12 months.

a. Apply the economic order quantity and the part period balancing procedures to solve this
problem.

b. What important assumptions are involved in each of the approaches used in part a?

4. The Thrifty Computer Company is trying to decide which of several lot-sizing procedures
to use for its MRP system. The following information pertains to one of the typical compo-
nent parts:

Setup cost = $100/order.
Inventory cost = $1.50/unit/week.
Current inventory balance = 0 units.

1 2 3 4 5 6 7 8
Demand forecast 65 45 35 10 115 25 85 20

a. Apply the EOQ, (only integer multiples of the EOQ can be ordered), POQ, and PPB lot-sizing
procedures and show the total cost resulting from each procedure. Calculate inventory carrying
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cost based on the average inventory on hand at the end of each period. Assume orders are re-
ceived into the beginning inventory.
b. Indicate advantages and disadvantages of using each procedure suggested in part a.

5. Apply the part period balancing (PPB) lot-sizing procedure to the following 12 periods of
requirements data, indicating order receipts’ size and period. Assume order costs are $100/order
placed and inventory carrying cost is $1/unit/period. Calculate the inventory carrying costs on
the basis of ending inventory values.

Period
1 2 3 4 5 6 7 8 9 10 11 12
Requirements 70 30 35 60 60 25 35 70 45 70 80 55

6. The Fisher Products Company produces a line of children’s parlor games. The production
process includes two departments: fabrication and assembly. The fabrication shop produces
game parts, such as plastic pieces, game markers, and special indicators. The company main-
tains inventories both of the raw material needed to produce the game parts and of finished
game parts themselves. The assembly department consists of a single assembly line that col-
lates and packages all parlor games in Fisher’s product line to meet incoming customer
orders. The company maintains no inventory of finished products (games) but produces only
to customer order.

Each week the assembly foreman schedules the assembly line and supervises withdrawal of
game parts from the stockroom that are needed on the assembly line to meet the production

EXHIBIT A Week Number

Material End Products 1 2 3 4 5 6 7 8

Requirements

Planning Game A master schedule 21 | O 0 |21 |20| O |15

WL e Game B master schedule 2 2 9 0 6 3 0 9
Toy Cup 1 2 3 4 5 6 7 8

Gross requirements

Scheduled receipts*

Projected available balance 44

Planned order release

Plastic Molding Material 1 2 3 4 5 () 7 8

Gross requirements

Scheduled receipts* 90

Projected available balance 20

Planned order release

*Received at the beginning of each week.
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EXHIBIT B Week Number

Material End Products 1 2 3 4 5 6 7 8

Requirements

Planning Game A master schedule 22 21 | 15

Worksheet Game B master schedule 9 1 7 7 3110 1 2
Toy Cup 1 2 3 4 5 6 7 8

Gross requirements
(2 units/game A)
(1 unit/game B)

Scheduled receipts*

Projected available balance 55

Planned order release
(Lead time = 2 weeks)

Plastic Molding Material 1 2 3 4 5 6 7 8

Gross requirements
(2 oz./toy cup)

Scheduled receipts* 166

Projected available balance 10

Planned order release
(Lead time = 2 weeks)

*Received at the beginning of each week.

schedule. Sometimes several games are assembled during a single week. Since the company uses

MRP to plan and control production of games and game parts, the assembly foreman prepares a

master production schedule for a period covering eight weeks into the future. Exhibit A shows

his master schedule with two end products (games A and B).

a. A component (game part) called the toy cup is used in producing the two parlor games (A and B).
Two units of the toy cup are needed to produce one unit of game A, and one unit of the toy cup is
required to produce one unit of game B. Assuming the toy cup planned lead time is one week, cur-
rent on-hand inventory is 44 units, and there are no scheduled receipts, complete the MRP record
for the toy cup in Exhibit A. Use the periodic order quantity ordering policy for lot sizing. Order-
ing cost for the toy cup is $9/order; inventory carrying cost is $0.10/unit/week.

b. After completing the toy cup’s MRP record in part a, complete the MRP record in Exhibit A
for the plastic molding material needed to produce the toy cup. Two ounces of the plastic mold-
ing material are needed to produce one toy cup, planned lead time for the plastic material is one
week, 20 ounces of plastic material are currently on hand, a scheduled receipt for 90 ounces of
plastic material is due in week 1 from the supplier, and the periodic ordering policy is used for
this item. Ordering cost is $5/order; inventory carrying cost is $0.04 per ounce per week.

c. Fisher’s assembly foreman has just handed you the MRP records for the toy cup and plastic
molding material in Exhibit B. These MRP records contain a different master schedule,
changed on-hand inventory values, and a new scheduled receipt value. Also, planned lead
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time for both items is now two weeks. Complete the new MRP records for both items, as-
suming the part period balancing ordering policy is used for the toy cup and plastic material.

d. What problem(s), if any, are apparent after you’ve completed the MRP records in Exhibit B?
What are the MRP planner’s alternative courses of action in resolving the problem(s)? What
specific course of action should be taken? Why?

7. Chambers Inc. is considering using the PBB lot-sizing approach, but first they want to compare
it to their current lot-sizing method (EOQ). They have selected a sample component for the com-
parison, and its requirements are given below. Ordering cost is $27 per order, and carrying cost
is $0.25 per unit per period. (Use average inventory.)

Period
1 2 3 4 5 6 7 8
Requirements 51 14 59 93 44 12 67 60

8. The Silver brothers (Ed, Quick, and Hiho) had their very own factory. Ed was the general man-
ager, and Quick produced the finished product from a part Hiho made. Selected data for the fin-
ished product and part are given next. Requirements for the finished product for the next few
periods appear as well.

Quick Hiho

Order quantity (EOQ) 40 100
Safety stock 5 0
Lead time 1 1
Current inventory 7 12
Scheduled receipt in 40 0
period 1
Period

1 2 3 4 5 6 7 8
Requirements 23 13 36 12 21 8 34 23

a. Using a spreadsheet, develop MRP records for Quick and Hiho. What are the planned order
releases for Hiho’s part?

b. Devise a different ordering plan for Quick and Hiho that has the same number of orders as the
solution in part a but reduces inventory levels and has the same amount of closing inventory
(period 8) as the original plan.

9. The XYZ Company’s production manager is investigating causes of nervousness in the firm’s MRP
system. His study has produced MRP schedules for item A as of the start of weeks 1, 2, 3, and 4.

LT =0.

SS=0.

Q calculated using the Wagner-Whitin algorithm.
Ordering cost = $400/order.

Inventory carrying cost = $1/unit/week.
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Week
Item A 1 2 3 4
Gross requirements 177 | 261 | 207 | 309

Scheduled receipts

Projected available balance 0 |261 0| 309 0

Planned order release 438 516
Week

Item A 2 3 4 5

Gross requirements 261 | 207 | 309 | 64

Scheduled receipts
Projected available balance | 261 0373 64| O

Planned order release 580

Week
Item A 3 4 5 6
Gross requirements 207 | 309 | 64 | 182

Scheduled receipts
Projected available balance 0 0|246 | 182 0

Planned order release 207 | 555

Week
Item A 4 5 6 7
Gross requirements 309 64|182| O

Scheduled receipts
Projected available balance 0 | 246|182 0| O

Planned order release 555

a. Assume we need one unit of raw material item B to produce one unit of product item A. Cal-
culate gross requirements for item B covering a four-week planning horizon as of the start of
weeks 1, 2, 3, and 4. Compare gross requirements for item B for each week as they’re calcu-
lated at the start of weeks 1, 2, 3, and 4. What differences do you observe in item B’s gross
requirements from week to week?

b. If there are no changes to either item A’s gross requirements or beginning inventory over the
four-week interval, how do you explain changes in the gross requirements for item B
observed in part a? How do you explain this situation to the production manager? What im-
pact would such changes in gross requirements for item B have on supplier relations if B is a
purchased part?
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10. The following MRP record is for an item purchased from the K. C. Jones company, a supplier to Ajax
Diesel. The purchase quantity is 45 units. The history on K. C. Jones’s delivery lead time shows an
average lead time of three weeks. Sometimes orders from K. C. Jones show up a week late. Complete
the following MRP record so that shortages do not occur even if K. C. Jones is late by one week.

Week
1 2 3 4 5 6 7 8
Gross requirements 33 (12| 23 | 37 | 26 | 3 8 31

Scheduled receipts 45

Projected available balance 60

Planned order release

11. The following MRP record is for an item purchased from Cannonball Adderly, another supplier
for Ajax Diesel. This sample part requires a two-week lead time. The percent defective for pur-
chased lots of this item averages 17 percent and has been as large as 27 percent. Defective items
are removed and returned to the vendor when found. Construct an MRP record to protect against
inventory shortages using a fixed order quantity. An economic order quantity of 30 units has been
calculated for this item.

Week
1 2 3 4 5 6 7 8
Gross requirements 12 | 0 [ 27 | 8 | 34 3 |23 29

Scheduled receipts

Projected available balance 21

Planned order release

12. Atlas Wrench Company was having problems with the sensitivity of its MRP system. The fol-
lowing records are typical of its planning system. The two records are for the Z Wrench and for
one of its components, the Z Shaft. There is one Z Shaft used in each Z Wrench.

Week
Z Wrench 1 2 3 4 5 ()
Gross requirements 2120 | 5 1 3 | 45

Scheduled receipts

Projected available balance 26 | 24 4 | 4 310 0

Planned order release 5 45

POQ = 3 weeks; LT = 2 weeks; SS = 0.
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Week
Z Shaft 1 2 3 4 5 6
Gross requirements 5 45

Scheduled receipts 5

Projected available balance 3 31 3 3 0| O 0

Planned order release 45

POQ = 3 weeks; LT = 3 weeks; SS = 0.

a. What happens if the gross requirement for the Z Wrench in week 2 drops to 19? Are there any
problems?

b. How can Atlas Wrench deal with situations like the one that occurs here?
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Capacity Planning
and Management

In this chapter we discuss the role of capacity planning and management in MPC systems. We
focus primarily on techniques for determining the capacity requirements implied by a pro-
duction plan, master production schedule, or detailed material plans. One managerial prob-
lem is to match the capacity with the plans: either to provide sufficient capacity to execute
plans, or to adjust plans to match capacity constraints. A second managerial problem with
regard to capacity is to consciously consider the marketplace implications of faster through-
put times for making products, at the expense of reduced capacity utilization. For example,
JIT production results in very fast throughput times for manufacturing products, but typi-
cally some capacities are underutilized. Similarly, by scheduling the highest-priority jobs
through all work centers—taking explicit account of available capacity—it is possible to
complete these jobs in much shorter times than under more conventional MPC approaches.
But this gain in speed for high priority jobs comes at the expense of lower priority job
throughput times and some underutilization of capacity.
This chapter is organized around five topics:

o The role of capacity planning in MPC systems: How does it fit, and how is capacity
managed in various manufacturing environments?

* Capacity planning and control techniques: How can capacity requirements be esti-
mated and capacity utilization controlled?

» Scheduling capacity and materials simultaneously: How can finite scheduling tech-
niques be applied, and what are the costs/benefits of these techniques?

*  Management and capacity planning/utilization: What are the critical managerial deci-
sions required to plan/utilize capacity most effectively?

o Example applications: How are techniques for capacity planning applied, and what are
some best practices?
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The Role of Capacity Planning in MPC Systems

FIGURE 7.1
Capacity
Planning in the
MPC System

MPC is often seen as encompassing two major activities: planning/control of materials and
planning/control of capacities. The two need to be coordinated for maximum benefits, on
the basis of managerial perceptions of what is required in the marketplace. Capacity plan-
ning techniques have as their primary objective the estimation of capacity requirements,
sufficiently far enough into the future to be able to meet those requirements. A second ob-
jective is execution: the capacity plans need to be executed flawlessly, with unpleasant sur-
prises avoided. Insufficient capacity quickly leads to deteriorating delivery performance,
escalating work-in-process inventories, and frustrated manufacturing personnel. On the
other hand, excess capacity might be a needless expense that can be reduced. Even firms
with advanced MPC systems have found times when their inability to provide adequate
work center capacities has been a significant problem. On the other hand, there are firms
that continually manage to increase output from what seems to be a fixed set of capacities.
The bottom line difference can be substantial.

Hierarchy of Capacity Planning Decisions

Figure 7.1 relates capacity planning decisions to other MPC system modules. It depicts a
scope of capacity planning starting from an overall plan of resource needs, and then moves to
planning procedures to estimate the capacity implications of a particular master production
schedule. Thereafter the hierarchy depicts middle-range capacity planning, which evaluates the
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capacity implications of the detailed material plans, then to the short-range actual scheduling/
capacity trade-offs, and finally to the evaluation of particular capacity plans.

These five levels of capacity planning range from large aggregate plans for long time
periods to the detailed scheduling decisions as to which job to run next on a particular
machine. In this chapter the focus is first on the several rough-cut capacity planning proce-
dures. With this background, one can see how capacity requirements planning (CRP) sys-
tems are a logical extension, with a more detailed view of capacity needs. Understanding
these systems allows one to appreciate the different approaches, with each providing a
more exact estimate of capacity needs, but with a corresponding need for more information
and system complexity. Thereafter, we can see how advanced production scheduling (APS)
based on finite loading provide still another approach to the planning/management of
capacity. Finally, Figure 7.1 shows input/output analysis as the last of the five levels of ca-
pacity planning. Here, the focus is on capacity management, in which capacity plans are
continually compared with actual results.

Many authorities distinguish between long-, medium-, and short-range capacity plan-
ning horizons as indicated in Figure 7.1. This is a useful distinction, but the time dimension
varies substantially from company to company. Moreover, in the last several years, the
focus has shifted more to the short term, as firms operate with lower inventory levels and
faster response times to customer needs. In this chapter, we will examine capacity planning/
utilization decisions ranging from one day to a year or more in the future.

Links to Other MPC System Modules

System linkages for the capacity planning modules follow the basic hierarchy shown in Fig-
ure 7.1. Resource planning is directly linked to the sales and operations planning module.
It’s the most highly aggregated and longest-range capacity planning decision. Resource
planning typically involves converting monthly, quarterly, or even annual data from the sales
and operations plan into aggregate resources such as gross labor-hours, floor space, and
machine-hours. This level of planning involves new capital expansion, bricks and mortar,
machine tools, warehouse space, and so on, and requires a time horizon of months or years.

The master production schedule is the primary information source for rough-cut
capacity planning. A particular master schedule’s rough-cut capacity requirements can be
estimated by several techniques: capacity planning using overall factors (CPOF), capacity
bills, or resource profiles. These techniques provide information for modifying the resource
levels or material plan to ensure execution of the master production schedule.

For firms using material requirements planning to prepare detailed material plans, a
much more detailed capacity plan is possible with the capacity requirements planning
(CRP) technique. To provide this detail, time-phased material plans produced by the MRP
system form the basis for calculating time-phased capacity requirements. Data files used
by the CRP technique include work in process, routing, scheduled receipts, and planned
orders. Information provided by the CRP technique can be used to determine capacity
needs for both key machine centers and labor skills, typically covering a planning horizon
of several weeks to a year.

Resource planning, rough-cut capacity planning, and capacity requirements planning
link with the sales and operations plan, master production schedule, and MRP systems, re-
spectively. Linkages are shown as double-headed arrows for a specific reason. There must
be a correspondence between capacity required to execute a given material plan and



Capacity Planning and Control Techniques 245

capacity made available to execute the plan. Without this correspondence, the plan will be
either impossible to execute or inefficiently executed. We don’t claim capacity must always
be changed to meet material plans. In fact, whether this is worthwhile or whether plans
should be changed to meet capacity is a managerial judgment. Capacity planning systems
provide basic information to make that a reasoned judgment.

Finite loading in some ways is better seen as a shop scheduling process, and therefore
part of production activity control (PAC), but it is also a capacity planning procedure. There
are an increasing number of software systems provided by vendors, usually called
advanced production scheduling (APS) techniques to do finite loading. The fundamental
difference between the other capacity planning approaches and finite loading is that the for-
mer set does not consider any adjustment to plans because of planned capacity utilization.
The latter starts with a specified capacity and schedules work through work centers only to
the extent that capacity is available to do so. Moreover, by scheduling within exact capac-
ity constraints, the APS systems allow work to flow through the necessary set of work cen-
ters more quickly. The jobs are scheduled with exact timing on all work centers—not
merely in some general way, such as during a particular week.

Input/output analysis provides a method for monitoring the actual consumption of ca-
pacity during the execution of detailed material planning. It is necessarily linked to the
shop floor execution systems, and supported by the database for production activity control
(PAC). Input/output analysis can indicate the need to update capacity plans as actual shop
performance deviates from plans, as well as the need to modify the planning factors used
in the capacity planning systems.

This overview of capacity planning’s scope sets the stage for the techniques the chapter
discusses. The primary interaction among these techniques is hierarchical: long-range
planning sets constraints on medium-range capacity planning, which in turn constrains de-
tailed scheduling and execution on the shop floor.

Capacity Planning and Control Techniques

Here we describe four procedures for capacity planning. The first technique is capacity
planning using overall factors (CPOF). The simplest of the four techniques, CPOF is based
only on accounting data. The second, capacity bills, requires more detailed product infor-
mation. The third, resource profiles, adds a further dimension—specific timing of capacity
requirements. The first three procedures are rough-cut approaches and are applicable to
firms with or without MRP systems. The fourth, capacity requirements planning, is used in
conjunction with time-phased MRP records and shop-floor system records to calculate ca-
pacity required to produce both open shop orders (scheduled receipts) and planned orders.
To describe the four planning techniques, we use a simple example. The example allows us
to clearly see differences in approach, complexity, level of aggregation, data requirements,
timing, and accuracy among the techniques.

Capacity Planning Using Overall Factors (CPOF)

Capacity planning using overall factors (CPOF), a relatively simple approach to rough-
cut capacity planning, is typically done on a manual basis. Data inputs come from the master
production schedule (MPS), rather than from detailed material plans. This procedure is
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FIGURE 7.2

Example
Problem Data

Master production schedule (in units):

Period
End Product 1 2 3 4 5 6 7 8 9 10 11 12 13 Total
A 33 33 33 40 40 40 30 30 30 37 37 37 37 457
B 17 17 17 13 13 13 25 25 25 27 27 27 27 273

Direct labor time per end product unit:

Total Direct Labor in
End Product Standard Hours/Unit

A 0.95 hour
B 1.85

FIGURE 7.3 Estimated Capacity Requirements Using Overall Factors (in standard direct labor-hours)

Period

Work  Historical Total
Center Percentage 1 2 3 4 5 6 7 8 9 10 11 12 13 Hours
100 60.3 37.87 37.87 37.87 37.41 37.41 37.41 45.07 45.07 4507 5132 5132 51.32 51.32 566.33
200 30.4 19.09 19.09 19.09 18.86 18.86 18.86 22.72 22.72 2272 2587 25.87 2587 2587 28549
300 9.3 5.84 584 584 578 578 578 696 696 696 791 791 791 791 87.38
Total
required capacity 62.80* 62.80 62.80 62.05 62.05 62.05 74.75 74.75 74.75 85.10 85.10 85.10 85.10 939.20

*62.80 = (0.95 x 33) + (1.85 x 17) for the standards in Figure 7.2.

usually based on planning factors derived from standards or historical data for end products.
When these planning factors are applied to the MPS data, overall labor or machine-hour
capacity requirements can be estimated. This overall estimate is thereafter allocated to
individual work centers on the basis of historical data on shop workloads. CPOF plans are
usually stated in terms of weekly or monthly time periods and are revised as the firm changes
the MPS.

The top portion of Figure 7.2 shows the MPS that will serve as the basis for our exam-
ple. This schedule specifies the quantities of two end products to be assembled during each
time period. The first step of the CPOF procedure involves calculating capacity require-
ments of this schedule for the overall plant. The lower portion of Figure 7.2 shows direct
labor standards, indicating the total direct labor-hours required for each end product. As-
suming labor productivity of 100 percent of standard, the total direct labor-hour require-
ment for the first period is 62.80 hours, as shown in Figure 7.3.

The procedure’s second step involves using historical ratios to allocate the total capac-
ity required each period to individual work centers. Historical percentages of the total
direct labor-hours worked in each of the three work centers the prior year were used to
determine allocation ratios. These data could be derived from the company’s accounting
records. In the example, 60.3 percent, 30.4 percent, and 9.3 percent of the total direct
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labor-hours were worked in work centers 100, 200, and 300, respectively. These percent-
ages are used to estimate anticipated direct labor requirements for each work center. The
resulting work center capacity requirements are shown in Figure 7.3 for each period in
the MPS.

The CPOF procedure, or variants of it, is found in a number of manufacturing firms.
Data requirements are minimal (primarily accounting system data) and calculations are
straightforward. As a result, CPOF approximations of capacity requirements at individual
work centers are valid only to the extent that product mixes or historical divisions of work
between work centers remain constant. This procedure’s main advantages are ease of cal-
culation and minimal data requirements. In many firms, data are readily available and com-
putations can be done manually.

The CPOF procedure will work reasonably well for many manufacturing environments.
For example, in a just-in-time (JIT) manufacturing company, the CPOF approach would
allow the firm to make fairly good estimates of capacity needs under different planning sce-
narios. The inherent inaccuracies of CPOF will present fewer problems in a JIT environ-
ment where execution is fast, with virtually no work-in-process inventories to confound the
analysis. This might be particularly useful for estimating the capacity needs for firms that
supply a JIT manufacturing company.

Capacity Bills

The capacity bill procedure is a rough-cut method providing more-direct linkage between
individual end products in the MPS and the capacity required for individual work centers.
It takes into account any shifts in product mix. Consequently, it requires more data than the
CPOF procedure. A bill of materials and routing data are required, and direct labor-hour or
machine-hour data must be available for each operation.

To develop a bill of capacity for the example problem, we use the product structure data
for A and B shown in Figure 7.4. We also need the routing and operation time standard
data in the top portion of Figure 7.5 for assembling products A and B, as well as for man-
ufacturing component items C, D, E, and F. The bill of capacity indicates total standard
time required to produce one end product in each work center required in its manufacture.
Calculations involve multiplying total-time-per-unit values by the usages indicated in the
bill of materials. Summarizing the usage-adjusted unit time data by work center produces
the bill of capacity for each of the two products in the lower portion of Figure 7.5. The bill
of capacity can be constructed from engineering data, as we’ve done here; similar data
might be available in a standard cost system. Some firms’ alternative approach is to prepare
the bill of capacity only for those work centers regarded as critical.

Once the bill of capacity for each end product is prepared, we can use the master pro-
duction schedule to estimate capacity requirements at individual work centers. Figure 7.6
shows the determination of capacity requirements for our example. The resultant work cen-
ter estimates differ substantially from the CPOF estimates in Figure 7.3. The differences re-
flect the period-to-period changes in product mix between the projected MPS and histori-
cal average figures. Estimates obtained from CPOF are based on an overall historical ratio
of work between machine centers, whereas capacity bill estimates reflect the actual product
mix planned for each period.

It’s important to note that the total hours shown for the MPS (939.20) are the same in
Figure 7.3 and Figure 7.6; the differences are in work center estimates for each time period.
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FIGURE 7.4
Product
Structure Data | |

E
(2 required)

F
(2 required)

FIGURE 7.5 Routing and Standard Time Data

Work Standard Standard Setup Standard Run Time Total Hours
Lot Sizes Operation Center Setup Hours Hours per Unit Hours per Unit per Unit
End Products
A 40 1of1 100 1.0 0.025* 0.025 0.05"
B 20 1of 1 100 1.0 0.050 1.250 1.30
Components
C 40 1of2 200 1.0 0.025 0.575 0.60
20of 2 300 1.0 0.025 0.175 0.20
D 60 1of 1 200 2.0 0.033 0.067 0.10
E 100 1of1 200 2.0 0.020 0.080 0.10
F 100 1of1 200 2.0 0.020 0.0425 0.0625
Bill of Capacity: End Product
A B
Work Center Total Time/Unit Total Time/Unit
100 0.05 1.30
200 0.70* 0.55%
300 0.20 0.00
Total time/unit 0.95 1.85
*0.025 = Setup time + Lot size = 1.0/40.
70.05 = Standard setup time per unit + Standard run time per unit = 0.025 + 0.025.
#0.70 = 0.60 + 0.10 for one C and one D from Figure 7.4.
$0.55 = 0.10 4 2(0.10) 4 4(0.0625) for one D, two E’s, and four F’s.
FIGURE 7.6 Capacity Requirements Using Capacity Bills
Period Projected
Work Total Work Center
Center 1 2 3 4 5 6 7 8 9 10 11 12 13 Hours Percentage
100 23.75* 23.75 23.75 1890 1890 18.90 34.00 34.00 34.00 36.95 3695 36.95 3695 377.75 40%
200 3245 3245 3245 3515 3515 3515 34.75 34.75 34.75 40.75 40.75 40.75 40.75 470.05 50
300 6.60 660 6.60 800 800 800 6.00 600 6.00 740 740 740 7.40 91.40 10
Total 62.80 62.80 62.80 62.05 62.05 62.05 74.75 74.75 74.75 85.10 85.10 85.10 85.10 939.20 100%

*23.75 = (33 x 0.05) + (17 x 1.30) from Figures 7.2 and 7.5.
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These differences are far more important in firms that experience significant period-to-period
mix variations than in those that have a relatively constant pattern of work.

Resource Profiles

Neither the CPOF nor the capacity bill procedure takes into account the specific timing of
the projected workloads at individual work centers. In developing resource profiles,
production lead time data are taken into account to provide time-phased projections of the
capacity requirements for individual production facilities. Thus, resource profiles provide a
somewhat more sophisticated approach to rough-cut capacity planning.

In any capacity planning technique, time periods for the capacity plan can be varied
(e.g., weeks, months, quarters). However, when time periods are long relative to lead times,
much of the time-phased information’s value may be lost in aggregating the data. In many
firms, this means time periods longer than one week will mask important changes in ca-
pacity requirements.

To apply the resource profile procedure to our example, we use the bills of material,
routing, and time standard information in Figures 7.4 and 7.5. We must also add the pro-
duction lead time for each end product and component part to our database. In this simpli-
fied example, we use a one-period lead time for assembling each end product and one
period for each operation required to produce component parts. Because only one opera-
tion is required for producing components D, E, and F, lead time for producing these com-
ponents is one time period each. For component C, however, lead time is two time periods:
one for the operation in work center 200 and another for work center 300.

To use the resource profile procedure, we prepare a time-phased profile of the capacity
requirements for each end item. Figure 7.7’s operations setback charts show this time phas-
ing for end products A and B. The chart for end product A indicates that the final assembly
operation is to be completed during period 5. Production of components C and D must be
completed in period 4 prior to the start of the final assembly. Because component C re-
quires two time periods (one for each operation), it must be started one time period before
component D (i.e., at the start of period 3). Other conventions are used to define time phas-
ing, but in this example we assume the master production schedule specifies the number of
units of each end product that must be completed by the end of the time period indicated.
This implies all components must be completed by the end of the preceding period.

For convenience, we’ve shown the standard hours required for each operation for each
product in Figure 7.7. This information is summarized by work center and time period in
Figure 7.8, which also shows the capacity requirements the MPS quantities generated in time
period 5 from Figure 7.2 (40 of end product A and 13 of end product B). The capacity
requirements in Figure 7.8 are only for MPS quantities in period 5. MPS quantities for other
periods can increase the capacity needed in each period. For example, Figure 7.8 shows that
7.9 hours of capacity are needed in period 4 at work center 200 to support the MPS for period
5. The MPS for period 6 requires another 27.25 hours from work center 200 in period 4. This
results in the total of 35.15 hours shown in Figure 7.9 for workstation 200 in period 4, which
provides the overall capacity plan for the current MPS using the resource profile procedure.

Comparing the capacity plans produced by the capacity bills and the resource profile
procedures (Figures 7.6 and 7.9), we see the impact of the time-phased capacity informa-
tion. Total workload created by the master production schedule (939.2 hours) remains
the same, as do the work center percentage allocations. But the period requirements for
work centers 200 and 300 projected by the two techniques vary somewhat. A capacity
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FIGURE 7.7
Operation
Setback Charts
for End
Products A

and B

End product A Component C Component C
Operation 1 Operation 2
 Work center 200 , Work center 300
"Time/unit of A = 0.60* ' Time/unit of A = 0.20 |  End product A
Operation 1
Work center 100 |
Component D Time/unit = 0.05
Operation 1
. Work center 200
" Time/unit of A = 0.10
Period | f f !
: Period 3 ' Period 4 ' Period 5 '
End product B Component D
Operation 1
. Work center 200
" Time/unit of B = 0.10 End product B
Operation 1
Work center 100 |
Component F Component E Time/unit = 1.30
Operation 1 Operation 1
. Work center 200 . Work center 200
"Time/unit of B = 0.25" ' Time/unit of B = 0.2
P H d L Il Il |
enod Period 3 ' Period 4 ' Period 5 '
Period:  *0.60 = standard time per unit of C x number of C’s per unit of A = 0.60 x 1 = 0.60.

70.25 = standard time per unit of component F x number of F’s per unit of B = 0.0625 x 4 = 0.25.

requirement of eight hours was projected for work center 300 in time period 6 using ca-
pacity bills versus six hours using resource profiles, a difference of more than 30 percent.
This change reflects the difference in the timing of resources required to produce the com-
ponent parts, which is taken into account by the resource bill procedure.

Capacity Requirements Planning (CRP)

Capacity requirements planning (CRP) differs from the rough-cut planning procedures in
four respects. First, CRP utilizes the time-phased material plan information produced by an
MRP system. This includes consideration of all actual lot sizes, as well as lead times for both
open shop orders (scheduled receipts) and orders planned for future release (planned orders).
Second, the MRP system’s gross-to-net feature takes into account production capacity
already stored in the form of inventories of both components and assembled products. Third,
the shop-floor control system accounts for the current status of all work-in-process in the
shop, so only the capacity needed to complete the remaining work on open shop orders is
considered in calculating required work center capacities. Fourth, CRP takes into account de-
mand for service parts, other demands that may not be accounted for in the MPS, and any ad-
ditional capacity that might be required by MRP planners reacting to scrap, item record errors,
and so on. To accomplish this, the CRP procedure requires the same input information as the
resource profile procedure (bills of material, routing, time standards, lead times) plus infor-
mation on MRP-planned orders and the current status of open shop orders (MRP-scheduled
receipts) at individual work centers.
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llilgolljercE 7.8 Time required during preceding periods for one end product assembled in period 5:
Profiles by Time Period
Work Center 3 4 5
End product A
Work center 100 0 0 0.05
Work center 200 0.60 0.10 0
Work center 300 0 0.20 0
End product B
Work center 100 0 0 1.30
Work center 200 0.25 0.30 0

Time-phased capacity requirements generated from MPS for 40 As and 13 Bs in time period 5:

Time Period

3 4 5
40 As
Work center 100 0 0 2
Work center 200 24 4 0
Work center 300 0 8 0
13 Bs
Work center 100 0 0 16.9
Work center 200 3.25 3.9 0
Work center 300 0 0 0
Total from period 5
MPS
Work center 100 0 0 18.9
Work center 200 27.25 7.9 0
Work center 300 0 8.0 0
FIGURE 7.9 Capacity Requirements Using Resource Profiles
Work Past Period YI'Y:::I( Center
Center Due* 1 2 3 4 5 6 7 8 9 10 mn 12 13 Hours Percentage
100 0.00 23.75* 23.75 23.75 18.90 18.90 18.90 34.00 34.00 34.00 36.95 36.95 36.95 36.95 377.75 40%
200 56.50 32.45 35.65 35.15 35.15 32.15 34.75 34.75 39.45 40.75 40.75 40.75 11.80 470.05 50
300 6.60 6.60 660 800 800 800 6.00 600 600 7.40 7.40 7.40 7.40 91.40 10

Total 63.10 62.80 66.00 66.90 62.05 59.05 59.65 74.75 79.45 82.15 85.10 85.10 56.15 36.95 939.20 100%

*This work should be completed already for products to meet the master production schedule in periods 1 and 2. (If not, it’s past due and will add to the capacity
required in the upcoming periods.)

As a medium-range capacity planning procedure, CRP exploits MRP information so as
to calculate only the capacity required to complete the MPS. By calculating capacity
requirements for actual open shop orders and planned orders in the MRP database, CRP
accounts for the capacity already stored in the form of finished and work-in-process inven-
tories. Because MRP data include timing of both these open and planned orders, the
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FIGURE 7.10
CRP Example:
Detailed
Calculations

potential for improved accuracy in timing capacity requirements is realized. This accuracy
is most important in the most immediate time periods. Rough-cut techniques can overstate
required capacity by the amount of capacity represented in inventories. In Figure 7.9, for
example, the past-due or already completed portion of the capacity requirements is
63.1 hours—about a full time period’s capacity. This work should already have been com-
pleted if we expect to meet the MPS in periods 1 and 2. CRP’s potential benefits aren’t
without cost. A larger database is required, as well as a much larger computational effort.
The process of preparing a CRP projection is similar to that used for resource profiles. The
major difference is that detailed MRP data establish exact order quantities and timing for cal-
culating capacity required. The resultant capacity needs are summarized by time period and
work center in a format similar to Figure 7.9. The CRP results would differ from those of the
other techniques, primarily in the early periods, but would be a more accurate projection of
work center capacity needs. Because calculations are based on all component parts and end
products from the present time period through all periods included in the MRP records (the
planning horizon), we can see the enormity of the CRP calculation requirements. Some firms
have mitigated this cost by collecting data as the MRP explosion process is performed.
Figure 7.10 presents one of the MRP records that drive the CRP procedure for our ex-
ample. To simplify the presentation, we show the MPS only for end product A and the MRP
record for one of its components, component C. We’ve used these data to calculate capacity
requirements for work center 300. These capacity requirements incorporate the influence of
lot sizes, inventories, and scheduled receipts for component C. Because item C is processed
at work center 300 during the second period of the two-period lead time, the planned order
for 40 units due to be released in period 1 requires capacity in period 2 at work center 300.

Period
1 2 3 4 5 6 7 8 9 10 11 12 13
Product A MPS 33 33 33 40 40 40 30 30 30 37 37 37 37
Component C
Lot size = 40 Period
Lead time = 2 1 2 3 4 5 6 7 8 9 10 11 12 13
Gross requirements 33 33 33 40 40 40 30 30 30 37 37 37 37
Scheduled receipts 40
Projected
available balance 37 4 11 18 18 18 18 28 38 8 11 14 17 20
Planned
order releases 40 40 40 40 40 40 40 40 40 40
Work center 300 Capacity Requirements Using CRP
Period
1 5 6 7 8 9 10 11 12 13
Hours of capacity* 8 8 8 8 8 8 8 0 8 8 8 8

Total = 88

*The eight hours of capacity required is derived from the scheduled receipt and planned order quantities of 40 units multiplied by the time
to fabricate a unit of component C in machine center 300, 0.20 hour (see Figure 7.7).
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Required capacity is calculated using the setup and run time data from Figure 7.5 for
component C.

For a lot size of 40 units, total setup and run time in work center 300 is eight hours
[1.0 + (40 x 0.175)]. Each planned order for component C in Figure 7.10 requires eight
hours of capacity at work center 300, one period later. Similarly, the scheduled receipt of
40 units due in period 2 requires eight hours of capacity in week 1. Note the eight hours of
capacity required for the scheduled receipt may not, in fact, be required if this job has al-
ready been processed at work center 300 before the beginning of period 1. The shop order’s
actual status is required to make the analysis.

In comparing CRP to the other capacity planning procedures, we shouldn’t expect total
capacity requirements for the 13 periods or the period-by-period requirements to be the
same. Comparing capacity requirements for work center 300 developed by the resource
profile procedure (Figure 7.9) and CRP (Figure 7.10) indicates estimated total capacity
requirements for the 13 periods are less using CRP than resource profiles (88 versus
91.4 hours) and vary considerably on a period-by-period basis. Differences are explained
by the initial inventory and use of lot sizing. Any partially completed work-in-process
would reduce the capacity requirements further.

Scheduling Capacity and Materials Simultaneously

Thus far in the chapter we have taken what has been the traditional view of capacity in
MPC systems: one first plans the materials, and thereafter examines the capacity implica-
tions of those plans. The underlying assumption in all of this is that if one knows of capac-
ity requirements in sufficient time, adjustments to capacity can be effected. The capacity
planning techniques we have examined thus far all make this assumption: their major dif-
ference is only in sophistication of the plans produced.

Moreover, the material plans produced by classic MRP systems are based on batches of
materials traveling between work centers for subsequent operations, then flowing through in-
ventories in order to be subsequently processed/integrated into higher-level part numbers.
The overall lead times associated with producing end products on this basis tend to be quite
long as a multiple of actual manufacturing times, particularly when the products have many
levels in the bill of materials. For many firms today this just will not do: they must respond to
actual customer demands faster, without holding large inventories. This implies “smarter”
scheduling, which must simultaneously reflect actual capacity conditions. Furthermore,
those “capacity conditions” are tighter and tighter: in order to be profitable one must utilize
capacities more effectively, and satisfy end customer demands faster with lower inventories.
The bottom line is a need to simultaneously schedule both capacity and materials.

Finite Capacity Scheduling

Finite scheduling systems can first be seen as an extension of the approach used by capac-
ity requirements planning (CRP) systems, with one major difference: CRP calculates only
capacity needs—it makes no adjustments for infeasibility. If, for example, we take the
capacity requirements data for work center 300 coming from Product A, as shown in Fig-
ure 7.10, these would be depicted in either a CRP or finite workload capacity profile as the
top part of Figure 7.11. If similar capacity requirements were collected from a/l the MRP
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records, for all the jobs passing through work center 300, the CRP record might look like the
middle portion of Figure 7.11 (where we have expanded the example to realistically include
more products).

The bottom portion of Figure 7.11 shows the difference in the approach using finite
scheduling. Here the capacity is scheduled only up to the 80-hour capacity limit. Thus, the
75 hours of work shown as past due in the middle of Figure 7.11 would be scheduled in
week 1 in the finite scheduling approach. Finite scheduling does not solve the undercapac-
ity problem shown here. If capacity is not increased, only 80 hours of work can be
completed in any week, regardless of the scheduling procedure. Finite scheduling will de-
termine which jobs will be completed, according to how the jobs are scheduled—and there
are various methods used to prioritize these decisions.

Finite scheduling systems simulate actual job order starting and stopping times to pro-
duce a detailed schedule for each shop order and each machine center; that is, finite sched-
uling loads all jobs in all necessary work centers for the length of the planning horizon. For
this reason, the terms finite scheduling and finite loading tend to be used interchangeably.
The result of finite loading is a set of start and finish dates for each operation at each work
center. Finite scheduling explicitly establishes a detailed schedule for each job through
each work center based on work center capacities and the other scheduled jobs. Figure 7.1
depicts finite loading as a short-term capacity planning technique. Because it produces a
detailed schedule of each work center, it tends to be most correct in the short term. That is,
predictions of exact job schedules will be less valid in the longer term.

One output of finite scheduling is a simulation of how each machine center is to operate
on a minute-by-minute basis for whatever time horizon is planned. For example, suppose
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we begin with work center 300 on Monday morning of week 1. A job is already in process
and 150 pieces remain with a standard time of one minute per piece. This order consumes
the first 150 minutes of capacity; if work starts at 8 a.m., the machine is loaded until
10:30 a.m. The finite scheduling system would pick the next job to schedule on this ma-
chine, and load it, taking account of setup time and run times. The process is repeated to
simulate the entire day, then the next day, and so on.

Selection of the next job to schedule is not based just on those jobs physically waiting at
the work center. Most finite scheduling systems look at jobs coming to the work center,
when they will be completed at the prior work centers, and these jobs’ priorities to decide
whether to leave the work center idle and immediately available for the arrival of a partic-
ular job. Also, some systems allow for overlap operations, where a job can start at a down-
stream work center before all of it is complete at the upstream work center.

The approach we have just described, where a work center is scheduled, job by job,
is called vertical loading. Its orientation is on planning/utilizing the capacity of a work
center—independently. This is consistent with how most job shop scheduling research is
conducted where the focus is on establishing relative job order priorities for deciding which
job to schedule next in a work center. A different approach used in finite scheduling is
horizontal loading. In this case the orientation is on entire shop orders. Here, the highest-
priority shop order or job is scheduled in all of its work centers, then the job with the next
highest priority, and so on. The horizontal loading approach is often in conflict with using
the work centers to their highest capacity, since it will have more “holes” in the schedule
than the vertical loading approach.

There is a temptation to see vertical loading as better than horizontal because of the ca-
pacity utilization. This is not the case. Horizontal loading will complete whole jobs faster
than vertical loading. And it is whole jobs that are sold to the customers, not partial jobs,
and it is harder to sell jobs that take long times to complete. It is far better to have 50 per-
cent of the jobs completed than 90 percent that are not quite completed!

In addition to the horizontal-vertical distinction, there is also the issue of front sched-
uling versus back scheduling. The back-scheduling approach starts with scheduling jobs
backward from their due dates, whereas front scheduling starts with the current date
scheduling into the future, where each job is completed as early as possible. If a back
scheduling approach produces a past due start date for a shop order, this indicates infea-
sibility; similarly, if a front schedule does not produce jobs by the dates needed, it is also
infeasible.

Because any plan produced by any finite scheduling model is indeed a simulation, it is
to be expected that errors will result. That is, the times used for the schedule are only esti-
mates, and randomness will occur. This means that many times a job is expected to be at
a work center and it is not complete at the prior center, raising the question as to whether to
wait or choose another job. Furthermore, the further out the simulation model is extended,
the greater the uncertainty in the expected results. If the finite schedule is prepared on
Sunday night, schedules for Monday might be fairly good, while those for Tuesday will
have to deal with the actual results achieved on Monday. The validity of the schedule will
decay as the time horizon for scheduling is extended. One way to improve the scheduling
is to reschedule more often. Even though today’s computers are fast, redoing an entire finite
schedule every time a job is completed is still too expensive for most firms.
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FIGURE 7.12
Data for APS
Approach to
End Product A

Finite Scheduling with Product Structures: Using APS Systems

The complexity of scheduling increases if one wishes to schedule not only component parts
but also products with part structures. Thus, if we return to Figure 7.4, the real problem is
in scheduling products A and B, not just in scheduling the components C, D, E, and F.
Again if all the components are 90 percent completed, we cannot ship anything! The ap-
proach used by classic MRP systems is to take a long time to complete these jobs or else to
have plenty of capacity available. With present imperatives on deliveries, inventories, and
capacity investments, many firms are turning to finite loading systems that schedule the en-
tire product as an entity. These systems are called advanced production scheduling (APS)
systems, and several leading edge software companies provide them.

Essentially, APS systems use horizontal loading and either front or back scheduling de-
pending on whether the product is desired as soon as possible (front scheduling). But now
the entire product structure is scheduled. Thus, for product A (see Figure 7.4), it is neces-
sary to schedule A, C, and D. Let us illustrate the methodology, with back scheduling, for
the 30-unit master schedule quantity shown for week 8 in Figure 7.2, the lot sizes for C and
D (40 and 60) shown in Figure 7.5, and the assumptions that the MRP records are run with-
out safety stock and that there would be no projected available balances to offset the calcu-
lations by the time week 8 is planned.

Figure 7.12 shows how the master production schedule and component MRP records
would be depicted for this example. Note that the records show only the requirements for this
particular MPS quantity (e.g., not including any requirements for component D to support
end product B). Figure 7.13 shows the capacity requirements for the MPS (work center 100)
as well as for work centers 300 and 200 that would be produced by the resultant APS back
schedule. This figure is based on the two-shift capacity (80 hours per week) assumption used
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End product ~— 8 Yomm
A 30 %
B 25
L o [

MRP records for components C and D

Gross requirements 30
Scheduled receipts
Projected available balance

Planned order releases
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Projected available balance

Planned order releases

Component D
Lot size = 60
Lead time = 1

e
s S e—




FIGURE 7.13
Back Schedules
for the MPS
and Work
Centers 100,
200 and 300.

Scheduling Capacity and Materials Simultaneously 257

|
Work center
100
| | | | | | | |
C—40 45 50 55 60 65 70 75 80
Iy
Work center
300
| | | | | | | |
40 45 50 55 60 65 70 75 30
|
Work center
200
| | | | | | | |
C—40 45 50 55 60 65 70 75 80

[ = end product A [ = component C [ = component D |

in the other calculations for this example. For work center 100, the capacity requirement is
1.5 hours, based on the data in Figure 7.7 (0.05 hour per unit x 30). Component C requires
24 hours of capacity in work center 200 (0.6 hour per unit x 40), followed by 8 hours of ca-
pacity in work center 300 (0.2 hour per unit x 40). Also shown in Figure 7.13 is a capacity
requirement of 6 hours for work center 200 (0.1 hour per unit x 60) in order to fabricate the
batch of component D needed to support the MPS for end product A.

Figure 7.13 allows us to discuss some of the key issues raised by using APS systems.
First, let us be clear on the major benefit: The entire schedule for the MPS quantity has been
fulfilled in less than 0.5 week (total elapsed time = 33.5 hours/80 = 0.41 week). This can
be contrasted with an expected time of 3 weeks for standard MRP based approaches (86
percent lead time reduction). This implies a corresponding reduction in work-in-process in-
ventories as well as a faster response to market conditions.

Executing the schedule planned in Figure 7.13 may make some people nervous. But it
has been shown that this problem will absolutely not be made better by overstating the
times used for the APS scheduling. Doing so puts in a consistent bias that degrades the
planning process. The better approach is to focus on improving time estimates as much as
possible (unbiased) and thereafter focus on flawless execution and recovery from any prob-
lems (work to the plan). More frequent rescheduling by the APS system allows errors to be
reflected and compensated for in updated plans.

Figure 7.13 is simplified to show only the capacity requirements for one MPS quantity
and its supporting components. In reality, the APS will schedule all MPS quantities, pro-
ducing an overall capacity profile and detailed schedules for each work center. The next
MPS quantity that is scheduled has to deal with the realities established by the prior sched-
ules. That is, for example, if end product B is scheduled next in week 8, it will be back-
scheduled to complete at hour 78.5 in work center 100, and its needs for capacity in work
center 200 can end only at hour 46.5. One might therefore ask if the scheduling of end
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product B should precede that of end product A. This is a complex issue. Sequential pro-
cessing of MPS quantities in APS means that one needs to determine the priorities for
scheduling these end products. We will come back to this issue.

Figure 7.13 shows a “hole” in the schedule for work center 200 between hours 70.5
and 72.5. An APS system would allow this capacity to be used for another job or work
order, but only if the work order had a capacity requirement equal or less than 2 hours.
That is, the criterion here is to respect the schedules for the end products, not to opti-
mize work center utilizations. The hole also illustrates another choice: the capacity re-
quirement for Component D has been back-scheduled from the time when it is needed
to produce end product A. This will result in the lowest inventory levels. But it could
start at time 70.5 (front-schedule it), but then it would be completed 2 hours before
needed. Doing so provides more surety that the MPS can proceed as planned, since now
only the schedule for component C might upset it, rather than the schedules for either
component part.

Front-scheduling component D will increase the work-in-process inventory, because it
is started in production earlier. But there is another issue here, similar to when you arrive
with enough time to take an earlier plane though not having a ticket for that flight. For the
airline, if there is a seat available on the earlier flight, it is in their interest to put you on the
earlier flight—regardless of what the payment/ticket conditions are—because the seat is
empty, and the one you will occupy on the subsequent flight might be sold to someone else.
The same issue comes up in Figure 7.13. The front schedule allows the “hole” to be shifted
later, when it has a much better chance to be used, since there is not presently any work
scheduled beyond hour 80 in work center 200. Front scheduling of component D allows
work on another shop order to begin at hour 78.5 instead of hour 80.

What all of this illustrates is that there are “many ways to skin the cat.” APS systems typ-
ically provide the ability to look at the schedules visibly to allow manual intervention and
thereafter to see the resultant effects throughout the company (work centers, shop orders,
MPS, customer orders). The outputs from APS are often displayed as schedule boards
(bar charts showing each shop order being processed over time in each work center). APS
systems are also usually linked to spread sheet models to allow users to examine the impli-
cations of various choices/schedule changes.

Management and Capacity Planning/Utilization

Capacity planning is one side of the coin; capacity management is the other. Plans need
to be executed, and this needs to be done effectively; moreover, well-developed demand
management can provide conditions that are much more favorable to routine execution.
For example, Toyota and several other Japanese auto manufacturers develop production
plans with a stable rate of output (cars per day). Product mix variations are substantially
less than those for other auto companies because they carefully manage the number and
timing of option combinations. The result is execution systems that are simple, effective,
and easy to operate with minimal inventories and fast throughput times. Capacity plan-
ning is straightforward and execution is more easily achieved, not only for the company
itself but for its suppliers as well. That is, well-managed front-end planning can rationalize
the entire supply chain.
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Capacity Monitoring with Input/Output Control

One key capacity management issue concerns the match between planning and execution.
This implies monitoring on a timely basis to see whether a workable capacity plan has been
created and whether some form of corrective action is needed. The best-known approach to
this issue is input/output control, where the work flowing through a work center is moni-
tored: the planned work input and planned output are compared to the work actual input
and output.

Input/Output Control

The capacity planning technique used delineates the planned input. Planned output results
from managerial decision making to specify the capacity level; that is, planned output is
based on staffing levels, hours of work, and so forth. In capacity-constrained work centers,
planned output is based on the rate of capacity established by management. In non-capacity-
constrained work centers, planned output is equal to planned input (allowing for some lead-
time offset).

Capacity data in input/output control are usually expressed in hours. Input data are
based on jobs’ expected arrivals at a work center. For example, a CRP procedure would ex-
amine the status of all open shop orders (scheduled receipts), estimate how long they’ll take
(setup, run, wait, and move) at particular work centers, and thereby derive when they’ll
arrive at subsequent work centers. A finite loading system would do the same, albeit with
better results. The approach would be repeated for all planned orders from the MRP data-
base. The resultant set of expected arrivals of exact quantities would be multiplied by run
time per unit from the routing file. This product would be added to setup time, also from the
routing file. The sum is a planned input expressed in standard hours.

Actual input would use the same routing data, but for the actual arrivals of jobs in each
time period as reported by the shop-floor control system. Actual output would again use the
shop-floor control data for exact quantities completed in each time period, converted to
standard hours with routing time data.

The only time-data not based on the routing file are those for planned output. In this
case, management has to plan the labor-hours to be expended in the work center. For ex-
ample, if two people work nine hours per day for five days, the result is 90 labor-hours per
week. This value has to be reduced or inflated by an estimate of the relation of actual hours
to standard hours. In our example, if people in this work center typically worked at 80 per-
cent efficiency, then planned output is 72 hours.

A work center’s actual output will deviate from planned output. Often deviations can be
attributed to conditions at the work center itself, such as lower-than-expected productivity,
breakdowns, absences, random variations, or poor product quality. But less-than-expected
output can occur for reasons outside the work center’s control, such as insufficient output
from a preceding work center or improper releasing of planned orders. Either problem can
lead to insufficient input or a “starved” work center. Another reason for a variation between
actual input and planned input was shown by our capacity planning model comparisons—
some models don’t produce realistic plans!

Input/output analysis also monitors backlog. Backlog represents the cushion between
input and output. Backlog decouples input from output, allowing work center operations to
be less affected by variations in requirements. Arithmetically, it equals prior backlog plus
or minus the difference between input and output. The planned backlog calculation is based
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FIGURE 7.14 Week
Sample
Input/Output 1 2 3 4 5
for Work Planned input 15| 15 0| 10| 10
Center 500* Actual input 14| 13| 5| 9|17
(as of ,the end Cumulative deviation 1| -3 |+2| +1| +8
of period 5)
Planned output 1] 17 11| 11| 11
Actual output 8| 10 9| 11 9
Cumulative deviation -3|-4|-6|-6|-8
Actual backlog 20 | 26 | 29 | 25| 23 | 31

Desired backlog: 10 hours

*In standard labor-hours.

on planned input and planned output. Actual backlog uses actual input and output. The dif-
ference between planned backlog and actual backlog represents one measure of the total, or
net, input/output deviations. Monitoring input, output, and backlog typically involves keep-
ing track of cumulative deviations and comparing them with preset limits.

The input/output report in Figure 7.14 is for work center 500 shown in weekly time
buckets with input and output measured in standard labor-hours. The report was prepared
at the end of period 5, so the actual values are current week-by-week variations in planned
input. These could result from actual planned orders and scheduled receipts; that is, for
example, if the input were planned by CRP, planned inputs would be based on timings for
planned orders, the status of scheduled receipts, and routing data. The actual input that ar-
rives at work center 500 can vary for any of the causes just discussed.

Work center 500’s planned output has been smoothed; that is, management decided to
staff this work center to achieve a constant output of 11 hours per week. The results should
be to absorb input variations with changes in the backlog level. Cumulative planned output
for the five weeks (55 hours) is 5 hours more than cumulative planned input. This reflects a
management decision to reduce backlog from the original level of 20 hours. The process of
increasing capacity to reduce backlog recognizes explicitly that flows must be controlled to
change backlog; backlog can’t be changed in or of itself.

Figure 7.14 summarized the results after five weeks of actual operation. At the end of
week 5, the situation requires managerial attention. The cumulative input deviation
(+8 hours), cumulative output deviation (—8 hours), current backlog (31 hours), or all
three could have exceeded the desired limits of control. In this example, the increased back-
log is a combination of more-than-expected input and less-than-expected output.

One other aspect of monitoring backlog is important. In general, there’s little point in re-
leasing orders to a work center that already has an excessive backlog, except when the order to
bereleased is of higher priority than any in the backlog. The idea is to not release work thatcan’t
be done, but to wait and release what’s really needed. Oliver Wight summed this up as one of
the principles of input/output control: “Never put into a manufacturing facility or to a vendor’s
facility more than you believe can be produced. Hold backlogs in production and inventory
control.” With today’s APS system, a similar dictate results: concentrate on executing the most
immediate schedule—exactly. The APS system will take care of the future schedules.
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FIGURE 7.15
The Capacity
Bathtub

T |

Figure 7.15 depicts a work center “bathtub” showing capacity in hydraulic terms. The
input pipe’s diameter represents the maximum flow (of work) into the tub. The valve repre-
sents MPC systems like MPS, MRP, and JIT, which determine planned input (flow of
work) into the tub. Actual input could vary because of problems (like a corroded valve or
problem at the water department) and can be monitored with input/output analysis. We can
determine required capacity to accomplish the planned input to the work center with any
of the capacity planning techniques. The output drain pipe takes completed work from the
work center. Its diameter represents the work center’s planned or rated capacity, which
limits planned output. As with actual input, actual output may vary from the plan as well. It
too can be monitored with input/output analysis. Sometimes planned output can’t be
achieved over time even when it’s less than maximum capacity and there’s a backlog to
work on. When that occurs, realized output is called demonstrated capacity. The “water”
in the tub is the backlog or load, which can also be monitored with input/output analysis.

Managing Bottleneck Capacity

Eliyahu Goldratt developed a key capacity management idea that he popularized more than
25 years ago in The Goal. Fundamentally, one needs to find the bottlenecks in any factory,
and thereafter manage their capacities most effectively. Goldratt’s maxim is that an hour of
capacity lost in a bottleneck work center is an hour of capacity lost to the entire company—
worth a fortune. But an hour of capacity gained in a nonbottleneck work center will only
increase work-in-process inventory and confusion. Eli Goldratt has gone on to other things,
but this fundamental concept remains at the base of his work. Today, he and his colleagues
have generalized the ideas into what they refer to as “theory of constraints” (TOC). For the
purposes of capacity planning and management, TOC teaches that the capacities of bottle-
neck work centers need to be planned and managed much more carefully than those of non-
bottlenecks. In fact, Goldratt points out that for nonbottlenecks it may not be important to
even have decent data. If sufficient capacity exists, execution of capacity plans is easy.
Spend the time and energy on execution of what at first seems impossible.

Goldratt has many suggestions for how to execute the impossible. For example, why
shouldn’t bottleneck work centers run through lunch hours and coffee breaks—others can
run these work centers while the primary personnel eat lunch and drink coffee. Alternative
routing is another solution, and this is a good idea even when it “costs” much more. Usually
the costs are calculated with unrealistic assumptions. Extra work done in an underutilized
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work center has no real cost, and if the bottleneck workload is thereby reduced, it is an ex-
cellent idea to do it.

The TOC approach to capacity planning is essentially to first determine the bottleneck
work centers. This can be done with a rough-cut capacity planning model or with CRP.
Where are the bottlenecks? Next, TOC would try to find the quick solutions for eliminating
bottlenecks. Finally, scheduling will concentrate on best managing bottleneck capacity.
Essentially, TOC will separate those jobs that pass through the bottlenecks from those that
do not. Only the jobs or work orders requiring capacity in the bottleneck resource are finite
scheduled, using horizontal loading and back scheduling for the most critical jobs.

If we return to the hole in the schedule of Figure 7.13, the TOC approach would defi-
nitely front-schedule component D for the reason described there: it is the schedule for
component C that constrains the start of end product A. Do not let component D become a
constraint to this overall product schedule. TOC treats this early schedule (front-loaded) as
a buffer in order to reduce the possibility of missing the overall goal: ship the end product!

TOC uses APS systems, but concentrates their attention on what is truly critical. For
nonbottleneck work centers it is more than unimportant to utilize their capacity—it is fun-
damentally wrong. Increasing utilization of nonbottlenecks will result in more work being
in the factory than necessary, yielding higher inventories and confusion. Nonbottleneck
work will be done easily because there is basically no constraint to it. Restricting the use of
APS systems to focus on the bottlenecks allows smart users to examine the best ways to
“skin the cat.”

The most critical capacity requirements need to be identified and thereafter utilized to
maximum effectiveness. Capacity planning techniques can help with the former, but effec-
tive management is needed for the latter. Moreover, managerial policies can also create
environments that are easier to execute—environments where capacities are utilized in a
predictable and stable fashion.

Capacity Planning in the MPC System

To illustrate the importance of the interrelationships in designing and using the capacity
planning system, let’s consider the impact of production planning and resource planning
decisions on shorter-term capacity planning decisions. To the extent that production plan-
ning and resource planning are done well, problems faced in capacity planning can be re-
duced, since appropriate resources have been provided. If, for example, the production plan
specifies a very stable rate of output, then changes in the master production schedule
(MPS) requiring capacity changes are minimal. If the material planning module functions
effectively, the MPS will be converted into detailed component production plans with rela-
tively few unexpected execution problems.

A quite different but equally important linkage that can affect capacity planning system
design is the linkage with shop-floor execution systems. A key relationship exists in sched-
uling effective use of capacity. With sufficient capacity and efficient use of that capacity
ensured by good shop-floor systems, we’ll see few unpleasant surprises requiring capacity
analysis and change. Effective shop-floor procedures utilize available capacity to process
orders according to MRP system priorities, provide insight into potential capacity problems
in the short range (a few hours to days), and respond to changes in material plans. Thus, ef-
fective systems reduce the necessary degree of detail and intensity of use of the capacity
planning system. The result is a better match between actual input/output and planned
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input/output. Again, we see attention to the material planning side of the MPC system, in
this case the shop-floor module, having an effect on the capacity planning side.

Choosing the Measure of Capacity

The choice of capacity measures is an important management issue. Alternatives run from
machine-hours or labor-hours to physical or monetary units. The choice depends on the
constraining resource and the firm’s needs. In any manufacturing company, the “bundle of
goods and services” provided to customers increasingly includes software, other knowl-
edge work, after-sales service, and other customer services. In every case, providing these
goods and services requires resources— ‘capacities” that must be planned, managed, and
developed. Appropriate measures of capacity must be established and changed as evolution
in the bundle of goods and services occurs.

Several current trends in manufacturing have a significant bearing on the choice of ca-
pacity measures. Each can have a major impact on what’s important to measure in capacity.
One important trend is considerable change in the concept of direct labor. Direct labor has
been shrinking as a portion of overall manufacturing employment. Distinctions between di-
rect and indirect labor are becoming less important. The ability to change labor capacity by
hiring and firing (or even using overtime) has been reduced; notions of “lifetime employ-
ment” have further constrained this form of capacity adjustment.

One objective in JIT systems is continual improvement, so the basis for labor capacity
is constantly changing. This mandates control procedures for identifying and changing the
planning factors as improvements take place.

Another important trend is decreased internal fabrication and increased emphasis on
outside purchasing, i.e., outsourcing. This trend can alter the conception of what capacity
requirements are important. Procurement analysis, incoming inspection, and engineering
liaison may become the critical capacities to be managed, as well as planning and sched-
uling the capacities in vendor firms. In fact, one of the major benefits ascribed to major
outsourcing companies is their ability to more flexibly respond to changing capacity
needs.

For many firms engaged in fabrication, machine technology is changing rapidly. Flexi-
ble automation has greatly increased the range of parts that can be processed in a machine
center. Future product mixes are likely to be much more variable than in the past, with a
marked effect on the equipment capacity required. Moreover, as equipment becomes more
expensive, it may be necessary to plan and control the capacity of key pieces of equipment
at a detailed level.

To the extent that cellular technologies are adopted as part of JIT manufacturing, the
unit of capacity may need to change. Usually the entire cell is coupled and has only as much
capacity as its limiting resource. Often, the cell is labor limited, so the unit of capacity is
labor-hours (continually adjusted for learning). Sometimes, however, the capacity measure
needs to be solely associated with a single aspect of the cell. Also, when dissimilar items
are added to the cell for manufacture, it’s necessary to estimate each new item’s capacity re-
quirements in terms of individual processing steps.

The first task in choosing a capacity measure is to creatively identify resources that are
critical and in short supply. Capacity control is too complicated to apply to all resources.
The next step is to define the unit of measure. If the key resource is people, then labor-hours
may be appropriate. In other instances, such measures as tons, gallons, number of molds,
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number of ovens, hours of machine time, square yards, linear feet, lines of code, customer
calls, and cell hours have been used. In some cases, these are converted to some “equiva-
lent” measure to accommodate a wider variety of products or resources.

After the resources and unit of measure have been determined, the next concern is to es-
timate available capacity. The primary issue here is theory versus practice. The engineer
can provide theoretical capacity from the design specifications for a machine or from time
studies of people. A subissue is whether to use “full” capacity or some fraction thereof
(often 75 to 85 percent). A further issue is “plasticity” in capacity. For almost any resource,
if it’s really important, more output can be achieved. We’ve seen many performances that
fall short of or exceed capacity calculations.

Choice of capacity measure follows directly from the objective of providing capacity to
meet production plans. The appropriate measure of capacity that most directly affects meet-
ing these plans. The measure, therefore, should be appropriate to the critical limited re-
sources and be based on what’s achievable, with allowances for maintenance and other nec-
essary activities. It must be possible to convert the bundle of products and services into
capacity measurement terms. The results must be understood by those responsible, and
they should be monitored.

Choice of a Specific Technique

In this chapter’s discussion, the capacity planning techniques for converting a material plan
into capacity requirements include three different methods for rough-cut capacity planning
(CPOF, capacity bills, and resource profiles). We also examined capacity requirements
planning, CRP, which is particularly useful for medium range planning. For the detailed
day-to-day capacity planning APS systems can be valuable under some circumstances. The
choice of method depends heavily on characteristics of the manufacturing environment.

The three rough-cut methods are most general, being applicable even in companies
using just-in-time methods for shop-floor control. Rough-cut approaches can be useful in
JIT operations to estimate the impact of changes in requirements called for by revisions to
the master production schedule. For example, under level scheduling conditions, a change
from a production rate of 480 units per day (one unit per minute) to 528 units per day
(1.1 units per minute) might be needed. A rough-cut procedure could be used to examine
the impact on each work center or manufacturing cell through which this volume would
pass (including those of suppliers). Any indicated problems or bottleneck conditions could
be addressed before the crisis hits. Similarly, a planned reduction in MPS could be evalu-
ated to determine resources that might be freed to work on other tasks.

Rough-cut approaches do vary in accuracy, aggregation level, and ease of preparation.
There’s a general relationship between the amount of data and computational time required,
and the quality and detail of the capacity requirements estimated. The issue is whether ad-
ditional costs of supporting more complex procedures are justified by improved decision
making and subsequent plant operations.

The capacity bills procedure has an advantage over capacity planning using overall fac-
tors (CPOF) because it explicitly recognizes product mix changes. This can be important in
JIT operations, particularly where the level schedule is based on assumptions of product mix
and where different products have different capacity requirements. On the other hand, if
changes in mix are easily accommodated, and there are minimal differences in capacity
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requirements for different products, then CPOF’s simplicity can be exploited. Under JIT op-
erations, however, there’s often little need to incorporate the added sophistication of the re-
source profile procedure. There simply won’t be any added advantage to making lead time
offsets in the planning process. Work is completed at virtually the same time as it’s started.

Capacity requirements planning is only applicable in companies using time-phased
MRP records for detailed material planning and shop-order-based shop scheduling sys-
tems. CRP is unnecessary under JIT operations anyway because minimal work-in-process
levels mean there’s no need to estimate the impact in capacity requirements of partially
processed work. All orders start from “raw material” with virtually no amount of “capacity”
stored in component inventories. Also, under JIT, there’s no formal PAC procedure. There
are no work orders. Thus, there are no status data on work orders.

Input/output control isn’t usually an issue under JIT operations because attention has
been shifted from planning to execution. As a result, actual input should equal actual out-
put. Actual input becomes actual output with an insignificant delay. The backlog is effec-
tively a constant zero. However, planned input can indeed vary from actual input and so can
planned output vary from actual output. These variations should be achievable without
violating the equality between actual input and actual output—with backlog remaining at
zero. To the extent that plan-to-actual variations are possible, the result reflects the flexibil-
ity, or bandwidth, of the JIT unit.

Using the Capacity Plan

All the techniques we’ve described provide data on which a manager can base a decision. The
broad choices are clear—if there’s a mismatch between available capacity and required
capacity, either the capacity or the material plan should be changed. If capacity is to be
changed, the choices include overtime/undertime authorization, hiring/layoff, and increas-
ing/ decreasing the number of machine tools or times in use. Capacity requirements can be
changed by alternate routing, make-or-buy decisions, subcontracting, raw material substitu-
tions, inventory changes, or revised customer promise dates.

Choice of capacity planning units can lead to more effective use of the system. Capac-
ity units need not be work centers as defined for manufacturing, engineering, or routing
purposes. They can be groupings of the key resources (human or capital) important in
defining the factory’s output levels. Many firms plan capacity solely for key machines
(work centers) and gateway operations. These key areas can be managed in detail, while
other areas fall under resource planning and the shop-floor control system.

Capacity planning choices dictate the diameter of the manufacturing pipeline. Only as
much material can be produced as there’s capacity for its production, regardless of the ma-
terial plan. Not understanding the critical nature of managing capacity can lead a firm into
production chaos and serious customer service problems. In the same vein, the relationship
between flexibility and capacity must be discussed. You can’t have perfectly balanced ma-
terial and capacity plans and be able to easily produce emergency orders! We know one
general manager who depicts his capacity as a pie. He has one slice for recurring business,
one for spare parts production, one for downtime and maintenance, and a final specific slice
for opportunity business. He manages to pay for this excess capacity by winning lucrative
contracts that require rapid responses. He does not add that opportunity business to a
capacity plan fully committed to the other aspects of his business.
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Concluding Clear principles for design and use of the capacity planning system emerge from this
Principles chapter:

Capacity plans must be developed concurrently with material plans if the material plans
are to be realized.

The particular capacity planning technique(s) chosen must match the level of detail and
actual company circumstances to permit making effective management decisions.

Capacity planning can be simplified in a JIT environment.

The better the resource and production planning process, the less difficult the capacity
planning process.

The better the shop-floor system, the less short-term capacity planning is required.

The more detail in the capacity planning system, the more data and database mainte-
nance are required.

It’s not always capacity that should change when capacity availability doesn’t equal need.

Capacity not only must be planned, but use of that capacity must also be monitored and
controlled.

Capacity planning techniques can be applied to selected key resources (which need not
correspond to production work centers).

The capacity measure should reflect realizable output from the key resources.

Discussion
Questions

10.

Problems

1.
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1.

Figure 7.1 shows a hierarchy of capacity planning and material planning processes. How does a
better job of long-range planning affect the medium-range planning? Is the issue similar between
production planning and master production scheduling?

. Why does JIT execution require a less-intensive capacity planning approach?

. What are the advantages and disadvantages of using CRP over rough-cut capacity planning?

. What are the relative advantages of horizontal versus vertical loading?

. How does input-output analysis provide a reality check on material and capacity planning

processes?

. Why is an hour of capacity lost in a bottleneck work center so valuable?
. How might the Montell capacity plan (Figure 7.16) allow the company to determine if its revenue

projections are on target? (See the Cases at the end of the chapter.)

. What is the thinking behind Applicon’s three different capacity values for its work centers? (See

the Cases at the end of the chapter.)

. In the Manugistics APS system, what would it mean if the days of supply were negative when-

ever a new batch of the products was scheduled? What would it mean if each time a new batch
was scheduled, the days of supply was at 5D? (See the Cases at the end of the chapter.)

What are some examples of capacity planning in a university? What are good and poor practices?

A firm makes car seats for an automaker in two varieties: leather and fabric. The standard labor
hours for these are 1.2 and 1.0 hours, respectively. The seats are made in two work centers,
sewing and assembly, where the average percentage of work has been 55 percent for sewing and
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45 percent for assembly. Given the following schedule for the next six weeks, calculate the labor
hours needed in each of the two work centers:

Week 1 2 3 4 5 6
Leather 15 20 18 21 15 13
Fabric 65 60 62 59 65 67

2. Returning to problem 1, what are the average labor-hours needed over the six-week period,
and how might the company handle deviations from the average? How might they staff their
departments?

3. Returning again to problem 1, the leather requires incoming inspection for each car seat in order
to be sure the colors match. The time required for this is five minutes per seat. What are the ex-
pected capacity requirements for the inspection department over the next six weeks? Is there any
way that this problem can usefully be combined with problem 1?

4. Returning to problem 3, what if inspection is done by the seat manufacturer in combination with
assembly? How does this influence analysis of problem 1?

5. A metal fabricating company has the following master production schedule for one of its items
(a frame), as well as the accompanying product structure.

Week 1 Week 2 Week 3 Week 4
MPS 20 30 35 20

| I |

|

|

Part D
The resource profile for the frame is as follows:

Item Work Center Setup Hours Run Hours/Unit Lead Time
Frame 200 4 1.5 0 weeks
Part A 300 3 1.0 1 week
Part B 300 3 .8 1 week
Part C 400 2 1.2 2 weeks
Part D 500 2 1.0 1 week

Determine the capacity requirements for all work centers, assuming all usages are one, and that
a new setup is required in each week at each work center.
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6. A furniture manufacturer makes a bookcase from two end panels, four shelves, fasteners, and
hangers. The end panels and shelves have the following data:

End Panel

Operation Machine Run Time Setup Time
1 Saw 5 minutes 0.6 hour
2 Planer 3 minutes 0.3 hour
3 Router 4 minutes 0.8 hour

Shelf

Operation Machine Run Time Setup Time
1 Saw 4 minutes 0.5 hour
2 Molder 5 minutes 1.3 hours
3 Router 5 minutes 0.7 hour
4 Sander 1 minute 0.1 hour

The master schedule for the next three weeks is 35, 50, and 40 bookcases, respectively. Each
MPS quantity requires a setup.

a. What is the total number of hours required on each of the five machine centers for each week?

b. Ifeach ofthe two parts is started into production one week (five days) before needed in assembly,
and it takes one day per operation, generate the week-by-week load on the routing machine.

c. If, in part b, the two parts arrive at the router on the same day, which would you process first?
Why?
7. An office supply company makes notebooks with the following product structure:

The company uses an MRP system, and has the following records for these three items.

Week
Notebook 1 2 3 4 5 6
Gross requirements 25 25 25 25 25 25
Scheduled receipts
Projected available balance 30 5 0 0 0 0 0
Planned order releases 20 25 25 25 25 0
Q=L4L,LT=1,SS=0.
Pad 1 2 3 4 5 6
Gross requirements 20 25 25 25 25 0
Scheduled receipts 15
Projected available balance 10 5 10 15 20 25 25
Planned order releases 30 30 30 30 0 0

Q=30,LT=1,SS=0.
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Cover 1 2 3 4 5 6
Gross requirements 20 25 25 25 25 0
Scheduled receipts 50

Projected available balance 10 40 15 40 15 40 40
Planned order releases 50 0 50 0 0 0

Q=50,LT=2,8SS=0.

The notebooks are fabricated in the following work centers, listed with accompanying time
requirements.

Operation Work Center  Setup Time Run Time
Notebook assembly 100 2 hours 10 minutes
Pad production 200 3 hours 5 minutes
Cover production 300 2 hours 9 minutes

Determine the weekly capacity requirements in each of the work centers. For the two scheduled
receipts, assume that the setup is complete, and that in each case they are half complete.

8. The following input-output data were gathered at the end of week 8 for a work center:

Week
1 2 3 4 5 6 7 8

Planned input 60 60 60 60 60 60 60 60
Actual input 68 70 75 70 68 60 55 55
Planned output 65 65 65 65 65 65 65 65
Actual output 60 62 63 63 64 65 63 60

Beginning backlog = 50 hours.

a. Complete the input/output document.

b. What was the planned objective?

c. Was it met?

d. What recommendations would you make?

9. A company with three product lines has estimated its weekly capacity requirements for three
work centers as follows.

Product Line

Work Center A B C
100 35 hours 28 hours 12 hours
200 25 hours 37 hours 56 hours
300 46 hours 35 hours 33 hours

a. How many workers (and duplicate machines) are needed in each work center if they are to
work 40 hours per week?

b. What is the difference if the firm decides to work two shifts (80 hours per week)?
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Case

10. Suppose in the Montell example (Figure 7.16) a customer wanted to place the maximum order
possible for the B1 line. (See the Cases at the end of the chapter.) What is the total quantity that
could be provided in the next months (12, 01, and 02) with the current capacity? What might be
done to improve the response?

11. Applicon has the following capacity bills for its popular items A and B.

A B
Work Center Hours/Unit Work Center Hours/Unit
ALF-A 1.0 ALF-T 0.4
HLT-A 0.5 HLT-T 0.7
MIS-A 0.7 MIS-T 0.5
MVX-A 0.7 MVX-T 1.0
PCB-A 0.4 PCB-P 0.8
PCB-P 1.2 PCB-W 1.6

It is now June 15, and an important customer wishes to have 100 units of both A and B during the
next month (20 working days). Analyze the effect of accepting this order. Assume there are ade-
quate materials, and work center MVX-T has had its capacity increased to one full person
(capacity now = 160). This was accomplished by reducing MVX-A to 6.5 persons, and no other
orders have been booked since June 12. Use the capacity data and conditions of Figure 7.18 as
the basis for your analysis. (See the Cases in the next section for these data.)

Capacity Planning at Montell USA Inc.

Montell USA Inc. manufactures plastic pellets used in injection molding machines. The pellets are
made up of combinations of plastic material, coloring agents, and other chemicals. The company’s
primary customers use injection molding machines to make plastic components for the automotive
industry. Montell currently utilizes a combination of two software packages in its manufacturing
planning and control system. Front-end activities, like master production scheduling and demand
management, are done with a system termed Picaso. MRP and back-end activities, like shop-floor
control and vendor scheduling, are accomplished with an enterprise resource planning system pro-
vided by SAP. The Picaso system is used to produce the capacity planning reports for the company.

Montell prepares a rough-cut capacity plan from the master production schedule. It is a rolling
plan, revised each month for the coming six months. It is prepared for each of the company’s pro-
duction lines, using a capacity measure of thousands of pounds of output. An example of part of a
plan is given in Figure 7.16. For each of the next six months, two figures are shown for each produc-
tion line: FINL and PLAN. The first of these, FINL, shows the booked customer orders for the month.

The second column for each month is the PLAN column. This gives the master production sched-
ule quantity for each of the production lines. There are a few instances where booked orders exceed
the planned capacity (e.g., months 12 and 01 for line B1). In some of these cases, management action
(like overtime or a partial extra shift) may be needed to meet the requirements; in others, no action is
needed because of the specific products being produced. To help determine where action should be
taken, the rough-cut capacity plan is also detailed by specific product. An example showing part of
the capacity plan detailed by product is provided in Figure 7.17. In this report the planners can see,
for instance, the breakdown of specific products that sum up the quantities of 616 FINL and 561
PLAN for line G2 in month 12. The planners at Montell use this data to determine if changes need to
be made in the MPS and/or in the commitments to customers.
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FIGURE 7.16 Part of Montell’s Capacity Plan by Production Line

Line FINL12* PLAN 12 FINLO1 PLANO1 FINLO2 PLANO2 FINLO3 PLANO3 FINLO4 PLANO04 FINLO5 PLAN 05

B1 2,327 1,685 2,610 2,598 2,758 2,530 2,818 2,862 2,763 2,621 508 2,842
BW-8 887 649 792 892 713 752 686 810 615 837 76 997
C1 264 330 426 247 672 225 262 254 42 313 42 311
CK 180 162 190 159 180 116 52 201 132 134 0 159
CT-1 0 88 0 0 0 0 0 0 0 0 0 0
E1 0 0 0 0 0 0 0 0 0 0 0 0
E2 0 0 0 0 0 0 0 0 0 0 0 0
E4 0 0 0 0 0 0 0 0 0 0 0 0
E7 0 0 0 0 0 0 0 0 0 0 0 0
G1 910 532 1,076 1,180 887 1,230 752 1,255 440 1,265 160 1,297
G2 616 561 645 719 637 634 509 639 600 661 16 665
G3 582 431 716 438 600 411 458 414 219 514 62 416
G4 1,347 791 1,494 1,391 1,182 1,222 1,074 1,292 1,102 1,471 82 1,409
G5 1,802 1,698 2,430 1,571 2,211 1,631 2,127 1,708 1,669 1,424 320 1,449
*Month 12.

FIGURE 7.17 Part of Montell’s Capacity Plan by Product and Line

FINL PLAN FINL PLAN FINL PLAN FINL PLAN FINL PLAN FINL PLAN

Line Name 12 12 01 01 02 02 03 03 04 04 05 05
G2  722-44-06 BB73F KZE 30 10 25 35 33 45 35 35 35 35 0 35
722-44-07 BB73F DC4A 60 95 70 80 99 90 100 90 90 80 0 90
722-44-08 BB73F YCD 90 100 10 110 10 110 10 110 0 110 0 110
722-44-09 BB73F MDD 0 0 90 0 90 0 90 0 100 0 0 0
722-46-01 BB73F DCC 15 20 10 50 15 20 15 25 15 50 0 25
722-46-04 BB73F YCC 10 20 15 25 10 20 10 25 10 20 0 25
840-43-05 EXP149628 0 0 0 0 0 0 0 0 0 0 0 0
840-43-06 EXP149629 0 0 0 0 0 0 0 0 0 0 0 0
616 561 645 719 637 634 509 639 600 661 16 665
G3  102-64-08 RTA3184 6P 0 0 0 0 0 0 0 0 0 0 0 0
102-64-13 RTA3184 JA 0 0 0 0 0 0 0 0 0 0 0 0
105-02-01 RTA3363E B 0 0 0 0 0 0 0 0 0 0 0 0
109-03-05 CL37BC BLA 0 0 0 0 0 0 0 0 0 0 0 0
120-05-17 CA45GC PA7 0 0 0 0 0 0 0 0 0 0 0 0
120-05-52 CA45GC SPN 17 36 25 0 25 0 25 0 25 0 0 0
Case Capacity Planning at Applicon

Applicon, a division of Schlumberger, designs and manufactures computer-aided engineering (CAE),
computer-aided design (CAD), and computer-aided manufacturing (CAM) systems. Applicon imple-
mented numerous JIT concepts and replaced some of its MRP system modules. Its dramatic results in-
cluded a reduction in lead time (20 weeks to 4 days), an inventory reduction of over 75 percent, virtual
elimination of obsolescence costs, little or no inspection, and a decline in MPC personnel (86 to 14).

Figure 7.18 shows an Applicon “Capacity Status Report.” Applicon divided the factory into 17 ca-
pacity groupings (work centers) for planning purposes. It used actual customer orders as a monthly
MPS to drive capacity planning. Capacity bills were used to convert the MPS into the present “load”
over the next month (20 working days) in standard hours (the second column in Figure 7.18). The ca-
pacities in column 3 are based on a total workforce of 48 people (e.g., ALF-A had three workers who
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FIGURE 7.18
Applicon
Capacity
Status Report

Work Load Capacity Capacity Capacity
Center (Std. Hours) (Standard) (Adj. Std.) (Maximum)
ALF-A 70 480 336 528
ALF-T 5 80 56 88
HLT-A 438 800 560 880
HLT-T 85 160 112 176
MIS-A 270 800 560 880
MIS-T 14 80 56 88
MVX-A 399 1,120 784 1,232
MVX-T 79 80 56 88
OLD-P 81 0 0 0
PCB-A 52 160 112 176
PCB-H 44 160 112 176
PCB-I 124 320 224 352
PCB-M 441 480 336 520
PCB-P 408 960 672 1,056
PCB-T 918 1,680 1,176 1,848
PCB-V 123 160 112 176
PCB-W 56 160 112 176
Totals 3,634 7,680 5,376 8,440

20 total workdays included.

worked 8 hours per day for 20 days in the month = 480 standard hours). Work center OLD-P’s zero
capacity indicates no worker is presently assigned to this activity.

The fourth column reduces the capacity amounts by 30 percent (the desired rate of direct produc-
tion activity for Applicon workers). The remaining time was used for “whole person” activities. That
is, the company operated with the direct workers taking on many other tasks, such as design of work
methods, new drawings, and database maintenance. On the average, Applicon expected that 30 per-
cent of the time would be spent on this indirect work. This was instead of having a larger number of
indirect workers. The last column provides a “maximum” capacity value based on 10 percent over-
time. Applicon felt that it had the flexibility to operate easily between these two capacity levels.
Where the volume was much higher or lower, they needed to make adjustments.

This report was run on June 12 for the next 20 days. Differences between “load” and the three ca-
pacities represented Applicon’s ability to take on additional work in the next month. Large orders
could be included into a trial run of the MPS to examine the orders’ impact in terms of existing ca-
pacity availabilities. Total load (3,634 hours) represented 47 percent of standard capacity, 68 percent
of adjusted capacity, and 43 percent of maximum capacity. Management reviewed these numbers
carefully—particularly if possible large orders were under negotiation. It was relatively easy to make
trial runs with those orders included to examine the impact of accepting the orders.

Of all the work centers in Figure 7.18, MVX-T appeared to be in the most trouble. However, this
could easily be fixed. MVX-T only had one-half person allocated to it (80 hours/month). Reducing
MVX-A (or some other work center) by one-half person and increasing MVX-T’s capacity to one
person for the month solved the problem. OLD-P similarly needed to have a person allocated to it.

This rough-cut capacity planning system serves Applicon well. Problems can be anticipated. JIT
operations mean results are very current, with little or no bias because of work-in-process invento-
ries. Results of the capacity planning are given to shop personnel, who make their own adjustments
as they see fit, making allowances for absenteeism, particular workers’ relative strengths, and other
local conditions.
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FIGURE 7.19
Sample APS
Output—Pasta
Sauce Line
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Capacity Planning with APS at a Consumer Products Company

A large European based consumer products company uses APS extensively in one of its factories. The
APS software package is provided by Manugistics, and is called NetWORKS Scheduling. It is es-
sentially a horizontal loading, back-scheduling system operating like the one illustrated in this chap-
ter. It produces schedules for each work center that are similar to that of Figure 7.14. Figure 7.19 is a
portion of a sample output report as generated by the APS software. Here we see a work center (pack-
ing line 250-ml sauce), and the 10 pasta sauces that are scheduled for production over the next seven
days. Each of the items shown is a 250-ml bottle of a particular end product. For each item there are
two values shown: the planned production in each day, and the expected inventory in days of supply.
By using days of supply, the system makes comparisons of inventory positions more transparent. To
accomplish this, there is a linkage to a demand management system that allows the calculations for
days of supply to reflect forecasts, actual orders, and provisions for special promotions.

Figure 7.19 seems to reflect ample capacity to meet demands at this company. There do not ap-
pear to be any shortages predicted in this plan, except perhaps for the third item (103), which
might run out on 15/9. The match of production with capacity seems fairly close, with most pro-
duction quantities scheduled to occur just when the days of supply approach zero. Thus, items 102,
105, and 107 are all scheduled the day after the days of supply is one day. It is only items 108 and
109 that seem to be scheduled earlier than necessary.

Res: 250-ml Sauce

Item Description 10/9 11/9 | 12/9 13/9 | 14/9 | 15/9 16/9
101 250 ml 6,600
5D 4D 3D 2D 1D
102 250 ml 5,400
5D 4D 3D 2D 1D 8D 7D
103 250 ml 5,100
5D 4D 3D 2D 1D 3D
104 250 ml 2,700
9D 8D 7D 6D 5D 4D 3D
105 250 ml 7,200
2D 1D 12D 11D 10D 9D 8D
106 250 ml 10,800 7,200
6D 5D 4D 3D 2D 1D 3D
107 250 ml 3,100
5D 4D 3D 2D 1D 4D 3D
108 250 ml 1,800
12D 11D 10D 9D 8D 14D 13D
109 250 ml 3,600 | 3,900
6D 5D 4D 3D 2D 5D 9D
110 250 ml 5,000




Chapter

Production Activity
Control

This chapter concerns the execution of detailed material plans. It describes the planning and
release of individual orders to both factory and outside vendors. Production activity control
(PAC) also concerns, when necessary, detailed scheduling and control of individual jobs at
work centers on the shop floor, as well as vendor scheduling. An effective production activity
control system can ensure meeting the company’s customer service goals. A PAC system can
reduce work-in-process inventories and lead times as well as improve vendor performance.
A key element of an effective PAC system is feedback on shop and suppliers’ performance
against plans. This loop-closing aspect provides signals for revising plans if necessary.
This chapter is organized around three topics:

* A framework for production activity control: How does PAC relate to other aspects of
material planning and control, and how do just-in-time production of individual firm
decisions affect PAC system design?

* Production activity control techniques: What basic concepts and models are used for
shop-floor and vendor scheduling and control?

* Production activity control examples: How have PAC systems been designed and
implemented in several different kinds of companies?

A Framework for Production Activity Control

274

Production activity control (PAC) concerns execution of material plans. It encompasses
activities within the shaded areas of Figure 8.1. The box entitled “Shop-floor scheduling and
control,” which we refer to as shop-floor control, falls completely within PAC. Vendor sched-
uling and follow-up is depicted as largely being part of production activity control, but not
completely. Many firms, particularly those with JIT material control approaches, assign most
vendor scheduling to PAC. Order release (which authorizes release of individual orders to the
factory and provides accompanying documentation) is similarly becoming more a part of
PAC. In purchasing, procurement is seen as a professional activity where information
networks, relationships, terms, and conditions are established with vendor companies outside
of PAC, while release of individual orders and follow-up activities are a part of PAC.
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Production
Activity
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MPC System Linkages

The primary connection between PAC and the rest of the MPC systems shown in Figure 8.1
comes from the box marked “Material and capacity plans.” The capacity plan is especially
critical to managing the detailed shop-floor flow of materials. In essence, the capacity
provided represents resource availabilities for meeting material plans.

Capacity’s importance for shop-floor control (SFC) is illustrated by considering two
extremes. If insufficient capacity is provided, no SFC system will be able to decrease back-
logs, improve delivery performance, or improve output. On the other hand, if more than
enough capacity exists to meet peak loads, almost any SFC system will achieve material
flow objectives. It’s in cases with bottleneck areas and where effective utilization of capac-
ity is important that we see the utility of good SFC systems.

A related issue is the extent to which good capacity planning is done. If the detailed
capacity planning activity in Figure 8.1 provides sufficient capacity, with relatively level
loading, shop-floor control is straightforward. On the other hand, if peaks and valleys in
capacity requirements are passed down to the back end, execution becomes more com-
plex and difficult. The same general issues apply to vendor follow-up systems: vendor
capacity must be carefully planned to ensure effective execution. If one does not help
vendors utilize capacity effectively, total system costs increase, which in the end must be
borne by the end customers.

The material plan provides information to the SFC and vendor follow-up systems and
sets performance objectives. The essential objective of both execution systems is to achieve
the material plan—to provide the right part at the right time. This will result in being able
to hit the master production schedule and to satisfy customer service objectives.
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The Linkages between MRP and PAC

The shop-floor and vendor scheduling activities begin when an order is released. A critical
information service provided by MRP is apprising the SFC systems of all changes in ma-
terial plans. This means revising due dates and quantities for scheduled receipts so correct
priorities can be maintained. The job thereafter might be likened to that of a duck hunter
following a moving target. Control and follow-up systems must keep each order lined up
with its due date—one that’s moving—so overall MPC is supported.

Linkages between PAC and the engine aren’t all one-way. There’s important feedback
from the shop-floor control and vendor follow-up systems to material and capacity
planning. Feedback is of two types: status information and warning signals. Status
information includes where things are, notification of operational completions, count
verifications, order closeout and disposition, and accounting data. The warning signals
help flag inadequacies in material and capacity plans: that is, will we be able to do what
was planned?

Just-in-Time Effect on PAC

Shop-order-based systems are founded on the premises of job shop (now more frequently
called batch) manufacturing, where parts are routed to different parts of the factory for pro-
cessing steps, with relatively long lead times, high work-in-process inventories, and high
utilization of work center capacities. JIT has none of these. Manufacturing takes place in
facilities, often in cells, where jobs are easily kept track of; work is completed quickly;
work-in-process inventory levels are insignificant; and work centers have surge capacity or
else are level loaded. In either case, capacity utilization is not a key issue.

Formal systems for shop-floor control are largely unnecessary under JIT. Release of
orders is still part of PAC, but the typical “shop order” with associated paperwork isn’t
maintained. Therefore, the PAC functions in Figure 8.1 are greatly simplified. Order release
can be accomplished with kanbans or other pull system methodologies, and work-in-
process inventories in the factory are severely limited. Detailed scheduling is also
unnecessary since orders flow through cells in predictable ways so that workers know the
sequence of conversion operations. Work is completed fast enough that “order scheduling”
isn’t required. Detailed scheduling of workers and equipment is similarly not an issue,
because design of the JIT system itself determines schedules. There’s no need for data col-
lection or monitoring since JIT basically assumes only two kinds of inventories: raw mate-
rials and finished goods. Receipt of finished goods is used to “backflush” required raw ma-
terials from inventory. The JIT-based systems dramatically reduce the number of
transactions to be processed, as well as the associated inventories and lead times.

Vendor scheduling under JIT can be a bit more complex than shop-floor control, but if
the relationship with the vendors is good, differences are very small. Many firms use some
form of electronic kanban to authorize work at the vendor factories, and excellent vendors
don’t build inventories in anticipation of orders from their customers. Well-run auto com-
panies, for example, transmit an exact build schedule to their seat vendors several times a
day, as actual cars are started. By the time these cars are ready for seats to be installed, seats
will be delivered by the vendor in the exact sequence required. The seats are not pulled
from inventory. They are built to order and delivered in the exact sequence to match the
build schedule at the assembly plant. There is no need for transactions such as shipping or
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receiving documents. The seat manufacturer is paid on the basis of the build schedule; one
just assumes that each car has the requisite seats!

The Company Environment

The primary PAC objective is managing the materials flow to meet MPC plans. In some
firms, other objectives relate to efficient use of capacity, labor, machine tools, time, or ma-
terials. Under JIT and time-based competition, the objective is material velocity. A firm’s
particular set of objectives is critical to PAC design.

The choice of objectives for PAC reflects the firm’s position vis-a-vis its competitors, cus-
tomers, and vendors. It also reflects the company’s fundamental goals and the constraints
under which it operates. In many countries firms find changing capacity to be more difficult
than in the United States. This viewpoint colors the view of PAC. Similarly, some firms have
more complex products and/or process technologies than others. The result can be a difficult
shop-floor management problem and a resultant difference in the appropriate PAC system.
As a result PAC system design must be tailored to the particular firm’s needs.

Production Activity Control Techniques

FIGURE 8.2
Example
Product
Structure
Diagram

This section begins by describing basic concepts for production activity control under batch
manufacturing with an MRP system. It covers basic shop floor concepts, including the ele-
ments of lead time, operation setback charts, and lead-time management. It then examines
three approaches to shop-floor control. The first, Gantt charts, provides graphic understand-
ing of the shop-floor control problem; moreover, Gantt chart models can be used in manual
shop-floor control systems. The second approach is based on priority sequencing rules for
jobs at a work center under MRP. The third approach to shop-floor control, theory of con-
straints scheduling, involves the preparation of an exact schedule of jobs for bottleneck work
centers, and sequencing the nonbottleneck work centers by a priority sequencing rule. We
then look at vendor scheduling where the concepts are applied to supplier operations.

Basic Shop-Floor Control Concepts

Figure 8.2, an example product structure for end item A, demonstrates basic concepts
underlying shop-floor control techniques. One essential input to the SFC system is the rout-
ing and lead-time data for each product item. Figure 8.3 presents this for parts D and E of

End item A
|
| |

Part B Part C
I
| |

Part D Part E
Lead time = 2 Lead time = 1
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FIGURE 8.3
Routing Data
and Operation
Setback Chart  Part D routing

Work Run Setup Move Queue Total Rounded
Operation Center Time Time Time Time Time Time

1 101 1.4 0.4 0.3 2.0 4.1 4.0
2 109 1.5 0.5 0.3 2.5 4.8 5.0
3 103 0.1 0.1 0.2 0.5 0.9 1.0
Total lead time (days) 10.0
Part E routing
1 101 0.3 0.1 0.2 0.5 1.0
2 107 0.2 0.1 0.3 0.5 . 1.0
3 103 0.3 0.2 0.1 1.5 2.1 2.0
4 109 0.1 0.1 0.1 0.5 0.9 1.0
Total lead time (days) 5.0
D
B
A
E r—o—9
*—0—0—0—0
C
*—0—0—————0—
f f f f f f f
1 2 3 4 5 6

Weeks

the example. The routing specifies each operation to be performed to make the part and
which work center will perform the operation.

Production of part D, for example, requires three operations of 4, 5, and 1 days, respec-
tively, for a total of 10 days, or two weeks. Part E requires four operations of 1, 1, 2, and
1 days, respectively, for a total of 5 days, or one week. The remaining lead times in Fig-
ure 8.2 are all derived the same way. Lead times used for MRP should match those in the
routing file. If the MRP time for part E was set at two weeks instead of one week, orders
would constantly be released one week early.

Lead times are typically made up of four elements:

Run time (operation or machine run time per piece x lot size).

Setup time (time to prepare the work center, independent of lot size).

Move time (delay waiting to be moved plus time spent moving from one work center
to the next).

Queue time (time spent waiting to be processed at a work center, which depends on
workload and schedule).

Queue time (the critical element) frequently accounts for 80 percent or more of total lead
time; it’s the element most capable of being managed. Reducing queue time means shorter
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Parts D and E with MRP lead times

Week 1 Week 2 Week 3
MIT|W|[T|F[M[T|[W[T[F[M[T[W][T]F

Part D

Alternative detailed schedules for Part D
(The shaded area represents setup and run time only)

Monday Tuesday Wednesday | Thursday

Part D Early schedule

Part D Late schedule

lead time and, therefore, reduced work-in-process inventory. This reduction requires better
scheduling.

The bottom of Figure 8.3 shows an operation setback chart based on each part’s lead
times. Here we clearly see the implications of incorrect MRP lead time. If the MRP lead
time for part E isn’t the one week calculated from the routing data, the part will be re-
leased either early or late to the shop. Neither of these is a desirable outcome. Note that
Figure 8.3 shows that both parts D and E go through work center 101 for their first opera-
tion. The top of Figure 8.4 shows the partial schedule for work center 101, with parts D and
E scheduled according to the timing in Figure 8.3.

The bottom of Figure 8.4 shows two alternative detailed schedules for part D in week 1
at work center 101. The shaded portion represents the 1.8 days of lead time required for
setup and run time. The early schedule has part D loaded as soon as possible in the four
days. The late schedule loads part D into the latest possible time at work center 101. The
key differences between the top and bottom of Figure 8.4 are the timing of the setup and
run times. The blank area in both schedules includes queue time. Queue time represents
slack that permits the choice of alternative schedules—a form of flexibility. This slack can
be removed by good SFC practice; that is, this schedule allows 4 full days to complete
part D, when actual time on the machine is only 1.8 days. For the remaining 2.2 days, the
part waits in a queue or is moving between work centers.

The shaded portion of the schedules shown at the bottom of Figure 8.4 contains no queue
time. These schedules represent loading a particular job onto a particular work center for a
particular time period. The two alternatives in the bottom of Figure 8.4 are different loadings;
one typically chooses between alternative loadings to utilize the machine center effectively.

Lead-Time Management

Many people think of lead time as a constant, such as 7. In fact, it’s not a value to be measured
as much as a parameter to be managed. Of the four elements of lead time (run, setup, move,
and queue), the last two can be compressed with good PAC design and practice.
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Lead time and work-in-process (WIP) are directly related. Moreover, some critical feed-
back linkages operate. The longer the lead time is perceived to be, the longer the time
between the order launching date and due date. The longer this time, the more orders in
the shop. The more orders in the shop, the longer the queue time (and WIP); we have a
self-fulfilling prophecy.

Some WIP is needed at work centers where high utilization is important. However, a
basic principle of MPC systems is to substitute information for inventory. The firm doesn’t
need to have jobs physically in front of machines. Orders can be held in a computer and
converted to physical units only as needed. For many plants, setup and run time constitute
only 10 to 20 percent of total lead time. The rest is slack that can be substantially cut.

One interesting question is how to manage lead time. This means changing database
elements for both SFC and MRP. One alternative is to go through the database and system-
atically change all lead times. Reducing them could result in a transient condition of dry
work centers at early gateway operations. This might be a reasonable price to pay for the
resulting WIP reduction.

Changing lead-time data elements naturally leads to the question of how they’re estab-
lished in the first place. For most firms, lead-time data are usually an input from some func-
tional area, such as production control. An alternative is to calculate lead time. When we
think about changing lead times as part of a management process, and when we remember
that SFC lead time must be in tune with MRP lead-time offset data, this approach has in-
creasing appeal. One firm calculated lead times as follows:

1. Nonqueue time for each operation was set equal to setup plus run (time per piece x lot
size) plus move times.

2. Nonqueue time was converted to days by dividing total hours by number of shifts per
day, assuming seven productive hours per day.

3. Queue time was set equal to two days if the next work center routing was in another de-
partment, one day if it was in the department but a different work center, and zero days
if it was on the same machine.

4. Lead time for the total order was the sum of the queue and nonqueue times. This time
was calculated with an average order quantity, rounded to a weekly lead time, and used
for MRP lead-time offsetting.

Selecting queue time is the critical element in this formula. Values were chosen by taking a
sample of 50 parts and using different queue time estimates to yield lead times consistent
with production control personnel opinions. The initial estimates were padded, but the
company was not very concerned. Once the system was in operation, estimates for queue
times were systematically reduced a bit at a time. The result was a managed approach to
shorter lead times and reduced work in process.

Gantt Charts

Gantt or bar charts, like those in Figure 8.4, show a schedule. The operation setback chart
in Figure 8.4 is very similar. It too is a schedule for when to make each of the five parts
based on lead times that include move and queue times.

One form of shop-floor control is to prepare operation setback charts similar to Figure 8.3
for each job, and use them with the kind of data in Figure 8.3 to prepare Gantt charts, such
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as those in Figure 8.4. The objective is to prepare a schedule for each machine center. This
schedule can be based on the assumptions in either the top or bottom of Figure 8.4; that is,
the schedule may or may not use lead times that include queue and move times.

The more usual practice is to prepare the detailed work center schedule without move
and queue times. Many firms’ systems do this. The typical approach is a schedule board
with racks to hold pieces of paper. Each paper is a job and its length represents the setup
plus run time required.

The primary problem with this kind of system is updating. Actual data must be captured
and integrated into an ongoing replanning cycle. Moreover, a means to communicate with
the shop floor is usually required since schedule boards typically reside in planning offices.
Many companies now use large flat screen monitors positioned for easy viewing on the
shop floor to display current job schedules.

Priority Sequencing Rules

Priority sequencing rules determine which job to run next at a work center. To some
extent, these rules can be seen as producing a loading of jobs onto individual machines, but
usually only one job is committed at a time; that is, the job to run next is determined only
near the time when the prior job has been completed. The priority (sequencing) rule is just
what the name suggests: a rule for what job to process next.

Many different priority rules have been established. A fairly common one is to base pri-
orities on the type of data in Figure 8.3. The lower half of that figure contains scheduled due
dates for parts and operations. These due dates can be used as priorities. For example, a pri-
ority rule could be: the job to process next is the job with the earliest operation due date.
An alternative is to next process the job with the earliest part due date. Four other com-
monly used sequencing rules are:

* Order slack: Sum the setup times and run times for all remaining operations, subtract
this from the time remaining (now until the part due date), and call the remainder slack.
The rule is to work on that job with the least slack. This rule addresses the problem of
work remaining.

» Slack per operation: A variant of order slack is to divide the slack by the number of
remaining operations, again taking next the job with the smallest value. The reasoning
behind slack per operation is that it will be more difficult to complete jobs with more
operations because they will have to be scheduled through more work centers.

» Critical ratio: A rule based on the following ratio:

Time remaining

Work remaining

For calculation, the rule is expressed as

Due date — Present time

Lead time remaining (including setup, run, move, and queue)

If the ratio is 1.0, the job is on time. A ratio below 1.0 indicates a behind-schedule job,
while a ratio above 1.0 indicates an ahead-of-schedule condition. The rule is to always
process that job with the smallest critical ratio next.
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» Shortest operation next: This rule ignores all due date information as well as all infor-
mation about work remaining. It simply says, take as the next job the one that can be
completed in the shortest time at the work center. This rule maximizes the number of
shop orders that go through a work center and minimizes the number waiting in queue.

In an MRP system, each shop order would be a scheduled receipt for the part. As such,
the scheduled receipt has a due date. From this due date, operational due dates could be
established by backing off expected operation times, if these data are needed to establish
priority sequence. The great advantage of this computer-based system is that, whenever the
due date for a scheduled receipt changes, operation due dates can be changed accordingly.
These changes, in turn, lead to priority changes for shop-floor control, resulting in an
execution system that works on the most-needed shop orders first. The objective is for
high-priority jobs to move through the shop very quickly, while low-priority jobs are set
aside. In this way, the shop-floor control system can indeed execute the dictates of the
detailed material plan. In recent times, many companies have developed a preference for
sequencing rules that are easy to understand. One straightforward approach is to develop
operation start and operation due dates, and use them for determining priority sequence
decisions. In a computer-based shop-floor control system, due dates wouldn’t be printed on
any shop paper that travels with the work-in-process inventory. The shop paper would show
the routing or sequence of operations (static data), but no due dates. The changing
(dynamic) due date information would be printed daily or be displayed on line in the form
of a work center schedule or dispatch list. It’s the dispatch list, not the traveling paper, that
shows the priority sequence. The dispatch list can be updated as rapidly as transactions are
processed to the MRP database.

Theory of Constraints (TOC) Systems

An increasing number of firms have been implementing a plant scheduling system that uses
theory of constraints (TOC) concepts. Initially, TOC scheduling systems were viewed as a
replacement of an integrated MPC system. In fact, TOC scheduling systems encompass the
functions performed in the engine and back end of Figure 8.1, but combine these functions
so that material and capacity are planned simultaneously. TOC systems accomplish many
functions in the MPC framework, but not all.

Basic Concepts of TOC Systems

Most manufacturing firms have a very limited number of constraints. Any resource whose
capacity is equal to or less than the required demand is referred to as a bottleneck. As a con-
sequence the fundamental principle of TOC systems is that only those work centers (or
other types of resources) that are bottlenecks are of critical concern in scheduling. This is
because the bottleneck work centers limit the overall production output of a plant. Further
output beyond the constraint of the bottleneck can be achieved only by improved utilization
of the bottleneck facilities, using approaches such as reduced downtime, improved produc-
tivity, and reduced changeover times. The objective of TOC scheduling is to maximize
throughput. Because throughput is limited by the bottleneck resources, all efforts are de-
voted to maximizing capacity utilization in these work centers. Therefore, TOC scheduling
systems focus on the identification of bottleneck work centers, and the scheduling of these
work centers.
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The concept of a bottleneck has been generalized into “constraints,” which include
marketplace constraints. In fact, it is argued that the goal is to have company output con-
strained by the marketplace, not by constraints over which the firm has more control.
Further, TOC adds some operational concepts for dealing with constraining situations.
Constraints are explicitly identified, and they’re buffered with inventory. Also, the con-
straint’s importance is made clear to the entire factory. For example, bottleneck work cen-
ters are operated over coffee breaks and lunch, and are worked a maximum of overtime
hours. Moreover, jobs are closely examined to find any that can be alternatively routed,
even if the result is “excess cost” for the work so routed. The goal is always to break a con-
straint, or bottleneck condition, and thereafter identify the next constraint. Continuous
improvement is an integral part of the theory of constraints philosophy. Moreover, the path
for the improvement is directed by the theory, always following the constraints.

TOC Scheduling

The scheduling approach used in TOC systems is called drum-buffer-rope. The bottleneck
work centers (constraints) are the drums, and are, therefore, used to control the workflow in
a plant. Any resource whose capacity is more than the demand is called a nondrum. The
rope refers to “pull” scheduling at the nonbottleneck work centers. The purpose of the rope
is to tie the production at each resource to the drum. Buffers exist at all of the bottleneck
work centers, and the shipping dock, but not at nonbottleneck work centers. These buffers
are used to protect the throughput of the bottleneck work centers from the inevitable minor
fluctuations through the use of time buffers (WIP inventory) at a relatively few critical
points in the plant. The basic concept is to move material as quickly as possible through
nonbottleneck work centers until it reaches the bottleneck. The work at the bottleneck re-
sources is scheduled for maximum efficiency. Thereafter, work again moves at maximum
speed to the shipping dock (finished goods).

The diagram shown in Figure 8.5 outlines the basic TOC scheduling steps. TOC begins
its process by combining data in the bill of materials file with data in the routing file. The
result is a network, or extended tree diagram, where each part in the product structure also
has its operational data attached directly. These data are then combined with the MPS to
form the “product network.” Figure 8.6 provides an example of a TOC product network.

Customer
MPS orders

Bill of materials file j 1

Capacity
Network Product

—> utilization by Work center

diagram network scheduling
work center |
Routing file —1 T l l
Resource description:
« Work cent " Bottleneck Nonbottleneck
. Msrin:e;ei;czﬁétig;ilezs work centers —> work centers
aximu vento (finite forward-scheduled) (back-scheduled)
* Minimum batch sizes
* Order quantities | I
* Due dates Reports

* Alternative machine routings
* Labor constraints
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FIGURE 8.6
Sample
Product
Network

Raw materials Process steps

Customer

* Operations using
order

bottleneck resources

OO0

Here, customer orders are linked to the final operation (such as the final assembly process),
which, in turn, is linked to previous operations (such as the detailed fabrication steps for com-
ponents), and then to raw materials. Additional data typically included in the TOC files are
capacities, maximum inventories, minimum batch quantities, order quantities, due dates,
alternative machine routing, labor constraints, and other data typically used in finite schedul-
ing models. In Figure 8.5, these data would be part of the “Resource description.”

Next, the product network and resource descriptions are fed into a set of routines that
identify the bottleneck resources. This routine combines the product network and resource
information to form a TOC network of the bottleneck resources. To determine the bottle-
neck resources an initial analysis is prepared that provides reports indicating bottleneck
resources. This involves using a rough-cut capacity planning routine that provides much of
the information of other capacity planning procedures. Because the TOC product network
includes both the parts and their routings, a pass through this network can result in an esti-
mate of the capacity required at each work center. Lot sizes at this rough-cut stage are
based on lot-for-lot rules. The resultant capacity needs, when divided by the number of
weeks in the planning horizon, are the average capacity requirements for each resource.
When divided by the resource capacities, the result is the average expected load.

As illustrated in Figure 8.7, the average loads on machine centers are sorted, and the
most heavily loaded are studied by analysts. Typical questions include: Are the data cor-
rect? Are the time standards accurate? Can we easily increase capacity? Can we use alter-
native routings for some items? Any changes based on these questions result in another
run to see if the bottleneck resources change. Those work centers in Figure 8.7 having a
utilization exceeding 80 percent would be considered bottleneck work centers.

At this point the TOC product network is split into two portions, as shown in Figure 8.5.
The left-hand portion incorporates all bottleneck resources and all succeeding operations,
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including market demand for end products with parts that have processing on the bottle-
neck resources. This portion of the network is forward finite loaded.

The right-hand portion includes all of the nonbottleneck resources. This portion
of the network is not forward finite loaded. Operation start dates/times are, however,
established by using the setup times, run times, and queue times for the nonbottleneck
resource operations. An initial scheduling pass is made through the product net-
work, and the raw material release dates are offset from customer order due dates by
taking into account the processing and queue times for all part operations. In a second
pass, however, due dates for any part operations that feed bottlenecks are based on
those established by the TOC scheduling of bottlenecks. Schedules for these part
operations are set so that material will be available in time for the first operation in the
TOC network. This scheduling logic provides a dispatch list for the nonbottleneck
resources.

One advantage of the TOC network split is that we can readily see where attention
should be focused. Not only is bottleneck capacity utilized more intensively by finite
scheduling of this small subset of work centers, but identifying bottlenecks allows us to
target efforts in quality and production improvements on these resources.

Buffers

One issue with TOC is the assumption of certainty of the processing times. TOC buffers the
schedules for critical operations at bottleneck operations by using both safety stock and
safety lead time. In scheduling a sequence of jobs on the same machine, safety lead time
can be introduced between subsequent orders. This provides a cushion against variations
adversely affecting the flow of jobs through this machine.

To protect against having these variations affect subsequent bottleneck operations on the
same job, safety lead time is employed. In this case, the start of the next bottleneck opera-
tion on the same job isn’t scheduled immediately after the current operation is completed.
A delay is introduced to perform the buffering here. (Note: there can be another job in
process during the delay; its completion will affect the actual start date for the arriving job.)
Each of these allowances means actual conditions will vary from the TOC schedule. While
the schedule for bottleneck resources is clear, an important question for the supervisors at
some point could easily be which job to run next at nonbottleneck resources. Such decisions
can be made by using a priority sequencing rule.

To ensure there’s always work at the bottleneck operation (to provide maximum output),
there is safety lead time in front of these work centers. Thus, whenever one job is com-
pleted, another is ready to go on the bottleneck machine. Further, in order to protect the
final assembly schedule against shortages that could severely cut output, a safety stock of
nonbottleneck operation completed parts is held before final assembly. The idea is to not
disrupt the flow of material from a bottleneck operation. Parts shortages that can be made
up by going through nonbottleneck operations won’t cut capacity.

Other management considerations also enter the TOC scheduling system to reduce the
effect of uncertainty. These include making realistic schedules that meet material and
capacity limitations. Considerations involving the appropriate level of work-in-process in-
ventory, the capacity utilization attainable, degree of schedule protection, and batch size
controls can all be applied to the TOC procedure. These help take into account the company
culture as the TOC procedure is implemented.
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TOC and Lot Sizing

TOC calculates different batch sizes throughout the plant, depending on whether a work cen-
ter is a bottleneck. This has several MPC implications. In typical finite scheduling procedures,
the batch size is fixed. Such isn’t the case with TOC. It also follows that a batch size for one
operation on a part could be different than for other operations on the same part. This implies
special treatment will be required for any paperwork that travels with shop orders. In fact,
TOC is designed to do order splitting at nonbottleneck resources. In usual practice, order
splitting is done on backlogged (bottleneck) machines; in this situation TOC would do the
opposite in order to reduce setup time and maximize output at the bottleneck resources.

The key to lot sizing in TOC is distinguishing between a fransfer batch (that quantity
that moves from operation to operation) and a process batch (the total lot size released to
the shop). Any differences are held as work-in-process inventories in the shop. In essence,
no operation can start until at least a transfer batch is built up behind it.

The transfer batches are predetermined integral fractions of the original order quantity
(process batch). They provide a work center with the flexibility to start producing an order
before it is completed at the previous work center. Such flexibility, frequently referred to as
lot splitting and overlap or line scheduling, reduces order flow times and smooths work
flow in the shop to yield better use of capacity. This flexibility also means the number of
units produced during a given work center setup, the operation batch size, can vary between
a transfer batch and the original order quantity.

This lot-sizing concept can be applied by using any standard priority scheduling method
(e.g., shortest processing time, critical ratio). When an order is completed under traditional
priority scheduling rules, the highest-priority order in the queue is selected for processing
next. Under this lot-sizing concept, a work center may contain transfer batches coming from
many released orders. In this case, the queue is searched for transfer batches of the same part
order that has just been completed at the work center in order to save setup time at a bottle-
neck resource. If such an item is available, it is processed next, regardless of priority; other-
wise, the highest-priority transfer batch in the queue is selected and a new setup is made at the
work center. If the queue is empty, the next batch to arrive at the work center is processed.

Managing the TOC Schedule

Managing the TOC schedule on a daily basis involves five basic steps that are illustrated by
the example products shown in Figure 8.8. In this example, each product requires processing

FIGURE 8.8 TOC Example

Product

A

B

C

Processing Time (in Hours) Requested

Customer Raw Material First Heat Final CS:?torirrl]er
Order  Specification Machining, Treating, Testing, Machining, _>nipping
Quantity Number Operation 1 Operation 2 Operation 3 Operation 4 Date Hour

100 124 3 6 1 4 Day 5 32

10 101 2 4 1 2 Day 6 40

50 88 4 6 1 4 Day 6 40

Notes:

1. Shop operates eight hours each day.

2. All orders require two hours in shipping department.

3. All raw material is stocked and available.

4. An 8-hour buffer is maintained at the final machining work center.
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FIGURE 8.9
Final
Machining
Work Load
Profile

on four work centers: first machining, heat treating, testing, and final machining. The pro-
cessing time (setup and run time) for each operation is shown in Figure 8.8. The first three
operations are performed in a fabrication cell. Capacity is sufficient in this cell, so these are
nonbottleneck operations. The fourth operation, final machining, is a bottleneck operation.
Other data such as the customer order number, order quantity, and requested customer de-
livery date are included in Figure 8.8.

Scheduling the Drum

The first step is scheduling new orders on the bottleneck operations, referred to as the
drums. This is accomplished by using the following logic:

» Calculate the earliest start time on the first constraint by adding the processing time be-
fore the constraint to the raw material lead time and the first constraint buffer time.

* Place the order after and as close as possible to the earliest start time on the constraint.

» Calculate the earliest start time on the next constraint (or the shipping date) by adding
the processing time after the first constraint and the next buffer time to the completion
time on the current constraint.

Product A in Figure 8.8 illustrates this logic. Note that in Figure 8.8 the processing time for the
three operations before the first constraint (final machining) is 10 hours, the raw material lead
time is zero (because this material is stocked), and the buffer time for the first constraint (final
machining) is eight hours. As a result, the earliest start time on the first constraint is in
18 hours, or at the end of hour 2 in day 3 (assuming the plant works one eight-hour shift each
day). Figure 8.9 shows a workload profile of the drum (the final machining work center), indi-
cating that the last four hours of day 3 have not yet been scheduled. Therefore, the order for
Product A is scheduled to start at the end of hour 4 and complete at the end of hour 8 on day 3.

Figure 8.10 shows a flow diagram of the process and indicates the key dates that are set
by using the TOC scheduling logic. These include the date/time that the order is scheduled
to enter the final machining buffer, the date that the final machining operation starts,
the date that the order is to enter the shipping buffer, and the customer delivery date.
Figure 8.11 shows these dates/times for product A. The raw material release for product A
is planned for the end of hour 2 on day 1, and this product is scheduled to enter the final
machining buffer at the end of hour 12 (day 2, hour 4). This job is therefore expected to wait
eight hours before processing at the bottleneck machining process. This ensures that errors

Capacity
8_ S
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B ® | ©
g 5
=
=
24T T
T 3
27
17
|
1 2 3 4 5

Day number
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FIGURE 8.10 Fabrication cell
TOC Example:
Plant -
Scheduling— Fﬁ?al, —
Bottleneck — @—»@—»@ o machmnme L ____ _ . Shipping |
Work Cent 8-hour operation 8-hour department
or’| enters i i
Flr.St. Hegt Testing buffer Process A buffer
machining treating
operation
Raw Final Final Shipping Shipping ~ Customer
material machining  machining dept. buffer dept. schedule shipping
release date buffer date schedule date date date date
FIGURE 8.11 TOC Example—Plant Schedule
Promised
Customer Raw Final ShS,Ch?dUISdt
Order Order Material First Heat Machining Final Shipping  Shipping >hipping Pate
Product Number Quantity Release Machining Treat Test Buffer  Machining Buffer Department Hour Day
A TXXX 100 2 2 5 11 12 20 24 32 34 Day5
Hour 2
B 2XXX 10 11 11 13 17 18 26 28 36 38 Day5
Hour 6
C 3XXX 50 9 9 13 19 20 28 32 40 42 Day6
Hour 2
Notes: 1. All times represent scheduled start times as of the end of the hour indicated.

2. First machining, heat treat, and test are nonbottleneck work centers and are not finite capacity scheduled.
3. Final machining and shipping are bottleneck work centers and are, therefore, finite capacity scheduled.

in processing time estimates do not affect the 100 percent utilization of the bottleneck.
Likewise, this order is scheduled to enter the shipping buffer at the end of hour 24 (day 3,
hour 8) with shipment scheduled for the end of hour 34 (day 5, hour 2).

Orders are scheduled by using finite backward scheduling. This logic proceeds as follows:

» Subtract the shipping buffer and the processing time after the final constraint from the
scheduled ship date. This provides the latest completion time.

* Place the order on the final constraint (drum) before and as close as possible to the latest
completion time.

* Determine the start time on the final constraint by subtracting the processing time on the
constraint from the completion time.

» Subtract the final constraint buffer time and the processing time back to the latest com-
pletion time of the previous constraint (or the raw material release time) from the final
constraint start time.

* Once the material release is determined, the delivery schedule for the raw material can
be determined.
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Product C in Figure 8.8 illustrates this scheduling logic. The customer-requested ship-
ping date for this order is the end of hour 8 on day 5 (or hour 40 in the example). Because
no processing occurs on this order after the drum (final machining), the latest completion
time can be determined by subtracting the shipping department time of two hours plus the
shipping buffer of eight hours from the scheduled shipping date of hour 40. This means that
the latest completion time for the final machining operation is the end of hour 30, and
that the order should enter the shipping buffer at that time. The drum is currently scheduled
for the first four hours on day 4, so product C can be scheduled from the end of hour
4 through 8 on day 4 (hours 28 through 32). The latest raw material release date can be
determined for product C by subtracting both the processing time prior to the drum and the
drum buffer time from the drum start time. In this case, 11 hours of processing time and a
drum buffer time of eight hours is subtracted from the drum start time of the end of hour 28
to yield a raw material release time of the end of hour 9. The schedule for product C is also
shown in Figure 8.11.

Exploiting the Drums

In scheduling the drums, product demand may exceed the available capacity at the
drums. In this case it may be necessary to take steps to augment the capacity of the drum.
This may involve offloading some of the orders scheduled on the drum to other machines
that are nondrums, or outsourcing this work to suppliers. Other options would include
working the drums through lunches and breaks, adding overtime, and increasing the batch
sizes at the drum to minimize setup time. Batch sizes should, however, not be increased if
this would result in delaying the scheduled shipment dates for customer orders. This is a
good example of how lot splitting might be usefully employed. By dividing the batch into
that which services customers and that which goes into inventory, the overall constraint
utilization (selling the throughput) is maximized.

Material Release—Rope

In managing plant operations, raw material should not be released earlier than the sched-
uled TOC raw material release date. Releasing the raw material on these dates will mini-
mize the WIP inventory and reduce the choice of orders to be run on the nonbottleneck
operations.

Proactive Management of Buffers

Buffers are put in place for unforseen variations in production at the nonconstraint work
centers. While the entire buffer time is scheduled for every order, it is not expected that
every order will arrive at the drum on time. Therefore, the key to a successful implementa-
tion of TOC is the proactive management of the buffers. In many plants the management of
the buffers is the responsibility of a shop-floor scheduling person designated as the buffer
coordinator.

One way of accomplishing this is to divide the buffers in thirds. The first third is the red
zone. The red zone includes the orders that are scheduled next on the constraint. The mid-
dle third is the yellow zone, and the final third is the green zone, which includes the orders
that are the furthest out in the drum schedule.
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The red zone should rarely have missing orders. Orders that are missing from the red zone
represent an immediate danger to the drum schedule. If an order is missing from the red zone,
the buffer coordinator should be working nonstop on getting this order to the machine. Man-
agement should be aware of the situation and actively working to assist the buffer coordiator
to resolve the problem. If the red zone is always full, consideration should be given to reduc-
ing the buffer size. The larger the buffer size, the more money invested in WIP inventory.
Therefore, buffers should be only large enough to ensure delivery performance to the drums.

The yellow zone will occasionally have missing orders. The buffer coordinator should
be actively working to get these orders to the buffer as quickly as possible. Likewise, the
green zone will regularly have orders missing. The buffer coordinator should know where
these orders are, and verify that they should arrive at the buffer shortly.

Elevating the Drum

This is really a planning step. Once the shop floor is running smoothly, consideration should
be given in the planning process to increasing the capacity at the drum. If the capacity is
increased at the constraint, it is possible for the organization to grow the business.

TOC and the MPC Framework

Returning to Figure 8.1, we see that TOC can’t uniquely be put in the front end, the engine,
or the back end. It works in all three areas and does some things quite differently than when
scheduling is done by other approaches. However, TOC uses most of the same data as other
MPC applications. We still need a front end, engine, and back end (both shop-floor and
vendor systems). For the firm with an operating MPC system, the basic database and
closed-loop understanding exist. Implementing TOC as an enhancement seems to be a log-
ical extension. TOC is another example of separating the vital few from the trivial many,
and thereafter providing a mechanism to exploit this knowledge for better manufacturing
planning/control. It allows a firm to simultaneously plan materials and capacities and to
integrate important concepts from finite scheduling into the MPC system.

It’s been argued TOC doesn’t have the same needs for data accuracy that MRP schedul-
ing has. This is partially correct, if you feel less accuracy is required for nonbottleneck
parts and work centers. But going into the process of using TOC, you may not realize very
well what these bottleneck operations are. Both TOC and MRP require detailed knowledge
of product structures and processes. Databases, accurate transaction processing, and the
right managerial commitment are required for both as well.

TOC Contributions

Now we can identify clearly one of TOC’s primary contributions. When finite scheduling
through bottleneck resources is complete, the result is a doable master production schedule. For
this reason, TOC is sometimes considered to be a “front-end” system (i.e., a master production
scheduling technique). We see it less as an MPS technique than an enhancement to the MPS.
TOC conceivably can take any MPS as input and determine the extent to which it is doable.

This means TOC makes an explicit computer-based analysis of the feedback from en-
gine (and back end) to the front end—an important enhancement to MRP systems. It means
a valid MPS is generated—one the firm has a strong chance of achieving—that is based on
the capacity parameters used in the scheduling.
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A secondary contribution at this stage comes from the way TOC schedules the nonbottle-
neck resources. The easiest way to see this is to assume (as is often the case in practice) there
are no bottlenecks. In that case, TOC schedules are based on MRP logic. The difference is that
TOC in this case will change batch sizes (reducing them) to the point where some resources
almost become bottlenecks. The result is less WIP, reduced lead time, greater material veloc-
ity, and a move toward “zero inventory” manufacturing. TOC does much of this by overlap-
ping schedules, using unequal batch sizes for transferring and processing.

TOCs third important contribution is to virtually eliminate the fundamental issue of
conflicting priorities between MRP and finite scheduling. With finite scheduling of only a
small fraction of the work centers priority conflict issues should largely disappear. Moreover,
computational time required to do finite scheduling should be dramatically cut by dealing
only with a subset of orders and work centers/resources.

In operation as a shop-floor control technique, TOC has a few other differences from
usual practice. A fundamental tenet in TOC is that an hour lost in a bottleneck resource is
an hour lost to the entire factory’s output, while an hour lost in a nonbottleneck resource has
no real cost. This means capacity utilization of bottleneck resources is important. TOC
increases utilization by using WIP buffers in front of bottlenecks, and where output from a
bottleneck joins with some other parts. TOC also runs large batch sizes at bottleneck
operations, thereby reducing relative time spent in setup downtime.

In practice, the variable lot size issue has two major implications. First, lead times
should be shorter: smaller batches will move faster through nonbottleneck work centers.
Second (and less felicitous), procedures have to be developed to split/join batches as they
go through production.

Implementation Issues

A major paradigm shift is required in order to obtain the benefits of TOC scheduling.
Management needs to recognize that the plant culture needs to change from one of keeping
people busy and equipment fully loaded to one of maximizing throughput at the critical
resources—the bottleneck. This means that under TOC, as with JIT, it’s quite all right to not
work if there’s no work to do at nonbottleneck resources. In fact, working (by the usual
definition) in this situation will cause problems. If people at the nonbottleneck work on
orders that are not needed to maximize flow through the bottleneck work centers, the net
result of their work will be to simply increase WIP and cause confusion for scheduling at
other work centers. Understanding the basic concepts is critical in obtaining the benefits of
TOC scheduling.

TOC presents further difficulties in implementation. Companies also need sound basic
systems, education, top-management support, and a willingness to unlearn some ingrained
habits. One firm we know of has been working for several years to implement finite sched-
uling, without great success, because it has strong pressures to fully utilize all direct labor-
hours. In this case, the fundamental principles of TOC have not been accepted.

Vendor Scheduling and Follow-up

The vendor-scheduling and follow-up aspects of PAC are the direct analog of the shop-floor
scheduling and control systems. There are some important differences, however. From the
vendor’s perspective, each customer is usually only one of a number of demand sources.
Customer demands are managed in the vendor’s plant with its MPC system. The MPC
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relationship is largely through information exchanged between vendor and customer, often
from the back-end activities of the customer directly to the vendor’s MPC system.

From the customer’s standpoint, the objectives of vendor scheduling are the same as
those for internal work center scheduling: keep the orders lined up with the correct due
dates from the material plan. This means the vendor must have a continually updated set of
relative priority data. A typical approach to providing this information is a weekly updated
report reflecting the current set of circumstances in the customer’s plant and, sometimes,
the final customer requirements that dictate them. Increasingly, computer-to-computer
communication is used to transmit this information.

Because the vendor follow-up system is often concerned with changes to the schedule
and keeping priorities correct, there must be limits to the amount of change the vendor will
be asked to accommodate. Contractual agreements with the vendor typically define the
types and degree of changes that can be made, time frames for making changes, additional
elements of flexibility required, and so on. In addition, the agreement specifies procedures
for transmitting needs to the vendor plus the units in which the vendor’s capacity is planned
and controlled. This sets the stage for vendor PAC including order release, scheduling, and
follow-up.

The Internet and Vendor Scheduling

The Internet provides several ways in which manufacturing companies and their vendors
can share information for the purpose of improving the timing and reliability of supplier
deliveries. For manufacturing companies the use of information technology can provide
improvements such as quicker delivery response to customers, improved delivery reliabil-
ity, and reductions in operating costs involving both purchasing staff costs and inventory.
These improvements have also had an important effect on the national economy. Rapid
response times are a result of technological advances. Increased use of real-time informa-
tion, such as computerized order tracking, enables business to know when demand is shift-
ing and to instantly change output schedules, workshifts, inventory levels, and capital
spending plans. Like increased productivity and greater labor flexibility, quick reflexes
became a key characteristic of the U.S. economy.

Increasingly, companies are creating websites to provide a routine way of communi-
cating with vendors. These websites include forward planning information such as list-
ings of open purchase orders (scheduled receipts from MRP), planned future purchase
orders from MRP records, and vendor requirements stated in terms of capacity, as well as
information on accounts payable status for completed vendor shipments and vendor re-
port cards indicating on-time delivery, shipment quantity shortfalls, and quality perfor-
mance. Websites are also important sources of historical information on item usage that
is helpful to vendors in improving their sales forecasting methods. Furthermore, compa-
nies are increasingly sharing engineering information with their vendors through their
websites. Websites now contain product management data that includes product specifi-
cations and part drawings. Sharing such information electronically enables vendors to
access up-to-date information that contains the latest engineering designs and change
notices. Sharing this type of information reduces costs on the part of both manufacturers
and their vendors, since both are working with the same latest information on product
designs.
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Concluding  We see the following principles emerging from this chapter:

Principles

Production activity control system design must be in concert with the firm’s needs.

Vendor capacities should be planned and scheduled with as much diligence as are
internal capacities.

Lead times are to be managed.

Feedback from PAC should provide early warning and status information to other MPC
modules.

E-based systems can dramatically improve customer/vendor communication, reducing
lead time and overhead cost.

TOC scheduling provides improved performance by focusing on the constraining
resources.

TOC implementation requires a change in plant culture in order to obtain the full bene-
fits of this approach.

Traditional priority rules can play a role in nonbottleneck scheduling.
Stability in the manufacturing loads and capacity plans facilitates shop-floor execution.

Discussion 1.

Questions

Suppose an average of 20 students per year were in your major and the number of graduates var-
ied between 15 and 30 each year. One required course, open to both juniors and seniors, is offered
once a year and has a capacity of 20 students. What system would you use to assign students to
that course? Would it make any difference if the course capacity was 40 students or 10 students
per year?

2. What kind of warning signals would you like fed back from PAC to the MRP system?

Problems

Lead times have sometimes been called “rubbery.” What accounts for this concept of elasticity in
lead times?

In the list of priority rules, there is no first-come/first-served (FCFS) rule, yet most banks, cafete-
rias, and theater ticket booths use this rule in waiting on patrons. Why isn’t it a suggested rule for
the shop floor?

. What are the differences in how bottleneck and nonbottleneck work centers are scheduled under

TOC? Why are these differences desirable?

Why should buffers be located in front of bottleneck work centers under TOC scheduling? How
should the size of these buffers be determined?

How would you determine how much discretion to give the foreman in combining and repriori-
tizing jobs?

What benefits might be gained by having clerks in a retail store use a wand to read tags on items?

. Discuss the merits of separating the daily transaction people (schedulers) from the buyers in the

purchasing organization.

1. Tom’s Sailboard manufactures custom wind surfers in Seattle. The incoming orders follow dif-
ferent routes through the shop, but all orders must stop at each of the three work centers (WCs)
in the plant. The following table contains information regarding the four jobs that arrive over
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five days and need to be scheduled at the company. It is currently November 10 and Tom works
a seven-day week.

Processing Time (Days)

Arrival Job/WC
Order Date Routing wcC 1 WC 2 wcC 3
(B)iff Nov. 10 1-3-2 1 3 1
(G)riff Nov. 10 2-3-1 2 2 2
(H)erbie Nov. 12 3-2-1 3 1 2
(K)erri Nov. 14 2-1-3 1 3 1

Assume that the material for all orders is ready for processing as soon as the orders arrive and

that a first-come/first-served sequencing rule is used at all work centers. All three work centers

are idle as work begins on orders B and G on November 10.

a. Construct a Gantt chart depicting the processing and idle times for the three work centers for
these four jobs.

b. How many days does each job wait in queue for processing at work center 2?

. The production manager at the Knox Machine Company is preparing a production schedule for

one of the fabrication shop’s machines, the P&W grinder. He has collected the following infor-

mation on jobs currently waiting to be processed at this machine. (There are no other jobs, and

the machine is empty.)

Machine Processing Date Job Arrived Job Due

Job Time, Days* at this Machine Date
A 4 6-23 8-15
B 1 6-24 9-10
C 5 7-01 8-01
D 2 6-19 8-17

*Note: This is the final operation for each of these jobs.

a. The production manager has heard about three dispatching rules: the shortest operation next
rule, the first-come/first-served rule, and the earliest due date rule. In what sequence would
these jobs be processed at the P&W grinder if each rule were applied?

b. If it’s now the morning of July 10 and the shortest operation next rule is used, when would
each of the four jobs start and be completed on the P&W grinder? (Express your schedule
in terms of the calendar dates involved, assuming that there are seven working days each
week.)

. Jobs A, B, and C are waiting to be started on machine center X and then be completed on
machine center Y. The following information pertains to the jobs and work centers.

Hours Allowed for Hours Allowed for Day
Job Machine Center X Machine Center Y When Due
A 36 20 10
B 96 24 17
C 60 28 25
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Machine center X and machine center Y have 40 hours of capacity per week (5 working days per
week, eight hours/day). Two days are allowed to move jobs between machine centers.

a. If'these jobs are rescheduled by earliest due date, can they be completed on time?
b. Can they be completed on time using the critical ratio technique?

c. Can the jobs be completed on time (using the earliest due date or critical ratio technique) if
20 hours of overtime are run in work center X each week?

d. Can the jobs be completed on time (using the earliest due date or critical ratio technique) if
only one day is required between operations?

4. The customer for job B in problem 3 has agreed to take half the order on day 17 and the rest on
day 28. Use earliest due date rule to schedule the four jobs (A, Bl, B2, C). Can they be completed
on time, assuming no extra setup time is required for splitting job B?

5. Ms. Mona Hull is in charge of a project to build a 50-foot yacht for a wealthy industrialist from
Jasper, Indiana. The yacht is scheduled to compete in the famous Lake Lemon Cup Race. Eight
weeks remain for constructing the yacht. Assume that each week consists of 5 workdays, for a
total lead time of 40 days. The work required to complete the yacht comprises 10 operations,
4 days for each.

a. On Tuesday morning of week 3, 3 of the 10 operations had been completed and the yacht was
waiting for the fourth operation. What’s the critical ratio priority?

b. What’s the critical ratio priority if only 2 of the 10 operations are completed by Tuesday morn-
ing of week 3?

6. Big Dan’s Machine Shop is considering the use of a priority scheduling rule in the fabrication
shop and must decide whether to use: (1) critical ratio (CR), (2) earliest due date (EDD),
(3) shortest operation next (SON), or (4) order slack. The current shop status of the company is

given here:
Order Total Remaining Time Remaining Current Operation
Number Manufacturing Time until Due Date Processing Time
1 15 12 8
2 12 15 5
3 10 14 4
4 15 18 3
5 20 19 6

a. Using the four sequencing rules, compute the scheduling priority for each order given in the
table above.

b. What order should be run first under each of these scheduling rules?

7. Marucheck’s makeshift manufacturing facility had three departments: shaping, pickling, and
packing. Marucheck’s orders averaged 100 pieces each. Each of the three shaping machines re-
quired one hour setup, but could run a piece in one minute. The pickling department lowered bas-
kets of pieces into brine tanks and subjected them to low-voltage current, a heating and cooling,
and a rinse. The whole process took four hours for any number of baskets or pieces. The only
brine tank could hold four baskets, each of which could contain 50 pieces. (Baskets were loaded
while another load was in the tank.) Each piece was inspected and wrapped in bubble pack in the
packing department. Each of the four people in the department could do this at the rate of
25 pieces per hour. Marucheck had heard of the theory of constraints (TOC) and wanted to iden-
tify the bottleneck department. Which is it?
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2l A Time Current Total
Manufacturing  Remaining Operation Number of  Processing
Order Lead Time Until Processing  Operations Time
Number Remaining Due Date Time Remaining Remaining
1 15 7 2 3 8
2 15 11 3 4 8
3 20 -2 5 2 8
4 15 -5 4 3 8
5 15 3 1 12 8

Note: Time is measured in days. Manufacturing lead-time remaining includes both the machine processing time and the length of time
orders spend moving and waiting to be processed in a machine queue. Current operation processing time (as well as total processing time
remaining) includes no move or queue times.

8. The Ace Machine Company is considering using a priority scheduling rule in its fabrication shop
and must decide whether to use: the critical ratio rule, the order slack rule, the shortest operation
next rule, or the slack per operation rule. Exhibit A shows the company’s current inventory and
shop status.

a. State the formula for calculating the priority index for each of sequencing rules given
previously.
b. Compute the scheduling priority for each order in Exhibit A, four sequencing rules.

9. The Optima Shop has two work centers: Big Mess and No Problem. The Monday list of orders to be

filled this week shows the total setup and total run time requirements (in hours) at the two centers.
Joe Biggs, the scheduler of Optima, said his first criterion is to minimize setups, and the
second is to prioritize customer orders in numerical order.

a. How should he schedule part production in the two centers? (Please illustrate using a Gantt
chart.)

b. Can customer delivery promises be met without overtime if capacity is 40 hours in each work
center?

c. How does the answer to part b change if only one person is assigned to do the setup in both
work centers?

d. Is the schedule consistent with the TOC philosophy?

Big Mess No Problem
Customer order 1 Part A: setup 5, run 10 Part C: setup 1, run 2
Part B: setup 2, run 5
Customer order 2 Part A: setup 5, run 3 Part D: setup 2, run 2
Customer order 3 Part B: setup 2, run 5 Part C: setup 1, run 3

10. The XYZ Company uses MRP to plan and schedule plant operations. The plant operates five days
per week with no overtime, and all orders are due at 8 a.m. Monday of the week required. It’s now
8 a.m. Monday of week 1, all machines are currently idle, and the production manager has been
given the information in Exhibit B.
a. Assuming that the shortest operation next rule is used to schedule orders in the shop, how
should the open orders (scheduled receipts) for items A, B, and C be sequenced at their cur-
rent operations? What are the implications of this schedule?
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EXHIBIT B MRP System Data

System Data Week
Item A 1 2 3 4 5 7
Gross requirements 3 16 8 | 11 5118 4 2
Scheduled receipts 30
Projected available balance 10 7 21 13 2 | 27 9 5 3
Planned order release 30

Q=30;LT=2;SS=0.

Week
Item B 1 2 3 4 5 6 7 8
Gross requirements 2 5 12 4 18 2 7 | 10
Scheduled receipts 30
Projected available balance 12 | 10 5123 ] 19 1 29 | 22 | 12
Planned order release 30

Q=30;LT =4;SS =0.

Week
Item C 1 2 3 4 5 (] 7 8
Gross requirements 14 4 | 12 7 8 3 17 2
Scheduled receipts 20
Projected available balance 17 3 (19 7 0 12 9 12 | 10
Planned order release 20 20

Q=20;LT=4;SS=0.

Shop-Floor Control System Data

Item Routing Current Operation Number

A Operation number 1 2 3 4 3 (machine 2)
Machine number 4 6 2 3
Processing time* 1 1 1 1

B Operation number 1 2 3 4 2 (machine 2)
Machine number 4 2 6 1
Processing time* 4 2 5 3

C Operation number 1 2 3 4 4 (machine 2)
Machine number 6 3 1 2
Processing time* 3 4 6 15

*In days. For computing lead times, assume that there are 1.5 days of move and queue time associated with each operation, including time
to complete paperwork after the last operation.
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b. Assuming that the critical ratio rule is used to schedule orders in the shop, how should the
open orders for items A, B, and C be sequenced at their current operations? What are the im-
plications of this schedule?

c. Suppose that 32 additional units of item B have just been found in the stockroom as a result
of a cycle count. What actions are required on the part of the MRP planner?

The Ace Tool Company is considering implementing the transfer batches in scheduling the
firm’s fabrication shop. The production manager selected an example order to use in evaluat-
ing benefits and potential costs of this scheduling approach. A transfer batch size of 100 units
was suggested for this item. The example order is for a quantity of 1,000 units and has the
following routing data:

Operation Work Center Setup Time Run Time/Unit
1 1 40 minutes 2.4 minutes/unit
2 2 20 minutes 1.44 minutes/unit

a. Assuming a single-shift, 8-hour day, 5-day week for work centers 1 and 2, prepare a Gantt
chart showing the earliest start- and finish-time schedule for this order under a conventional
scheduling approach where all items in the order are processed at one time. Do the same
when transfer batches are used. What are the earliest start and finish times for each transfer
batch at work center 2, assuming none of the transfer batches are processed together to save
setup time?

b. What’s the difference in the order-completion times under the two scheduling approaches in
part a above?

c. What are the benefits and potential costs of this scheduling approach?

This morning, Pete Jones, integrated circuit buyer at Flatbush Products Inc., received the follow-

ing purchased part MRP record:

Week
Circuit 101 1 2 3 4 5 6 7 8 9 10 11 12
Gross requirements 50 50|50 (50

Scheduled receipts

Projected available
balance 65

Planned order releases

Q=50; LT =3;SS =2.

a. Complete the circuit 101 MRP record.

b. Pete noted that the vendor for circuit 101 recently indicated its plant has limited production ca-
pacity available. At most, this supplier can provide 50 units per four-week period. Pete won-
dered what action, if any, needs to be taken on this item as a result of this capacity limitation.

To remain competitive, Ed’s Sheet Metal must reduce manufacturing lead time for a product that

typically sells in lots of 800 units. The product goes through two operations in different departments.
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14.

15.

The company wants to evaluate the value of using a transfer batch between operations. Its idea is
to split the order at the first operation and transfer an amount to the second operation to get it
started while the rest of the order is finished at the first operation. The setup of operation 2 can
start as soon as parts arrive, but not sooner. Other data are:

Order size 800 units
Operation 1 processing time 6 minutes/unit
Operation 2 processing time 8 minutes/unit
Transfer time from operation 1 to 2 20 minutes
Setup time for operation 1 1.0 hour
Setup time for operation 2 1.5 hours

a. What is the minimum transfer batch that assures that operation 2 has no idle time?

b. How much would manufacturing lead time be reduced by using the transfer batch instead of
the full order of 800 units?

On a busy day in June, the Framkrantz Factory had five jobs lined up for processing at machine
center 1. Each job went to machine center 2 after finishing at machine center 1. After that they
had different routings through the factory. It’s now shop day 83 and due dates have been
established for each job. Machine time includes setup time, but it takes one day to move
between centers and two days of queue time at each center after machine center 1 (including
Finish).

Machine Center Sequence for the Jobs

Shop Day = 83 and Days of Machine Time Required
Job 1 2 3 4 5 Finish Due Date
A 1 4 X 102
B 3 2 8 X 123
C 3 8 2 X 104
D 6 2 1 2 X 98
E 4 1 8 3 X 110

a. Use a spreadsheet program to calculate the priorities for each job using the critical ratio rule.

b. All jobs were at machine 2 by the morning of shop day 96. (Job A took 2 days instead of 1 and
job D took 1 day instead of 6 on machine 1.) Unfortunately, there was a long job on machine
2 and none of the five jobs had started yet. What would their priorities be for machine 2?

¢. What would priorities be if job A’s due date were 96 (current date = 96)?

Shown next is the MRP record for part no. 483. The current shop day is 100 (with 5-day weeks);
it’s now Monday of week 1. Open orders (scheduled receipts) are due Mondays (shop days 100,
105, 110, 115, etc.) of the week for which they’re scheduled. The shop floor has just reported that
the batch of 40 on shop order number 32 has just finished at machine center A43 and is waiting
to be moved to C06. It takes one day to move between machine centers (or to 102, the inventory
location) and one day of queue time at the machine centers. (The inventory location doesn’t
require the queue time, but one day of “machine time” is shown for clearing the paper work.) Part
number 483’s routing and status are also given.
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Week
Part No. 483 1 2 3 4 5 6
Gross requirements 14 4 10 | 20 3 10
Scheduled receipts 40*
Projected available balance 20 6 42 | 32 | 12 9 39
Planned order releases 40
Q=40;LT=2;SS=5.
*Shop order no. 32.
Part No. 483
Routing (machine center) A12 B17 A43 Co6 102
Machine time (days) 4 1 1 1 1
Status shop order 32 Done Done Done

a. Use a spreadsheet to replicate the MRP record and calculate the critical ratio for part no. 483.
Should the planner take any action?

b. What would the priorities be if the inventory were 23 instead of 20? What action should be
taken now?

c. What if inventory were 17 instead of 20?
Consider the following data for three jobs processed in the boring machine center for Conway
Manufacturing:

Setup Time
Job (Minutes) Run Time/Unit (Minutes) Batch Size
A 15 0.05 200
B 10 0.15 100
C 20 0.10 200

Queue data for the boring machine center:

Job Arrival Time Job Arrival Time Job Arrival Time
A 8:24 B 8:40 B 9:12
B 8:28 C 8:42 C 9:14
C 8:31 C 8:44 A 9:18
A 8:34 A 8:57 B 9:21
B 8:39 A 9:03 B 9:31

a. If the boring machine center used a first-come/first-served rule to schedule jobs, how long
would it take to process the queue? (Assume no other jobs arrive, all jobs in queue are for one
batch each, and job B has just been completed.)

b. How long would it take to process all jobs in the queue, using the transfer batch logic?

Howie’s Handicraft needs your advice on the production schedule for its Halloween product line.

Analyze the information for the three-station four-product line, given next:
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Estimated Process Time
Weekly Selling Material .
Sales, Price, Cost, Workstation*
Product (Units) (% (3) 1 2 3
Witches 60 35 15 10 10 40
Goblins 50 40 15 10 15 40
Ghosts 40 45 20 10 10 20
Ghouls 30 50 20 15 20 20

*The times for workstations 1, 2, and 3 are in minutes per unit. Capacity at each workstation is 2,400 minutes/week and operating
expenses are $2,000/week.

a. What is the bottleneck workstation? What schedule of products at this work station maxi-
mized the profit to Howie?
b. What is the total profit from the schedule in part a?

18. The Marlborough Manufacturing Company in New Zealand was considering embarking on a
program of rationalizing its vendor base. It had heard of the benefits of doing so, but was unsure
where to start. To begin the process, it recorded the total New Zealand dollar (NZD) purchases in
the last year and the number of orders that it placed with each firm in a sample of 20 suppliers.
The data are shown here:

Company NZD Orders/Year
Axel 321,760 7
Backer 55,122 2
Booker 186,242 3
Century 16,088 4
Farmic 80,440 22
First 48,262 3
Gentry 1,850,120 10
Grist 40,220 1
Hooker 64,532 2
Hume 63,253 6
Jacobs 965,283 8
Kelvin 8,124 2
Kolst 1,367,484 5
Kume 57,305 4
Locket 563,087 1
Neive 7,944 1
Whist 2,171,886 3
Wolf 31,523 3
Young 17,053 6
Zydec 121,555 2

a. Analyze the purchases in this sample using the order frequency data. For which suppliers
should Marlborough focus its efforts in building relationships?

b. For which might it consider making some deletions?

c. What other questions does the sample information raise about the purchasing policies of the
company?
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Theory of Constraints (TOC) Scheduling at TOSOH

TOSOH is a manufacturer of special alloy materials for computer manufacturing firms. The products
are custom designed to meet the specifications of the customer’s production process and product de-
sign. The product unit selling price ranges from $500 to $6,000. The annual sales are $100 million,
with 80 percent of the sales volume going to 10 customers.

Products are manufactured on a make-to-order basis with approximately 500 open shop orders at
any given time. Each product passes through 10 to 20 operations, and there are four focused factory
operations within the main plant, each of which has about 10 work centers. Each product is manufac-
tured from a special metal alloy, and the master database contains approximately 1,500 end-product
items. The bill of material has two levels: product items and raw materials.

Before installing the TOC system, the plant used a manual scheduling system that was based on
very rough estimates of process setup and run times. While bills of material and product routings
existed, these were poorly maintained. There was no clear measure of plant capacity nor an ability to
forecast the upcoming capacity constraints.

The company chose to implement TOC to achieve several business objectives. The foremost
objective was to deliver product faster and more reliably in a market characterized by life cycles
approximating 6 to 12 months—a relatively short time. The company also wanted to maximize the
throughput of the factory and to achieve a better utilization of the expensive machine tools and heat-
treatment facilities. The company felt that the TOC system would enable manufacturing to minimize
batch sizes, reducing cycle time and WIP inventory while improving responsiveness to customers.
Finally, because of the short product life cycle, and the costs of product obsolescence, the company
wanted to reduce the investment in finished goods inventory.

The TOC project began with a one-year manual pilot implementation of the TOC system. Subse-
quently, the TOC software was purchased, the manufacturing database was developed, and the software
was tested. An example of the TOC schedules at TOSOH, using product item 3596C-13-108-501 is
illustrated. This item is being manufactured for shop order RWO502, which has a due date of
10/16/XX. The process routing for this item is shown in Figure 8.12. Note that only operation 500 on
this order is performed on a drum work center.

Portions of the schedule at all of the work centers in the example are shown in Figure 8.13a. Fig-
ure 8.13a shows the schedule for shop order RW0502 for the five work centers preceding the drum
(work center 101-5M). The material release date of 9/19/XX in Figure 8.13a is back-scheduled from
the drum schedule, and all of the operations in between (operations 100 through 400) are run on a
first-in, first-out basis, using process and delay time data. A portion of the drum schedule for work
center 101-5M is shown in Figure 8.13b. Shop order RWO502 is scheduled to start at 10:20 a.m. on

Operation Number Work Center Work Center Status

100 101-KS Nonconstraint
200 101-WP Nonconstraint
300 101-5C Nonconstraint
400 101-80 Nonconstraint
500 101-5M Constraint

600 101-CM Nonconstraint
700 255-XRF Nonconstraint
800 260 Nonconstraint
900 231 Nonconstraint

1000 Stores Nonconstraint
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306 Chapter 8 Production Activity Control

10/11/XX and to be completed two hours and 15 minutes later. (The setup time of 45 minutes and the
run time of 1 hour and 30 minutes is shown in the upper portion of Figure 8.13b.) Likewise, all of the
nonconstraint operations following the drum (600 through 1000) are expected to be complete by
the order due date (10/16/XX), using first-in, first-out scheduling priorities. The TOC schedule for
this product allows a buffer of 56 hours for the drum (operation 500), and a buffer of 72 hours for the
shipping dock buffer. These are shown in the “buffer plan” columns of Figures 8.13a and b.

The company learned several lessons during implementation. First, the culture needed to change
in order to achieve the benefits of TOC scheduling. The importance of educating all of the manu-
facturing personnel on the basic concepts of TOC scheduling became clear. Other changes included
the elimination of traditional cost accounting performance measures relating to productivity, effi-
ciency, product cost, etc. Manufacturing people needed to understand that it is all right for the non-
drum work centers to be idle. Further, this training needed to be performed on a company wide basis
for the system to be totally effective.

Second, in using TOC the company needed to emphasize the elimination of obstacles to the flow
of materials through the plant. In addition to the physical constraints, these obstacles included such
items as paperwork, procedural roadblocks, and work rules. This effort involved ensuring raw mate-
rial availability, instilling a sense of urgency in people regarding the TOC schedule, achieving a high
level of process reliability, and reducing waste in time and materials. Both TOC scheduling and the
focus on process improvement at TOSOH have produced important achievements in operating per-
formance. This includes a sales revenue increase of 14 percent, a 38 percent improvement in delivery
reliability, a 14 percent reduction in customer lead times, a doubling of the overall inventory turns,
and a 50 percent reduction in the reserve for obsolete inventory. These results were achieved over a
four-year period.

Assignment

Work on Shop Order RW0502 is scheduled to begin on 9/19/XX and be completed by 10/16/XX. This
allows 26 days less 7 days for Saturdays and Sundays, or a total of 19 working days to complete the
order. Assuming an eight-hour work day, convert the 19 days to hours. How much of this time is al-
lowed for buffer, and how much time is allowed for setup and processing times? How much of this
time is devoted to non-bottleneck operations, and how much to bottleneck operations?




Chapter

Advanced Scheduling

This chapter addresses advanced issues in scheduling, with primary emphasis on detailed
scheduling of individual jobs through work centers in a shop. The intent is to provide di-
rection for the firm that has a working MPC system in place and wishes to enhance the
shop-floor systems.

The approaches in this chapter presume effective front-end, engine, and back-end sys-
tems are in place. Chapter 8 A provides an application perspective to research in schedul-
ing. It’s completely beyond our scope to even summarize the vast amount of research on
this topic. Rather, our interest here is to focus on some basic concepts and results, relate
them to some of the newer manufacturing approaches, and show how you might apply re-
sults in certain operating situations.

Chapter 8A centers around three topics:

* Basic scheduling research: What are the fundamental scheduling research problems,
and what are the practical implications of scheduling results that have been consistently
verified in the research?

* Advanced research findings: What findings from advanced research seem to be partic-
ularly helpful in assigning jobs or labor to machines? What are the critical scheduling
issues in cellular manufacturing?

*  Multiple constraint scheduling. How can the theory of constraints (TOC) scheduling be
extended to multiple constraining resources?

Basic Scheduling Research

We can define a schedule as a plan with reference to the sequence of time allocated for and
operations necessary to complete an item. This definition lets us think of a schedule that has
a series of sequential steps, or a routing. The entire sequence of operations, the necessary
sequential constraints, the time estimates for each operation, and the required resource ca-
pacities for each operation are inputs to developing the detailed plan or schedule.

The One-Machine Case

Research on single-machine scheduling has been largely based on the static problem of how
to best schedule a fixed set of jobs through a single machine, when all jobs are available at
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308 Chapter 8A Advanced Scheduling

the start of the scheduling period. It’s further assumed that setup times are independent of the
sequence.

If the objective is to minimize total time to run the entire set of jobs (i.e., the minimum
make-span), it doesn’t matter in which order jobs are run. In this case, the make-span
equals the sum of all setup and run times for any sequence of jobs. However, if the objec-
tive is to minimize the average time each job spends at the machine (setup plus run plus
waiting times), then we can show this will be accomplished by sequencing jobs in ascend-
ing order according to their total processing time (setup plus run time). As an example, if
three jobs with individual processing times of one, five, and eight hours, respectively, are
scheduled, fotal time required to run the entire batch under any sequence is 14 hours. If we
process jobs in ascending order, the average time that each job spends in the system is (1 +
6 + 14) +— 3 = 7 hours. However, if we process jobs in the reverse order, average time in
the system is (8 4 13 + 14) = 3 = 11.67 hours.

This result has an important consequence. Average time in the system will always be min-
imized by selecting the next job for processing that has the shortest processing time at the
current operation. This rule for sequencing jobs at a work center (called shortest processing
time, or SPT) provides excellent results when we use the average time in system criterion.

SPT also performs well on the criterion of minimizing the average number of jobs in the
system. As we’ve noted previously, work-in-process inventory levels and average flow time
are directly related measures. If we increase or reduce one, the other changes in the
same direction. Analytical work shows that the SPT rule again provides superior perfor-
mance when the work-in-process criterion is applied in the single-machine case.

When the criterion is to minimize the average job lateness, again SPT is the best rule for
sequencing jobs for the single-machine case. To introduce the lateness criterion, we first
must establish due dates for the jobs. Lateness measures both positive and negative devia-
tions from the due date. An interesting aspect of scheduling research is, no matter what pro-
cedure we use to establish due dates, SPT will minimize average job lateness.

The one-machine scheduling research is very useful in gaining insights into scheduling
rules’ behavior under particular criteria. The most important conclusion we can draw from
the single-machine research is the SPT rule represents the best way to pick the next job to
run, if the objective is to minimize average time per job, to minimize average number of
jobs in the system, or to minimize average job lateness. However, if the objective is to min-
imize either the maximum lateness of any job or the lateness variance, then jobs should run
in due date sequence.

The Two-Machine Case

Developing scheduling procedures for the two-machine case is somewhat more complex
than for single-machine systems. In the two-machine case, we must schedule both
machines to best satisfy whatever criterion is selected. Moreover, we have to consider job
routings. We assume each job always goes from a particular machine to another machine.
For analytically based research, we make additional assumptions, such as those for the one-
machine case. For example, all jobs are available at the start of the schedule, and setup
times are independent.

A set of rules has been developed to minimize the make-span in the two-machine case.
Note while the minimum make-span doesn’t depend on job sequencing in the one-machine
case, this isn’t true in the two-machine case. Additionally, if total time to run the entire
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batch of jobs is to be minimized, this doesn’t ensure either the average time each job spends
in the system or the average number of jobs in the system will also be minimized.
The following scheduling rules minimize make-span in a two-machine flow shop.'

Select the job with the minimum processing time on either machine 1 or machine 2.
If this time is associated with machine 1, schedule this job first. If it’s for machine 2,
schedule this job last in the series of jobs to be run. Remove this job from further
consideration.

Select the job with the next smallest processing time and proceed as above (if for
machine 1, schedule it next; if for machine 2, as near to last as possible). Any ties
can be broken randomly.

Continue this process until all of the jobs have been scheduled.

The intuitive logic behind this rule is the minimum time to complete the set of jobs has
to be the larger of the sum of all run times at the first machine plus the smallest run time at
the second machine, or the sum of all run times at the second machine plus the smallest run
time at the first machine.

We can also apply these rules to larger flow shop scheduling problems. The following
procedure uses the previous algorithm to solve a series of two-machine approximations to
the actual problem having M-machines (where M > 2) using the following rules:

Solve the first problem considering only machine 1 and M, ignoring the intervening
M — 2 machines.

Solve the second problem by pooling the first two machines (1 and 2) and the last two
machines (M — 1 and M) to form two dummy machines. Processing time at the first
dummy machine is the sum of the processing time on machines 1 and 2 for each order.
Processing time at the second dummy machine is the sum of the processing time at
machines M — 1 and M for each order.

Continue in this manner until M — 1 problems are solved. In the final problem, the first
dummy machine contains machines 1 through M — 1, and the second dummy machine
contains machines 2 through M.

Compute the make-span for each problem solved and select the best sequence.

Additional procedures using branch and bound algorithms and integer-programming
methods have been developed to solve static flow shop three-machine scheduling problems
using the minimum make-span criterion. However, the solutions are generally feasible only
for very small problems. Currently, heuristic methods such as the M-machine algorithm are
the only means of solving larger-scale flow shop scheduling problems.

Dispatching Approaches

Applying dispatching approaches to scheduling problems allows us to relax some of
the limiting constraints just mentioned. In particular, dispatching approaches deal with

'S. M. Johnson. “Optimal Two- and Three-Stage Production Schedules with Setup Time Included,”
Naval Research Logistics Quarterly 1 (1954), pp. 61-68.

2H. G. Campbell, R. A. Dudek, and M. L. Smith. “A Heuristic Algorithm for the n-Job m-Machine
Sequencing Problem,” Management Science 16, no. 10 (June 1970).
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FIGURE 8A.1

the dynamic problem, rather than the static problem. Randomness in interarrival and ser-
vice times are considered, and steady state results are provided for average flow time, aver-
age work-in-process, expected work center utilization, and average waiting time.

Dispatching involves the use of logic rules that guide the prioritizing of jobs at a work-
station. These rules are referred to as sequencing rules. Sequencing rules range from
simple local rules, such as SPT, to more complex rules that consider due dates, shop
congestion, and other criteria.

To examine realistic, multiple-machine, dynamic scheduling situations, we often use
simulation models. With simulation, we can examine various rules’ performance against
several criteria. We can expand the size of problems studied (work centers and jobs), con-
sider effects of startup and ending conditions, and accommodate any kind of product struc-
ture, interarrival time patterns, or shop capacity. Simulation studies address such primary
research questions as: Which dispatching approach for sequencing jobs at work centers
performs best? For which criteria? Are some classes of rules better than others for some
classes of criteria or classes of problems?

Sequencing Rules

Figure 8A.1 illustrates a typical scheduling environment for a complex job shop. At any
time, if a set of # jobs is to be scheduled on m machines, there are (n!)” possible ways to
schedule the jobs, and the schedule could change with the addition of new jobs. For any
problem involving more than a few machines or a few jobs, the computational complexity
of finding the best schedule is beyond even a modern computer’s capacity.

Figure 8A.1 shows complex routings. For example, after processing at work center A, we
may send jobs for further processing to work centers B, D, or F. Similarly, some jobs are com-
pleted after being processed at work center A and go directly to finished component invento-
ries. Also note a job might flow from work center A to work center D and then back to A.

The Scheduling Environment

Y
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Figure 8A.1 depicts a sequencing rule between each queue and its associated work cen-
ter. This indicates a rule exists for choosing the next job in the queue for processing. The
question of interest is which sequencing rule will achieve good performance against some
scheduling criterion.

A large number of sequencing rules have appeared in research and in practice. Each
could be used in scheduling jobs. Here are some well-known rules with their desirable
properties:

R (random). Pick any job in the queue with equal probability. This rule is often used as
a benchmark for other rules.

FCEFS (first come/first served). This rule is sometimes deemed to be “fair” in that jobs
are processed in the order they arrive at the work center.

SPT (shortest processing time). As noted, this rule tends to reduce work-in-process
inventory, average job completion (flow) time, and average job lateness.

EDD (earliest due date). This rule seems to work well for criteria associated with job
lateness.

CR (critical ratio). This rule is widely used in practice. Calculate the priority index
using (due date—current time)/(lead time remaining).

LWR (least work remaining). This rule is an extension of SPT in that it considers a//
processing time remaining until the job is completed.

FOR (fewest operations remaining). Another SPT variant that considers the number of
successive operations.

ST (slack time). A variant of EDD that subtracts the sum of setup and processing times
from time remaining until the due date. The resulting value is called “slack.” Jobs are
run in order of the smallest amount of slack.

ST/O (slack time per operation). A variant of ST that divides the slack time by the
number of remaining operations, again sequencing jobs in order of the smallest
value first.

NQ (next queue). A different kind of rule. NQ is based on machine utilization. The
idea is to consider queues at each of the succeeding work centers to which the jobs
will go and to select the job for processing that’s going to the smallest queue
(measured either in hours or perhaps in jobs).

LSU (least setup). Still another rule is to pick the job that minimizes changeover time
on the machine. In this way, capacity utilization is maximized. Note this rule explicitly
recognizes dependencies between setup times and job sequence.

This list isn’t exhaustive. Many other rules, variants of these rules, and combinations of
these rules have been studied. In some cases, use of one rule under certain conditions and
use of another under other conditions has been studied.

One issue Figure 8A.1 highlights is whether we should use the same rule at each work
center. We might, for example, build a case for using SPT at the “gateway” work centers
and using some due date—oriented rules for downstream centers. Or perhaps selection of a
rule should depend on queue size or how much work is ahead of or behind schedule.

Another issue in selecting sequencing rules is their usage cost. Some rules (such as
random, first come/first serve, shortest processing time, earliest due date, and fewest
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F!GUR_E 8A.2 Sequencing Average Time Variance of
Simulation Rule in System Time in System
Results for
Various SPT 34.0 2,318
Sequencing EDD 63.7 6,780
Rules ST/O 66.1 3,460
FCFS 74.4 5,739
R 74.7 10,822

operations remaining) are easy to implement, because they don’t require other informa-
tion than that related to the job itself. Other rules (such as the critical ratio, least work
remaining, slack time, and slack time per operation rules) require more complex infor-
mation plus time-dependent calculations. The next queue and least setup rules require
even more information, involving the congestion at other work centers, or a changeover
cost matrix for all jobs currently at a work center.

Extensive research has addressed the performance of the different sequencing rules
listed.® Figure 8A.2 reports typical results for two criteria: average time in the system and
variance of the time in system. Recall that the average time in the system is directly related
to work-in-process inventory and average number of jobs in the system. The results in Fig-
ure 8A.2 clearly show the SPT rule performs quite well for this set of criteria.

There is, however, a concern in using SPT. It can allow some jobs with long processing times
to wait in queue for a substantial time, causing severe due date problems for a few jobs. However,
because the SPT rules can complete the average job in arelatively short time compared with other
rules, overall lateness performance might be much less severe than we might think.

Other research efforts have tried to combine SPT with other sequencing rules to obtain
most of SPT’s benefits without the large time in system variance. One approach has been to
alternate SPT with FCFS to “clean out the work centers” at periodic intervals. A combina-
tion rule can be very effective in reducing this negative attribute of SPT.

Advanced Procedures

This section covers several additional procedures we feel are particularly relevant to MPC
practice. These procedures focus on determination of lead times (management of due
dates) for manufactured items and determination of labor assignments in manufacturing
operations. In each case, we think important practical issues are raised and the practicing
professional can use the available, though perhaps tentative, conclusions.

Due Date-Setting Procedures

An important issue in scheduling manufacturing orders is establishing order release and
due dates. Many firms assign setting such dates to manufacturing; it’s frequently the sub-
ject of intense negotiations between manufacturing and marketing personnel. Often, due
dates must be set at the time of order receipt or when bidding for an order. An effective

3R. W. Conway, W. L. Maxwell, and L. W. Miller. Theory of Scheduling (Dover Publications, 2003).
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MPC system can help by providing appropriate information regarding material availability,
capacity, and resource requirements for individual jobs. As an example, we normally assign
due dates for make-to-order products based on raw material and equipment capacity avail-
abilities. Likewise, we set order release and due dates for manufactured components in
MRP systems by determining length of the planned lead time for such items. Therefore, es-
tablishing lead time offsets and due dates is a vital and ongoing function in a manufactur-
ing system. A well-functioning shop-floor control system based on good sequencing rules
will help us achieve these due dates.

An approach for setting due dates for an order is by adding an estimate of the manufac-
turing time to the date the order is received.* Three methods for establishing the estimate of
manufacturing time are:

CON: A constant time allowance for manufacturing all jobs; that is, the same lead time
is added to all jobs at receipt date to calculate the due date.

SLK: A time allowance that provides an equal (constant) waiting time or slack for all
jobs; that is, the due date is set equal to the receipt date plus the sum of all processing
times, plus a fixed additional slack time.

TWK: A time for waiting that has slack proportional to a job’s fotal work content; that is,
lead time to be added to the receipt date is a multiple of the sum of all processing times.

Each procedure has a single parameter (the constant time, the slack time, or the multi-
ple) to be determined. Other informational needs are similar to those of shop-floor sched-
uling problems. The first procedure is easy to implement in many firms since shop-floor
system database requirements are minimal. The other two procedures, however, require an
estimate of a job’s processing time to set the due date.

Experiments testing the three due date—setting rules involved a single-machine system.
They were conducted under a wide variety of operating conditions: 80 percent to 99 percent
machine utilization, a variety of jobs, 20 replications, and use of both exponentially and nor-
mally distributed processing times. The exponentially distributed processing times gave a
much greater degree of variability in achieved lead times (coefficient of variation, c,, = 1.0)
than the normally distributed processing time (¢,, = 0.25). Two releasing rules were used as
well. The random release rule meant orders were issued to the shop as soon as received. The
“controlled” release rule meant jobs were released when work-in-process inventory levels
fell below a “trigger point.” The trigger point was chosen to provide a specified average num-
ber of jobs in the shop.

The evaluative criterion was “due date tightness.” Here we presume tight due dates (or
short lead times) are strategically more desirable than loose due dates. Tight due dates
provide a competitive advantage by permitting the firm to offer an improved level of
customer service, as well as achieve lower costs through reductions in work-in-process in-
ventory. The experiments’ approach was to set each of the three parameters so that no late
deliveries occurred; that is, the parameters were chosen so the longest lead time is just suf-
ficient. Thereafter, actual lead times are observed in the simulation. The preferred proce-
dure is the one that achieves the smallest mean lead time.

“K. R. Baker and |. W. M. Bertrand. “A Comparison of Due Date Selection Rules,” AlIE Transactions 13,
no. 2 (June 1981).
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FIGURE 8A.3 Simulation Results for Manufacturing Lead Time Estimating Procedures

Mean Manufacturing

Lead Time Frequency Best*
Mean Number

Treatment of Jobs Utilization TWK SLK CON TWK SLK CON
Exponential times, 4.00 0.80 4.43 9.04 10.14 20 0 0
random release 5.67 0.85 5.63 10.37 11.39 20 0 0
9.00 0.90 6.20 11.79 12.76 20 0 0
Exponential times, 4.00 5.26 4.53 8.79 3 17 0
controlled release 5.67 6.51 6.23 10.09 7 13 0
9.00 8.28 9.51 13.49 17 3 0
Normal times, 4.28 0.90 7.20 7.70 7.72 16 2 2
random release 9.59 0.95 10.06 10.70 10.75 16 2 2
52.09 0.99 10.44 10.99 11.07 20 0 0
Normal times, 4.28 6.65 5.31 5.90 0 20 0
controlled release 9.59 12.35 10.61 11.18 0 20 0
52.09 48.53 53.10 53.64 20 0 0

*Number of times in the 20 replications that each procedure performed the best (i.e., produced the lowest mean manufacturing lead time).

The results indicate the SLK and TWK procedures set tighter due dates than the CON
procedure. As Figure 8A.3 shows, these two procedures provided as much as a 50 percent
reduction in lead time required for manufacturing (in comparison with the CON procedure)
under exponentially distributed processing times. Much smaller differences were noted
when normally distributed processing times were used. Furthermore, there was a clear
preference for the TWK procedure (as opposed to the SLK procedure) when random work
releasing was used. In using controlled work releasing, preference shifts to the TWK pro-
cedure at higher levels of machine utilization.

The important message is that calculating lead times on the basis of total work content
is best. In the next section, we consider the important question of whether a due date should
be changed after the order has been released to the shop.

Dynamic Due Dates

Determining due dates for orders when they are released to the shop is only one aspect of man-
aging due dates in scheduling. A second aspect concerns maintaining valid due dates as orders
progress through the manufacturing process and as new orders are added. The need for due
date maintenance arises from the manufacturing environment’s dynamic nature. Management
actions (such as master production schedule changes, planned lead time adjustments, and bill
of materials modifications) can create the need to reschedule manufacturing orders and to
revise priorities given to the shop. Likewise, variations in shop conditions (such as unexpected
scrap and unplanned transactions) can also create the need to revise job due dates.

Many firms’ systems and procedures result in changes in open order due dates. This
practice is called dynamic due date maintenance. The primary argument for this practice is
the shop should use accurate and timely information in dispatching jobs to machines to
provide a high level of customer service. In spite of its widespread use, controversy sur-
rounds the advisability of implementing dynamic due date maintenance systems. Some
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suggest dynamic due dates can have an adverse impact on scheduling performance because
of system “nervousness.”> A scheduling system with unstable open order priorities might
be called a nervous scheduling system, which can lead to shop floor distrust and a complex
overriding priority system. A second behavioral argument against dynamic due date main-
tenance is the volume of rescheduling messages might so inundate the production planner
that he or she can’t process the necessary changes in a timely fashion.

In such cases, the production planner may simply stop trying to perform an impossible
task; the shop could lose faith in the priority system and revert to using an “informal” system;
or ill-chosen or misleading rescheduling messages may be communicated to the shop. Any or
all of these responses may cause the shop and inventory system performance to deteriorate.

An important experiment to better understand when dynamic due dates might be attrac-
tive and when they are not attractive evaluated the use of several dynamic due date pro-
cedures as well as the use of simple procedures for selectively implementing a few of the
many due date changes that would normally be implemented (filtering procedures).® In
particular, the study concerned determining what types of job-related information are im-
portant to consider in formulating open order rescheduling procedures and evaluating
rescheduling’s impact on manufacturing performance in MRP systems.

The study considered three different filters for making rescheduling decisions: ability,
magnitude, and horizon filters. The ability filter’s purpose is to assure only attainable due
date adjustments are passed along to the shop. In using this procedure:

1. All rescheduling out actions (when the new due date is later than the previous due date)
are implemented.
2. Implementing reschedule-in actions depends on one of three conditions:

a. If the machine setup and processing time remaining is less than the time until the new
due date, the new due date is implemented.

b. If the machine setup and processing time remaining is less than the time until the old
due date but greater than the time until the new date, the due date is set to the present
time plus the machine setup and processing time to complete the order.

c. If the machine setup and processing time remaining exceeds the time allowed until
the old due date, no change is made to the old due date.

The magnitude and horizon filters consider different information. These procedures are
designed to filter out trivial due date adjustments by means of a threshold value. In the
magnitude procedure, if the absolute value of the difference between the new and the old
due dates exceeds a threshold value (7',,), the due date is changed. Similarly, the horizon
procedure is designed to filter out due date changes too far out in the planning horizon to
be of immediate concern to the production planner. Only if the old due date falls within the
period of interest (7'g) is the new due date implemented. By setting parameter values for
T,, and Ty, the number of rescheduling changes to be implemented can be adjusted. The
procedures will implement all changes when 7, = 0 and Ty = 00, providing full dy-
namic procedures. Static dates result when 7', = 00 and Ty = 0.

3D. C. Steele. “The Nervous MRP System: How to Do Battle,” Production and Inventory Management 16
(4th quarter 1975).

°R. . Penlesky, W. L. Berry, and U. Wemmerlov. “Open Order Due Date Maintenance in MRP
Systems,” Management Science 35, no. 5 (May, 1989).
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Simulation experiments were used to investigate the effect of incorporating dynamic due
date information in the sequencing rules and use of filtering procedures. These experiments
were conducted using a make-to-stock job shop simulator, with both component manufac-
turing and assembly operations, controlled by an MRP system. Procedures were tested under
differing values of machine utilization, uncertainty in the master production schedule, length
of planned lead times, and size of production order quantities. The three measures of effec-
tiveness used were end-product customer service level, combined work-in-process and fin-
ished item inventory level, and number of rescheduling changes implemented.

These results indicate that under certain operating conditions, dynamic due date informa-
tion improves customer service while reducing total inventory level. First, there’s no signifi-
cant difference in performance between the filtering procedures and the dynamic due date
procedure without filtering. All rescheduling procedures significantly improve performance
over the static procedures. Second, magnitude and horizon filters provide comparable per-
formance to the dynamic rescheduling procedure—but with far fewer rescheduling actions
implemented. Therefore, it would seem dynamic rescheduling’s benefits can be achieved by
selectively implementing rescheduling actions. By filtering rescheduling messages, we can
reduce information processing costs and adverse behavioral effects of system nervousness
without an adverse effect on operating performance.

Labor-Limited Systems

The scheduling research results presented so far are useful when sequencing rules represent
the principal means of controlling work flow in a plant. In many firms, besides assigning
jobs to work centers, there’s a need to make labor assignment decisions. Labor assignment
decisions are important in controlling work flow when labor capacity is a critical resource
in completing work. This can occur even when only one particular labor skill is the bottle-
neck resource. In such instances, the system is said to be labor-limited.

Labor limitations provide an additional dimension to shop-floor scheduling that’s im-
portant for many JIT and cellular manufacturing situations. The controllable cost is labor,
and the primary scheduling job is assigning labor to machine centers. Good labor sched-
uling practice enables us to vary labor capacity at work centers to better match day-to-day
fluctuations in work loads. To the extent there’s flexibility in assigning people to work
centers, we can improve manufacturing performance (e.g., reduced flow times, better
customer service, and decreased work-in-process inventory). However, the degree of flex-
ibility in making labor assignments depends on such factors as amount of cross-training
in the workforce, use of temporary labor, favorable employee work rules, and costs of
shifting people between work centers.

A comprehensive framework for control of work flow in labor-limited systems uses
three major elements for controlling work flow:’

1. Determining which job to do next at a work center (dispatching).
2. Determining when a person is available for transfer to another work center (degree of
central control).

3. Determining the work center to which an available person is to be assigned (work
center selection).

’R. T. Nelson. “Labor and Machine Limited Production Systems,” Management Science 13, no. 9
(May 1967).
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Various decision rules, using information similar to that used in making dispatching
decisions, have been suggested for making the latter two decisions.® The decision rules
Nelson suggested for determining a person’s availability for transfer utilize a central con-
trol parameter, d, that varies between 0 and 1. When d = 1, the person is always available
for reassignment to another work center. When d = 0, the person can’t be reassigned as
long as jobs are waiting in the queue at the person’s current work center assignment. We can
control the proportion of scheduling decisions in which a person is available for transfer by
adjusting d’s value between 0 and 1.

Two different approaches to transfer availability are studied. One considers time; the
other considers the queue. The time approach suggests the person must be idle for ¢ or more
minutes before a transfer can be made. The queue approach suggests making a transfer only
when the person’s work center queue has fewer than g jobs waiting for processing. Labor
flexibility is increased by decreasing the value of ¢ or increasing the value of ¢.

The third decision in the framework, deciding to which work center a person should be
assigned, can be made using decision rules that resemble sequencing rules. We can deter-
mine priorities for assigning labor to unattended work centers on the basis of which work
center has as its next job to process:

1. The job that was first at the current work center, first-come/first-served (FCFS).
2. The job that was first in the shop, first-in-system/first-served (FISFS).

3. The shortest job (SPT).

4. The most jobs in the queue.

We combine these decision rules with decision rules for making dispatching and labor
availability decisions to control the work flow. Random assignment was used as a baseline
for comparison.

Simulation experiments have been conducted to evaluate the performance of the differ-
ent work flow control rules suggested for labor-limited systems. These studies generally
measure improvement in the job flow time performance. An interesting general finding is,
while changes in sequencing rules involve a trade-off between the mean and variance in job
flow times, changes in labor assignment rules often reduce both measures simultaneously.
Figure 8A.4 shows these results.

Experiments involving the labor flexibility factor d also show the importance of labor
flexibility in a shop. A change between no labor flexibility (d = 1) and complete labor flex-
ibility (d = 0) resulted in 12 percent and 39 percent reductions in the mean and variance of
job flow times, respectively.

Research on labor assignment rules demonstrates the importance of cross-training and
labor assignment flexibility. Moreover, it indicates that both labor and job dispatching can
have a major impact in controlling work flow through a shop. With an operating shop-floor
control system in place, further performance improvements might come from better design
of labor assignments and from operational changes that permit greater flexibility in labor
assignments.

8. S. Fryer. “Labor Flexibility in Multiechelon Dual-Constraint Job Shops,” Management Science 20,
no. 7 (March 1974).
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FIGURE 8A.4 Time and Number of Jobs in System

Mean Time and

Size of Statistic Mean Number Variance of Time Variance of
Labor Queue in System* in System Number in System
Force Discipline FCFS | FISFS | SPT | FCFS | FISFS | SPT | FCFS | FISFS | SPT
4 Machine limited 17.7 17.7 9.4 488 295 612 201 205 24
0 11.0 11.0 7.0 200 125 295 76 80 17
Labor 1 10.2 173 54
3 assignment 2 10.5 102 63
rule 3 6.6 343 15
4 10.1 10.1 6.4 169 97 281 50 53 11
0 8.7 8.7 6.2 158 147 186 65 67 23
Labor 1 8.7 153 49
2 assignment 2 8.7 147 67
rule 3 5.0 285 10
4 8.7 8.8 5.1 154 89 293 46 48 9
0 8.3 8.3 5.5 157 174 176 74 69 24
Labor 1 8.3 149 48
1 assignment 2 8.3 174 69
rule 3 4.2 296 9
4 8.3 8.3 4.4 150 174 298 45 69 8

Note: Labor assignment rules:

0 = Random labor assignment to a work center.
1 =FCFS labor assignment to a work center.
2 = FISFS labor assignment to a work center.

3 = SPT labor assignment to a work center.
4 = Most jobs in queue labor assignment to a work center.

*Parameters so chosen that the mean time and the mean number in the system were equal.

Group Scheduling and Transfer Batches
The theory of constraints (TOC) scheduling approach described in Chapter 8 uses dif-
ferent batch sizes, depending on whether a work center is a bottleneck. This idea has led
to scheduling systems that use variable operation lot sizes. One idea is the repetitive

lots concept.’

This concept permits the original order quantities released to the shop for manufac-
turing to be split into smaller transfer batches that can flow immediately to the next
operation prior to the operation’s completion at its current work center. The transfer
batches are predetermined integral fractions of the original order quantity. They provide
a work center with the flexibility to start producing an order before it is completed at
the previous work center. Such flexibility, frequently referred to as “lot-splitting” and

°F. R. Jacobs and D. |. Bragg. “Repetitive Lots: Flow-Time Reductions through Sequencing and
Dynamic Batch Sizing,” Decision Sciences 19, no. 2 (spring 1988), pp. 281-294.




FIGURE 8A.5
A Comparison
of Fixed versus
Variable
Operation and
Transfer Batch
Sizes for a
Single Job

Operation
Original order quantity is 1,000 units. Three operations 1
are required to produce the part. Processing time per 2
part is given. There is no setup time required. 3

A. Fixed operation batch size = 1,000
Transfer batch size = 1,000
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Time per part
(minutes)
1.00
0.50
0.75

Completion time

Operation Schedule of last unit
1 | 1,000
L | | | |
0 500 1,000 1,500 2,000
Time
B. Variable operation batch size
Transfer batch size = 100
Operation Completion time

Operation Schedule batch size of last unit
1 | | 1,000 1,000
2 000000 200 1,050
3 | | | | 500 1,125
L | | | |
0 500 1,000 1,500 2,000
Time

“overlap or line scheduling,” reduces order flow times, improves machine utilization,
cuts setup times, and smoothes work flow in the shop to yield better use of capacity.
This flexibility also means the number of units produced during a given work center
setup, operation batch size, can vary between a transfer batch and the original order
quantity.

Figure 8A.5 illustrates the repetitive lots concept and its effect on order flow time. Using
fixed operation batch sizes of 1,000 (equal to the original order quantity) in part A, the
order is completed at hour 2,250. In part B, while the original order quantity is used at op-
eration 1, a transfer batch size of 100 is used to permit processing the order simultaneously
at operations 2 and 3 for completion by hour 1,125. In this case, the operation batch sizes
for work centers 2 and 3 are 200 and 500, respectively. Although Figure 8 A.5 doesn’t con-
sider the fact that other jobs may be competing for the resources each operation uses, the
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simulation took this into account when assessing the potential benefit of the repetitive lots
concept.

The repetitive lots concept can be applied by using any standard priority sequenc-
ing rule (e.g., shortest processing time, critical ratio). When an order is completed
under traditional priority sequencing rules, the highest-priority order in the queue is
selected for processing next. Under the repetitive lots concept, a work center may con-
tain transfer batches coming from many released orders. In this case, the queue is
searched for transfer batches of the same item that has just been completed at the
work center. If such an item is available, it’s processed next, regardless of priority;
otherwise, the highest-priority transfer batch in the queue is selected and a new setup
is made at the work center. If the queue contains no transfer batches, the next batch
to arrive at the work center is processed. This idea of first searching the queue of
jobs for work that does not require a new setup is often referred to as part family
scheduling.

Simulation results in which the repetitive lots concept is tested use a model of a shop
with 10 work centers. The original order quantity for released orders was varied from 120
to 400 in these experiments, and two different transfer batch sizes (50 and 10) were used.
A 38 percent average improvement in the mean order flow time was observed when a trans-
fer batch size of 50 was used; a 44 percent average improvement was obtained with a trans-
fer batch size of 10. Total setup time at the work centers fell 23 to 27 percent when transfer
batches were used in conjunction with small original order quantities (120 to 200). While
the repetitive lot concept may raise material handling costs and make tracking orders in a
shop more complex, it appears to be a promising approach for improving manufacturing
performance. High-volume manufacturers with limited product lines having numerous op-
erations appear to benefit most from the reduced order flow times, lower levels of work-in-
process inventory, and potential gains in customer service provided by using the repetitive
lots concept.

Concluding
Principles

Over the past 50 years, shop scheduling has been a popular area for research. Many of the

procedures that have been developed are specialized applications, therefore their general

applicability is limited. The following are concluding principles derived from the proce-

dures described in this chapter:

+ It is important to determine the objective(s) to be achieved in scheduling before select-
ing a scheduling approach since different approaches provide different results.

* The shortest processing time sequencing rule can produce effective performance and
should be considered as a standard in designing shop-floor systems.

 Flexibility is introduced in scheduling through alternative routing, adjustments in labor
assignments, the use of transfer batches, and overlap scheduling. Great improvements in
manufacturing performance can be gained through scheduling flexibility.

» Setting and managing due dates is an important scheduling activity.

* Due date filtering procedures should be used to diminish shop-floor nervousness.



Problems 321

Discussion 1. Why is rescheduling so important in production planning and control?
Questions 2. What kinds of performance measures would apply to “scheduling” at a college?
3. Provide some examples of static and dynamic scheduling problems.
4. What sequencing rule do you use to do your homework?
Problems 1. The Pohl Pool Company has seven jobs waiting to be processed through its liner department.

Each job’s estimated processing times and due dates are as follows:

Processing Due Date
Job Time (Days) (Days from Now)
A 4 8
B 13 37
C 6 8
D 3 7
E 11 39
F 9 21
G 8 16

a. Using the shortest processing time scheduling rule, in what order would the jobs be com-
pleted? Processing can start immediately.
b. What is the average completion time (in days) of the sequence calculated in part a?
c. What is the average job lateness (in days) of the sequence calculated in part a?
2. The Thompson Toilet Company has the following information on five jobs waiting to be
processed in the bowl-molding work center. Processing can start immediately.

Remaining Due Date Remaining

Processing Time (Days from Number of

Job (Days) Now) Operations
B 4 8 4
(¢} 8 7 3
W 12 24 4
L 7 7 2
S 9 4 2

a. If the slack per operation scheduling rule is used, in what order would the jobs be started?
b. What is the average job lateness (in days) of the sequence calculated in part a?
c. What is the average number of jobs in the system using the sequence in part a?

3. The Hyer-Than-Ever Kite Manufacturing Emporium must schedule the latest set of work or-
ders through its frame-making department. Kites begin at frame making and then proceed
through one, two, or three other departments, depending on the ordered kite’s sophistication.
It is 8 a.m. Monday morning. Processing can start immediately. There is one operation per
department. Shop scheduler Joan Weber faces the following set of orders listed in order of
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arrival. (Assume no other jobs will arrive at the frame-making department until the five al-
ready there have been started.)

Kite Frame-Making  Total Processing  Total Number Kite Due Date

Order Time (Days) Time (Days) of Operations  (Days from Now)
A 10 20 4 25
B 12 18 2 15
C 7 12 2 16
D 5 12 3 17
E 8 10 2 12

a. Using the order data, evaluate the first-come/first-served sequencing rule:

1. In what sequence should the frame making department process the jobs?

2. What will be the average completion time in frame making?

3. What will be the average number of jobs in the frame-making department?
b. Using the order data, evaluate the earliest due date sequencing rule:

1. In what sequence should the frame making department process the jobs?

2. Which specific jobs, if any, will be late in leaving frame making?

3. What will the average job lateness be in the frame-making department?
c. Using the order data, evaluate the shortest processing time sequencing rule:

1. In what sequence should the frame-making department process jobs?

2. On what days will order E be in process in frame making?

3. What will the average job lateness be in the frame-making department?

d. While Joan debated which rule to use, she received the following memo from Diane
Britenbach, the president:

Effective this morning, all departmental job sequencing should be performed using the slack
time per operation rule. This should improve scheduling performance throughout the plant.

1. In what sequence should the frame-making department process the jobs if it uses the slack
time per operation rule and considers due dates to be final due dates?

2. On what day will frame making complete order D?
3. What is the average completion time for this sequence in the frame-making department?

4. Prepare a two-machine schedule using the two-machine procedure for jobs A through D. The pro-
cessing time per job (in days) is shown here:

Machine
Job | 1
A 4 3
B 1 7
C 8 2
D 8 5

a. In what sequence should jobs be processed?
b. Construct a Gantt chart of the schedule for both machines.
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c. Construct a Gantt chart, assuming there’s no buffer storage between machines (e.g., machine I
can’t start a new job until machine II has started the old job).
5. Dave Grubbs of Grubbs Auto Body has five cars waiting for Economy Detailing. An Economy
Detailing consists of a wash and then a hand wax. Cars cannot be waxed until they are
washed.

Wash (Hours) Wax (Hours)
(J)aguar 3 5
(C)adillac 5 3
(F)ord 1 2
(H)onda 2 1
(L)exus 4 4

a. What schedule produces the shortest time span in which these orders can be completed?
b. How many hours does it take to complete the five orders?

c. For the schedule in question a, how many hours is the waxing task idle?
d. When will Dave finish the Cadillac?
e. What is the average order completion time?

6. Flash Fasttrack (associate dean of janitorial services at Wombat University) must schedule
the regular maintenance by his janitorial engineers. There are two crews: sweeping crew and
waxing crew. Union rules prohibit sweepers from waxing and waxers from sweeping. A build-
ing’s floors must first be swept before they can be waxed. Flash must schedule the order in
which maintenance crews will visit each of Wombat U’s six buildings. He wished to minimize
the sequence’s total completion time. Times required to sweep and wax each building are as
follows:

Sweeping Time Waxing Time

Building (Hours) (Hours)
Astronomy 18 10
Biology 8 9
Chemistry 26 13
Drama 15 16
English 17 20
Foreign language 12 17

a. Schedule the crews through the buildings.
b. When will the waxing crew start and stop work in the chemistry building?
c. During the schedule, for how much time are sweepers and waxers available for other activities?

7. Currently, Bart Simpson, the sales manager at Baxter Boards Inc. (a manufacturer of custom-
made skateboards), promises eight-week delivery time for all customer orders. The production
manager is under pressure from top management to improve the firm’s performance against
quoted delivery dates. In his review of alternative procedures for making customer delivery date
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promises, he provides the following data on representative orders:

Total Processing
Order Time (in Weeks)

1 3
2 5
3 8

a. Determine delivery time to be quoted on these orders, if the TWK (total work content) proce-
dure is used. (Assume average time from order receipt to customer delivery is eight weeks.)

b. Determine delivery time to be quoted on these orders if the SLK (slack) procedure is used.
(Assume average time from order receipt to customer delivery is eight weeks.)

c. Suppose the production manager knows the overall flow time for order #3 has averaged
10 weeks in the past, and the flow time standard deviation for this order is 1 week. How
would this information influence your recommendation of a delivery date setting procedure in
this situation?

8. A single test operator staffs the SCM Corporation’s three testing machines in its quality control
lab. Only one machine is run at a time. SCM uses two scheduling rules: one for sequencing jobs
at individual machines and another for assigning labor to machines. As of 8§ a.m. today (on day
10), jobs waiting to be processed at each of the three machines are as follows:

Job Due Date* Processing Time' Arrival Date*
12
18

14
16
14

13

Test Machine A

Test Machine B

A OAOWN 0=
A OANDAWO-—
L O\ N O 00O

Test Machine C

* = Day number.
= 1In days.

a. Assuming SCM uses the shortest processing time rule to sequence orders at each testing
machine, determine to which machine the test operator should be assigned and which job will
be processed when each of the following labor assignment decision rules are used (assume the
operator has just completed his or her last job):

1. The shortest job.
2. The job that has been in the laboratory the longest.
3. The most jobs in the queue.

b. Suppose SCM uses the slack time rule to sequence jobs at each testing machine. To which
machine should the test operator be assigned and which job will be processed when each of
the following labor assignment decision rules are used? (Again it’s 8 a.m. and the test opera-
tor is available for assignment.)

1. The shortest job.
2. The job that has been in the laboratory the longest.
3. The most jobs in the queue.
¢. Would you recommend any other labor assignment decision rule under the conditions in part b?
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The Ace Tool Company is considering implementing the repetitive lot concept in scheduling the
firm’s fabrication shop. The production manager selected an example order to use in evaluating ben-
efits and potential costs of this scheduling approach. A transfer batch size of 100 units was suggested
for this item. The example order is for a quantity of 1,000 units and has the following routing data:

Operation Work Center Setup Time Run Time/Unit
1 1 40 minutes 2.4 minutes/unit
2 2 20 minutes 1.44 minutes/unit

a. Assuming a single-shift, eight-hour day, five-day week for work centers 1 and 2, prepare a Gantt
chart showing the earliest start- and finish-time schedule for this order under a conventional
scheduling approach where all items in the order are processed at one time. Do the same when the
repetitive lot concept is used. What are the earliest start and finish times for each transfer batch at
work center 2, assuming none of the transfer batches are processed together to save setup time?

b. What'’s the difference in the order-completion times under the two scheduling approaches in
part a above?

c. What are the benefits and potential costs of this scheduling approach?

To remain competitive, Ed’s Sheet Metal must reduce manufacturing lead time for a product
that typically sells in lots of 800 units. The product goes through two operations in different
departments. The company wants to evaluate the value of using a transfer batch between
operations. The idea is to split the order at the first operation and transfer an amount to the sec-
ond operation to get it started while the rest of the order is finished at the first operation. The
setup of operation 2 can start as soon as parts arrive, but not sooner. Other data are:

Order size = 800 units
Operation 1 processing time = 6 minutes/unit
Operation 2 processing time = 8 minutes/unit
Transfer time from operation 1 to 2 = 20 minutes
Setup time for operation 1 = 1.0 hour
Setup time for operation 2 = 1.5 hours

a. What is the minimum transfer batch that assures that operation 2 has no idle time?

b. How much would manufacturing lead time be reduced by using the transfer batch instead of
the full order of 800 units?

Calculate completion times for part B of Figure 8A.5. Assume there are no other jobs in the shop
and each operation will know when a transfer batch will reach it. There doesn’t need to be a com-
plete operation batch available to start work at any of the three operations but, once started, the
operation batch must be completely processed without waiting for additional transfer batches
(i.e., no idle time during an operation batch’s run).

Consider the following data for three jobs processed in the boring machine center for Conway
Manufacturing.

Setup Time Run Time/
Job (Minutes) Unit (Minutes) Batch Size

A 15 0.05 200
B 10 0.15 100
C 20 0.10 200
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13.

14.

Queue data for the boring machine center:

Arrival Arrival Arrival
Job Time Job Time Job Time
A 8:24 B 8:40 B 9:12
B 8:28 C 8:42 C 9:14
C 8:31 C 8:44 A 9:18
A 8:34 A 8:57 B 9:21
B 8:39 A 9:03 B 9:31

a. If the boring machine center used a first-come/first-served rule to schedule jobs, how long
would it take to process the queue? (Assume no other jobs arrive, all jobs in queue are for one
batch each, and a job B has just been completed.)

b. How long would it take to process all jobs in the queue using a repetitive lot logic?

Dave Grubbs of Grubbs Auto Body also offers a Deluxe Detailing service. The Deluxe Detailing

consists of washing, buffing, and then hand waxing the customer’s automobile (the steps must be

done in this order). When Dave offered Deluxe Detailing to the customers in problem 5, they all
decided to get the Deluxe service.

Wash (Hours) Buff (Hours) Wax (Hours)

(J)aguar 3 4 5
(O)adillac 5 3 3
(F)ord 1 8 2
(H)onda 2 6 1
(L)exus 4 5 4

a. Prepare a schedule for Dave, using the M-machine heuristic.

b. In what sequence should Dave process the jobs to minimize the make-span? Follow the same
processing sequence at each step of the process.

c. Construct a Gantt chart of the best sequence schedule for all three steps of the processes.

The Philip Company has the following processing time data for machines 1, 2, 3, and 4. Routing
for each job begins at machine 1 and ends at machine 4:

Processing Time

(in Hours)
Job Machine 1 Machine 2 Machine 3 Machine 4
A 6 2 4 2
B 1 8 7 5
C 5 7 2 3
D 4 4 1 6

a. Prepare a schedule for a four-machine manufacturing cell using the M-machine heuristic.

b. In what sequence should Philip process the jobs to minimize make-span? Follow the same
processing sequence at each machine in the cell.

c. Construct a Gantt chart of the best sequence schedule for all four machines.
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Just-in-Time

This chapter addresses just-in-time (JIT) approaches for manufacturing planning and
control. JIT is a key building block for modern approaches to manufacturing planning and
control (MPC), and is both a philosophy and a set of techniques. Moreover, the techniques
go beyond traditional manufacturing planning and control systems. JIT changes manufac-
turing practices, which in turn affect MPC execution. JIT greatly reduces the complexity of
detailed material planning, the need for shop-floor tracking, work-in-process inventories,
and the transactions associated with shop-floor and purchasing systems. These gains come
at the cost of more tightly coordinated manufacturing processes—both inside a company
and with supplier firms that produce under JIT. The chapter concentrates on the MPC
aspects of JIT but necessarily touches on broader aspects as well. It is organized around the
following seven topics:

o JIT in manufacturing planning and control: What are JIT’s key features, and how do they
impact MPC systems?

* A JIT example: How can the basic principles of JIT be illustrated in one simplified
example?

» JIT applications: What are some concrete examples of JIT practice?

* Nonrepetitive JIT: How can JIT concepts be applied to the nonrepetitive manufacturing
environment?

» Joint-Firm JIT: How is supplier-customer coordination supported with JIT?
» JIT software: What features of computer packages support JIT?

* Managerial implications: What changes are required to fully pursue the benefits
of JIT?

JIT in Manufacturing Planning and Control

Figure 9.1 shows how just-in-time programs relate to our manufacturing planning and
control framework. The shaded area indicates the portions of MPC systems that are most
affected by implementation of JIT. The primary application area is in back-end execution.
However, JIT extends beyond manufacturing planning and control. JIT programs raise
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fundamental questions about manufacturing strategy and effectiveness. For this reason,
we begin with a discussion of the major elements in a JIT program. Thereafter, we turn to
the impact on the MPC system and the overhead cost savings from reduced MPC system
transaction processing. The section closes by describing four fundamental JIT building
blocks.

Major Elements of Just-in-Time

Many definitions have been put forward for just-in-time, and they have evolved over time.
One popular definition of JIT is an approach to minimize waste in manufacturing. This
focus is too broad: it helps to subdivide waste into time, energy, material, and errors. A use-
ful common denominator running through this and other JIT definitions is a broad philos-
ophy of pursuing zero inventories, zero transactions, and zero “disturbances” (zero distur-
bances means routine execution of schedules day in—day out).

The JIT literature is largely one of cases. The best-known JIT examples are from firms
with high-volume repetitive manufacturing methods, such as the classic case of Toyota.
The most important features of these applications have been the elimination of discrete
manufacturing batches in favor of production rate goals, the reduction of work-in-process
inventories, production schedules that level the capacity loads and keep them level, mixed
model master production schedules where all products are made more or less all the
time, visual control systems where workers build the products and execute the schedule
without paperwork or complex overhead support, and direct ties to vendors who deliver
high-quality goods frequently. All of these have MPC implications.

Just-in-time objectives require physical system changes—and programs to make the
changes. A prime example is setup time reduction and a drive toward constantly smaller lot
sizes. This is necessary to make all of the products constantly. It’s also consistent with
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reducing inventory levels. Setup times are typically reduced by applying common industrial
engineering techniques to analyzing the setup process itself, often by workers themselves
using a video camera. The results of setup time reduction have been impressive indeed.
Changeovers of several hours have been reduced to less than 10 minutes. The goal now
being achieved by many firms is expressed by Shigeo Shingo: SMED (single-minute
exchange of dies, meaning all changeovers take place in less than 10 minutes).

Another physical program is improved quality through process improvements. Most JIT
firms have programs of quality awareness and statistical process control. In a repetitive
manufacturing system, any quality problem will result in a stoppage of the entire flow line,
unless undesirable buffer inventories are held.

Quality improvement has taken many forms and is largely beyond our present scope.
Two critical aspects for JIT are TPM and poka-yoke. TPM can stand for both total preven-
tive maintenance and total productive maintenance. The goal is to apply the diligence
of product quality improvement to equipment and process quality. Poka-yoke means
foolproof operations. This is achieved by building operations in processes so that quality is
evaluated as it’s created. This also ensures low cost through finding defects at the time
they’re created. These quality programs have an impact on MPC system requirements and
design.

Most JIT programs include continual improvement as a maxim for day-to-day opera-
tions. Every day, each worker should get better in some dimension, such as fewer defects,
more output, or fewer stoppages. Continual improvement is achieved by making thou-
sands of small improvements in methods and products in a never-ceasing quest for ex-
cellence. JIT best practice includes a strong degree of worker involvement and worker
participation.

JIT firms often group their equipment for cellular manufacturing: a group of machines
manufactures a particular set of parts. The equipment layout minimizes travel distances and
inventories between machines. Cells are typically U-shaped to increase worker interactions
and reduce material handling. Cross-trained workers can run several machines. Cellular
manufacturing makes “capacity” more flexible, so surges or mix changes are more readily
handled. An extension of the cellular concept is the plant within a plant, where a portion of
a factory focuses solely on one group of products.

In summary, a JIT orientation includes several action programs:

. Reduction of setup times and lot sizes
. A “no defects” goal in manufacturing
. A focus on continual improvement

. Worker involvement

wn AW =

. Cellular manufacturing

Figure 9.2 lists the typical benefits gained in a JIT program.

JIT's Impact on Manufacturing Planning and Control

JIT influences all three areas of our MPC framework (front end, engine, and back end).
JIT’s primary contribution is in the back end, providing greatly streamlined execution on
the shop floor and in purchasing. JIT can eliminate standard shop-floor reporting systems,
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reduce costs of detailed shop scheduling, significantly reduce work in process and lead
times, and support better vendor scheduling.

However, JIT is not without influence on the front end and engine. In the detailed MRP
planning of the engine, JIT reduces the number of part numbers planned and the number of
levels in the bill of materials. Many part numbers formerly planned by MRP analysts can
now be treated as “phantoms” (i.e., as part numbers still in the bill of materials but not
transacted into and out of inventories). This means that instead of MPC being based on de-
tailed operation steps to make individual parts, the planning is at the level of assemblies,
using cross-trained workers and cellular manufacturing to eliminate the detailed planning.
The result is often an order of magnitude reduction in the complexity of detailed material
planning, with a concomitant reduction in planning personnel. Moreover, with planning/
execution at the assembly level instead of with detailed operations and parts, the overall
flow time from parts to finished goods is significantly reduced.

In the front end, JIT also gives rise to important changes. JIT production plans and mas-
ter production schedules require relatively level capacity loading for smooth shop opera-
tions. In many cases, this is a rate-based MPS—that is, producing so many units per hour or
day. This drive toward more stable, level, daily-mix schedules dictates many of the required
JIT activities, such as setup time reduction. To the extent that lead times are sufficiently
reduced, many firms that had to provide inventories in anticipation of customer orders
(made-to-stock firms) now find themselves more like make-to-order or assemble-to-order
companies, better able to respond to customer orders. This, in turn, can affect demand
management.

In JIT execution, orders move through the factory so quickly that it’s not necessary to
track their progress with a complex production activity control system. A similar argument
holds for purchased items. If they’re converted into finished goods within hours or days of
receipt, it’s unnecessary to put them into stockrooms, pick them, and go through all the
details normally associated with receipts from vendors. Instead, the JIT firm can simply
pay the vendor for the purchased components in whatever products are completed each
time period; there will be so little work-in-process inventory that it’s not worth either party
keeping track of it.
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The concept of updating component inventory balances when finished items are re-
ceived into stock is called backflushing. Instead of detailed work-in-process accounting
systems based on shop-order transactions, some JIT firms just reduce component part
inventory balances by exploding the bills of material for whatever has been delivered into
finished goods. However, backflushing implies a very high level of data integrity.

JIT execution is focused on simplicity. The intent is to design manufacturing cells, prod-
ucts, and systems so goods flow through routinely. With problems of quality and distur-
bances largely eliminated, routine execution becomes just that: routine. Simple systems
can be employed by shop people without detailed records or the need for extensive over-
head staff support.

The Hidden Factory

A manufacturing firm comprises two “factories.” One makes products and the other (the
hidden factory) processes transactions on papers and computer systems. Over time, the
former factory has been decreasing in cost, relative to the latter. A major driver for these
costs is transactions. Logistical transactions include ordering, execution, and confirma-
tion of materials moving from one location to another. Included are the costs of personnel
in receiving, shipping, expediting, data entry, data processing, accounting, and error
follow-up. Under JIT, the goal is to eliminate the vast majority of this work and the associ-
ated costs. Work orders that accompany each batch of material as it moves through the
factory are eliminated. If the flow can be simplified, increased in volume, quick, and guar-
anteed, there is no need for paperwork.

Balancing transactions are those needed to verify that an activity actually occurred.
These checks are largely associated with the planning that generates logistical transactions.
Included are production control, purchasing, master scheduling, forecasting, and customer
order processing/maintenance. In most companies, balancing transaction costs are 10 to 20
percent of the total manufacturing overhead costs. JIT again offers a significant opportunity
to sharply reduce these costs. MRP planning can be cut by perhaps 75 to 90 percent in com-
plexity. Improvements generated by vendor scheduling can also be extended. Vendor firms
no longer need to process their sets of transactions.

Quality transactions extend far beyond what one normally thinks of as quality control.
Included are identification and communication of specifications, certification that other
transactions have taken place, and recording of backup data. Many of the costs of quality
identified by Juran and others are largely associated with transactions. JIT, with closer
coupling of production and consumption, has faster quality monitoring and response
capability.

Still another category is change transactions. Included are engineering changes and all
those that update the MPC system database, such as routings, bills of materials, and speci-
fications. Engineering change transactions are some of the most expensive in the company.
A typical engineering change might require a meeting of people from production control,
line management, design engineering, manufacturing engineering, and purchasing. The
change has to be approved, scheduled, and monitored for execution.

One way that firms attack the hidden factory is by finding ways to significantly reduce
the number of transactions. Stability is another attack, and again JIT is important since it is
based on stabilized operations. Still another attack on hidden factory transaction costs is
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through automation of transactions (as with bar coding), eliminating redundancies in data
entry, and better data entry methods. But stability and transaction elimination should be
pursued before turning to automation of transactions. JIT is clearly a key.

JIT Building Blocks in MPC

As Figure 9.3 shows, JIT links four fundamental building blocks: product design, process
design, human/organizational elements, and manufacturing planning and control. JIT pro-
vides the connecting link for these four areas.

Critical activities in product design include quality, designing for manufacture in cells,
and reducing the number of levels in the bill of materials to as few as possible. Since each
level in a bill of material represents a stock point, reducing the number can significantly re-
duce inventory requirements and speed processing.

Reducing the number of bill of material levels and process design are closely related.
For fewer levels to be practical, the number of product conversion steps must be reduced
through process design changes, often through cellular manufacturing. Equipment in cel-
lular manufacturing is positioned (often in a U shape) to achieve rapid flow of production
with minimal inventories. The object is to concentrate on material velocity. Jobs must flow
through in short cycle times, so detailed tracking is unnecessary.

Bandwidth is an important notion in designing manufacturing processes. A wide
bandwidth system has enough surge capacity to take on some variation in demand for the
products as well as a fairly mixed set of products. The impact on MPC systems is the
focus on inventory and throughput time reductions, where inventory is not built to level
out capacity requirements. JIT systems are designed to be responsive to as large a set of
demands as possible. Superior manufacturing processes support greater bandwidth. The
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objective is for MPC systems to schedule any product, right behind any other, with min-
imal disruption.

Human/organizational elements are another building block for JIT. One aspect of this is
continual improvement, which implies cross training, process improvements, and whatever
else is needed to enhance worker performance. The objective is continual learning and
improvement. Human/organizational elements recognize that workers’ range of capabilities
and level of knowledge are often more important assets to the firm than equipment and
facilities. Education is a continuing investment in the human asset base. As the asset base’s
capabilities grow, need for overhead support is reduced and overhead personnel can be re-
deployed to address other issues.

Linking human/organizational elements into the other activities has a significant effect
on the operation of the production process and MPC system. Bandwidth and the avoidance
of building inventories to utilize direct labor mean surge capacity must be available. Im-
plementing surge capacity with direct labor personnel means these people will not be fully
utilized in direct production activities. In fact, the whole person concept is based on the
premise of hiring people, not just their muscles. As a consequence, direct workers take on
many tasks not usually associated with “direct labor.” This work can be done in nonpeak
production times. This includes equipment maintenance, education, process improvement,
data entry, and scheduling. From a JIT standpoint, the human/organizational elements
building block puts a greater emphasis on scheduling by workers and less on scheduling by
a centralized staff function. The entire process is fostered by the inherent JIT push toward
simplification. With no defects, zero inventories, no disturbances, and fast throughput, de-
tailed scheduling is easier; moreover, any problems tend to be local in nature and amenable
to solution on a decentralized basis. The whole person concept implies a shift from indirect
labor to direct, where jobs are more widely defined.

The final building block in Figure 9.3 is the manufacturing planning and control system
and its link to JIT. Applying JIT requires most of the critical MPC functions described in
this book. It will always be necessary to do master production scheduling, production plan-
ning, capacity planning, and material requirements planning. If the bill of materials is
reduced to two or three levels, detailed material planning and associated transaction costs
can be cut significantly. If detailed tracking is done by direct laborers under the whole per-
son concept, additional savings can be achieved.

We see then that JIT has the potential for changing the character of manufacturing in
a company, since it reduces MPC transactions. JIT can significantly reduce the size of
the “hidden factory” that produces papers and computer transactions instead of products.
Figure 9.4 provides a more detailed listing of JIT’s building blocks and objectives. Many of
these will be described in the next section, which presents a detailed JIT example.

A JIT Example

In this section we develop a detailed but simple example to show how MPC approaches
based on MRP would be modified to implement JIT and describe the necessary building
blocks (Figure 9.4) to achieve this. The product is a 1-liter saucepan produced in four
models by the Muth Pots and Pans Company. (See Figure 9.5.) The product’s brochure
sums up its importance: “If you ain’t got a Muth, you ain’t got a pot.” We’ll look at elements
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of a JIT program for the saucepan that range from leveling production to redesigning the
product. Some of these elements have direct MPC relevance; others will affect MPC only
indirectly.

Leveling the Production

We start the saucepan’s JIT program by considering how to “level and stabilize” produc-
tion. This means planning a level output of 1-liter saucepans with the full mix of models
each day (or week or some other short interval). Full-mix production in a short interval pro-
vides less inventory buildup in each model. Moreover, the schedule can respond to actual
customer order conditions more quickly. Level output implies “freezing” to stabilize pro-
duction and related activities on the floor. Before seeing how this might be done, let’s com-
pare Muth’s manufacturing situation with traditional MRP-based approaches.

Currently, Muth uses production planning to set the overall production rate, necessar-
ily building inventories in anticipation of the Christmas season demand peak. The annual
forecast for each of the four models is given in Figure 9.6. A master production schedule,
for each of the four models, is exploded to produce a material requirements planning
record for each of the 14 component part numbers shown on the part listing in Figure 9.7.
Safety stock is carried for all components, and production is in the lot sizes indicated in
Figure 9.7. Figure 9.8 gives lead times and routing data; lead times are computed on the
basis of two days per operation, rounded up to the next whole week using five-day weeks.
A typical MRP record is shown as Figure 9.9.

To plan for level production, the first step is converting the forecasts to the daily re-
quirements for each model. Using a 250-day year, this conversion is shown in Figure 9.10.
Note the difference between the current lot sizes and the daily requirements. Daily production
will put pressure on process design to reduce setup times. Two other possible mixed-model
master production schedules are shown in Figure 9.10, in addition to the one based on daily
production batch sizes. The first shows quantities to be produced if hourly batches are to be
made. The second shows an MPS with the minimum batch size of one for model 151B.

Pull System Introduction

A “pull” system exists when a work center is authorized to produce only when it has been sig-
naled that there’s a need for more parts in a downstream (user) department. This implies no
work center is allowed to produce parts just to keep workers or equipment busy. It also means
no work center is allowed to “push” material to a downstream work center. All movements
and production are authorized by a signal from a downstream work center when it has a need

Description of Model

Completed Pan Annual

Model Number Handle Metal Forecast
151A Basic Sheet 200,000
151B Basic Clad 2,500
151C Executive Sheet 25,000

151D Executive Clad 100,000
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FIGURE 9.7 Product Structure and Parts List

Complete
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Handle
assembly

[ Plastic Handle ] [ Ring ] [ Rive'ts ]
handle set base (3 required) metal
| |
[ Plastic Sheet
beads metal
Finished Item Number
Lot Size Safety Stock 151A 151B 151C 151D
Models (end items)
Complete pan 151A 8,000 5,000 X
Complete pan 151B 900 1,000 X
Complete pan 151C 3,000 3,000 X
Complete pan 151D 6,000 5,000 X
Component part
Regular pan 1936 14,000 10,000 X X
Clad pan 1937 8,000 6,000 X X
Basic handle assembly 137 14,000 8,000 X X
Exec. handle assembly 138 8,000 5,000 X X
Basic handle set 244 9,000 8,000 X X
Exec. handle set 245 9,000 8,000 X X
Basic handle base 7731 14,000 8,000 X X
Exec. handle base 7735 12,000 5,000 X X
Ring 353 24,000 15,000 X X X X
Rivets 4164 100,000 50,000 X X X X
Sheet metal 621 1 coil 1 coil X X
Clad sheet 624 1 coil 1 coil X X
Handle sheet 685 1 coil 1 coil X X X X
Plastic beads 211 5 tons 1 ton X X X X

for component parts. Frequently, it’s believed that the pull system creates the benefits in JIT.
In fact, primary payoffs come from the discipline required to make the system work. Included
are lot size reductions, limited work in process, fast throughput, and guaranteed quality.
Signals for communicating downstream work center demand vary widely. They include
rolling a colored golf ball from a downstream work center to its supplying work center
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FIGURE 9.8 Routing and Lead Time Data
Department Item Routing Lead Time
Final assembly Complete pan 1. Spot weld 2 days
2. Inspect 2 days
3. Package 2 days
Total = 6 days = 2 weeks
Punch press Pan 1. Blank and form 2 days
2. Roll lip 2 days
3. Test for flat 2 days
4. Straighten 2 days
5. Inspect 2 days
Total = 10 days = 2 weeks
Handle base Handle base 1. Blank and form 2 days
2. Inspect 2 days
Total = 4 days = 1 week
Handle assembly Handle assembly 1. Rivet 2 days
2. Inspect 2 days
Total = 4 days = 1 week
Injection molding Plastic handle set 1. Mold 2 days
2. Deburr 2 days
3. Inspect 2 days
Total = 6 days = 2 weeks
Purchased Items
Purchasing Sheet metal Purchased
Clad sheet metal lead time
Plastic beads one week
Ring for all
Rivets items
FIGURE 9.9 Week
MRP Record 1 2 3 4 5 6 7 8 9 10
for Basic
Handle Gross requirements 8 3| 8 8
Assembly .
(Part 137) Scheduled receipts
Projected available balance | 10 | 10 | 16 | 16 | 8 [ 19| 11 | 11| 17| 17| 9
Planned order releases 14 14 14

Q=14,LT=1;SS=8.
All quantities are in thousands.

when the downstream center wants parts; yelling “Hey, we need some more”; sending an
empty container back to be filled; and using cards (kanbans) to indicate more components
are needed. A widely used technique is to paint a space on the floor that holds a specific
number of parts. When the space is empty, the producing department is authorized to
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FIGURE9.10
Master
Production
Schedule Data*

Model
151A 151B 151C 151D
Option configurations:

Handle Basic Basic Executive Executive
Pan Sheet Clad Sheet Clad
Annual forecast (units) 200,000 2,500 25,000 100,000

Possible mixed model master

production schedules:
Daily batch MPS 800 10 100 400
Hourly batch MPS 100 1.25 12.5 50
Minimum batch MPS 80 1 10 40

*Data are based on a 250-day year and an eight-hour work day.

produce material to fill it. The consuming or using department takes material out of the
space as it needs it; typically, this occurs only when the space authorizing that department’s
output is empty. For the Muth example, we’ll use an empty container as the signal for more
production; that is, whenever a using department empties a container, it sends the container
back to the producing department. An empty container represents authorization to fill it up.

Given that Muth has committed to a level schedule where all models are made every day,
the firm is almost ready to move into a pull mode of operation. Two additional issues need to
be faced. First, there’s the question of stability. For most pull systems, it’s necessary to keep
the schedule firm (frozen) for some reasonable time. This provides stability to the upstream
work centers, as well as overall balance to the workflow. For Muth, assume the schedule is
frozen for one month, with the daily batch quantities given in Figure 9.10 (1,310 pots per day).

The second issue is determining the container sizes to transport materials between work
centers—a fairly complicated issue. It involves material handling considerations, container
size commonality, congestion in the shop, proximity of work centers, and, of course, setup
costs. For example, consider the container used between handle assembly and final assem-
bly of the pots using the basic handle, part 137 (810 being used per day). The center is cur-
rently producing in lots of 14,000. We’ll choose a container size that holds 100 pieces rep-
resenting just under an eighth of a day’s requirements. Note this choice puts a great deal of
pressure on the handle assembly work center to reduce setup times.

Figure 9.11 shows the flow of work in Muth’s new system for handle assembly to the
final assembly line. Only two containers are used for part 137; while one is being used at
the final assembly line, the other is being filled at handle assembly. This approach is very
simple and is facilitated by the two departments being in close proximity. Figure 9.12
shows the factory layout. A worker from the final assembly line or a material handler can
return empty containers. Any empty container is a signal to make a new batch of handles
(i.e., fill it up). It’s interesting to note the difference in average inventory that will be held
in this system, compared with the former MRP methods and the lot size of 14,000. The sys-
tem with a small container approaches “zero inventory,” with an average inventory of about
100 units. Compare this to the inventories shown in the MRP record of Figure 9.9 (average
projected available inventory balance = 13,400).
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FIGURE 9.11 Handle Outbound Inbound Final
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This pull system example has no buffer at either work center. It would be possible to add
another container, which would allow greater flexibility in handle assembly, at the cost of
extra inventory in the system. As it is, the final assembly area would use up a container in just
under one hour. This means the system has to be responsive enough for the empty container to
be returned to handle assembly and a batch made in this time frame. An extra container allows
more time for responding to a make signal (an empty container) and also allows more flexi-
bility in the supplying department. The extra inventory helps resolve problems—for example,
when several production requests for different parts (containers) arrive at the same time.
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Product Design

To illustrate the implications for product design, consider the basic and executive handles
for Muth’s 1-liter saucepan shown in Figure 9.5. There are two differences between the
handles: the grips and the ring placement. With some redesign of the plastic parts on the ex-
ecutive handle, the handle base becomes a common part and the ring placement is common
between the two handle models; the methods for handle assembly could also be standard-
ized. The only difference would be the choice of plastic handle parts. Such a redesigned
handle base is shown in Figure 9.13.

In addition to the improvements this design change makes in handle subassembly, there
are potential impacts in other areas as well. For example, handle bases would have one
combined lot of production instead of two, with attendant reductions in inventory. It might
now be possible to run the handle base area on a pull system as well, with containers pass-
ing between the handle base area and the handle subassembly area. Another advantage is a
simplification in the bill of materials, a reduction in the number of parts that must be
planned and controlled with MRP, and a concomitant reduction in the number of transac-
tions that have to be processed.

Process Design

The product redesign, in turn, opens opportunities for process improvement. For example,
it may now be possible to use the same equipment to attach both kinds of plastic handles to
the handle base. Perhaps a cell can be formed, where handle bases are made and assembled
as a unit. Figure 9.14 shows one way this might be accomplished, including an integration
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of the handle assembly cell and the final assembly line in a U-shaped layout. Note in this
example that no significant inventories are anywhere on the line, and both handle base
material and plastic handle parts are replenished with a pull system based on containers.

Figure 9.14 also illustrates the bandwidth concept. Several open stations along the line
would permit adding personnel if volume were increased. Moreover, perhaps Muth would
like to establish different production rates for certain times. For example, perhaps this pan
might be manufactured in higher volumes near the Christmas season. What’s needed is the
capacity at the cell to move from one level of output to another. This added capacity prob-
ably means the dedicated equipment will not be highly utilized.

The cell is designed to permit variations in staffing to better respond to actual customer
demands. If an unexpected surge in demand for executive handle pots comes through, the
cellular approach will allow Muth to make the necessary changes faster—and to live with
this kind of problem with smaller finished goods inventories. Over time, perhaps this cell
can be further expanded in terms of bandwidth and flexibility to produce handles for other
Muth products.

The value of quality improvement can be seen in Figure 9.14. The inspection station
takes up valuable space that could be used for production. It adds cost to the product. If bad
products are being culled by inspection, buffer stocks will be required to keep the final
assembly line going. All of this is waste to be eliminated.

Bill of Materials Implications

The product redesign results in a streamlined bill of materials. The number of options from
the customer’s point of view has been maintained, but the number of parts required has
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FIGURE 9.15
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FIGURE 9.16 MRP Record for Phantom (Part 137)

Week
1 2 3 4 5 6 7 8 9 10
Gross requirements 4,050 {4,050 (4,050 (4,050 {4,050 |4,050 |4,050 (4,050 |4,050 |4,050
Scheduled receipts
Projected available balance 15,000 [10,950|6,900 (2,850
Planned order releases 1,200 (4,050 4,050 [4,050 |4,050 (4,050 {4,050

Q =lot for lot; LT = 0; SS = 0.

gone down (e.g., components have been reduced from 14 to 10). With the cellular layout
shown in Figure 9.14, the handle base and handle assembly no longer exist as inventoriable
items. They are “phantoms” that won’t require direct planning and control with MRP. The
product structure given as Figure 9.7 now will look like Figure 9.15.

Several observations can be made about Figure 9.15. One is that handle assemblies
have ceased to exist as part of the product structure. If we wanted to maintain the handle
assembly for engineering and other reasons, it could be treated as a phantom. Figure 9.16
shows what the MRP record would look like in this case. In Figure 9.16, there’s some ex-
isting inventory to use up; phantom treatment allows this to occur, and will always use
this inventory before making more.

Another observation is that pans do remain as inventoriable items. Elimination of these
two part numbers and their associated inventories may well be the next goal for product and
process redesign. Still another is to understand the magnitude of the reduction in transac-
tions represented by the JIT approach illustrated in Figure 9.14. All MRP planning for the
eliminated part numbers (or phantom treatment) is now gone. This affects MRP planning
as well as stockrooms—and all other indirect labor associated with MRP control.

Finally, we need to consider the effect on lead times, the resultant ability to better re-
spond to market conditions, the reductions in work-in-process inventories, and the greater
velocity with which material moves through the factory. If the combined lead times are
computed for the product structure in Figure 9.7 and lead time data in Figure 9.8, five
weeks are required for the flow of raw materials into pots. The JIT approach cuts that to just
over two weeks, which could be reduced even further.
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JIT Applications

FIGURE 9.17
Single Kanban
System

Toyota is the classic JIT company in that it has gone further than any other discrete manu-
facturing firm in terms of truly making the production process into a continuous flow.
Much of the basic terminology and philosophy of JIT have their origins at Toyota. A key
issue in JIT at Toyota is understanding that automobile manufacturing is done in very large
factories that are much more complex than our simplified example. Parts will flow from
one work center to many others with intermediate storage, and flows into work centers will
also come from many work centers with intermediate storage. The JIT systems at Toyota
have to reflect this complexity. Before delving into the complexity, however, it’s useful to
first see how a single-card kanban system functions in a manufacturing environment with
many work centers and intermediate storage.

Single-Card Kanban

Figure 9.17 depicts a factory with three work centers (A, B, and C) producing component
parts, three work centers (X, Y, and Z) making assemblies, and an intermediate storage area
for component parts. A single component (part 101) is fabricated in work center C and used
by work centers Y and Z. To illustrate how the system works, suppose work center Z wishes
to assemble a product requiring component 101. A box of part 101 would be moved from
the storage area to work center Z. As the box was removed from storage, the accompanying
kanban card would be removed from the box; shortly thereafter, the card would be placed

Component-part- Component-part Assembly
producing work centers storage work centers

D
>

0

Card rack

:|. Part 101

Kanban card

Made in C

—> Flow of component parts
—=-> Flow of kanbans
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FIGURE 9.18

——

S S

in the card rack at work center C. The cards in the rack at any work center represents the
authorized production for that work center.

The greater the number of kanban cards in the system, the larger the inventory, but
also the greater the autonomy that can be attained between the component-producing work
centers and the assembly work centers. Some priority system can be implemented in the
component work centers, such as working on a first-come/first-served basis or imposing
some time requirements (such as all cards delivered in the morning will be returned with
filled containers in the afternoon of the same day and all afternoon cards will be delivered
the next morning).

Toyota

The production system at Toyota is in many ways the most advanced JIT system in the
world. The revolutionary techniques developed by Toyota have now been adopted by all the
major automobile companies in the world. Toyota still turns its inventories faster than most
companies in the industry while also being very competitive in price, quality, and delivery
performance.

Figure 9.18 shows the Toyota production system and where JIT fits within the overall ap-
proach. To some extent, the role given to JIT in Figure 9.18 may appear less encompassing

Toyota’s Production System

. Increase of capital
Cost reduction ’ ‘ P

turnover ratio

‘ Elimination of unnecessaries

Production Information Control by Automatic
methods system teamwork stop device

* Small lot size
* Short setup time

» Multifunctional worker
* Job finishing within

cycle time

Kanban

Source: European Working Group for Production Planning and Inventory Control, Lausanne, Switzerland.
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than one might expect. For example, the “elimination of unnecessaries” is seen as funda-
mental. All of the objectives and building blocks for JIT listed in Figure 9.4 are in basic
agreement with those in Figure 9.18. The box for production methods is basically the same
as process design in Figure 9.3. Included under this heading is the multifunctional worker,
which matches with several aspects of the human/organizational element building block.
Also included is “job finishing within cycle time”; this is consistent with the dominance of
material flow velocity and the subservient role of direct labor utilization.

Toyota's Kanban System

The Toyota view of just-in-time production shown in Figure 9.18 includes “Information
system” with “Kanban” below it. The information system encompasses the MPC activities
necessary to support JIT execution. Kanban is the Toyota technique for controlling material
flows. The situation at Toyota is much more complex than that illustrated in the single-card
kanban example. Toyota has intermediate storage after production of components and addi-
tional intermediate storage in front of assembly work centers. This means the work flows
from a producing work center into an inventory, then to another inventory, and then to the
next work center. For this reason, Toyota uses a two-card kanban system, but the principles
are the same as for the single kanban card system. The chain of dual kanban cards can
extend all the way back to the suppliers. Several of Toyota’s suppliers receive their autho-
rizations to produce via electronic kanban cards.

Figure 9.19 gives the formula used to calculate the number of kanban cards needed. In this
formula, there’s a factor for including safety stock, which Toyota says should be less than
10 percent. Using the formula, no safety stock, and a container size of 1, we can see the
philosophy of the system. If a work center required eight units per day (one per hour) and it
took one hour to make one unit, only one set of two kanban cards would be theoretically nec-
essary; that is, just as a unit was finished, it would be needed at the subsequent operation.

The container sizes are kept small and standard. Toyota feels that no container should
have more than 10 percent of a day’s requirements. Since everything revolves around these
containers and the flow of cards, a great deal of discipline is necessary. The following rules
keep the system operating:

» Each container of parts must have a kanban card.

» The parts are always pulled. The using department must come to the providing depart-
ment and not vice versa.

* No parts may be obtained without a conveyance kanban card.

yo Dl re

where:

Y = number of kanban card sets
D = demand per unit of time

L =lead time

a = container capacity

a = policy variable (safety stock)
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FIGURE 9.20
Toyota’s View
of Inventory

Inventory

» All containers contain their standard quantities and only the standard container for the
part can be used.

* No extra production is permitted. Production can only be started on receipt of a produc-
tion kanban card.

These rules keep the shop floor under control. The execution effort is directed toward flaw-
lessly following these rules. Execution is also directed toward continual improvement. In
kanban terms, this means reducing the number of kanban cards and, thereby, reducing the
level of work-in-process inventory. Reducing the number of cards is consistent with an
overall view of inventory as undesirable. It’s said at Toyota that inventory is like water that
covers up problems that are like rocks. Figure 9.20 depicts this viewpoint. If the inventory
is systematically reduced, problems are exposed—and attention can be directed to their so-
lution. Problems obscured by inventory still remain.

Nonrepetitive JIT

Many JIT principles for high-volume repetitive manufacturing apply in low-volume pro-
duction environments as well. However, most low-volume manufacturers have balked
at two basic problems: (1) the requirement of setting up high-volume flow lines dedicated
to a few products and (2) level loading. However, merging of the two camps is taking
place: even for the high-volume repetitive manufacturer, it’s increasingly important to
respond to customer pressures for greater flexibility in volume, product mix, and other ser-
vice features. The lower-volume job shop manufacturers are in turn learning to adapt JIT
concepts to their environments.

A Service-Enhanced View of Manufacturing

An examination of service operations provides insights into producing products faster with
greater variety. Rapid response is critical, the number of possible product/service com-
binations continues to grow, end-item forecasting is more difficult, and large buffer in-
ventories are unacceptable.
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All of this argues for a JIT mode of manufacture—one whose objective is to be able to
accept any customer order and turn it out right behind any other, with flexibility to handle
surges in volume or mix changes, all done on a routine basis. The traditional JIT view of
level capacity must be adapted in nonrepetitive situations. Responsiveness to fickle demand
requires a large bandwidth in terms of surge capacity. No one wants the fire department to
be operated at high capacity utilization; immediate response is essential. Surge capacity
must be in place in both equipment and labor. A different view of asset management and
labor utilization is required. Fixed assets (both capital and people) will be less intensively
utilized to increase material velocity and overall system responsiveness.

Flexible Systems

Leading-edge firms are coming to understand requirements for volume and product flex-
ibility. Some have had experience in repetitive manufacturing applications of JIT and are
now moving into nonrepetitive applications. An example is a telecommunications equip-
ment manufacturer, which began JIT in its high-volume telephone handset operations.
The firm had a limited number of high-selling models; in two years its inventory
turns were tripled, work in process was reduced by 75 percent, failure rates in manufac-
turing were cut in half, and setup times fell 50 percent. Thereafter, the firm turned to its
low-volume telecom systems plant, where more than 150 basic circuit boards were
manufactured, and every end item was somewhat of a custom order. The company
learned it needed to go back to the basics of JIT—product engineering, process engi-
neering, and the whole person concept—to successfully implement JIT for its nonrepet-
itive products.

The firm developed cellular designs, began cellular manufacturing with great flexibility,
and cross trained people with an emphasis on being able to handle volume surges in the
telecom systems plant. MRP was still used for overall planning, but far fewer transactions
were processed by the hidden factory of indirect labor. In the first six months, first pass
yields improved 27 percent, work in process fell 31 percent, and manufacturing cells under
JIT hit 100 percent of schedule. The people then helped out other parts of the company that
were behind schedule!

Simplified Systems and Routine Execution

A major issue in any JIT firm, repetitive or nonrepetitive, is flow times. Work must flow
through the factory so quickly that detailed tracking is not required. A related idea is re-
sponsiveness. In several JIT systems for nonrepetitive environments, the firm installed
what might be called a weekly wash. In its simplest form, weekly wash means week 1’
sales orders become week 2’s production schedule.

The weekly wash approach to JIT for nonrepetitive manufacturing shifts the emphasis
from scheduling material to scheduling time blocks. The focus is on what’s scheduled in the
next time frame, rather than on when we’ll make product X. This focus is driven by the
actual requirements, rather than a forecast of needs. It’s as though we were scheduling a set
of trains or buses. We don’t hold the train until it’s full, and we can always cram a few more
people into a car, within reason. By scheduling trains on a relatively frequent basis,
attempting to keep capacity as flexible as possible, and assigning “passengers” only to a
time frame, responsiveness to actual demand can be increased, and detailed scheduling can
be made more simple.
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Joint-Firm JIT

JIT has been applied and misapplied by companies with their suppliers. Some firms simply
ask the suppliers to buffer poor schedules. On the other hand, when done well, a joint JIT
approach can lead to greater bottom-line results for both firms and increased competitive-
ness in the marketplace. It is critical to understand the need for joint efforts in JIT. For ex-
ample, we are told by several automotive component suppliers that they are able to provide
lower prices to Toyota than other firms, because Toyota is easy to do business with—the
company makes a schedule and sticks to it. Others change their requirements often, with
serious cost implications.

The Basics

The first prerequisite to joint-firm JIT is a scheduling system producing requirements that
are reasonably certain. Without predictability, JIT for vendors is a case of the customers
exporting the problems. Although this may work in the short run, in the long run it can’t.
We’ve seen a factory where JIT benefits were extolled, only to find a new paving project—
for vendors’ trucks. Inventory had moved from the warehouse to trailer trucks! Similar war
stories abound about warehousing firms in Detroit that are needed to buffer suppliers as
auto companies implement JIT.

Joint-firm JIT needs, to whatever extent possible, a stable schedule. This is consistent
with level schedules for the repetitive manufacturer. To the extent that a firm makes the
same products in the same quantities every day—without defects and without missing the
schedule—a supplier firm’s schedule is extremely simple. For the nonrepetitive manufac-
turer, the issue isn’t leveling as much as it is avoiding surprises. The level schedule may be
violated in nonrepetitive environments, but there is a greater need for coordinated infor-
mation flows and, perhaps, larger buffer inventories. However, there’s a major difference
between a stable (albeit nonlevel) schedule and one that’s simply uncertain. The only cure
for the latter case is buffer inventories.

Certainty is a relative commodity. A vendor might be able to live fairly well with a
schedule that’s unpredictable on a daily basis but very predictable on a weekly basis.
A weekly MRP-based total, with some kind of daily call-off of exact quantities, could be
reasonably effective. In fact, some firms have developed “electronic kanbans” for this pur-
pose. The notion of weekly wash could also be used; that is, an inventory equal to some
maximum expected weekly usage could be maintained and replenished on a weekly basis.
For high-value products, it might be worth it to go to some kind of twice-weekly wash, or
to obtain better advance information from the customer via an e-based system.

Other “basics” for joint-firm JIT include all the objectives and building blocks discussed
earlier in the chapter. A JIT basic uniquely associated with suppliers relates to pruning their
number. Many companies have reduced their vendor base by as much as 90 percent to work
on a truly cooperative basis with the remaining vendors. Hidden factory issues have to be
considered in vendor relations as well. Some people feel the secret in joint-firm JIT is to
connect MRP systems in the firms. This isn’t a good idea. The focus must be on coordi-
nated execution. A better approach might be to use blanket orders (or no orders), MRP for
weekly quantities, agreed-upon safety stocks, or amounts by which the sum of daily quan-
tities can exceed weekly totals, and e-based systems to determine the next day in-shipment.
All this could be done without intervention of indirect labor personnel.
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A telecom equipment manufacturer has such a system: Each day at about 4 p.m., an
e-mail is sent to a vendor specifying how many of a particular expensive item to deliver the
day after tomorrow. The units delivered never enter a stockroom or inventory record.
They’re delivered directly to the line without inspection and assembled that day. The vendor
is paid on the basis of item deliveries into finished goods inventory. Stability is handled by
providing the vendor weekly MRP projections, using time fences that define stability. Daily
fluctuations reflect actual market conditions.

Tightly Coupled JIT Supply

Major suppliers to automobile manufacturers utilize JIT extensively. As an example, consider
a seat supplier and an automobile manufacturer. In such a case, the two firms need to develop
a form of synchronous manufacturing, operating almost as a single unit. The execution is dri-
ven by JIT. JIT execution between these two firms means that the automobile manufacturer
will pass the exact build sequence (models, colors of seats, etc.) to the seat supplier, perhaps
something like 30 hours in advance. The supplier needs to build the seats and deliver them in
this time frame. Seats are not built to inventory at the supplier, and no seats are inventoried at
the auto manufacturer. The seats are delivered directly to the assembly line, to match the se-
quence, so the assembly team simply takes the next seat, and installs it in the next car.

This synchronization allows for almost no transactions between the firms, with the sup-
plier paid by backflushing completion of cars off the line. Inventory costs are avoided, as well
as damage from multiple handling with minimal use of protective packaging. But achieving
the synchronization on a continuous basis requires flawless execution in both firms. The auto
manufacturing company cannot change the schedule or take a car off of the line for repairs,
since this would change the seat installation sequence. The supplier must make each seat per-
fectly, since there is no stock of seats to replace one that is imperfect. The bottom line here is
that this form of joint-firm JIT is highly productive. But it is rigidly connected and requires
joint excellence in execution. It works well—for certain kinds of products.

Less Tightly Coupled JIT Supply

In the majority of cases, two firms will not couple their manufacturing activities as closely
as those of a seat supplier to its automotive customer. The supplier will have multiple cus-
tomers, only some of which will be supplied by JIT. Similarly, the customer has multiple
suppliers, and not all of these will be expected to deliver directly to the line. An alternative
solution is for the customer to pick up goods from vendors on some prearranged schedule.
This is increasingly done for several reasons. The most obvious is the savings in trans-
portation costs over having each vendor deliver independently. In some cases JIT has been
called “just-in-traffic.” A second reason relates to stability and predictability. If the cus-
tomer picks up materials, some uncertainty inherent in vendor deliveries can be eliminated.
Finally, pickup offers more chances to directly attack hidden factory costs. The customer
can, for example, provide containers that hold the desired amounts and that will flow as
kanbans through the plant. Savings in packaging materials as well as costs of unpacking are
helpful to both parties. Items can also be placed on special racks inside the truck to mini-
mize damage. Defective items can be returned easily for replacement without the usual
costly return-to-vendor procedures and paperwork. Other paperwork can similarly be
simplified when third parties aren’t involved and when the loop is closed between problem
and action in a short time frame.
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JIT Coordination through Hubs

A relatively new innovation that has JIT characteristics is the supply of materials through
hubs. A hub is most easily seen as an inventory, placed close to the customer, and filled by
the suppliers. The costs of carrying the inventories is born by the suppliers, and they are
paid for their goods either as they leave the hub or as they are backflushed into finished
goods at the customer. This form of supply is called vendor-managed inventory (VMI).
VMI is well liked by customers, since it moves inventory carrying costs off their books and
onto those of the suppliers. But the “no free lunch” principle applies: If the customer only
exports its problems, and does not aid in the solution, the prices will have to be adjusted to
make this work. Moreover, the firm with the lowest cost of capital in the chain is ideally
suited to absorb inventory-carrying costs.

There is, however, a major potential saving in this relationship. When it is done well,
the supplier should eliminate its own finished goods inventory, while the customer in
turn also eliminates any inventories of these materials. All inventories are in the hub and
are visible to both customer and supplier. The customer needs to take the responsibility
for providing highly accurate information on its expected removals from inventory (i.e.,
its build schedules). This is typically provided via an e-based system. The supplier thus
has knowledge of exact customer usage: no forecasts (guesses), and no surprise orders.
The supplier also has the option of working in what we call the uphill skier mode,
where it is the supplier’s responsibility to supply, but in whatever ways it wishes (just as
the uphill skier has the responsibility for not colliding with the downhill skier). Having
a few customers who can be supplied with the uphill skier concept allows the supplier
to use its capacities and logistics more effectively. For example, if a supplier knows
the customer will take 55 units out of inventory 11 days from today, this provides a win-
dow for manufacturing and delivery, which is much less constraining than classic JIT
coordination.

Lessons

The primary lesson to be learned in joint-firm JIT is to not shift the execution problems from
the customer back to its suppliers: joint-firm JIT means joint. Many firms have made this
mistake, demanding that their suppliers support them in closely coordinated execution—
while the suppliers see the customer as “waking up in a new world every morning.”
Typically, when the consequences become known, the emphasis necessarily shifts to joint
problem identification and solution, a focus on joint (chain) measures, the need for stabi-
lized schedules, a true partnership, and help from the customers for the suppliers to imple-
ment JIT with their suppliers. The results for a manufacturer of office equipment were
impressive: overcoming a 40 percent cost disadvantage, reducing its vendor base from
5,000 to 300, and winning several important awards for manufacturing excellence.

JIT Software

The MPC systems required to execute JIT are relatively straightforward. Most ERP sys-
tems include software that supports JIT execution. Figure 9.21 shows how this software
typically functions.
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Block Diagram of JIT Software
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Figure 9.21 depicts the way JIT typically functions as a part of the overall MPC system. An
ERP system, such as SAP, provides the overall platform and integration with other com-
pany systems. Figure 9.21 shows a split into those items that are to be planned/controlled
with JIT and those that will utilize classic MRP-based systems. For the JIT products, it is
necessary to first establish a master production schedule, which typically is rate based. This
MPS is then passed to a JIT planning and execution subsystem that utilizes simplified bills
of materials (phantoms) and cellular manufacturing. The detailed planning is also passed to
JIT suppliers, typically with an e-based system providing the exact build sequence.

JIT Planning and Execution

JIT planning and execution is driven by a daily build schedule, supported by the JIT dic-
tates of flawless execution, zero failures, no buffer inventories, cellular manufacturing,
pull systems, cross-trained personnel, etc. JIT planning and execution also utilizes an in-
ventory management subsystem for any components that are planned with MRP-based
systems. This subsystem also keeps track of finished goods, any hub inventories, and
deduct points. A deduct point is a stage in the manufacturing process where the invento-
ries for certain parts are backflushed. That is, in some JIT systems, the backflushing is not
held off until the goods are finally passed into finished goods inventory. The accounting is
done in stages. This is most usually seen in early stages of JIT, when the flow times are
longer and the yields less certain. The use of deduct points also helps in migrating from
MRP-based planning to JIT-based planning/execution. In fact, a typical improvement is to
decide when a deduct point can be eliminated, since a deduct step requires production
reporting to indicate that product completion has reached this stage. Figure 9.21 also
depicts an accounting/reporting subsystem to collect performance data and support sup-
plier payments.
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Managerial Implications

The vision of JIT presented here is much broader than manufacturing planning and control.
JIT is best seen as an integrated approach to achieving continued manufacturing excel-
lence. A holistic view of JIT encompasses a set of programs, as well as a process where
human resources are continually redeployed in better ways to serve company objectives in
the marketplace. In the balance of this chapter, we feel compelled to speculate a bit on what
this implies for manufacturing planning and control and related areas.

Information System Implications

Because JIT requires changes in the ways manufacturing is managed and executed,
changes are required in the computer-based systems to support JIT manufacturing. The
changes run counter to some classic IT systems in manufacturing. JIT calls for continuous
improvement, reducing transactions, and eliminating the hidden factory. This implies an
ongoing migration of MPC systems to support reengineered manufacturing processes. To
the extent that JIT is for nonrepetitive manufacturing, personal computers are often used on
the shop floor to support detailed scheduling. For joint-firm JIT planning and execution, the
increasing use of e-based systems is taking place. In practice, there tends to be an evolution
from simple buying and routine transaction processing to more coordinated work, includ-
ing new product developments and other less structured activities. Many firms now are im-
plementing extranets to support these objectives, where individual company pairings work
on achieving increasingly unique benefits.

Manufacturing Planning and Control

JIT has profound implications for all detailed MPC activities. JIT (including its extensions
into less tightly linked supply chains) offers the potential for eliminating or sharply reduc-
ing inventories, incoming quality control, receiving, kitting, paper processing associated
with deliveries and shipments, detailed scheduling done by central staff, and all the detailed
tracking associated with classic production activity control systems. It is important to un-
derstand these benefits as the MPC system is enhanced to embody JIT thinking. Many of
them are well hidden.

It is never easy to change IT systems. Organizations have grown around them, cost ac-
counting and other areas seem to require data generated by these systems, and many jobs
are involved. However, the potential is real, and leading-edge companies are increasing
their competitiveness through JIT and related concepts.

Scorekeeping

A firm adopting JIT in its fullest context will need to think carefully about reward systems
and managerial scorekeeping. Traditional measurement systems focus attention on produc-
ing the products, using cost accounting systems that have changed little since the Industrial
Revolution. These systems are from an era when direct labor was the major cost source.
Now, in many companies, material costs dominate, with direct labor cost (using traditional
definitions) continually decreasing in relative importance. Far too many manufacturing
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firms are hobbled by antiquated measures such as tons or other overall productivity mea-
sures. For example, a large ice cream manufacturer evaluates its factories on “liter-tons”
produced. A 1-liter brick of ice cream has less gross margin than a particular ice
cream bar—but 1-liter bricks are always put in inventory at year-end to make the numbers
look good.

JIT thinking focuses on material velocity, which is consistent with inventory reduction
and lead-time compression. Under JIT, we must be wary of how “costs” are measured and
the resultant implications for decision making. The values of bandwidth, flexibility,
responsiveness, and worker skill enhancement need to be recognized. None of these is
incorporated in traditional accounting systems. The entire approach to capacity utilization
needs to be rethought in JIT. Utilization of capital assets may not be as important as re-
sponsiveness and material velocity. Being able to take any customer order, even when
vastly different from forecast, and doing so with short lead times with minimal use of
“shock troops” is the goal. Improved responsiveness to marketplace needs will separate
successful firms from the also-rans.

What all of this means for cost accounting is that many traditional views will need to be
scrapped. For example, some companies have given up the cost category of direct labor.
The distinction between direct and indirect isn’t useful, and basing product costs on multi-
ples of direct labor cost leads to more erroneous implications than some other scheme. The
whole person concept leads to the conclusion that the labor pool is an asset to be enhanced.
It also dictates using direct labor for activities not normally associated with direct labor.
Trying to apportion labor into various categories is constraining. A final scorekeeping issue
is the top-management challenge to create the organizational climate where the JIT/supply
chain management journey can best take place. We see this journey is the best means for
survival in the years ahead. Leadership will be required to guide manufacturing firms
through the necessary changes.

Pros and Cons

There are situations where JIT will work well and ones where it won’t. Many authorities
believe JIT to be what every Japanese company strives for. In fact, many Japanese firms
with complex product structures are now actively working to implement MRP-based sys-
tems. However, JIT’s realm seems to be expanding. At one time JIT was thought to apply
only to repetitive manufacturing with simple product structures and level schedules.
Increasingly, companies are applying JIT concepts to nonrepetitive schedules; product
complexity is being partially overcome with decentralized computing on the shop floor;
make-to-order schedules are being adapted to JIT; and JIT is being applied to interfirm
contexts.

Some companies ask if they need to install MRP before adopting JIT, since JIT imple-
mentation often means they must dismantle parts of the MRP-based system. Although it’s
conceptually possible to implement JIT without first implementing MRP, for firms that can
benefit significantly from MRP, it’s usually not done. Unless we can find some other way to
develop the discipline of MRP, JIT operations are at great risk. In the discipline’s absence,
when JIT takes away the buffers, there will usually be costly disruptions of the manufac-
turing process, poor customer service, and panic responses to the symptoms rather than to
the underlying problems.
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Concluding
Principles

This chapter is devoted to providing an understanding of JIT and how it fits into MPC
systems. Our view of JIT encompasses more than MPC-related activities, but there’s a
significant overlap between JIT and our approach to MPC systems. In summarizing this
chapter, we emphasize the following principles:

Stabilizing and in some cases leveling the production schedules are prerequisites to
effective JIT systems.

Achieving very short lead times supports better customer service and responsiveness.
Reducing hidden factory costs can be at least as important as reducing costs more usu-
ally attributed to factory operations.

Implementing the whole person concept reduces distinctions between white- and blue-
collar workers and taps all persons’ skills for improving performance.

Cost accounting and performance measurements need to reflect the shift in emphasis
away from direct labor as the primary source of value added.

To achieve JIT’s benefits in nonrepetitive applications, some basic features of repetitive-
based JIT must be modified.

JIT is not incompatible with MRP-based systems. Firms can evolve toward JIT from
MRP-based systems, adopting JIT as much or as little as they want, with an incremental
approach.

Discussion
Questions

1.

Some people have argued that just-in-time is simply one more inventory control system. How do
you think they could arrive at this conclusion?

Take a common system at a university—for example, registration. Describe what kinds of “waste”
can be found. How might you reduce this waste?

“Surge” capacity is the ability to take on an extra number of customers or product requests. Tell
how the following three facilities handle surges: a football stadium, a clothing store, and an
accounting firm.

List several ways to signal the need for more material in a pull-type system. Distinguish between
situations where the feeder departments are in close proximity and those where they’re at some
distance.

Some companies contend that they can never adopt JIT because their suppliers are located all over
the country and distances are too great. What might you suggest to these firms?

“We just can’t get anywhere on our JIT program. It’s the suppliers’ fault. We tell them every week
what we want, but they still can’t get it right. I’'ve been over to their shops, and they have moun-
tains of the wrong materials.” What do you think is going on here?

One manager at a JIT seminar complained that he couldn’t see what he would do with his
workers if they finished their work before quitting time. How would you respond to this
comment?

How do you go about creating the organizational climate for successful JIT? Where do you
start?
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Problems 1. Calculate the number of kanbans needed at the ABC Company for the following two products,
produced in a factory that works eight hours per day, five days per week:

Product 1 Product 2
Usage 300/week 150/day
Lead time 1 week 2 weeks
Container size 20 units 30 units
Safety stock 15 percent 0

2. Calculate the number of kanbans required for the following four components at the ABC Com-
pany in problem 1.

Component
w X Y z
Daily usage 900 250 1,200 350
Lead time 2 hours 5 hours 1 hour 3 hours
Container size 25 units 40 units 50 units 20 units
Safety stock 25 percent 20 percent 15 percent 10 percent

3. The BCD Company has successfully implemented JIT internally, and now wishes to convert one
of its main suppliers to JIT as well. As a test of feasibility, the firms have selected one item made
by this supplier for BCD. The supplier currently manufactures and delivers this item in batches
of 6,000 with a lead time of two weeks. The current price paid is $150/unit, and the average
usage rate at BCD is 250 units per day. Under JIT, the kanban container size would be 100 units,
10 percent safety stock, and lead time of two weeks (10 days).

a. What is the current investment in work-in-process inventory for this item at BCD (assume
average inventory is Q/2)?

b. What is the change in investment if the proposed JIT system is implemented?

c. A consulting study indicates that for an additional $100,000 investment, lead time could be
reduced from two weeks to one week. Evaluate the feasibility of this investment.

4. The CDE Company buys 200 different capacitors from 25 suppliers, with most of the capacitors
purchased with an individual purchase order. An analysis indicates that the annual number
of purchase orders placed for capacitors is roughly 2,000, and a cost analysis estimates the cost
to place an order as $30. Additional annual cost estimates for these items include:

Obsolescence $ 20,000
Maintaining multiple vendors 10,000
Extra shipping costs 5,000
Expediting/shortages 5,000

One of the suppliers has offered to provide all capacitors, in a racking system, which will be re-
plenished weekly, where each week CDE only pays for what it has used. There will be no orders
at all. The supplier offers to provide this service for $25,000 per year, plus the standard cost per
item. What are the potential cost savings to CDE in this proposal?
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5. The DEF Company produces three products using a mixed-model assembly line, which is oper-
ated 16 hours per day (two shifts of eight hours each) for 250 days per year. The annual demand
forecasts for the products are as follows:

Products Forecasts
1 20,000
2 10,000
3 5,000

a. Determine a mixed-model master production schedule for a daily batch, based on the mini-
mum batch size for each product.

b. Prepare a daily schedule indicating the number of each product to be produced each day.

c. Product 1 requires two units of component A and one unit of component B. If component A is
manufactured internally at DEF, how many kanbans would be required for this component if the
lead time is two days, the safety factor is 15 percent, and the container size is 25 units?

6. The EFG Company works an eight-hour/day, 250-day/year schedule, producing four models
with the following annual demand forecasts:

Model Forecast
| 500
Il 1,500
1] 4,500
\Y 6,000

a. Determine a mixed-model minimum batch master production schedule for EFG, based on a
daily batch and an hourly batch.
b. Construct a detailed mixed-model schedule for an eight-hour day using minimum batch
sizes.
7. The FGH Company assembles nine products, working eight hours/day, 250 days/year. All prod-
ucts are assembled in batches of 120 units, on a line with capacity of 360 units per hour. The
forecasted demands per year for the nine products are as follows:

Product Forecast

180,000
150,000
120,000
120,000
90,000
30,000
15,000
7,500
750

OCoONANULDAWN =

Develop a level-minimum-batch (120 units) scheduling cycle for the assembly line at FGH.
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The GHI Company produces models A, B, C, and D on an assembly line that operates 250 eight-
hour days per year. The demand forecasts are:

Model
A B C D
Annual forecast 1,000 3,000 7,000 9,000

a. Determine the mixed-model master production schedule for a daily batch and hourly batch
with minimum batch sizes.
b. Determine the schedule of production for an eight-hour day using mixed-model minimum
batch production.
The GHI Company makes air conditioners, in either the standard model or additionally with a
special option it calls the “turbo-charger,” using the following indented bill of materials. The air
conditioners are assembled at a rate 600 per five-day week, and the turbo-charger is added to
every fourth unit. Develop the 10-week MRP record for the turbo-charger, using a one-week lead
time, no safety stock, a lot size of 800, and a starting inventory of 200.
Air Conditioner
Part no. 101 (1 required)
Part no. 102 (1 required)
Part no. 103 (1 required)
Turbo-charger assembly (% required)
Coupling (1 required)
Bracket (1 required)
Alternator (1 required)
Continuing with problem 9, suppose the turbo-charger assembly was phantomed (i.e., the cou-
pling, bracket, and alternator were assembled directly onto the air conditioner).
a. What would the new bill of materials look like?
b. Construct the phantom MRP record and compare it to that in problem 9. What are the
differences?
c. Construct the MRP record for the coupling (lot size = 200, safety stock = 20, on hand = 250,
lead time = 2 weeks).
The air conditioner line is now to be run with JIT. In order to stabilize the planning for compo-
nents, the GHI Company committed to producing exactly 125 units per each day in the week.
Productivity on the air conditioner line started at a somewhat low level, but has been steadily
increasing. At the outset, the four-person line could assemble 125 units per day, but it required
10.5 hours per day to do so (2.5 hours of overtime). After six weeks (3,600 units cumulative) the
team could assemble 125 units with little or no overtime. Thereafter, the team followed a classic
learning curve (90 percent) pattern. A 90 percent learning curve implies that for every doubling
of output, the time required to produce a unit decreases by 10 percent. At about 7,000 units cu-
mulative, the daily time requirement to assemble 125 units fell to 7.2 hours.
a. What would be a good estimate of the cumulative average time for the first 3,600 units?
b. How long will it be before the team can assemble 125 units in 6 to 6.5 hours?
c. Ifafter 30,000 units the team can assemble 125 units in 5.5 hours, what is the weekly “surge
capacity” of the line? In particular, if there was a special promotion, how many units could
be built in a week where the team worked 10 hours per day?
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12.

13.

14.

15.

ZMW Motorwerks buys its car seats from Slippery Seats, Inc. Slippery puts 10 different fabrics on
the same seats delivered to one of ZMW’s assembly plants. Slippery sells and delivers each seat
to ZMW in batches of 500, which ZMW orders when its inventory on a particular seat reaches
100 units—the expected use by ZMW during the two-week lead time (guaranteed as a maximum by
Slippery). Every day, the particular 100 seats expected to be used the next day are removed from the
inventory at ZMW and transported to the line where the seats are installed (at a rate of 10/hour dur-
ing a 10-hour day (100/day, 250 days/year). As the cars pass through the seat section, the workers pick
the right seat to go with the particular car. In the event that a seat is damaged, another of the same fab-
ric is used (there is a safety stock of five seats in each fabric, which is replenished each day as needed).
Slippery tries to maintain a finished goods inventory of one batch of each seat-fabric combination.
This allows it to almost always be able to ship a batch of seats quickly when ordered by ZMW. The
lead time required to make a batch of 500 seats is three weeks, and Slippery has promised to deliver
in two weeks at a maximum. The lead time is based on one week to make the frames, one week to
order/receive the fabric, which is cut and sewn in week 2, with the final seats assembled in week 3
(when all the other materials have been ordered and delivered). A new batch is started whenever an
order is received, which will replenish the batch removed from inventory to fill the order.

a. What is the expected inventory level (average) of seats at ZMW?

b. What is the expected inventory level (finished goods) at Slippery?
c. What is the expected inventory level (work-in-process) at Slippery?
d. What are the hidden factory costs in both companies?

Returning to problem 12, Slippery sees its own operation as a type of kanban system. It has a
batch of finished products in inventory, and whenever that is removed, this becomes the trigger
to make another batch.

a. What are the fundamental differences between this approach and one based on a mixed-
model daily schedule?

b. What is the average batch size for each product that would be run in the latter case?

c. What are the changes that would be required at ZMW?

d. What changes would be required at Slippery?

Slippery presently wraps each seat in plastic to protect it from damage and soiling during

assembly/delivery. Assume that the plastic material costs $1, the labor to install it costs $2, and

at the dealer it costs $3 to remove the plastic and dispose of it. Slippery is now telling ZMW that

other auto manufacturers are able to train their assemblers to be more careful, thereby eliminat-

ing the plastic wrapping.

a. What would be the annual benefits of this change to Slippery?

b. What would be the annual benefits of this change to ZMW?

c. What would be the annual benefits of this change to the dealers?

d. How might the end customers benefit?

e. How might one resolve any conflicts between Slippery, ZMW, and the dealers over imple-
menting this change?

Suppose ZMW provides the daily build schedule to Slippery, and Slippery delivers four times
per day (every 2.5 hours), in the exact build sequence, when the inventory at ZMW is down to

only one hour of stock.

a. What is the reduction in inventory at ZMW?
b. What is the potential reduction in inventory at Slippery if it builds to the schedule?
c. What other advantages are gained in the two firms?

d. What kind of information system is needed to support this JIT execution?

e

. What else has to be implemented in both firms to make it a reality?



Chapter 1 O

Distribution Requirements
Planning

Distribution requirements planning (DRP) provides the basis for integrating supply chain
inventory information and physical distribution activities with the manufacturing planning
and control (MPC) system. It is a bridge between the intrafirm MPC systems used to man-
age internal resources and the interfirm systems used to link members of the supply chain.
The set of DRP techniques described in this chapter can help the firm link supply chain re-
quirements with manufacturing activities. DRP relates current field inventory positions,
forecasts, and knowledge of demand to manufacturing’s master production scheduling and
material planning modules. A well-developed DRP system helps management anticipate
future requirements in the field, closely match material supply to demand, effectively
deploy inventory to meet customer service requirements, and rapidly adjust to the vagaries
of the marketplace. In addition, the system supports significant logistics savings through
better planning of transportation capacity needs and dispatching of shipments. This chap-
ter will show how DRP works, how it ties into the MPC system, and how it can be used to
realize the potential savings.
This chapter is organized around three topics:

* Distribution requirements planning in the supply chain: How does DRP integrate the
MPC system with the supply chain needs?

* DRP techniques: How does DRP work and how is it used to manage the demand and
supply of field inventories?

*  Management issues with DRP: What organizational questions must be addressed to
fully realize the system’s potential?

Distribution Requirements Planning in the Supply Chain

Managing the flow of materials in a contemporary supply chain is a difficult and complex
task. The materials move between firms, warehouses, and distribution centers and can
even return to their point of origin with value having been added or for remanufacturing.

359
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Moreover, the ownership might be different for any combination of the facilities among
which the materials can flow.

Distribution requirements planning is a technique to help manage these material flows.
DRP links firms in the supply chain by providing planning records that carry demand infor-
mation from receiving points to supply points and returns supply information to the receiv-
ing points. Key linkages in the supply network can be integrated through DRP. The logistics
activities of transportation, storage in warehouses and/or distribution centers, and breaking
bulk (breaking large shipment quantities into customer-friendly units) can be incorporated,
as can other value-adding activities like labeling, adding country-specific information, or
providing special packaging.

Though several linkages in the supply network can be accommodated in a distribution
requirements planning system, in our description of DRP we will take the perspective of a
supplying firm distributing product to other manufacturers or to retail customers. Thus, we
will be concerned with the physical distribution (including transportation and warehousing)
of the product(s). The key linkages that we will describe are those with our customer(s).
They take us from intrafirm to interfirm MPC. These linkages can form the connection
between our internal MPC system and our customers’ internal MPC systems. They carry in-
formation to the market and provide us with information on the market.

Even though our description of DRP will be in terms of our supplying product to our cus-
tomers, we are also a customer for our suppliers. Thus, there can be a DRP connection from
our internal system to the internal system of our suppliers. These DRP connections to or from
us could extend deeply into the respective internal systems. This is especially true when we (or
our suppliers) are using vendor-managed inventories. Under vendor-managed inventories, the
replenishment of our products in inventory at customers’ locations would be under our control.

When the quantities and timing of shipments to our customers is under our control
rather than the customers, we need to know what the customers will need in the future. We
can get this information, of course, from their MPC system. This degree of integration is
what permits us to make-to-knowledge. Without this integration we would forecast what
will be needed, provide safety stock for forecast errors, and still might be surprised. With
the integration we can respond more precisely to the needs of our customers through this
direct access to their demand and planning information.

DRP can be linked into our internal MPC system, both from our suppliers and to our
customers. DRP, therefore, provides linkages that span the boundary from internal to ex-
ternal MPC systems. We take up those linkages in the rest of this section before moving on
to the technical aspects of distribution requirements planning.

DRP and the MPC System Linkages

The distribution requirements planning (DRP) linkages that span the boundary from our
internal systems to our customers’ internal systems are shown in Figure 10.1. The link to
the front end of the MPC system runs from demand management to the customers and
back. Through this link with demand management, demand information is brought into
master production scheduling and the sales and operations planning activity. For master
production scheduling, the information is important for managing the balance of supply
and demand within the current company plans and capacity. For sales and operations plan-
ning, the information is combined with other market data and company objectives to de-
velop the company plans.
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DRP has a central role in coordinating material flows through a complicated physical sys-
tem consisting of field warehouses, intermediate distribution centers, central suppliers, and
customer locations. The role is similar to material requirements planning’s role in coordi-
nating materials in manufacturing. Moreover, the DRP information must be integrated into
the internal MPC system. This is facilitated by using time-phased information on invento-
ries, material in transit, and shipping plans. The key task is effectively managing the required
flow of goods and inventories between the firm and the market. DRP’s role is to provide the
necessary data for matching customer demand with the supply of products at various stages
in the physical distribution system and products being produced by manufacturing.

Key elements of these data are the planned timings and quantities for replenishing inven-
tories throughout the physical distribution system. These data take into account currently
available field inventories and forecasts. Planners use these data to evaluate the quality of the
current match between supply and demand and to make adjustments as required.

Distribution requirements planning provides information to the master production
scheduler in a format consistent with the MRP records. By using standard MRP software
approaches for DRP, the full range of MRP techniques (such as firm planned orders,
pegging, and exception messages) is available to manage distribution inventories. This also
provides the basis for integrating the database throughout the MPC system—from supplier
systems through distribution. Evaluation of alternative plans, with the integrated database,
provides a complete view of the material planning implications. This is particularly valu-
able in master production scheduling.
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DRP data provide the basis for adjusting the master production schedule (MPS) to
reflect changes in demand or in the product mix. If manufacturing and distribution system
priorities can’t be adjusted to respond to these requirements, the implications can be eval-
uated and communicated to customers in a timely fashion. Common records and system in-
tegration mean there’s complete visibility to see how best to use available inventories and
to adjust future schedules. DRP provides a solid base of information to make these deci-
sions, instead of relying on political negotiations between field and factory.

DRP and the Marketplace

DRP starts in the marketplace—or as close to it as possible. Increasingly, this could actu-
ally be at a customer location. Some firms gather information on inventory levels and on
product usage directly from key customers, possibly directly from their MPC systems. This
knowledge of their customers’ requirements provides these firms the opportunity to make
to knowledge. In the instance where they have vendor-managed inventories in a customer
location, it enables them to even make the replenishment decision. This, in turn, offers them
a major strategic advantage in providing products and service to these customers and gain-
ing efficiencies in their own operations.

In most instances, however, DRP starts inside a company, linking its production unit to its
field warehouse units. When the DRP records originate in a warehouse or distribution center,
they start at the independent-demand interface; that is, they are derived from forecasts.
Because customers of the distribution centers make their own ordering decisions, demand is
independent of the firm’s decisions. From the independent-demand interface point on, how-
ever, decisions are under the company’s control. Timing and sizes of replenishment shipments,
manufacturing batch sizes, and purchase order policies are all under management control.

The DRP approach allows us to pick up all the detailed local information for managing
physical distribution and for coordinating with the factory. Because customer demand is in-
dependent, each warehouse needs detailed forecasts of end-item demand. However, careful
attention to actual customer demand patterns may be useful in tailoring these forecasts to
local conditions. We know of one instance, for example, where the local warehouse man-
ager was able to identify several products purchased late in the month by some large cus-
tomers. This produced a different demand pattern in the forecast than the constant weekly
demand throughout the month that came from a standard forecasting software package.
The modified forecasts produced important inventory savings by more closely matching
demand with supply at this location.

Two types of demand data may be available locally that can help us manage field inven-
tories. Information on special orders can help us provide service to regular orders while
satisfying the special orders. Planned inventory adjustments by customers can also be
reflected in the system, again providing data for more closely managing the distribution
process. In each of these cases, the system allows the company to respond to advance no-
tice of conditions, instead of treating them as surprises when they occur.

All management decisions for controlling inventories are reflected in the plans for re-
supplying warehouses. Planned shipment information provides valuable data for managing
the local facility. Personnel required for unloading incoming material and stocking shelves
can be planned. If there are problems in satisfying local demands, realistic promises can be
made to waiting customers. Also, the amount of capital tied up in local inventory can be
more realistically estimated for funds management.
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In summary, DRP serves two purposes in the marketplace, be it in a warehouse, distrib-
ution center, or a customer location. First, DRP enables us to capture data, including local
demand conditions, for modifying the forecast and to report current inventory positions.
Second, DRP provides data for managing the distribution facility and the database for con-
sistent communications with customers and the rest of the company.

DRP and Demand Management

The demand management module is the gateway between the manufacturing facility and
the marketplace. In some systems with field inventories, it is where information on demand
is taken in and where product for the field warehouses (and inventory status information) is
sent out. This process requires detailed matching of supply to demand in every location—
and requires providing supply to meet all sources of demand. DRP is a method for manag-
ing the resultant large volume of dynamic information and for generating the information
to establish the plans for manufacturing and replenishing the inventories.

Plans derived from the DRP information and the resulting shipping requirements are the
basis for managing the logistics system. Figure 10.2 shows the relationship between DRP
and the logistics activities. Vehicle capacity planning is the process of planning the vehicle
availability for the set of future shipments as generated by DRP. Shipping requirements also
are used to determine vehicle loads, dispatch vehicles, and plan the resources necessary to
receive the goods at the warehouse.

By planning future replenishment needs, DRP establishes the basis for more effective
vehicle dispatching decisions. These decisions are continually adjusted to reflect current
conditions. Long-term plans help to determine the necessary transportation capacity.
Warehouses’ near-term needs are used to efficiently load vehicles without compromising
customer service levels. Data on planned resupply of the warehouses can be used for sched-
uling the labor force needed at the warehouses.

As actual field demands vary around the forecasts, adjustments to plans are required. DRP
continually makes these adjustments, sending the inventories from the central warehouse to
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those distribution centers where they’re most needed. In circumstances where insufficient
total inventory exists, DRP provides the basis for deciding on allocations. The planning
information facilitates applying whatever criteria are used for the allocation decision. These
criteria are as varied as providing stock sufficient to last the same amount of time at each
location or favoring the “best” customers. Moreover, DRP provides the data to be able to
accurately say when availability will be improved and delivery can be expected.

DRP and Master Production Scheduling

Perhaps DRP’s greatest payoff to master production scheduling is from integrating records
and information. Because the formats of DRP and MRP records are compatible and all
MPC modules are linked, DRP allows us to extend MPC visibility into the distribution sys-
tem. This, however, has internal political implications. One company we know decided not
to integrate the records. Instead it established a committee to resolve issues between logis-
tics and manufacturing concerning inventories’ size and composition. A sister company in-
stalled an integrated system using DRP. When it became evident that the integrated system
was superior, the political cost of dismantling the committee was high since all committee
members now had “permanent” jobs.

Moving the MPC boundaries into the supply chain, perhaps even into customers’ MPC
systems also has political costs. Crossing over into the area of interfirm MPC systems
means negotiating with supply chain partners for sharing the costs and benefits. These ne-
gotiations sometimes require a major element of education for the partners—showing and
convincing them of the value of integration. To overcome the natural reluctance to share in-
ternal MPC information requires that the customers have a very good understanding of the
value you can provide by scheduling replenishments to knowledge instead of forecast.
Providing the master scheduler with supply chain visibility makes this possible.

DRP collects detailed information in the field and summarizes it so MPC decisions can
respond to overall company needs. DRP permits evaluation of current conditions to deter-
mine if manufacturing priorities should be revised. It provides insights into how they should
be changed and into implications to the field if they aren’t. Thus, more reasoned trade-offs
can be made in the use of limited capacity or materials. The DRP shipping plans provide the
master scheduler better information to match manufacturing output with shipping needs.
Requirements based on shipments to the distribution centers can be quite different from
demand in the field. Manufacturing should be closely coordinated with the former. For ex-
ample, firms matching shipment timings and sizes with manufacturing batches can achieve
substantial inventory savings. We turn next to DRP’s technical details.

DRP Techniques

In this section, we develop the logic of DRP. We start by introducing the basic record and
how DRP information is processed. Then we turn to the time-phased order point, how to
link several warehouse records, ways to manage day-to-day variations from plans, and how
to use safety stocks in a DRP-based system.

The Basic DRP Record

The DRP system’s basic data elements are detailed records for individual products at loca-
tions as close to the final customer as possible. Records are maintained centrally as a part
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of the MPC system database, but continually updated information on inventory and de-
mand are passed between the central location and the field sites either on some periodic
basis or in real time, often on line. For illustrative purposes, we’ll consider the record for a
single stockkeeping unit (SKU) at a field warehouse.

To integrate DRP into the overall MPC system, we expand the bill of materials beyond
its usual context. The zero level in the bill of material is defined as the SKU in a field ware-
house. Thus, an item isn’t seen as completed simply when the raw materials have been
transformed into a finished product, but only after it has been delivered to the location
where it satisfies a customer demand. This extension of the bill of materials into field loca-
tions allows us to use standard MRP explosion techniques to link the field with all other
MPC systems. Note that the convention means that a product at location X is identified as
different from the same product at location Y.

Regardless of the physical location (central inventory at the plant, a distribution center,
a field warehouse, or even a customer’s shelf), the item’s ultimate demand comes from the
customer. The warehouse is where the company’s internal world of dependent demand must
deal with the customer’s independent demand. The customer, within wide ranges, decides
how much and when to order; these decisions are usually independent of the company’s de-
cisions. Planners in the company, on the other hand, decide when and how much product to
make. They also decide when and how much to send to field locations. To link company de-
cisions with the customers’ we must start with a forecast. This is recorded in the first row
of the basic DRP record in Figure 10.3.

Even though the first row is labeled forecast, it may contain much more information than
the typical “average weekly demand” forecast produced by a software package. For exam-
ple, it may have information specific to the customers’ buying patterns at a warehouse, as
we alluded to before. It can be directly linked to the MPC system of a customer, in which
case the information is not our forecast of the needs of that customer, but a reflection of their
current plans. In all cases, however, the forecast requirements are subject to change as con-
ditions change and the DRP system provides the means to adjust to those changes.

The record looks like an MRP record, but there are some subtle differences other than
the use of forecast data in the requirements row. For example, because it’s for a specific lo-
cation, it not only provides time-phased data on how much and when, but also tells us
where. It’s not the differences, however, that are important. It’s the consistency of format
and processing logic that provide many of DRP’s benefits. To explain this, let’s go through
the record in some detail.

Period
1 2 3 4 5 6 7
Forecast requirements 20 | 20 | 20 | 20 | 30 | 30 | 30

In transit 60
Projected available balance 45 | 25 | 65 | 45 | 25 | 55 | 25 | 55
Planned shipments 60 60

Safety stock = 20; shipping quantity = 60; lead time = 2.



366 Chapter 10 Distribution Requirements Planning

Figure 10.3 shows a change in the forecast in period 5. This could be due to a revision
by someone at the warehouse who has information on local demand, or due to a sales
promotion. The fact that these variations can be incorporated into the system at this level
provides one of the advantages of using DRP for managing field inventories.

The second row shows shipments in transit to the warehouse. In Figure 10.3, one ship-
ment is scheduled to arrive in time for use in period 2. Thus, time for unloading and shelv-
ing the products must be accounted for in setting lead time to show the order available for
use in period 2. The equivalent row in a manufacturing MRP record is called “scheduled
receipts” (open orders). However, more than the name of the in-transit row is different
between manufacturing and distribution. In manufacturing, there is some flexibility in the
timing of open orders. They can be speeded up or slowed down to a certain extent, by
changing priorities in the shop-floor system. This is more difficult with goods in transit.
Once a shipment is on a vehicle bound for a particular location, there’s little opportunity to
change the arrival time.

The projected inventory balance row contains the current inventory balance (45 for the
example in Figure 10.3) and projections of available inventory for each period in the plan-
ning horizon (seven periods here). A safety stock value of 20 has been determined as
sufficient to provide the customer service level desired for the item. The economics of
transportation or packaging indicate a normal shipment of this product to this location is
60 units. Finally, it takes two periods to load, ship, unload, and store the product.

The projected available balance is generated by using the forecast requirements. The
process is identical to that used for processing MRP records. In Figure 10.3, the available
balance for the end of period 1 is determined by subtracting the forecast requirement of
20 from the initial inventory of 45. The 25 units at the end of period 1, plus the in-transit
quantity of 60 to be received in period 2, minus the forecast of 20 for period 2, give the
closing balance of 65 for period 2.

Planned shipments are indicated for those periods in which a shipment would have to
be made to avoid a projected balance having less than the safety stock. The projected
balance for period 4, for example, is 25 units. The forecast for period 5 is 30 units.
Therefore, a shipment of product that will be available in period 5 is needed. Because
lead time is two periods, a planned shipment of 60 units (the shipping quantity) is
shown for period 3. Similarly, the planned shipment in period 5 is needed to cover the
forecast of 30 in period 7, because there is only a 25-unit projected available balance at
the end of period 6.

The result of these calculations for each product at each location is a plan for future
shipments needed to provide the customer service levels the company desires. These plans
depend on forecasts, but they incorporate management decisions for shipping quantities
and safety stocks in planning resupply schedules. These plans provide the visibility plan-
ners need to match supply and demand.

Time-Phased Order Point (TPOP)

Many companies use economic order or shipping quantity/reorder point (Q, R) procedures
based on demand forecasts for managing their field inventories. This means decisions for
resupply are made independently at the field location, with no integrated forward planning;
that is, when the on-hand quantity at a location reaches the reorder point, the shipping
quantity is ordered with no thought given to any other items ordered, to the situation at the
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Period
1 2 3 4 5 6 7
Forecast requirements 15 115 (1515 |15 | 15| 15
In transit
Projected available balance 22 7 (32|17 | 42 | 27 | 12 | 37
Planned shipments 40 40 40

Safety stock = 5; shipping quantity = 40; lead time = 1.

factory, or to warechouses—or to when the next order might be needed. Also, Q, R assumes
a constant usage. Whenever forecast information is used as the requirements and a time-
phased MRP approach is used to develop planned shipments, it’s called time-phased order
point (TPOP). Time-phased order point can be used for constant usage situations and even
when the usage forecast varies from period to period. We use Figure 10.4 to illustrate the
approach.

If a Q, R system were used, the reorder point for the situation in Figure 10.4 would be
20 units, comprising the safety stock (5) plus the demand during lead time (15), assuming
continuous review of inventory balances. Simulating the Q, R rules for Figure 10.4’s data
would lead to orders in periods 2, 4, and 7. If we use DRP logic, the planned shipments
are in periods 1, 3, and 6. Thus, the timing of the orders in the TPOP record in Figure 10.4
doesn’t exactly match the expected timing of orders using Q, R.

The results are, however, very close. The differences would largely disappear if the pe-
riods were made small (e.g., days instead of weeks) since they’re primarily due to the fact
that Q, R assumes continuous review. The TPOP approach is based on the MRP logic of
planning a shipment that prevents the ending balance in the period from falling below the
safety stock level.

One advantage of TPOP over Q, R is the TPOP record shows planned shipment data.
These aren’t part of the Q, R approach. In addition, TPOP isn’t limited to use of constant
requirement assumptions. When forecast usages vary, differences between TPOP and Q, R
can be much larger than those in Figure 10.4.

Not only is it important to have planned shipment data, it’s also critical to capture all
demand information. Forecast sales requirements are only one source of demand input.
DRP can use TPOP plus actual order data plus service part requirements plus interplant de-
mands. 4// these demand sources can be integrated into the demand data driving DRP.

Linking Several Warehouse Records

Once DRP records are established for the field warehouses, information on planned ship-
ments is passed through the distribution centers (if any) to the central facility. This process
is sometimes referred to as imploesion. The concept indicates we’re gathering information
from a number of field locations and aggregating it at the manufacturing facility. This is
different from the explosion notion in manufacturing (where a finished product is broken
into its components), but the process is the same, and in both cases it’s based on bills of
material.
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FIGURE 10.5

Field
Warehouse
to Central
‘Warehouse
Records for
DRP

Warehouse number 1 Warehouse number 2
1 2 3 4 5 6 7 1 2 3 4 5 6 7
| | | 60 | | 60 | | | Planned shipments | 40 | | 40 | | | 40 | |
— |
Central inventory 1 2 3 4 5 6 7
Gross requirements 40 0 100 0 60 40
Scheduled receipts

Projected available balance 100 | 60 60 60 60 | 100 [ 60 60

Planned order release 100

Firm planned orders (MPS) 100

Safety stock = 50; order quantity = 100; lead time = 0

The record in Figure 10.5 is for the central warchouse inventory. The gross requirements
correspond to planned shipments to the two warehouses in Figures 10.3 and 10.4. This re-
lationship reflects the logic that, if there were a shipment of 40 units of product to ware-
house number 2 in period 1, there would be a “demand” on the central warehouse for 40 units
in period 1. The “demand,” however, is dependent, having come from the company’s shipping
department. It is, therefore, a gross requirement and not a forecast requirement. We have
crossed over from the independent demand world of the customers to the dependent
demand world of the company.

The central warchouse’s gross requirement is shown in the same period as the planned
shipment, since lead time to ship, unload, and put away the product has already been ac-
counted for in the field warehouse record. For example, the shipment of 60 units of product
planned for period 3 in warehouse number 1 allows for the lead time before it’s needed to
meet forecast demand.

The logic for imploding planned shipment information holds also for much more com-
plicated distribution systems. If there were intermediate distribution centers, they would
have gross requirements derived from the warehouses they served. At distribution centers,
gross requirements are established for any period in which replenishment shipments are
planned to warehouses.

A primary task at the central facility is to create the master production schedule. The
central inventory record in Figure 10.5 can be used for this purpose. The record shows
projected available balances for the central inventory and the planned order releases,
which provide the quantities needed to maintain the 50 units of safety stock. The master
production schedule is created by using zero lead time and firm planned orders. Firm
planned orders are created by the planners and aren’t under system control; that is, they
aren’t automatically replanned as conditions change but are maintained in the periods and
quantities designated by the planners.
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Period

Packaged Product 1 2 3 4 5 6 7
Gross requirements 40 | 801|100 O | 60 | 20| 100
Scheduled receipts 40
Projected available balance 10 |10 | 10| 10| 10 | 10 | 10| 10
Planned order release 60 | 20 | 100
Firm planned orders 80 | 100

Q = lot-for-lot; lead time = 1; S = 10; planning fence: period 3.

The MPS states when manufacturing is to have the product completed and available for
shipment to the field warehouses. In the example in Figure 10.5, the MPS quantity (firm
planned order) has replaced a planned order, although this need not be the case.

Our example implies creating an MPS for each end item. This may not be desirable in
firms that assemble or package a large variety of end items from common modules, sub-
assemblies, or bulk materials. If the MPS is stated in subassemblies or bulk materials, then
a final assembly schedule (FAS) needs to be created for managing the conversion to as-
semblies or packed products. The resultant records usually don’t need to be frozen or firm
planned over extensive planning horizons, since they only deal with conversion of, say,
bulk material into some specific packaged products. Figure 10.6 shows how this conversion
can be managed. This packaged product’s gross requirements are exploded from the ship-
ments planned to go to all the field locations. Packaging this specific product from the bulk
material takes one period. Firm planned orders, up to the planning fence at period 3, are
used to schedule the packaging operation. The record also shows 10 units of packaged
product held at the central facility to provide flexibility in shipping to the field warehouses.

Figure 10.7 shows how the various sizes of packaged products can be combined into a
bulk inventory record for creating the factory’s MPS. In the example, two package sizes
consume the bulk inventory. The packages are in grams, while the bulk item is in kilograms.
The explosion process works from packaged item to bulk, but the grams have been con-
verted to kilograms to get the gross requirements for the bulk material (e.g., for period 1:
100 units x 200 grams = 20,000 grams = 20 kilograms). The firm planned orders for the
bulk material are the factory MPS, stating when the bulk inventory must be replenished to
meet the packaging schedules.

Managing Day-to-Day Variations from Plan
On a daily basis, disbursals for actual customer demand, receipts of inventory, and other
transactions are processed. These transactions are used to periodically update the DRP
records. If forecasts and execution of plans were perfect, we wouldn’t need to do anything
but add the new period of information at the end of the planning horizon each time the
records were processed. Unfortunately, we haven’t found a company where such conditions
hold. Figure 10.8 shows a more likely set of circumstances.

In this example, actual sales vary from 16 to 24 around the forecast of 20 units. The
actual sales of 18 in period 1 have no impact on planned shipments, while actual sales of
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FIGURE 10.7
Bulk Material
Record and
MPS

Period
200-Gram Product 1 2 3 4 5 6 7
Planned orders 60 | 40
Firm planned orders 100 100

Period
500-Gram Product 1 2 3 4 5 6 7
Planned orders 10 | 10 20
Firm planned orders 20

Period
Bulk Material—Kilograms 1 2 3 4 5 6 7
Gross requirements 20 | 10 | 20 5117 8 10

Scheduled receipts
Projected available balance 5125151353013 5| 35

Planned orders 40

Firm planned orders (MPS) 40 40

Q = 40; SS = 0; lead time = 0; planning fence: period 5.

24 units in period 2 change the plan. The additional sales in period 2 increase net require-
ments, which leads to planning a shipment in period 3 rather than period 4. Sales in period 3
were lower than expected, so net requirements are less, and the planned shipment in period
5 is changed to period 6. Thus, the gross to net logic results in modifying shipping plans to
keep them matched to the current market situation.

One negative aspect of the logic is clear from Figure 10.8’s example. Actual sales’ devi-
ations around the forecast were reflected in changed shipping plans. These changes could
have a destabilizing impact on the master schedule and shop. Two techniques for stabiliz-
ing the information flow are firm planned orders and error addback.

Figure 10.9 applies the firm planned order (shipment) concept to the warehouse exam-
ple. By using firm planned shipments, the record shows the what-if results of maintaining
the present order pattern. By using DRP records to display this pattern, we generate stan-
dard exception messages. For example, if a present plan violates a stated safety stock ob-
jective, exception messages highlight it.

In the Figure 10.9 record for period 3, the firm planned shipment of 40 in period 4 isn’t
rescheduled to period 3, even though the projected available inventory balance for period 4
is less than the safety stock. Thus, the master scheduler can review the implications of not
changing before deciding whether changes should be made. In this case, the decision might
be to opt for consistency in the information, knowing there still is some projected safety
stock and the next order is due to arrive in period 5.
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Period
1 2 3 4 5
Forecast requirements 20 | 20 | 20 | 20 | 20
In transit 40
Projected available balance 6 | 26 6 | 26 6 | 26
Planned shipments 40 40
Actual demand for period 1 = 18.
Period
2 3 4 5 6
Forecast requirements 20 | 20 | 20 | 20 | 20
In transit
Projected available balance 28 8 | 28 8 28| 8
Planned shipments 40 40
Actual demand for period 2 = 24.
Period
3 4 5 6 7
Forecast requirements 20 | 20 | 20 | 20 | 20
In transit 40
Projected available balance 4 | 24| 44 | 24 | 44 | 24
Planned shipments 40 40
Actual demand for period 3 = 16.
Period
4 5 6 7 8
Forecast requirements 20 | 20 | 20 | 20 | 20
In transit 40
Projected available balance 28 | 48 | 28 8 | 28 8
Planned shipments 40

Shipping Q = 40; SS = 6; lead time = 1.

An alternative for stabilizing the information is the error addback method. This
approach assumes forecasts are unbiased or accurate on the average. This means any
unsold forecast in one period will be made up for in a subsequent period, or any sales
exceeding forecast now will reduce sales in a subsequent period. With this method, er-
rors are added (or subtracted) from future requirements to reflect the expected impact of
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FIGURE 10.9
Record for a
Single SKU at
One Warehouse
with Firm
Planned Order
(Shipments)
Logic

Distribution Requirements Planning

Period
1 2 3 4 5

Forecast requirements 20 | 20 | 20 | 20 | 20

In transit 40
Projected available balance 6 | 26 6 | 26 6 | 26

Firm planned shipments 40 40

Actual demand for period 1 = 18.

Period
2 3 4 5 6
Forecast requirements 20 | 20 | 20 | 20 | 20

In transit

Projected available balance 28 8 | 28 8 | 28 8

Firm planned shipments 40 40 40

Actual demand for period 2 = 24.

Period
3 4 5 6 7
Forecast requirements 20 | 20 | 20 | 20 | 20

In transit 40
Projected available balance 4 | 24 4 | 24 4 | 24

Firm planned shipments 40 40

Actual demand for period 3 = 16.

Period
4 5 6 7 8
Forecast requirements 20 | 20 | 20 | 20 | 20

In transit

Projected available balance 28 8 | 28 8 | 28 8

Firm planned shipments 40 40 40

Shipping Q = 40; SS = 6; lead time = 1.

actual sales on projected sales. Figure 10.10 applies this concept to the warehouse ex-
ample. Note the planned shipments are under system control; that is, firm planned orders
aren’t used.

This example’s records show the planned orders in exactly the same periods as in the
firm planned shipment case. Adjustments to the forecast requirements ensure stability in



FIGURE 10.10
Record for a
Single SKU at
One Warehouse
with Error
Addback

Period
1 2 3 4 5
Forecast requirements 20 | 20 | 20 | 20 | 20
In transit 40
Projected available balance 6 | 26 6 | 26 6 | 26
Planned shipments 40 40
Period 1 demand = 18; cumulative error = +2.
Period
2 3 4 5 6
Forecast requirements 22 | 20 | 20 | 20 | 20
In transit
Projected available balance 28 6 | 26 6 | 26 6
Planned shipments 40 40
Period 2 demand = 24; cumulative error = —2.
Period
3 4 5 6 7
Forecast requirements 18 | 20 | 20 | 20 | 20
In transit 40
Projected available balance 4 | 26 6 | 26 6 | 26
Planned shipments 40 40
Period 3 demand = 16; cumulative error = +2.
Period
4 5 6 7 8
Forecast requirements 22 | 20 | 20 | 20 | 20
In transit
Projected available balance 28 6 | 26 6 | 26 6
Planned shipments 40 40

Period 4 demand = 15; cumulative error = +7.
Shipping Q = 40; SS = 6; lead time = 1.
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the information. It’s apparent this technique’s effectiveness diminishes if the forecast isn’t
unbiased. For example, if the reduced demand in periods 3 and 4 is part of a continuing
trend, the procedure will break down. DRP will continue to build inventory as though the
reduced demand will be made up in the future. This means forecasts must be carefully mon-
itored and changed when necessary so the procedure can be started again. One convenient
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measure for evaluating forecast accuracy is the cumulative forecast error. If this exceeds a
specified quantity, the item forecast should be reviewed. For example, in period 4, cumula-
tive error has reached a +7 (a value exceeding the safety stock); this might indicate the
need to review the forecast for this item.

Safety Stock in DRP

Distribution requirements planning provides the means for carrying inventories and safety
stocks at any location in the system. In the examples of Figures 10.3 through 10.5, we show
safety stock in field locations and at the central facility. It is important to understand,
however, that safety stock is less needed as errors in the forecast are washed out more
frequently. With replenishments performed weekly or more often, safety stocks can be
reduced.

With DREP, it’s possible to use safety lead time as well. In those circumstances where the
uncertainty is more likely to be in terms of timing (as in delivering product to the field), it
may be better to use safety lead time. In the case of uncertainty in quantity (as with variable
yields in manufacturing), safety stock is more typically used.

Where and how much safety stock (or safety lead time) to carry is still an open issue.
Research and company experience are just now beginning to provide answers. In terms of
quantity, the theory of relating safety stock to the uncertainty in our demand forecasts is
clearly valid. The choice would be made on the basis of trade-offs between customer ser-
vice levels and inventory required.

On the other hand, in distribution, we’re not concerned just about how much uncertainty
there is but where it is. Less is known about where to put safety stocks. One principle is to
carry safety stocks where there’s uncertainty. This implies the location closest to the cus-
tomer and, perhaps, to intermediate points, where there’s some element of independent
demand. The argument would imply no safety stock where there’s dependent demand.

If the uncertainty from several field locations could be aggregated, it should require less
safety stock than having stock at each field location. This argument has led to the concept
of a “national level” safety stock. The idea is to have some central stock that can be sent to
field locations as conditions warrant, or to permit transshipments between field ware-
houses. This added flexibility should provide higher levels of service than maintaining mul-
tiple field safety stocks. The issue is clouded, however, by the fact that stock in the central
facility isn’t where customers are.

A typical plot of service level versus the portion of inventory sent immediately to
customers is shown in Figure 10.11. Service levels improve as the percentage of inventory
immediately sent to customers increases to about 90 percent. Second, the decrease in ser-
vice level from sending 100 percent immediately is very small. The practical implication is
clear. If you must have inventory available when and where your customers need it, you
should hold very little, if any, back in the distribution system.

Management Issues with DRP

With an operational DRP system integrated with other MPC systems, management has
the ability to rationalize material flows from purchasing through distribution. Achieving
this desired state, however, raises several critical management questions. We’ve already
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discussed some of the DRP issues, such as planning parameters, safety stock, stability, and
the form of the master scheduling interface. More fundamental issues relate to assuring
the system has appropriate data entry procedures, has an organizational setup facilitating
an integrated MPC approach, and uses DRP to solve specific distribution problems. We
now turn to each of these managerial topics.

Data Integrity and Completeness

Let’s start by considering the record for an item at a location as close to the customer as
possible. We’ve called this location the field warehouse, but it could be at a distribution
center, at the customer location itself, or even at the central facility. The issue concerns
where the forecast is to be input. Because this is the source of demand data for planning
throughout the system, it must be correctly determined and maintained. For this record,
there are two key data items on which all plans are based: forecast requirements and inven-
tory balance (including any in transit). The axiom of garbage-in, garbage-out holds in DRP
as elsewhere. To have confidence in the forecast data, we must assign responsibility for
both forecast preparation and adjustments.

A key issue in forecast data integrity for DRP systems is use of aggregate forecasts,
which are thereafter broken down into detailed forecasts. An example is a pharmaceutical
firm that forecasts annual U.S. insulin sales in total ounces, based on the number of diabet-
ics in the country. This total is multiplied by the company market share, which is in turn
broken down into package sizes, weeks, and locations as the basis for field forecasts. As the
total is broken down, relative errors increase, but the MPS is based on the totals as brought
through the DRP system. This is the summation of the detailed forecasts, after field modi-
fications, so the errors should tend to cancel out.

It’s imperative, however, that adjustments of the detailed forecasts don’t result in a sys-
tematic bias that doesn’t balance out. DRP systems are designed to respond to forecast
errors, but forecast bias is a problem we must avoid.

Once the basic forecast has been generated, people in the field can be given some
authority to modify it according to local information and needs. This should be constrained
by some rule, like “plus or minus 20 percent adjustment” or “only the timing can be
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FIGURE 10.12
Conflicting
Functional
Objectives

changed but the monthly totals must remain the same.” Some mechanism must be put in
place for picking up this kind of local intelligence for adjusting forecasts, but it’s important
to define the limits for proper control.

Also, management programs should be established to monitor this process. Monitoring
is more complex when records for items are at customer locations (e.g., a large hospital).
In all cases, standard forecast monitoring techniques need to be applied, particularly to dis-
cover bias introduced through the adjustment process.

Inventory accuracy depends on transaction processing routines and discipline. Proce-
dures for quick and accurate reporting of shipments to customers, allocations to customers,
returns, adjustments, receipts, and the like must all be in place. Another source of errors is
incorrect balances of material in transit; these will affect all calculations in the subsequent
record processing. Computer auditing can help find outliers in the data for all these cases,
but tight procedural controls are clearly needed.

Organizational Support

Figure 10.12 shows conflicting functional objectives and their impact on inventory,
customer service, and total costs. This figure illustrates some inherent conflicts that need
resolution in an integrated MPC system. These conflicts are particularly real when DRP is
part of the overall MPC system. In many firms, minimization of transportation costs, for
example, is a transportation department’s objective. The resultant impact on other parts of
the organization is often not clearly understood.

In a comprehensive MPC system with DRP, linkages across functional boundaries are
encouraged; but organizational support and evaluation measures need to be established that
will minimize suboptimization of overall enterprise goals. Many firms have implemented a
materials management form of organization to help align responsibilities to the material
flow needs. Materials management organizations are responsible for all aspects of materi-
als, from purchasing to final distribution to the customers. Their responsibilities include
determining what to make and when, when to take delivery of raw materials, how much to
allocate to field locations, and how to relieve short-term materials problems.

As firms improve MPC systems either through more comprehensive approaches (e.g.,
DRP) or through such enhancements as JIT, emphasis shifts from material control to mate-
rial velocity. Basic discipline and data integrity aren’t abandoned—they’re assumed. Time

Impact of objectives on...

Functional objectives
Inventory Customer service Total costs

¢ High customer service

* Low transportation costs

¢ Low warehousing costs

e Reduce inventories

¢ Fast deliveries
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¢ Reduced labor costs
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FIGURE 10.13 Supply Chain Management
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and responsiveness become the most important objectives. Implied is a need to reduce the
organizational fragmentation that has built-in time delays. New organizational structures
will increasingly be required, ones with overarching authority to dictate actions that pro-
vide rapid response to customer needs.

Figure 10.13 illustrates where DRP fits within the supply chain management concept,
showing the many organizational entities that need to be coordinated. The ideas parallel
those of materials management, but they focus on the process of building the products.
Coordinating the chain in Figure 10.13 requires integrated information in DRP form and an
organizational form, such as materials management.

Key to implementing an MPC system with DRP, regardless of the organizational form,
is developing planners. The titles can vary in different organizations. Planners establish
firm planned orders, evaluate alternative means to solve short-term problems, coordinate
problems that cross functional boundaries, and help evaluate trends. They are also respon-
sible for checking feasibility of changes, monitoring data integrity, and assessing the im-
pact of new situations.

Problem Solving

We have already discussed changing conditions due to uncertainty in demand and the tech-
niques that help to deal with them. Other problems come from changing market conditions,
product lines, or marketing plans. Examples are product substitutions, promotions, changes
in warehouse locations or customer assignments, and controlling the age of stock. DRP
records help us solve these problems. We’ll describe three of these as illustrative: a sales
promotion, closing a warchouse, and monitoring stock aging.

Figure 10.14 presents a sales promotion served by a warehouse. For simplicity, we con-
sider only one product at a single warehouse and the product’s packaging line. The process
starts with modifying the demand forecast at the warehouse. In the example, the promotion
is planned for weeks 5 through 8. The impact is estimated to double sales (from 20 to 40)
during the first two weeks and to have a reduced impact during the next two weeks. Note
the promotion “steals” from demand in weeks 9 and 10.
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FIGURE 10.14 A Sales Promotion

Period
Warehouse 1 2 3 4 5 6 7 8 9 10
Forecast requirements 20 { 20 | 20| 20 | 40 | 40 | 30 | 30 | 10 | 10
In transit 20
Projected available balance 27 | 27 7 7 7 7 7|17 7 |17 7
Planned shipments 20 | 20 | 40 | 40 | 40 | 20 | 20
Q = 20; lead time = 1; SS = 5.
Period
Packaging 1 2 3 4 5 6 7 8 9 10
Gross requirements 0|20 | 20| 40 | 40 | 40 | 20 | 20
Scheduled receipts
Projected available balance 0 0| 12| 24| 16 8 0 0 0
Planned order release 20 | 20
Firm planned orders 32 | 32| 32| 32| 32

Q = lot-for-lot; lead time = 1; SS = 0; planning fence: .3.
Note: Packaging capacity = 35 units/period.

The safety stock has been left at five units for the promotion period, although it might
have been increased. Stock for the sales promotion is planned for delivery in the weeks in
which needed, although it also might have been planned for earlier delivery if there were a
need to set up some special display area. The shipping quantity is in multiples of 20, repre-
senting a shipping carton or pallet load. Planned shipments are exploded to the packaging
record. Using the firm planned orders, the planner has scheduled product packaging at a
constant rate of output for the next five weeks (just under the capacity of the packaging
line), building inventory in anticipation of the promotion.

The anticipation inventories are shown as remaining at the packaging facility, but they
might be sent to the field if space is available or if a truck is on its way with available cargo
space. The pattern of inventory buildup could be different, depending on the trade-off be-
tween level production and varying the production levels. The DRP records facilitate both
planning the buildup and analyzing alternative ways to meet the need (or even arguing for
a postponement if capacity is a problem).

Our second example deals with a warehouse closure. Firms often change distribution
systems, so closing warehouses and changing shipping patterns are ongoing activities. In
Figure 10.15, warehouse 1 is scheduled to close at the end of four weeks, and warehouse 2
is to start supplying the customers. Again, the process of managing the cutover starts with
the forecasts. The requirements at warehouse 1 stop at the end of week 4 and are picked up
by warehouse 2, reflecting the timing and quantities of the closedown and transfer.



FIGURE 10.15
Warehouse
Closure

Management Issues with DRP 379

Period
Warehouse 1 1 2 3 4 5 6 7
Forecast requirements 30 | 30 | 30 | 30 0 0 0

In transit 60
Projected available balance 43 | 73 | 43 | 13 | 60 | 60 | 60 | 60

Planned shipments 60

Firm planned shipments 17

Q = 60; lead time = 1; SS = 10.

Period
Warehouse 2 1 2 3 4 5 6 7
Forecast requirements 100|100 | 100| 100|130 | 130 130
In transit
Projected available balance | 207 | 107 | 207 | 107 | 207 | 77 | 147| 217
Planned shipments 200 | 200
Firm planned shipments 200 200

Q = 200; lead time = 1; SS = 20.

In the example, warehouse 1 would normally have had a planned shipment for 60 units
in week 3. The planner has overridden the planned order with a firm planned order for the
exact need, reducing safety stock to zero. Note the system plans an order to restore the
safety stock and, eventually, the planner will need to change the safety stock parameter to
zero in order not to send the wrong signal to the master production scheduler.

As time goes on, the actual quantity needed for warehouse 1 may well be different, but
there are two weeks before the exact determination must be made. The planner may decide
to send even less to warehouse 1 because it might be easier to pick up some unsatisfied
demand from warehouse 2 than to deal with the remnant inventories at warehouse 1. The
point is DRP systems provide visibility for solving these problems. Even though the exact
quantity to be sent to warehouse 1 won’t be determined until week 3, the amount produced
and made available to send to either warehouse will be correct, since planned shipments
from both are exploded to the requirements at the central facility. The main questions
are how to divide the available stock between the two facilities and how to manage the
transition.

Our final example deals with controlling inventory of products whose shelf life is a con-
cern. Certainly one aspect of this problem is to use strict first-in/first-out physical move-
ment and to make this part of the training for warehouse personnel. The second way to deal
effectively with shelf life problems is to identify those products that may be headed for a
problem before it’s too late. One way to do this is to use the DRP records and build in ex-
ception messages to flag potential shelf life problems.
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If, for example, demand for a product at a location is dropping for some reason, the
forecast should be reduced. This means any available inventory or in transit stock will
cover a longer time period; as a result, the first planned shipment will be several periods
in the future. This condition can be detected, calling for a review of the particular
product’s shelf life at this location. Perhaps it should be immediately shipped to another
warehouse. This feature is incorporated in the actual system, to which we now turn our
attention.

Concluding
Principles

This chapter has presented a technique for bridging between successive stages in the sup-
ply chain. Some of these can be internal, such as factories to distribution centers, but the
technique can also be used to make linkages across firms. The technique, distribution
requirements planning (DRP), relates current field inventory availability (in distribution
centers, warehouses, and customer locations), forecasts, and knowledge of demand to de-
velop resupply plans and bring those to the master production scheduling and material
planning modules of the MPC system. Moreover, DRP utilizes record formats and pro-
cessing logic consistent with MRP. To effectively use DRP, we apply the following general
principles:

* The top-level records for a DRP system should cover items in a location as close to the

customer as possible (or even at the customer, if feasible).

* Local information on demand patterns should be incorporated into the DRP record at
a warehouse and/or the customers’ MPC system data should be used at a customer
location.

* Data and performance measurement systems should be put in place to monitor forecast
adjustments in the field.

* Matching supply to demand requires close control of supply as well as data on demand.

* Projections of future requirements should be used to decide inventory allocation in
periods of short supply.

» Transparent records and consistent processing logic should be used to integrate the
system.

*  What-if analysis should be based on integrated records of the system.

* Uncertainty filters, like firm planned orders or error addback, should be available to the
master production scheduler.

» The organization form should be consistent with the supply chain being managed.

Discussion
Questions

1. What is meant by the statement, “The real task of managing materials is matching supply to
demand”?

2. Describe how DRP helps bridge the gap between the market and the factory.
3. What are some of the benefits a warehouse manager derives from improved resupply information?

4. Discuss the risks and benefits of local warehouse personnel modifying forecast data for field ware-
houses.
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5. A consumer goods manufacturer uses a periodic review system to manage field inventories. This
means, once a period, field inventory clerks check to see if inventory is below reorder point; if so
they order an amount equal to the EOQ. The materials manager argues this is the same as using
TPOP records. What’s your opinion?

6. How can you monitor forecast data modifications by field personnel to ensure changes result in
improvements over original computer forecasts?

7. What are the differences between the planned shipments, as indicated in Figure 10.3 and planned
orders from MRP records?

8. How are the supply chain management concept and materials management similar? How do they
differ?

Problems 1. Bob Stahl, the distribution manager at Forbes Industries, is considering using error addback for
his DRP system. To evaluate its use, he compiled data for three periods on a sample product, the
Scarlet Tiara. The initial DRP record is given here:

Period
1 2 3 4 5
Forecast requirements 30 | 30 | 30 | 30 | 30
In transit 60
Projected available balance 10 | 40 | 10 | 40 | 10 | 40
Planned shipments 60 60

Q = 60; lead time = 1; SS = 10.

a. Develop the DRP records above for periods two through four given demands of 24, 38, and 27
in periods one, two, and three.

b. Complete the same records using the error addback method. What differences occur?

2. For the warehouse of Figure 10.8, suppose actual demands were 24, 16, and 18 in periods 1, 2,
and 3, respectively. The initial DRP record is:

Period
1 2 3 4 5
Forecast requirements 20 | 20 | 20 | 20 | 20
In transit 40
Projected available balance 6 | 26 6 | 26 6 | 26
Planned shipments 40 40

Q = 40; lead time = 1; SS = 6.

a. Create the other three DRP records as done in Figure 10.8. What problem is created in period 2?
What can be done?

b. Does error addback work for this set of circumstances?
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3. The Hazy Company maintains a West Coast distribution center (DC), which is supplied from
the plant warehouse in the Midwest. It takes exactly one week to ship to the distribution center
from the Midwest. One of its products has an ordering cost of $10 per order, inventory carrying
cost of $1 per unit per week, and average weekly demand at the DC of five units (although it has
fluctuated uniformly between 0 and 10 units per week in actuality). Over the years, the product’s
safety stock level has varied. There are currently (early Monday morning) nine units in inven-
tory at the DC. The company is willing to risk a probability of stocking out of 0.10 in any order
cycle.

a. If the company uses an economic order quantity, reorder point system, what should the order
quantity and reorder point be?

b. If the company adapted DRP logic to this DC supply situation and decided to ship only on
Mondays (to consolidate shipments), what would you suggest for the planned shipping pat-
tern over the next 10 weeks? (Use a safety stock level of two units.)

c. Ifactual demand for the upcoming week were six units, what would the new shipping pattern
be? (Assume any planned shipments in the current week are released.)

4. The Tasmanian Tire Company’s distribution manager has supplied the following information
pertaining to its product, the Super Taz Tire, which is stocked at the firm’s field warehouse:

Average weekly demand = 35 units.
Current on-hand balance = 10 units.
In-transit order (due next week) = 70 units.
Economic shipping quantity = 70 units.
Shipping time = 1 week.

Safety stock = 0 units.

Complete the record for the field warehouse indicating the planned shipment schedule for the
next eight weeks:

Period

1 2 3 4 5 6 7 8

Forecast requirements

In transit

Projected available balance

Planned shipments

5. The XYZ Company’s finance manager is currently studying projected inventory investment for
product 101 at the central (plant) warehouse. Quantities of product 101 are shipped from the cen-
tral warehouse to warehouses A and B, based on individual warehouse requirements. The prod-
uct costs $100 per unit.

Using DRP parameters and inventory information for product 101 in Exhibit A, determine
the planned order releases at the central warehouse. Construct a graph indicating projected in-
ventory investment at warehouse A for this product at the beginning and end of each week over
the next six-week period. Assume this product’s demand is equally divided among the days of
each week.
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EXHIBIT A Week

RECHUCSR Product 101 Warehouse A 1 2 3 4 5 6
Forecast requirements 20 | 20 | 20 | 20 | 20 | 20
In transit 15

Projected available balance 10

Planned shipments

Q=40;LT = 1;SS = 0.

Week
Product 101 Warehouse B 1 2 3 4 5 6
Forecast requirements 10 | 10 | 10 | 10 | 10 | 10
In transit
Projected available balance 15
Planned shipments
Q=20;LT=1;SS=0.

Week

Product 101 Central Warehouse 1 2 3 4 5 6

Gross requirements

Scheduled receipts

Projected available balance 60

Planned order release

Q = lot-for-lot; LT = 1; SS = 0.

6. The distribution of Blues Brothers’ Sunglasses is from the plant in Joliet to two warehouses and
then to the customers. The distribution pattern is as follows:

Joliet plant {

For the purpose of analysis, assume that each warehouse will sell exactly 40 cases of Blues Brothers’
Sunglasses per week. Inventory carried either at the plant or at the warehouse locations costs
25 cents per week per case (based on Friday night inventory). The ordering cost is $15 per order at
each facility, and it takes exactly one week to transport the product from the plant to either of the two
warehouses or to produce the product. The beginning inventory at each warehouse is 40 units, and
the beginning inventory at the Joliet plant is 140 units. No safety stock is planned at any location.

a. On the basis of a record of seven weeks, determine the inventory carrying cost plus setup cost
per week at Joliet plus both warehouses managing the system with EOQ at all locations.
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b. Determine the total inventory carrying cost and setup cost per week, using DRP to manage the
system based on the same seven-week record.
7. The MVA Pet Food Company distributes one of its products, Gro-Pup, through warehouses in
Seattle and Portland. A central warehouse at the St. Louis plant distributes Gro-Pup to these two
warehouses in serving the Northwest regional market.

a. Develop a distribution schedule for the two warehouses and a production schedule for the
plant for the next eight-week period, using the DRP worksheet in Exhibit B (page 385). (Note
the sales forecast for this product is 20 units per week at the Seattle warehouse, and 43 units
of the product are currently on hand. The shipment order quantity is 60 units, planned ship-
ment lead time is one week, and there’s no safety stock requirement. Similar information is
included in Exhibit B for the other two facilities.) The product is packed in lots of 50 units at
St. Louis. The packaging process takes two weeks.

b. Each Gro-Pup package requires one unit of packaging material. Develop a purchasing sched-
ule for the packaging material assuming:

1. There are currently 25 units on hand.

2. An open order for 100 units is due to be received from the vendor next week.
3. The purchase order quantity equals 100 units.

4. Purchasing lead time is four weeks.

c. Update all four records as of the start of week 2, assuming the following transactions occurred
during week 1:

Order Sales Inventory Open Order
Receipts Releases (Disbursements) Adjustment Scrap
Gro-Pup/Seattle 0 0 19 -3 0
Gro-Pup/Portland 15 15 20 +3 0
Gro-Pup/Plant 0 50 15 0 0
Gro-Pup/Packaging 90 100 50 +4 10

8. The Drip Producers are planning a promotion of one of its products, the Dead Drop. Dead Drops
are distributed through only one of the warehouses. The promotion is to begin in period 4 and run
through period 6. The sales forecast is normally 30 per period, but during the promotion the com-
pany expects sales to be 60 per period. This is shown here with other data.

Period
1 2 3 4 5 6
Sales forecast 30 30 30 60 60 60
Warehouse Central
Ship/ord. quantity 40 units Lot-for-lot
Current inventory 12 units 0 units
Lead time 1 period 1 period
Safety stock 10 units 0 units
Sched. rec./ship. 40 units in period 1 40 units in period 1

a. Develop the warehouse and central facility’s records.

b. Suppose the central facility’s capacity was limited to 50 units per period. How would you
provide the material for the promotion in the field?
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EXHIBIT B Week
LR s Gro-Pup Seattle Warehouse 1 2 3 4 5 6 7 8
Requirements
Planning Forecast requirements 20 | 20 | 20 | 20 | 20 | 20 | 20 | 20
Worksheet .

In transit

Projected available balance 43

Planned shipments

Q=60;LT = 1;SS = 0.

Week
Gro-Pup Portland Warehouse 1 2 3 4 5 6 7 8
Forecast requirements 10 | 10 | 10 [ 10 | 10 | 10 | 10 | 10
In transit 15
Projected available balance 2
Planned shipments
Q=15;LT=1;SS=0.
Week
Gro-Pup Plant Warehouse 1 2 3 4 5 6 7 8
Gross requirements
Scheduled receipts 50
Projected available balance 30
Planned order release
Q=50;LT=2;SS=0.
Week
Gro-Pup Packaging Material 1 2 3 4 5 6 7 8

Gross requirements

Scheduled receipts 100

Projected available balance 25

Planned order release

Q=100; LT =4; SS = 0.
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9.

10.

11.

12.

Develop the records for the Cranstable Company’s two warehouses and one central facility sys-
tem using the following data. What happens if the central order quantity changes to 200?

Warehouse 1 Warehouse 2 Central
Forecast requirements 20/period 30/period
Ship/ord. quantity 48 units 60 units 100 units
Current inventory 23 units 12 units 0 units
Lead time 1 period 1 period 1 period
Safety stock 10 units 10 units 0 units
Sched. rec./ship. 48 units in period 1 60 units in period 1 None

The Cranstable Company was just getting into the swing of DRP when old Barnstable moved
away from warehouse 1’s region, never to be seen again by anyone at the company. (Barnstable’s
demand was lost to a competitor.) Now this wouldn’t normally cause problems, but for Cransta-
ble it meant sales were halved at warehouse 1. Using problem 9’s data, what’s the impact of Barn-
stable’s departure?

The Cranky Tea Company performs sales forecasting on a national basis. Each month it prepares
a sales forecast of monthly sales for the coming year for each of the firm’s end products. At each
of the firm’s three distribution warehouses, distribution requirements planning records are main-
tained for the individual products. The national sales forecast for Constant Torment, the com-
pany’s best selling product, is 4,000 units per four-week period. The sales of this product at each
of the three warehouses are split as follows: 40 percent from warehouse A, 35 percent from ware-
house B, and 25 percent from warehouse C. An analysis of the sales history of Constant Torment
at warehouse C indicates weekly sales of this product are distributed as follows: 10 percent in
week 1, 25 percent in week 2, 45 percent in week 3, and 20 percent in week 4 in a monthly pe-
riod. Complete the following DRP record for Constant Torment at Warehouse C.

Month

Week Week
Constant Torment / Warehouse C 1 2 3 4 1 2 3 4

Forecast requirements

In transit 260 | 445

Projected available balance | 105

Planned shipments

Q=LFL; SS =0; LT = 3 weeks.

The Excello Corporation’s distribution planner is concerned about the variability of transit times
between the plant in Madison, Indiana, and the firm’s distribution center in Atlanta. It’s been
decided to incorporate a one-week safety lead time into the DRP records for items stocked in the
Atlanta distribution center. Complete the record for product X in the Atlanta distribution center.
Forecast: 200 units per week.
In transit: 410 units scheduled for receipt in week 1.
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On-hand inventory: 15 units.
Order quantity: 600 units.
Lead time: 1 week.

Safety stock = 0.

Safety lead time = 1 week.

Week
Product X 1 2 3 4 5 6 7 8

Forecast requirements

In transit

Projected available balance

Planned shipments

13. The Allied Product Company’s sales director has decided to close the firm’s San Diego ware-
house and open a new warehouse in Los Angeles. The San Diego warehouse is scheduled to close
the end of week 4; the new warehouse in Los Angeles is scheduled to open for business at the
start of week 5. Product B is currently stocked in the San Diego warehouse and will be stocked
in the new Los Angeles warehouse. Sales forecast for product B is 100 units per week. Complete
the following DRP records for product B, reflecting the change in the company’s warehousing
plans for the item and the implications for the plant.

Product B/San Diego Warehouse 1 2 3 4 5 6 7 8

Forecast requirements

In transit

Projected available balance | 205

Planned shipments

Q = LFL; SS = 10 units; LT = 2 weeks.

Week
Product B/Los Angeles Warehouse 1 2 3 4 5 6 7 8

Forecast requirements

In transit

Projected available balance

Planned shipments

Q =LFL; SS = 10 units; LT = 1 week.
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14.

15.

Week
Product B/Plant 1 2 3 4 5 6 7 8

Gross requirements

Scheduled receipts

Projected available balance | 300

Planned order release

Q = 200 units; SS = 15 units; LT = 3 weeks.

The Stasik Pharmaceutical Company’s distribution planning manager is concerned about the ris-
ing cost of outdated inventory in the firm’s distribution warehouses. Shelf life for the company’s
products shouldn’t exceed four weeks. Government regulations require products in stock longer
than four weeks to be scrapped. Devise an exception notice test that can be applied to the DRP
records in the firm’s distribution warehouses to direct the inventory planner’s attention to items
where excess inventory may exist. Apply this procedure to the following record to determine
whether out-of-date inventory is likely to occur for product W.

Week
Product W 1 2 3 4 5 6 7 8
Forecast requirements 300 | 300 | 300 | 300 | 300 | 300| 300 | 300
In transit 900
Projected available balance | 350 | 50 [ 650 | 350 | 950 | 650 |1250| 950 {1550
Firm planned orders 900 900 900
Planned shipments

Q =900; SS = 50 units; LT = 2 weeks.

Product D is stocked only at the AMC Chemical Company’s Dallas warehouse and at the com-

pany’s plant warehouse in Akron. The sales director has forecast product sales from the Dallas

warehouse to be 40 units per week. Product D is manufactured at the firm’s Akron plant using

2 units of ingredient X per unit of product D.

a. Complete the DRP records for product D at the Dallas warehouse and the plant warehouse as
well as the MRP record for ingredient X using the following information. (Assume ingredient
X is only used in product D.)

Week
Product D/Dallas Warehouse 1 2 3 4 5 6 7 8

Forecast requirements

In transit

Projected available balance 85

Planned shipments

Q = LFL; SS = 5 units; LT = 2 weeks.
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Product D/Plant Warehouse 1 2 3 4 5

Gross requirements

Scheduled receipts 46

Projected available balance 2

Planned order release

Q =LFL; SS = 8 units; LT = 1 week.

Ingredient X 1 2 3 4 5

Gross requirements

Scheduled receipts 320

Projected available balance 4

Planned order release

Q = 320 units; SS = 2 units; LT = 4 weeks.

. Actual sales for product D at the Dallas warehouse in week 1 were 48 units and all planned
shipments/orders were released. Prepare DRP and MRP records as of the beginning of
week 2. What actions should the master production scheduler take on the basis of this

information?
Week
Product D/Dallas Warehouse 2 3 4 5 6 8 9
Forecast requirements
In transit
Projected available balance
Planned shipments
Q = LFL; SS = 5 units; LT = 2 wecks.
Week
Product D/Plant Warehouse 2 3 4 5 6 8 9

Gross requirements

Scheduled receipts

Projected available balance

Planned order release

Q =LFL; SS = 2 units; LT = 2 weeks.
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Ingredient X 2 3 4 5 6 7 8 9

Gross requirements

Scheduled receipts

Projected available balance

Planned order release

Q = 320 units; SS = 2 units; LT = 4 weeks.

c. Suppose product D’s actual sales at the Dallas warehouse in week 2 were 31 units. Again, all
planned shipments/orders were released and expedite actions taken. What action would the
master scheduler take on the basis of this information? In this situation, what modifications to
the master production schedule might be taken?

Week
Product D/Dallas Warehouse 3 4 5 6 7 8 9 10
Forecast requirements
In transit
Projected available balance 85
Planned shipments
Q = LFL; SS = 5 units; LT = 2 weeks.
Week
Product D/Plant Warehouse 3 4 5 6 7 8 9 10
Gross requirements
Scheduled receipts
Projected available balance 42
Planned order release
Q = LFL; SS = 2 units; LT = 2 weeks.
Week
Ingredient X 3 4 5 6 7 8 9 10

Gross requirements

Scheduled receipts

Projected available balance 4

Planned order release

Q = 320 units; SS = 2 units; LT = 4 weeks.
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Abbott Laboratories

Abbott Laboratories, Ltd., of Canada produces health care products. Three lines (pharmaceuticals,
hospital products, and infant nutrition products) are produced in three plants. About 750 end items are
distributed through DCs (distribution centers) throughout Canada.

Abbott Laboratories uses DRP to manage field inventories. Detailed forecast data are entered into
warehouse DRP records. These records are represented as the zero level of the bill of materials
(BOM). Figure 10.16 illustrates these records for two locations: Vancouver and Montreal. Forecast
data are entered as the requirements rows. The first 20 weeks are displayed in weekly time periods
(buckets). Thereafter, monthly buckets are used for a total planning horizon of two years.

In the Montreal record, an entry of 120 in the week of 8/7 appears in a row labeled “Customer or-
ders.” This row allows the inclusion of specific advance order information. The information is not
added to the gross requirements, however. It’s there for detailed planning of shipments and to recog-
nize advanced special orders.

Lead time in the Vancouver record is 35 days (five weeks) including safety lead time. DRP time-
phased records are produced using these parameters. For example, projected on-hand balance at the
end of week 9/4 for Vancouver is insufficient to meet the gross requirements of 9/11. The result is a
planned order for a quantity of 24, five weeks earlier in the week of 8/7.

Figure 10.17 shows the DRP records for the central warehouse and for the bulk item used to make
the end-item product B. Gross requirements for central are based on planned orders from all the DCs.
For example, in the week of 8/7, the gross requirement of 1,908 consists of 24 from Vancouver, 1,872
from Montreal, and 12 from some other DC.

The batch size shown for the central warehouse in Figure 10.17 is 7,619—the number of product B
units yielded from a batch of 4,000 in the unit of measure for the bulk product; that is, the 7,619
shown as a firm planned order in 9/11 becomes a gross requirement of 4,000 for bulk in that week.

The master production scheduler works with the DRP record for central. This person’s job is to
convert planned orders into firm planned orders and to manage timing of the firm planned orders. For
example, all orders at central are firm planned in Figure 10.17 until 12/31 in the last row. The last
three orders (12/31, 2/25, and 4/21) are only planned orders. DRP logic can replan these as needed.
Only the master production scheduler can move the firm planned orders that appear early in the
record. The result is a stable MPS for the bulk production.

Figure 10.18 illustrates the information available for actual shipment planning. The requirements
due to be shipped this week or in the next two weeks (also any past-due shipments) are summarized
by distribution center and product type. This enables the planner to look at the current requirements
or future planned shipments in making up carloads destined for a distribution center. Since the infor-
mation is available in terms of cube, weight, and pallet load, the planner can use the most limited
resource in making a shipment decision. This flexibility enables planners to efficiently use trans-
portation resources to meet product needs.

The application of DRP at Abbott Laboratories resulted in benefits in many areas of the company.
The product obsolescence costs were reduced, inventory turnover improved, and customer service
increased. The logistics information also led to reductions in transportation and warehouse costs.

Assignment
1. What type(s) of visibility does the DRP application provide Abbott supply chain planners?
2. How might this information be useful to Abbott’s customers?
3. What would be the impact of reducing the Vancouver lead time from 35 days down to 10 days?
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Management of Supply
Chain Logistics

Supply chain logistics encompasses all material flows—from the flow of purchased mater-
ial into a facility, through the manufacturing processes, and out to the final customers. This
chapter is focused primarily on the inbound and the outbound flows of material from a man-
ufacturing plant in a supply chain. We are concerned with describing the elements of a sup-
ply chain and presenting some techniques for their management.

Improved management of supply chain logistics can lead to improvements in customer
service. This can often be done while simultaneously reducing total inventory, transporta-
tion, and warehousing costs. This chapter is organized around the following six topics:

» A framework for supply chain logistics: What is the scope of logistics management in
supply chains, and how do logistics decisions influence other manufacturing planning
and control decisions?

* Supply chain elements: What are the primary activities and tasks in moving material in
supply chains?

»  Warehouse replenishment system: How are systems for warehouse replenishment de-
signed and operated?

» Warehouse location analysis: How are the number and location of warehouses
determined?

» Jehicle scheduling analysis: How are vehicles used for delivery and/or pickup scheduled?

» Customer service measurement. How are customer service measures developed and
used to evaluate supply chain logistics performance?

A Framework for Supply Chain Logistics

The detailed systems and models discussed in this chapter are oriented toward the flow of
material both inward from suppliers and outbound toward customers from manufacturing.
These concepts are also covered in Chapters 10 and 11. Here, a context for supply chain
logistics is developed, and we present an overview of the entire supply chain logistics
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398 Chapter 10A  Management of Supply Chain Logistics

activity, the need to look at overall costs, and the integrative viewpoint that should be taken
by management.

A warehouse can be specialized to perform many different types of functions—for
example, as a mixing point to achieve transportation economies, as a finishing operation
close to customers, and as a bulk break point. However, because we are interested in the op-
eration of warehouses at many different points in a supply chain, we use the term ware-
house generically to represent the different types of warehouses that exist in practice—for
example, branch warehouses, market-positioned warehouses, product-positioned ware-
houses, distribution centers, and fulfillment centers.

The Breadth of Supply Chain Logistics

One definition of supply chain logistics encompasses all material flow decisions, from raw
materials to final consumption. The structure of these flows is illustrated in the supply chain
diagram shown in Figure 10A.1. Dealing with this entire spectrum at once is virtually impos-
sible. However, when portions of the overall flow become rationalized, such as by component-
part planning with MRP, it becomes more reasonable to increase the scope of management.
Moreover, the materials management organization form applied in some companies fosters
improved interactions among material flow—related problems.

Even when the area under study is only concerned with the more limited segment of the
outbound flows (i.e., physical distribution), the interactions with other manufacturing plan-
ning and control systems are still of critical importance. The outbound flow of materials from
the factory is constrained by what is made available by the master production schedule. The
replenishment of warehouse stocks can be considered (often erroneously) to be demand.
Without proper system design, it is possible for chaotic factory conditions to be self-induced
by the distribution system decisions.

A framework for supply chain logistics recognizes the need for integrative thinking. We
know that the MPS has to take into account the demands that are placed on manufacturing
by distribution decisions. The need for coordinated design is clear. However, coordination
should not stop at the boundary lines of the company. The final demand placed against dis-
tribution facilities may be generated by customer purchasing systems. One firm’s output
can be the other firm’s input. A proper view of logistics encompasses linking the decisions

FIGURE 10A.1 Supply Chain Processes
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Source: Supply-Chain Council, www.supply-chain.org.
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made in the firm with both those made by the firm’s customers and those made by the
suppliers.

The Total Cost Concept

The basic idea in the total cost concept is that costs accrue and values are added by the var-
ious stages of product conversion and movement. That is, as raw materials become end prod-
ucts and are moved from manufacturing to the point of consumption, costs are added. The
general goal is to minimize the total or overall cost while meeting customer-service goals.
This is accomplished by reducing the suboptimization associated with treating each con-
version or movement stage independently. If cost performance is improved by some action
at one stage, at a more-than-offsetting cost disadvantage at another stage, the action is to be
avoided. Further, if an action at one stage, although increasing costs at that stage, will pro-
vide a large cost savings elsewhere, it should be taken.

The total cost concept can be exemplified by a series of actions taken by a furniture
retailer in New York. A study of customer service provided by retail stores in the New York
metropolitan area was undertaken. Each retailer maintained an inventory. In total, for
the 40 retailers in the New York metropolitan area, the value of the inventory was about
$3 million.

For an average customer order, the probability that all items desired would be in stock at
a single retail store was approximately 25 percent. This meant back ordering, long delivery
times, and many other problems. The retailer created one large field warehouse that could be
drawn upon by any of these 40 retailers. The retailers, in turn, would no longer carry sepa-
rate inventories. The value of the inventory in this field warehouse was approximately
$700,000, and the probability of filling an entire customer order from the warehouse stock
increased to approximately 0.8. These actions required changes in delivered prices for the
furniture, but the retailer no longer had inventory carrying costs. The total cost was clearly
reduced. The key is to not permit parochial views of enterprise boundaries and accounting
systems to impede progress.

Design, Operation, and Control Decisions

It is clear that logistics decisions can be wide reaching. The impact of some decisions will
be felt in more than one functional area of the firm, or even between firms. Making these
decisions is not easy. In fact, the difficulties and potential payoffs are highly correlated.

The most basic supply chain logistic design decisions, such as the establishment of the re-
tailer’s centralized field warehouse, require top management action. This is also true for
other basic supply chain logistics decisions, such as the number of warehouses, their loca-
tions, the type of replenishment planning system, and programs for interfirm cooperation.

The operation and control of logistics in supply chains tend to be assigned to functional
groups. In many companies, these functional groups are separated organizationally. In a
growing few, there is a materials management form of organization that facilitates
coordination.

A critical dimension of supply chain logistics management is to provide leadership for
continued evolution. Once a subsystem is designed and operating, there is a natural tendency
to feel that the problem is solved—forever. There is no ultimate weapon, and there is no
ultimate supply chain. Improvements are always possible. As more and more subsystems be-
come highly rationalized, transparent, and integrated through databases, new improvement
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opportunities can be found. To do so, management must devote analytical resources to the
study of supply chain logistics within the framework of the total cost concept.

An example of this evolutionary point of view is again provided by our furniture retailer.
The New York field warehouse was an unqualified success. This led to the rapid establish-
ment of 12 additional field warehouses in other metropolitan areas. All were successful.
However, in a few years, most of the field warehouses were closed down. The reason is that
the concept behind their success was applied again. An even larger regional warehouse was
established adjacent to one of the large Vermont factories. This warehouse provided one- to
two-day deliveries to the entire eastern seaboard.

The most important aspect of this example is that management was concentrating on the
function of the warehouses—not the warehouses themselves. Some key issues include the
following: How quickly must the delivery response be? Who are the customers? What do
they really want? How do we reduce lead time variability? What are the costs of stockouts?
How do we measure customer service?

Many times the personal prestige of executives can impede evolution in supply chain
logistics. The executives who were instrumental in the field warehouse program could not
regard their closure as a personal failure. The program was a success, and it led the way to
the achievement of even further progress.

An overall framework for supply chain logistics implies the need for evolution and inte-
gration. The management of manufacturing must necessarily be integrated with logistical
material flow decisions. So must many aspects of marketing. The objective is continuous and
rapid evolution in the understanding and management of the total scope of supply chain
logistics.

We now leave this overall focus and turn to more detailed aspects of supply chain logis-
tics. In particular, we address some technical issues of the process. We also provide some ex-
amples of application. As we treat individual topics and recognize that each of the supply
chain logistics issues is important, we do not, however, want to lose sight of the overall di-
rection implied in the framework of logistics.

Supply Chain Logistical Elements

In this section, we provide general descriptions of some basic elements of supply chain lo-
gistics. We deal with the physical attributes of systems for gathering material from suppliers
prior to manufacturing, and we are concerned with the distribution of products to customers
on the output side of manufacturing. The management and information systems issues are
addressed in subsequent sections.

Specifically, we want to identify some of the key characteristics of transportation, ware-
houses, and inventory regarding both the input of material to manufacturing and the distrib-
ution of products after manufacturing. For each of these supply chain elements, the intent is
to understand the functions performed. Basically, these elements deal with the place and
time utility of the products. Manufacturing provides the form utility.

Transportation

Supply chain logistics is concerned with the movement and storage of products. Achieving
the former requires some method of transportation. As shown in Figure 10A.2, there are a
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variety of modes available, and technological change is fairly rapid. Evaluation of trans-
portation alternatives is, therefore, an ongoing need.

For example, there are companies that now move coal and fish in pipelines, automobiles
are moved by ship, and many finished and semifinished products are moved by air. The most
common modes of transportation are air, rail, truck, pipeline, and combinations of them.
Among these modes, however, are alternative ownership/management forms. For example,
there are private carriage, courier, common carrier, and contract services; cooperative
arrangements; and forwarding agents. Our purpose here is not to discuss these in detail, but
to point out the need for having access to someone with expertise in this area. We also want
to focus on the key transportation variables and their impact on supply chain planning and
control decisions.

One of the prime considerations in product movement is cost. There are substantial
quantity discounts for shipping large volumes of products. Specifically, there are large cost
differences between less than carload (LCL) or truckload quantities and full carload (CL)
or truckload quantities. This does not literally mean that a “full” carload must be shipped
to get the discount, but that more than some specific weight must be shipped. The extent of
freight rate differences is illustrated by Figure 10A.3.

Another major variable in the determination of transportation costs is the selection of
routing. Several options usually exist for delivering products to multiple customers. Drop
privileges, for example, may enable the manufacturer to combine shipments to two or more
customers, thereby gaining lower freight rates. Clever combinations of customers into

FIGURE 10A.3 Example Freight Rates for Trucks between Chicago and Los Angeles

Household Effects Machine Parts
Weight Rate (per cwt)* Weight Rate (per cwt)*
7,000 Ib $42 24,000 Ib $17.78
10,000 37 25,000 9.99

*cwt = Hundredweight or 100 pounds
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FIGURE
10A.4

Alternative
Routing
Example to
Serve Two
Customers

Rate Schedules
Locations and weights Route Weight Cost
(per cwt)
Customer A Customer B Plant to B 0-10,000 Ibs $8
Plant to B >10,000 6
8,000 Ib 3,000 1b >

d’emand d,emand Plantto BviaA  0-10,000 10

Plant to B via A >10,000 5

Plant to A 0-10,000 7

Plant to A >10,000 5

Plant to A via B 0-10,000 11

Plant to A via B >10,000 9

AtoB 0-10,000 5

AtoB >10,000 3

Plant BtoA 0-10,000 5

BtoA >10,000 3

Alternative Routes Costs

Ship A to A and ship B to B ($8,000/100) X 7 + ($3,000/100) X 8 =$ 800
Ship A and B to B and drop A ($11,000/100) X 5 + 20 =$ 570
Ship A and B to A and drop B ($11,000/100) X 9 + 20 =$1,010
Ship A and B to A and ship B to B ($11,000/100) X 5 + ($3,000/100) X 5 =§ 700
Ship A and B to B and ship A to A ($11,000/100) X 6 + ($8,000/100) X 5 = $1,060

Drop charge = $20/drop (any weight).

shipping schedules can result in substantial savings. This is illustrated in Figure 10A.4,
which also shows how the number of alternatives to evaluate for even a simple example can
be quite large.

In Figure 10A.4, five alternatives are evaluated; the cost from lowest to highest is nearly
double. Such extremes are not unusual at all. For companies with private fleets, the vehicle
scheduling activities (about which more will be said later) are the equivalent of the routing
activities. They can have an important impact on costs.

Another aspect of transportation is trade-offs among speed, price, and reliability. In gen-
eral, the faster a mode, the more costly (e.g., air freight is more costly than trucks). But a
more subtle consideration is that of reliability or the variance around the average speed
(lead time). Clearly, the greater the variance around the average lead time, the more safety
stock or safety lead time is necessary. From a management point of view, safety stock
levels are directly affected by the choice of transportation mode and routing, since these
will offset the uncertainty in demand during lead time (DDLT).

Warehouses

We have been asked by very serious practitioners why a company should have warehouses.
From the customer standpoint, the benefit is in time and place utility. That is, the warehouse
locates the product closer to the customer in both distance and time. Whether this is worth-
while is a function of the market value of product proximity. Many executives have com-
mented that there is a positive competitive advantage and market response to warehouses
located near to the market. We dub this the “warm puppy effect.” That is, having a ware-
house nearby gives the customers a more comfortable feeling about service. Very little work
has been done to quantity this effect, however, so the best that we can do at the moment is
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to calculate the costs of having warehouses and determine whether the value of proximity
is likely to exceed these costs or not.

Warehouses can serve a variety of functions other than the warm puppy effect. In multi-
plant operations, warehouses can mix the products from several plants for shipment to cus-
tomers or to other warehouses. As an example, a typical retail food producer such as Kraft
Foods ships full car-/truckloads of unmixed quantities from plants to warehouses, mixes
the products from several plants, and reships full car-/truckloads to other warehouses and
customers. This allows them to take advantage of full carload rates and get the right mix-
ture of products to locations.

Another function that can be performed at a warechouse is completing or packaging the
product. Shipping in bulk and finishing the product at the warehouse permits the manufac-
turer to delay the addition of that value until the last possible moment. It is also possible
that it can be done with less expensive labor and with better information on local product
needs. Note that product completion and/or packaging at the warehouse necessitates addi-
tional MPC systems to plan and control these activities.

One final warehouses function is providing a point to break bulk. This is an opportunity
to take partial advantage of the substantial difference between LCL (less than carload) rates
and CL (carload) rates for shipping products. By putting a warehouse in a region, the prod-
uct can be transported into that region at the CL rate, and then can be delivered to cus-
tomers at the LCL or local delivery rate. Consider, for example, shipment of products from
Chicago to the southern California region. An example of two alternatives is given in
Figure 10A.5. The example shows a potential cost savings of $720 per week from a Los

Weekly Demand

LTL shipments @ Full truckload shipments

San Francisco (S.F.)

5,000 1b
‘\TL
Los Angeles (L.A.) Chicago ~—— Full truckload Chicago
7,000 Ib LTL
LC

L

LCL

LTL

San Diego (S.D.)

3,000 Ib

Rates LCL Rates with DC
Chicago—SF $15.00/cwt Chicago-LA $9.00/cwt
Chicago-LA 16.00/cwt Local-LA 1.00/cwt
Chicago—SD 16.00/cwt Local-SF 3.00/cwt
Local-SD 2.00/cwt
Cost/week = 50 X 15 =8 750 Cost/week = 150 X 9 = $1,350
70 X 16 = 1,120 50 X3= 150
30X 16 = 480 70X 1= 70
30x2= 60

Total $2,350 Total $1,630
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FIGURE
10A.6

Example
Safety Stock
Savings from
Warehouse
Consolidation

Angeles—based warehouse. This potential saving can be compared to the cost of operating
the warehouse.

Inventory

Several functions of inventory will be mentioned before completing this section on the
elements of the supply chain. Some of the marketing reasons for inventory are the mainte-
nance of a full line of products, the provision of adequate display stock, or the provision of
full inventory pipelines through the channels to each customer. Let’s turn now to some key
operational considerations of inventory in supply chains.

Inventory performs a buffering role in supply chains, but much confusion exists over the
use of order quantities for buffering against uncertainty. Some firms incorrectly believe that
order quantities should be increased when demand becomes less certain (i.e., the forecast
error increases). In fact, it is safety stock that should be managed to buffer against in-
creased uncertainty, not order quantities. In general, to increase safety stock, the order
point needs to be raised, not the order quantity. Changes in the order quantity should be
made as a result of changes in the inventory carrying cost, changes in the setup costs,
changes in quantity discounts or transportation costs, etc.

Safety stock is a function of the demand during lead time. The uncertainty is influenced
by the choice of transportation mode as well as the variability in demand rate. For each lo-
cation, then, there is a possible need for safety stock. Each location will also have cycle
stock, which is the result of shipping in economic quantities. Although safety stock and
cycle stock interact, in this chapter we ignore the interaction in illustrating an important

Location A Location B

"

Central
location
Location Forecast Error Safety Stock”
A o =40 66
B o =60 99
Total 165
Centralt o=72 119

*For 95 percent service level.
FAssuming independent forecast errors at A and B:

o Central = VoA + oB? = V40% + 60% = 72
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Constant Service Level Mixed Service Level
Item Service Forecast Safety Service Forecast Safety
Category Level Error (o) Stock Level Error (o) Stock
A 95% 100 165 95% 100 165
B 95 100 165 85 100 104
C 95 100 165 70 100 53
Total 495 Total 322

Percent of saving in safety stock inventory = (495 — 322)/495 = 35%

trade-off to be considered in designing the supply chain. This trade-off involves the pool-
ing of safety stock at fewer locations to realize inventory savings.

The impact of pooling safety stocks must be evaluated against the possible advantage
(product proximity) provided by a larger number of warehouses. The potential savings in
safety stocks are demonstrated in Figure 10A.6, assuming a one-period lead time. Provid-
ing the service level of 95 percent (the percent of demand that can be satisfied from stock
at both A and B) requires 165 units of safety stock, while consolidation at a central location
requires only 119 units. This is the same phenomenon that our furniture retailer capitalized
on both in creating the New York warehouse and later in creating the eastern seaboard re-
gional warehouse.

The potential saving from warehouse consolidation of safety stock has led many firms
to devise mixed service strategies. Because consolidation locates the inventory farther from
the customers, delivery time may be increased. On the other hand, the savings from reduced
safety stock may more than compensate for this reduction in service with some categories
of products. The mixed service strategy provides different levels of service for different cat-
egories of products. Providing, for example, service level of 95 percent for A items, 85 per-
cent for B items, and 70 percent for C items, can lead to substantial savings in inventory, as
shown in Figure 10A.7. Detailed explanations of A, B, C analysis together with safety stock
calculations are topics of Chapter 11.

Thus far, we have discussed the three basic elements of a supply chain: transportation,
warehouses, and inventory management. We now turn to the information system used to
manage the routine replenishment of supply chain inventories.

Warehouse Replenishment Systems

In this section we describe three basic alternatives to warehouse replenishment: reorder
point/economic order quantity (ROP/EOQ), base stock, and distribution requirements
planning (DRP). We concentrate on the operational differences among these three systems:
the basis for deciding when to ship, how much to ship, which location makes the decision,
and the information required. Figure 10A.8 summarizes these issues.

ROP/EOQ Systems

Historically, and perhaps currently, the dominant method for determining the amount to be
shipped is the use of an economic order quantity, purchase quantity, or shipping quantity,
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FIGURE
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Where Information
When to How Much Decision System
System Order/Ship to Ship Is Made Complexity
Reorder point/ Warehouse Economic lot Warehouse| Low
economic order actual inventory |  size based on
quantity reaches forecast or
reorder point average usage
Base stock Scheduled Actual usage Central Medium
shipment in previous location
dates period
Distribution Projected on- Economic shipment | Central High
requirements hand balance quantity based on location
planning offset by projected time-
lead time phased usage

and a reorder point to establish the timing of the shipment. As seen in Figure 10A.8, the
actual inventory balance in the warehouse is used to determine when the inventory reaches
the reorder point. Order point calculations are covered in Chapter 11. At that point, an order
is released by the warehouse and placed with the central resupply location. Order place-
ment varies from mail forms to Internet-based online communications. Any time delays
between order placement by the warehouse and order receipt by the resupply point have to
be compensated for with longer lead time.

The shipment quantities are determined, using economic order quantity methodology
(described in Chapter 11). The expected demand is assumed to be constant and is based on
past averages or a forecast of future demand. The quantity determination can incorporate
quantity discounts and transportation economies, if necessary. Both are treated in the same
analytical way. Other practical considerations such as full-case, full-pallet, or mixed-
product carloads can also be taken into account.

A key aspect of ROP/EOQ replenishment systems is that the decisions are made at the
warehouse level. From an information point of view, this means that the central location
does not have to maintain inventory records or process detailed warechouse transactions.
The complexity of the information system is low. Information handling and decision mak-
ing are decentralized.

A fundamental disadvantage in the classic ROP/EOQ replenishment system is that the
information received by central has been filtered by the individual decision processes at
each of the warehouses. That is, the demand being expressed by customers is seen by the
warehouses individually. The way in which this demand is transmitted to central is influ-
enced by the parameters of the ROP/EOQ system in use at each warchouse. The problem is
often compounded by the fact that the selection and modification of the system parameters
are also done by warehouse personnel. There is a natural tendency for amplification. As
end-customer demand grows, for example, adjustment of parameters often results in a
larger growth in the orders being placed by the warehouses on the central inventory.
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Still another problem with the pull orientation of ROP/EOQ systems occurs when the
demand on central in a particular time period exceeds the available supply. Some form of
allocation is necessary, but without detailed warehouse information, the allocation will
necessarily be somewhat arbitrary. In a similar vein, phased withdrawals of products will
tend to be uneven at different warehouses. Also, the ability to cross-ship among warehouses
will be reduced. The implication is that centralized information can yield more effective
distribution inventory management.

Base Stock Systems

There are two distinguishing features of the base stock system. The first is the separation of
the information flow on end-item demand from replenishment order data. That is, informa-
tion on actual end-item demand is fed back to all stages in the supply chain, including the
factory. This feedback allows certain key decisions to be based on data that have had no
amplification. The data can be transmitted as received at the warehouse with online com-
munication systems or batched for daily or longer time period processing. The second dis-
tinguishing feature of the base stock system is the establishment of a routine replenishment
cycle. In its simplest form, the base stock system uses a direct replacement system. That is,
the exact amount sold by a warehouse during a fixed time cycle is replenished at the next
shipment time.

The base stock quantities for each warehouse are set to cover the maximum expected de-
mand for each item during the lead time necessary to replenish the warehouse. When the
next delivery is scheduled to leave for a warehouse, the quantity shipped for each item is
the quantity sold since the last delivery plus any adjustments to the base stock level. If, for
example, a truck goes to a warehouse on a weekly basis, the quantity shipment would
replenish the actual usage in the previous week (if there were no information-processing
delays).

The base stock system is predicated on the determination of a shipping frequency to
each distribution center. This is seen in Figure 10A.8 as the when to order/ship decision. In
determining this frequency, a major trade-off is larger shipments made with less frequency,
which can reduce transportation costs, versus smaller shipments made more frequently,
which can reduce warehouse inventory carrying costs.

Although Figure 10A.8 shows the base stock system shipment quantities as equal to the
actual usage in the previous period, convenient shipping sizes can also be accommodated.
For warehouse replenishment, there will almost always be the issue of pack sizes, full-pallet
quantities, etc. This is accommodated by measuring actual demand in the pack or pallet
sizes and then use logic that considers current inventory position at the warehouse.

The base stock system incorporates centralized decision making. Rather than having
warehouses, determine when and how much to ship, these decisions are made routinely
with centrally determined parameters and monitoring. The result is better coordination of
central inventory resources and multilocation demands. The cost is increased information
handling.

An application of the base stock system is the kanban system, which is used in many
manufacturing companies (see Chapter 9). It is a base stock system—applied in a manu-
facturing environment. As a user department actually uses parts provided by a supplier
department, the information is passed back to the supplier department. The form of infor-
mation is empty containers to be refilled with parts by the supplier department and passed
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on to the user department. In other words, the system is designed to have the supplier de-
partment replace the parts the user department just used.

The kanban system inside the factory is based on a fixed lot size (the number of items in
a container). The periodicity or timing of the replenishment order varies, but lots are so small
that, in general, several lots are made in a single day. When the system is applied to vendors,
it is more like the distribution base stock system. The vendor brings in a variable number of
items on a fixed delivery cycle. The number of items in a batch is essentially what was just
used in production.

Distribution Requirements Planning

The primary distinguishing feature of distribution requirements planning (DRP) is the use
of time-phased projected future usage (see Chapter 10 for a detailed discussion of DRP).
This means that the determination of when to ship an order is based on a projected inven-
tory position, and the shipment is made in anticipation of inventory availability as opposed
to reacting to an actual inventory position. Likewise, the determination of the shipping
quantity is made in a similar way from time-phased projected usage information. This
means that replenishment can be based on the best estimates of future needs, with possi-
bilities of combining future requirements to fill trucks or railcars for shipment to ware-
houses. The shipment quantity can be sized using economic order quantity methodology,
taking into account transportation costs. These decisions are illustrated by the information
shown in Figure 10A.8.

An important advantage of using DRP is that decisions can be made at the warehouse,
but the time-phased record information for the warehouse items is also fully visible cen-
trally by manufacturing. This can facilitate the coordination of shipment quantities by both
the warehouse and manufacturing. As an example, the cross-shipping of products between
warehouses is possible when the demand on central exceeds the available supply for a par-
ticular time period. A further advantage of DRP is that local information can be taken into
account in developing the forecast information. For example, in using DRP at Abbott Lab-
oratories, warehouse personnel knew that many customers order more heavily in the first
and third weeks of the month. As a result, these factors could be considered in developing
the product forecasts.

The benefits of DRP do come at a cost of a more complex information system. The costs
of handling inventory tansactions and operating the time-phased DRP system are substantial.

Warehouse Location Analysis

One of the key elements in managing the supply chain activities of a firm is the determina-
tion of how many warehouses to have and where they should be located. We consider
several approaches to that problem in this section. The basic approach we take is to choose
among a set of predetermined alternative locations.

To illustrate the problem and solution approaches, let’s assume that some staff group
has developed the information (perhaps with regression analysis estimates) shown as
Figure 10A.9. This figure shows the annual fixed cost of using each of the possible ware-
houses plus the variable costs associated with serving the customers in particular loca-
tions from each warehouse.
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FIGURE

10A.10
Total Annual
Cost for
Varying
Numbers of
Warehouses

Simulation

A useful approach to determining the number and locations of warehouses is simulation.
One way to do this is to specify a number of warechouses to evaluate—say, two—and
randomly choose several examples of two warehouses. Once a particular set of warehouses
is chosen, customers are assigned to specific warehouses on the basis of minimum cost, and
total annual costs are calculated. For example, a Hammond/Indianapolis set of warehouses
would be calculated as follows (in $1,000 of cost):

Fixed costs =8 + 7 =15
Variable costs (Hammond) = 10 + 22 = 32
(for serving only Gary and Michigan City)

20+5+3+14+8+4+11+19+ 18 =102
15 + 32+ 102 = 149

Variable costs (Indianapolis)
Total costs

Many pairs of warehouses would be similarly evaluated to find a good (but not optimal)
set. Next, a different number of warehouses is investigated in the same way—say, three—
with random sets of three warehouses chosen for analysis. The end result would be the ability
to plot the total annual expected costs as a function of the number of warehouses.
Figure 10A.10 is an example of such a plot. Once the interesting range of the number of
warehouses is determined, more detailed analysis can be made, both in terms of the num-
ber of warehouses and location. At this point, management/subjective considerations can
also be taken into account.

Heuristic Procedures

Several heuristic procedures have been developed to permit rapid determination of good
warehouse location patterns. Among these are the add and drop procedures. The add pro-
cedure will be illustrated with the data from Figure 10A.11. The procedure starts by con-
sidering which single warehouse would serve all the customer locations at the least cost if

Total annual cost

| | | | |
1 2 3 4 5

Number of warehouses
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Location
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Step Warehouses Cost Choice
Warehouse Hammond 171
Indianapolis 152*
Columbus 157 Indianapolis
Terre Haute 160
New Albany 177
Warehouse Hammond 149*
Indianapolis + Columbus 155 Hammond
Terre Haute 154
New Albany 157
Warehouse Columbus 152
Indianapolis + Terre Haute 151 No choice: costs are increasing
Hammond + New Albany 151

*Final choice: Indianapolis and Hammond.

used alone. From Figure 10A.11, we see that this is Indianapolis at a cost of $152K. Once
this warehouse is found, the least cost warehouse to add to the first one is chosen. Here we
see that given that Indianapolis is in place, the cost can be reduced further if we add a ware-
house at Hammond. The total cost now is $149K. Next, the third best warehouse to add to
the first two is determined, and so on, until the addition of another warehouse increases
total costs. In the example shown in Figure10A.11 the addition of a third warehouse to the
combination of warehouses in Indianapolis and Hammond increases costs, so the proce-
dure stops with the two suggested.

Programming Procedures

Neither simulation nor the heuristic procedures guarantee an optimal solution to the selec-
tion of warehouses. It is tempting to suggest that all combinations be examined, that is, to
completely enumerate all possible warehouse customer combinations to find the best. How-
ever, for a typical problem of 100 potential warehouse locations and customers throughout
the United States, enumeration of all possible combinations may not be possible.

Exact procedures do exist for optimally solving the warehouse location problem. Branch-
and-bound techniques have been made quite efficient and are now feasible for problems of
100 to 200 potential warehouses. The general approach of the branch-and-bound technique
is to use the transportation method of linear programming sequentially to bound the solu-
tion space. Linear programming techniques alone cannot be applied because of the fixed
costs associated with each warehouse. The first step in the procedure is to treat all the fixed
costs as variable and solve a transportation linear programming (TLP) problem. The cost of
this solution represents a lower bound on costs in that no solution accounting for the fixed
costs can be better. If the solution to the TLP problem assigns all customers fully to some
of the warehouses that is the solution. If some are only partially assigned, the procedure
continues.

The next step is to select one warehouse that is to be constrained as open. This adds
the full fixed costs of that warehouse. All other fixed costs are still assumed to be variable.
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The TLP produces a lower bound to this condition. Next, the same warehouse is con-
strained to be closed and the TLP solved. Another lower bound is thereby obtained.

The branch with the lowest bound of the two branches (first warehouse open or closed)
is then selected for further analysis. Another warehouse is added and again constrained as
both open and closed. Lower bounds are obtained with TLP, as before. Again the smaller
lower bound path is chosen. The process is repeated until a terminal solution is obtained. A
terminal solution is one where all warehouse are either open or closed. The cost of this ter-
minal solution now becomes an upper bound. That is, it is a feasible solution—any other
solution with a greater cost can be ignored.

All branches for which lower bounds were calculated but not explored en route to ob-
taining the first terminal solution can now be compared with the upper bound. Any
branches that have a lower bound greater than the upper bound can be omitted from further
consideration. Those that are lower have to be evaluated. The evaluation proceeds either
until lower bounds are achieved for the branches that exceed the current upper bound or
until a terminal solution is reached. If the cost of the terminal solution is lower than the cur-
rent upper bound, it becomes the new upper bound.

This basic approach has been augmented to reduce the computational effort. For
example, in the problem shown in Figure 10A.9, it is possible to quickly determine that
the optimal solution will use the Hammond warehouse because Hammond can most
cheaply serve Michigan City and Gary. The next best alternative to serve these two cus-
tomers would add $3,000 and $8,000, respectively. This is more than the fixed costs of the
Hammond warehouse.

Vehicle Scheduling Analysis

In this section we treat vehicle scheduling. We assume a given supply chain system in-
volving the replenishment of customer inventory and a given set of customer locations.
We then determine how vehicles should be best scheduled to achieve the supply chain ob-
jectives. Here, the customer may be manufacturing plants served by a supplier, a set of
warehouses served by a manufacturing plant, or a set of customer locations served by a
warehouse.

The problem typically formulated is to determine the order in which customers will be
visited by delivery/pickup vehicles, often called the route. Other questions include deter-
mination of the proper number of vehicles, the frequency with which each customer should
be visited, and the times to be associated with the stops along the route.

Our approach to vehicle scheduling is to first present a discussion of the traveling sales-
men problem. This provides an analytical framework. We then suggest methods for solving
the problem.

Traveling Salesman Problem

The traveling salesman problem is one of those easily stated but difficult to solve problems
on which mathematicians thrive: Given a set of cities, warehouses, or customers to be
visited, what is the least-cost method of visiting each of them, starting from and returning
to a given point (the central facility)? An example is shown in Figure 10A.12, where there
are five warehouses to be visited from a central plant.
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Matrix and
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Locations of Warehouses and Plants Times between Locations”
5 From  To Warehouse 1 2 3 4 5
Warehouse ? SMECl NN
1 1514|5135
1 2 3.5|4.5|4.5
Warehouse 3 )3
3 4 35
Warehouse
Plant 4
Warehouse
5
Warehouse

*. .. . .
Driving time in hours.

Solution Methodologies

The traveling salesman problem can be formulated as a zero-one integer programming
problem. Optimal solution approaches include branch-and-bound procedures similar to
those discussed for the warehouse location problem and dynamic programming. Producing
optimal procedures becomes computationally costly as the size of the problem goes up.
That is, as the number of customers or warehouses to visit in a schedule increases, the com-
putational costs rise geometrically.

Heuristic procedures have been devised for this problem that produce reasonably good
results in far less time than the optimal procedures. One widely used heuristic is based on the
time-saved concept. The basic consideration is the time or distance that would be saved if two
warehouses were visited in a single tour, as opposed to visiting each separately. For the
example shown in Figure 10A.12, a matrix of time saved can be constructed. Figure 10A.13
provides this information.

Time Saved Formula and Example
2 3 4 5 Time saved x — y =
| s«[111]5 time (P to x) + time (P to y) — time (x to y)
Time saved (1 —2)=3 +3.5— 1.5=5%
2 21210 Timesaved(3 —4)=2+3—-1=4
3 410
4 5

*Time saved by traveling from P—1-2-P instead of P—1-P and P-2-P.
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FIGURE 10A.14 Application of Time-Saved Heuristic

Rank of Pairing by Unconstrained Eight-Hour Constraint
Time Saved Route Route
1-2 5 1-2 P-1-2-P 8 hours
3.4 4 3-4 P-3-4-P 6 hours
2-3 2 1-2-3-4
2-4 2
1-3 1
1-4 1
1-5 .5 5-1-2-3-4
4-5 5 P-3-4-5-P 7.5 hours
2-5 0
35 0 P—5-1-2-3-4-P P-1-2-P, P-3-4-5-P

The time-saved matrix can be utilized for several purposes. But let’s first start with the
determination of the route. The most desirable combinations to put on a route are those that
save the most time. Because a route that goes from 1 to 2 (or vice versa) would save the
most time, it is selected first. The application of the heuristic to the entire set of data in Fig-
ure 10A.13 is illustrated in Figure 10A.14. Also shown are two resultant routes; one if all
warehouse are visited in one route and another if a truck has to return to the plant within an
eight-hour shift.

If no restrictions on time capacity exist, the time-saved procedure suggests first pairing
1-2, next 3—4, and then 2-3. These three pairs lead to the partial route 1-2—3—4. The next
pair that can be used is the 1-5 pair, which suggests a complete route would join 5—1 so that
the complete route would be P-5-1-2-3—4.

The addition of the eight-hour time constraint is readily included in the time-saved
heuristic. In Figure 10A.14, pairs would be combined until the constraint was reached, and
then a new route would be started. The first route would be P—1-2—P using eight hours
(there is no warehouse that can be visited from warehouse 1 or 2 with return made to the
plant within eight hours). The second vehicle would then be routed P-3—4—-5—P to complete
the deliveries.

Other heuristics have also been applied to the traveling salesman problem. One approach
is to take any feasible tour and try to improve it. A feasible tour could be generated ran-
domly or produced with the time-saved heuristic. One improvement procedure would be to
examine pair exchanges. For example, 2—3 and 3—4 could be exchanged for 2—4 and 4-3. If
the result would be a time saving, the exchange would be made.

Customer Service Measurement

The last of our topics in supply chain logistics concerns the measurement of customer ser-
vice. This is included for a very simple reason: Without some objective measure of cus-
tomer service, it is extremely difficult to compare, measure, and control many supply chain
logistics alternatives. We divide the discussion of customer service into make-to-stock
firms and make-to-order firms. However, many of the principles are the same in both cases.
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Make-to-Stock Companies

In this section, we consider firms that ship from an inventory to customers (or provide an
inventory for customers). We look at the difficulty of defining and measuring customer
service.

A major issue in measuring customer service for the make-to-stock firm concerns deliv-
ery timing. Among firms shipping from factory inventories to retail centers, warehouses, or
customers, many feel that customer service should be assessed in terms of the speed of de-
livery. That is, after a customer places an order, how soon is it delivered? This leads to poli-
cies like one-week or overnight delivery. This fixed delivery time implies levels of inventory
and/or capacity that should be thought through carefully before setting the policy.

An alternative measure of customer service is the consistency of delivery. This is
related to available-to-promise logic. Make an honest promise—then keep it. This is not
common, but the emergence of manufacturing planning and control systems is making
it more possible. It still is not as popular as the fixed response ideas—such as next-day
delivery.

Our experience indicates that there is no one best measure. A// firms state that they are
very concerned about customer service, but we find firms falling into two major groups.
The key difference is whether they have unambiguously defined and measured customer
service. One group of firms does not systematically measure and does not have unambigu-
ous definitions of customer service. Among the second group, those who do have defini-
tions and measures, there tend to be very different measurements.

Once the issue of when (promise date or response time) has been resolved, there is
still the issue of how to measure service in terms of what is delivered. Again, there are
a number of different measurements used for this aspect of customer service. One com-
mon measurement is the percent of the items demanded in any period (i.e., a year) actu-
ally supplied from stock when demanded. A related measure is the percent of demand
satisfied from stock during the reorder cycle. The measure reflects the notion that the
exposure to stockouts occurs between the time the replenishment order has been placed
and the time the delivery arrives in inventory. Another measure is the percent of the line
items in an individual customer order that have been filled out of inventory. Still
another measure is the percent of the customers for whom all line items were filled from
inventory.

One has to be a bit careful in selecting among these measures. The objective is to pro-
vide customer service—to measure how well one is doing and to continually look for
improvement, both in the service provided and in the measurement used. If a completely
responsive production facility were available, no customer service issue would ever arise.
All orders would be shipped upon order receipt. While clearly unrealistic for most prod-
ucts, there are some instances where it is competitively necessary to provide such service.
For example, some firms have a customer service policy of “immediate” delivery of spare
parts. Again, one must recognize that this measure is going to fail for some customers
unless the normal demand can be postponed, so the manufacturing facility can literally
make the spare part immediately.

All of these measures signify different aspects of trying to satisfy customer demand. It
is not always possible (or even desirable) to satisfy all demands. Moreover, many actual de-
livery requirements vary. For this reason, variable specifications may be in order, depend-
ing on the customer served.
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Make-to-Order Companies

The primary customer service consideration in a make-to-order (or assemble-to-order)
firm is the ability to meet promised delivery dates. Thus, measuring performance
against these promises is as important in the make-to-order as it is in the make-to-stock
firm. The timing issue is also critical in the make-to-order firm. One key dimension of
timing is the time from order placement until delivery. An important element of this is
the manufacturing lead time. If insufficient time exists, some promises will have to be
made on the basis of previously forecast volumes. Managing that requires an effective
MPC system.

Customer service measurement in the make-to-order firm is somewhat complicated by
the fact that customers often change desired delivery dates. In measurement then, one issue
is whether the change was made by the customer or the manufacturer. Should performance
be measured against the assigned date or the revised date? Against both?

The implications of the necessity to control and measure against delivery promise dates
underscores the need for close coordination between order entry and master production
scheduling. Many make-to-order firms have a simple policy of six weeks (or some other
such period) delivery for every order. If this were correct on the average, it means that in
50 percent of the cases delivery could have been sooner, and in 50 percent of the cases
delivery will be late. It is the function of the master production scheduling activity to mon-
itor the capability of the shop to deliver. This ability to monitor the customer promising
capability through the available-to-promise logic means that the delivery date can be spec-
ified on the basis of actual shop capability, and the supply chain logistics function can
deliver to the customer against a date that was feasible from the shop’s standpoint and
agreeable to the customer.

We see then that customer service measurement is critical to assess supply chain design
choices. It is also intertwined with other manufacturing planning and control (MPC) sys-
tem functions. Good master production scheduling makes for better customer service.
Good execution systems make for an attainable master production schedule. MPC system
strengths can support new and exciting changes in supply chains.

Concluding
Principles

Several technical and managerial principles are discussed in this chapter:

* The role and contributions of each element of a supply chain logistics must be determined
and managed.

* Management must provide the integration for the elements of these systems and evalu-
ate alternatives in terms of total cost.

* The information from distribution requirements planning systems should be used for
planning product deliveries.

* The design of warehouse systems should incorporate the locational (warm puppy) effect
on sales.

* The vehicle scheduling activities must be coordinated with customer service
requirements.

» Customer service objectives and standards must be set and monitored. These should
reflect the types and classes of customers and products.
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. Discuss the strengths and limitations of the supply chain logistics/materials management

concepts.

2. What are some of the key barriers to implementing the total cost concept?
. Provide examples of the evolutionary point of view from your own experience in college, at work,

or in your living unit.

. What kind of customer education might be required to implement a consolidated safety stock

strategy with mixed service levels, such as suggested in Figure10A.7?

. For what kinds of items would you recommend the ROP/EOQ system, the base stock system, and

the DRP system?

. The warehouse location analysis requires a substantial amount of data on each potential loca-

tion. How would you go about reducing the data requirement for sites that may not even be
used?

. How would you choose a customer service measure?

1. The Cord Company, a Miami, Ohio, manufacturing firm, has a blanket contract to supply a spe-
cial power unit for electric windows on a luxury car. The remaining requirements by month for
the next model year are as follows:

January  February  March  April  May June
50 100 100 50 100 50

Cord must pay the freight to Detroit. The car company has said they must have each month’s
requirements on hand at the start of each month but prefer to have no more. If more power units
are delivered than are required in a month, Cord is changed $1 per unit per month storage. Cord
has completed the production of all current model power units and has 450 of them in inventory
for this contract. Assume that the relevant costs only relate to transportation to the customer and
the carrying cost charged by the customer for inventory carried on their site.

a. The truck firm that Cord currently uses can deliver overnight and offers a transportation rate
break at 1,000 units. The current landed cost at Detroit is $21.10/unit, and for shipments of
1,000 units and more, the landed cost is $20.00 per unit. How should Cord ship to minimize
costs for the last six months?

b. A competing truck firm has offered to deliver the power units to Detroit for the same rates
but with the break point reduced to 200 units (i.e., for shipments of 200 units or more, the
landed cost will be $20.00 per unit). What shipping schedules and truck firm should the com-
pany use?

2. The following matrix represents a warehouse location problem. There is a fixed cost for opening

any of the five possible warehouses, and the cell entries for each customer are the variable costs
of serving that customer from each potential warehouse. The variable costs include inbound
transportation, outbound transportation, and warehouse operating costs for all the customer’s
requirements. The objective is to determine which warehouses should be used to serve all cus-
tomers at minimum total cost. There are no capacity restrictions on the potential warehouses, but
some warehouses cannot serve some customers.
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Warehouses | Fixed Customers
Possible Costs | 1 2131456
A 6 85|22 |6]6
B 6 9| x| 8|9 |2]6
c 5 7 4 7 5 6 4
b 8 4136 |x 3]s
E 8 6| 2(6|6|4]|3s

Note: X indicates no service is possible between warehouse and customer.

Apply the add procedure to solve this warehouse location problem. Determine which warehouse
should service each customer and indicate the total cost of your solution.

3. The travel time (in hours) between a depot (D) and each of three customers (A, B, and C) is rep-
resented by the following matrix:

To Location
D| A |B|C
D — | 3|6 | 4
From A 3| — |8 >
Location B 6 8 |— | 3
C 4 3 | —

a. Use the time-saved method for developing a route that minimizes time for a single vehicle
(without capacity restrictions) to follow in visiting each of these customers. Assume that the
vehicle will start at the depot and must return to the depot.

b. Could the time-saved method be used if there were a 15-hour limit on a vehicle away from the
depot? How?

4. The following matrix represents the driving times (in hours) between the customers of a company
that delivers product to them on a daily basis. The number of units to meet the daily requirement
for each customer is also given:

To Customer Units
A* B C D E Required

A* — 2 1 1 2 —

B 2 — 1 2 4 40
From
Customer - ! ! - 2 2 20

D 1 2 2 — 3 50

E 2 4 2 3 — 30

*Site “A” is the company warehouse.
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The company uses a single vehicle that has 100 units of capacity to make deliveries.

a. Using the time-saved heuristic, develop the route(s) that a vehicle should use (i.e., the order
in which the customers should be visited).

b. How long will it take the vehicle to make the deliveries? How many trips will the vehicle
make?

c. Show in detail the steps in the procedure used to solve this problem.

. The traffic manager for Superior Steel Company in Albany is trying to decide the cheapest way
to ship his product to customers in Wayword and Leftover. The demand is 5,000 at Wayword and
6,000 at Leftover. The drop charges are $50 at either Wayword or Leftover. The alternate routes
and rates are shown here:

Origin Destination Via Weight Rate
Albany Wayword Direct <10,000 $ 6/cwt.
Albany Wayword Direct >10,000 4/cwt.
Albany Wayword Leftover Any quantity 8/cwt.
Albany Leftover Direct <8,000 5/cwt.
Albany Leftover Direct >8,000 4/cwt.
Albany Leftover Wayword <5,000 10/cwt.
Albany Leftover Wayword >5,000 7/cwt.
Leftover Wayword Direct Any quantity 4/cwt.
Wayword Leftover Direct <5,000 4/cwt.
Wayword Leftover Direct >5,000 2/cwt.

What is the lowest cost shipping policy for Superior Steel Company? What is the total cost of
this policy?
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Order Point Inventory
Control Methods

This chapter concerns managing inventory items that are found at many points in a sup-
ply chain, including finished goods in factories, field warehouses, and distribution cen-
ters; spare-parts inventories; office and factory supplies; and maintenance materials.
Such items are subject to independent random demand, and not the dependent demand
on inventories of raw materials and component parts used in the production of end
products. However, many of the underlying principles of the inventory management
techniques described in this chapter apply to the management of dependent-demand
items as well as independent-demand items, and we will indicate these similarities in
our discussion.

The inventory management techniques described in this chapter are commonly referred to
as order point methods. They are used to determine appropriate order quantities and timing
for individual independent-demand product items that are characterized by random customer
demand. If we perform these inventory management functions well, we can provide appro-
priate levels of customer service without excess levels of inventory or management costs.

This chapter is organized around six topics:

* Basic concepts: What are the functions of independent demand inventory?

*  Management issues: How can routine inventory decisions be implemented, and how is
performance measured?

o [Inventory-related costs: How are costs of the inventory system measured and used?

o Economic order quantity model: What techniques are used to determine the quantity to
order?

* Order timing decisions: How can we determine timing of orders and set the level of
safety stock?

*  Multi-item management: What techniques are available for focusing management
attention on the important items?
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Basic Concepts

The investment in inventory typically represents one of the largest single uses of capital in
a business, often more than 25 percent of total assets. In this section, we discuss different
types of inventory, distinguishing between independent- and dependent-demand items.
We also describe functions of different types of inventories (transit, cycle, safety, and an-
ticipation stock).

Independent- versus Dependent-Demand Items

This chapter concerns managing independent demand inventories. The demand for items
contained in independent demand inventories (such as those stocked in the distribution cen-
ter and field warehouses in Figure 11.1) is primarily influenced by factors outside of com-
pany decisions. These external factors induce random variation in demand for such items.
As aresult, demand forecasts for these items are typically projections of historical demand
patterns. These forecasts estimate the average usage rate and pattern of random variation.

Demand for inventory items at the manufacturing stage in Figure 11.1 (e.g., raw mater-
ial and component items) is directly dependent on internal factors well within the firm’s
control, such as the final assembly schedule (FAS) or master production schedule (MPS);

FIGURE 11.1 Dependent and Independent Demand Inventories
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that is, demand for raw materials and component items is a derived demand, which we can
calculate exactly once we have the FAS or MPS. Therefore, demand for end-product items
is called independent demand, while demand for items contained in manufacturing inven-
tories is called dependent demand.

There are other examples of independent-demand inventories in a supply chain context.
Items subject to random use such as spare parts for production equipment, office supplies,
and production supplies used to support the process all have independent demands. The
techniques described in this chapter are suitable for all such items. Demand for these items
can’t be calculated from a production schedule or other direct management program.

Functions of Inventory

An investment in inventory enables us to decouple successive operations or anticipate changes
in demand. Inventory also enables us to produce goods at some distance from the actual con-
sumer. This section describes four types of inventories that perform these functions.

Transit stock depends on the time to transport goods from one location to another.
These inventories (along with those in distribution centers, field warehouses, and
customers’ locations) are also called pipeline inventories. Management can influence the
magnitude of the transit stock by changing the distribution system’s design. For example,
in-transit inventory between the raw material vendor and factory can be cut by (1) chang-
ing the transportation method (e.g., switching from rail to air freight) or (2) switching to a
supplier closer to the factory to reduce transit time. These choices, however, involve cost
and service trade-offs, which need to be considered carefully. For example, shipping raw
material by air freight instead of by rail may cut transit time in half and therefore reduce av-
erage pipeline inventory by 50 percent, but it might increase unit cost because of higher
transportation costs. Therefore, the consequences of changing suppliers or transport modes
should be weighed against investing in more (or less) inventory.

Cycle stock exists whenever orders are made in larger quantities than needed to satisfy
immediate requirements. For example, a distribution center may sell two units of a given end
item weekly. However, because of scale economies with larger shipping quantities, it might
choose to order a batch of eight units once each month. By investing in cycle stock, it can
satisfy many periods of demand, rather than immediate need, and keep shipping costs down.

Safety stock provides protection against irregularities or uncertainties in an item’s de-
mand or supply—that is, when demand exceeds what’s forecast or when resupply time is
longer than anticipated. Safety stock ensures that customer demand can be satisfied
immediately, and that customers won’t have to wait while their orders are backlogged. For
example, a portion of the inventory held at distribution centers may be safety stock. Sup-
pose average demand for a given product in a distribution center is 100 units a week, with
an average restocking lead time of one week. Weekly demand might be as large as 150 units
with replenishment lead time as long as two weeks. To ensure meeting the maximum
demand requirements in this situation, a safety stock of 200 units might be created.

An important management question concerns the amount of safety stock actually
required; that is, how much protection is desirable? This question represents an inventory-
investment trade-off between protection against demand and supply uncertainties and costs
of investing in safety stock.

Anticipation stock is needed for products with seasonal patterns of demand and uni-
form supply. Manufacturers of children’s toys, air conditioners, and calendars all face peak
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demand conditions where the production facility is frequently unable to meet peak seasonal
demand. Therefore, anticipation stocks are built up in advance and depleted during the
peak demand periods. Again, trade-offs must be considered. An investment in additional
factory capacity could reduce the need for anticipation stocks.

Management Issues

FIGURE 11.2

Inventory
Decision Rules

Several issues surround the management of independent-demand inventories. In this sec-
tion we look at three: making routine inventory decisions, determining inventory system
performance, and timing implementation.

Routine Inventory Decisions

Basically only two decisions need to be made in managing independent-demand invento-
ries: how much to order (size) and when to order (timing). These two decisions can be made
routinely by using any one of the four inventory control decision rules in Figure 11.2. The
decision rules involve placing orders for either a fixed or a variable order quantity, with
either a fixed or a variable time between successive orders. For example, under the com-
monly used order point (Q, R) rule, an order for a fixed quantity (Q) is placed whenever the
stock position reaches a reorder point (R). The stock “position” is the on-hand balance ad-
justed by orders placed but not delivered and inventory already allocated for a specific use.
Likewise, under the S, T rule, an order is placed once every T periods for an amount equal-
ing the difference between current position and a desired inventory level (S) on receipt of
the replenishment order.

Effective use of any of these decision rules involves properly determining decision rule
parameter values (e.g., O, R, S, and T'). This chapter details procedures for determining order
quantity (Q) and reorder point (R) parameters for the order point rule, and it gives references
covering determination of parameter values for the other decision rules in Figure 11.2.

Determining Inventory System Performance

A key management issue is determining the inventory control system’s performance. We’ve
already mentioned how large the investment in inventory can be. That investment’s size makes
it a visible performance measure. Because of this, some managers simply specify inventory
reduction targets as the performance measure. Unfortunately this is usually too simplistic.
It doesn’t reflect trade-offs between the inventory investment and other benefits or activities
in the company, nor does it account for the magnitude of the demand on the inventory.

To overcome the latter concern, a common measure of inventory performance, inventory
turnover, relates inventory levels to the product’s sales volume. Inventory turnover is computed

Order Quantity
Order frequency Fixed Q* Variable S*
Variable R¥ QR S, R
Fixed T¢ QT S, T

*0 = order a fixed quantity Q.

7S = order up to a fixed expected opening inventory quantity S.
R = place an order when the inventory balance drops to R.

T = place an order every T periods.
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as annual sales volume divided by average inventory investment. Thus, a product with an-
nual sales volume of $200,000 and average inventory investment of $50,000 has inventory
turnover of 4. That is, the inventory was replaced (turned) four times during the year.

Turnover is often used to compare an individual firm’s performance with others in the
same industry or to monitor the effects of a change in inventory decision rules. High inven-
tory turnover suggests a high rate of return on inventory investment. Nevertheless, though it
does relate inventory level to sales activity, it doesn’t reflect benefits of having the inventory.

To capture a major benefit of inventory, some firms use customer service to assess their
inventory system performance. One common measure of customer service is the fill rate
(the percentage of units immediately available when requested by customers). Thus, a
98 percent fill rate means only 2 percent of the units requested weren’t on the shelf when a
customer asked for them. A 98 percent fill rate sounds good. On the other hand, a 2 percent
rate of unsatisfied customers doesn’t. Some firms now use a dissatisfaction measure to
focus attention on continuous improvement of customer service.

Other measures of inventory-related customer service can be used, but all attempt to for-
malize trade-offs in costs and benefits. Common among the alternatives are the percentage
of the different items ordered that were available, number of times any shortage occurred
in a time period, length of time before the item was made available, and percentage of cus-
tomers who suffered a lack of availability. The correct measure or measures depend on the
reason for having the inventory, the item’s importance, the nature of the business, and the
firm’s objectives.

Implementing Changes in Managing Inventory

After analysis of the appropriate decision rules and performance measures, the critical
management task is making the changes to improve inventory performance. Appropriate
timing of these changes is important. Informal procedures may be quite effective for man-
aging inventories in a small-scale warehouse; as the number of products and sales volumes
increases, more formal inventory control methods are needed to assure continued growth.
Further improvements might be warranted as the business grows and as inventory manage-
ment technology improves.

Some of this chapter’s concepts require new mindsets, such as the distinction between de-
pendent and independent demand. Other concepts require new organizational objectives and
role changes throughout the company. Both these issues must be explicitly considered in tim-
ing implementation. One final caveat in implementation, especially for highly automated
computer systems: the basic systems must be in place first. If inventory accuracy is poor, com-
puterizing only means that mistakes can be made at the speed of light! If the warehouse
currently runs on informal knowledge of what’s where and how much is available, or if some
inventory is held back by salespersons for “their” customers, a formal system won’t help. Basic
disciplines and understandings must be in place before formal decision rules are developed.

Inventory-Related Costs

Investment in inventory isn’t the only cost associated with managing inventories, even
though it may be the most visible. This section treats three other cost elements: cost of
preparing an order for more inventory, cost of keeping that inventory on hand until a customer
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requests it, and cost implied when there is a shortage of inventory. We’ll also discuss in-
cremental costs in the context of inventory management.

Order Preparation Costs

Order preparation costs are incurred each time an inventory replenishment order is placed.
Included are the variable clerical costs associated with issuing the paperwork, plus any one-
time costs involved in, for example, transporting goods between plants and distribution
centers. Work measurement techniques, such as time study, can be used to measure the
labor content of order preparation. Determining other order preparation costs is sometimes
more subtle. For instance, the inventory balance might need to be verified before ordering.
Sometimes there may be a fixed cost for filling out a form and a variable cost for each item
ordered. Companies frequently bear large costs of maintaining files, controlling quality,
and verifying accurate receipts, as well as other hidden costs.

Inventory Carrying Costs

Inventory commits management to certain costs that are related to inventory quantity,
items’ value, and length of time the inventory is carried. By committing capital to inven-
tory, a firm forgoes use of these funds for other purposes (e.g., to acquire new equipment,
to develop new products, or to invest in short-term securities). Therefore, a cost of capital,
which is expressed as an annual interest rate, is incurred on the inventory investment.

The cost of capital may be based on the cost of obtaining bank loans to finance the in-
ventory investment (e.g., 5 to 20 percent), the interest rate on short-term securities the
firm could earn if funds weren’t invested in inventory (e.g., 5 to 15 percent), or the rate
of return on capital investment projects that can’t be undertaken because funds must be
committed to inventory. For example, the cost of capital for inventory investment might
be 25 percent in the case where a new machine would yield a 25 percent return on in-
vestment. In any case, capital cost for inventory might be determined by alternative uses
for funds. Cost of capital typically varies from 5 to 35 percent, but climbs substantially
higher in some cases.

The cost of capital is only one part of inventory holding cost. Others are the variable
costs of taxes and insurance on inventories, costs of inventory obsolescence or product
shelf life limitations, and operating costs involved in storing inventory—for example,
rental of public warehousing space, or costs of owning and operating warehouse facilities
(such as costs of heat, light, and labor). One example of product obsolescence is that of
freshly cut flowers, which must be replaced each week. This implies at least a 5,200 percent
annual cost to carry fresh flowers.

As an example, if capital cost is 10 percent, and combined costs of renting warehouse
space, product obsolescence, taxes, and insurance come to an additional 10 percent of the
average value of the inventory investment, total annual cost of carrying inventory is 20 per-
cent of the cost of an inventory item. In this example, an inventory item costing $1 per unit
would have an inventory carrying cost of $0.20/unit/year.

Shortage and Customer Service Costs

A final set of inventory-related costs consists of those incurred when demand exceeds the
available inventory for an item. This cost is more difficult to measure than the order prepa-
ration or inventory carrying costs.
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In some cases, shortage costs may equal the product’s contribution margin when the cus-
tomer can purchase the item from competing firms. In other cases, it may involve only the
paperwork required to keep track of a back order until a product becomes available. How-
ever, this cost may be very substantial in cases where significant customer goodwill is lost.
The major emphasis placed on meeting delivery requirements in many firms suggests that,
while shortage and customer service costs are difficult to measure, they’re critical in
assessing inventory performance.

Customer service measures are frequently used as surrogate measures for inventory
shortage cost—for example, the fill rate achieved in meeting product demand (i.e., the per-
centage of demand supplied directly from inventory on demand). If the annual demand for
an item is 1,000 units and 950 units are supplied directly from inventory, a 95 percent fill
rate is achieved.

The level of customer service can be measured in several ways; examples include the fill
rate, average length of time required to satisfy back orders, or percentage of replenishment
order cycles in which one or more units are back-ordered. Level of customer service can
also be translated into level of inventory investment required to achieve a given level of
customer service. As an example, a safety stock of 1,000 units may be required to achieve
an 85 percent customer service level, while 2,000 units of safety stock may be required to
achieve a 98 percent customer service level. Translating customer service level objectives
into the inventory investment required often is useful in determining customer service
level/inventory trade-offs.

Incremental Inventory Costs

Two criteria are useful in determining which costs are relevant to a particular inventory man-
agement decision: (1) Does the cost represent an actual out-of-pocket expenditure or a for-
gone profit? (2) Does the cost actually vary with the decision being made? Determining the
item cost used in calculating inventory carrying cost is a good illustration of applying these
criteria. The item’s cost should represent the actual out-of-pocket cost of purchasing or
producing the item and placing it in inventory (i.e., an item’s variable material, labor, and
overhead costs). An element of the overhead cost, such as a cost allocation for general ad-
ministrative expenses, isn’t an actual out-of-pocket expenditure.

Another example involves measuring clerical costs incurred in preparing replenishment
orders. If clerical staff size remains constant throughout the year, regardless of the number
of replenishment orders placed, this cost is not relevant to the decision being made (i.e., the
replenishment order quantity). These examples are not meant to be exhaustive, but rather
illustrative of the careful analysis required in determining costs to be considered in evalu-
ating inventory management performance.

An Example Cost Trade-Off

Order quantity decisions primarily affect the amount of inventory held in cycle stocks at var-
ious stocking points in the different stages of the supply chain in Figure 11.1. Large order
quantities mean orders are placed infrequently and lead to low annual costs of preparing re-
plenishment orders, but they also increase cycle stock inventories and annual costs of carry-
ing inventory. Determining replenishment order quantities focuses on the question of what
quantity provides the most economic trade-off between order preparation and inventory car-
rying costs. A television set stocked in a distribution center is used to illustrate this trade-off.
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The LCD television is sold to several hundred retail stores from a distribution center. To
avoid excessive inventories, stores place orders frequently and in small quantities. The demand
for the LCD television at a typical retail store was obtained from past sales records. It averages
five units per weekday (or 1,250 units per year). The LCD television can be obtained within a
one-day lead time from the distribution center (DC) serving the retail stores. This requires
preparing an order and faxing it to the DC. The variable cost of preparing a replenishment
order is estimated to be $6.25. The firm’s cost of carrying inventory is estimated at 25 percent
of the item cost per year, including variable costs of capital, insurance, taxes, and obsolescence.
Because the LCD television unit cost is $100, inventory carrying cost is $25/unit/year.

Currently, the retail stores order the LCD television on a daily basis in lots of five units.
The solid line in Figure 11.3 plots the inventory level versus time for this decision rule. This
plot assumes demand is constant at five units per day, and the resulting average inventory
level is 2.5 units. Because orders are placed daily, 250 orders are placed per year, costing a
total of $1,562.50/year ($6.25 x 250). The average inventory of 2.5 units represents an an-
nual inventory carrying cost of $62.50 a year (2.5 x $25), yielding an overall combined
cost of $1,625/year for placing orders and carrying inventory.

The dashed line in Figure 11.3 shows the inventory level plot for an alternative order
quantity of 25 units, or placing orders weekly. In this case, average inventory is 12.5 units
and 50 orders are placed annually. The larger order quantity in this case provides important
savings in ordering cost ($312.50 versus the previous $1,562.50) with an increase in annual
inventory cost ($312.50 versus the previous $62.50). Overall, a shift to a larger order quan-
tity produces a favorable trade-off between ordering and inventory carrying costs, which
cuts total cost to $625 per year.

A number of order quantities could be evaluated to determine the best trade-off between
ordering and inventory carrying costs. The economic order quantity model, however, en-
ables us to determine the lowest-cost order quantity directly.
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Economic Order Quantity Model

The order quantity decision is formally stated in the economic order quantity (EOQ)
model. This equation describes the relationship between costs of placing orders, costs of
carrying inventory, and the order quantity. This model makes several simplifying assump-
tions: the demand rate is constant, the costs don’t change, and production and inventory
capacity are unlimited. Despite these seemingly restrictive assumptions, the EOQ model
provides useful guidelines for ordering decisions—even in operating situations that depart
substantially from these assumptions.
The total annual cost equation for the economic order quantity is

TAC = (4/Q)Cp + (0/2)Cy (11.1)

This equation contains two terms. The first term, (4/Q)Cy, represents annual ordering cost,
where A is annual demand for the item, Q is order quantity, and Cpis cost of order prepa-
ration. Therefore, the total ordering cost per year is proportional to the number of orders
placed annually (4/0).

The second term, (Q/2)C,,, represents annual inventory carrying cost, where average in-
ventory is assumed to be half the order quantity (Q), and C,, is the inventory carrying cost
per unit per year; that is, item cost (v) times the annual inventory carrying cost rate (C,).

Combined costs of ordering and carrying inventory are expressed as a function of the
order quantity (Q) in Equation (11.1), enabling us to evaluate the total cost of any given
order quantity.

Determining the EOQ

One method of determining the lowest-cost ordering quantity is to graph the total cost
equation for various order quantities. Figure 11.4 plots the total cost equation for the LCD
television for several different order quantities for the following data:

4 = 1,250
C, = 6.25
CH =25

TAC = (1,250/0)6.25 + (0/2)25

Minimum total cost can be found graphically to equal 25 (i.e., placing orders weekly).
Both terms of the total-cost equation are also plotted. We should note several facts in these
graphs. First, inventory carrying costs increase in a straight line as order quantity is
increased, while ordering cost diminishes rapidly at first and then at a slower rate as the
ordering cost is allocated over an increasing number of units. Second, for this cost struc-
ture, the minimum cost solution exists where the ordering cost per year equals annual in-
ventory carrying cost. (This observation is used in developing lot-sizing decision rules for
dependent-demand items.) Finally, total cost is relatively flat around the minimum cost
solution (Q = 25 in this case), indicating inventory management performance is relatively
insensitive to small changes in order quantity around the minimum-cost solution.
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A second and more direct method of solving for the minimum-cost order quantity is by
using the EOQ formula in Equation (11.2):

2C,A
Cu
This formula is derived from the total cost equation (11.1) by using calculus. That is,

Equation (11.1) is differentiated with respect to the decision variable Q and solved by set-
ting the resulting equation equal to zero, as Equations (11.3) through (11.6) show:

EOQ = (11.2)

dTAC/dQ = —C(4/0%) + Cy,/2 (11.3)
C,4/0% = Cy/2 (11.4)
0?=2C,4/Cy (11.5)

EOQ = ZC’;A (11.6)

where EOQ = the optimal value of Q.

Using the EOQ formula for the LCD television produces a lot size of 25; that is,
V[(2)(6.25)(1250)] /25. In using this expression, we must make sure both demand and
inventory carrying costs are measured in the same units (1,250 units/year and $25/unit/
year, in this case).

In addition to its use in determining order quantities, the EOQ formula can also be used
to develop another important measure in the control of inventories, the economic time
between orders (TBO). The formula to calculate TBO in weeks is

TBO = EOQ/D (11.7)

where D = average weekly usage rate.
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For the LCD television, the TBO equals one week (25 units/order)/(25 units/week). This
measure can be used to determine an economic ordering frequency or time between inven-
tory reviews. In the case of the LCD television, we might consider using a Q, T decision
rule; that is, order an economic lot size weekly.

Order Timing Decisions

In this section we describe timing of replenishment orders under the order point rule O, R
from Figure 11.2. This means calculating the reorder point (R). The inventory level is as-
sumed to be under continuous monitoring (review), and, when the stock level reaches the
reorder point, a replenishment order for a fixed quantity Q is issued. Setting the reorder
point is influenced by four factors: demand rate, lead time required to replenish inventory,
amount of uncertainty in the demand rate and in the replenishment lead time, and manage-
ment policy regarding the acceptable level of customer service.

When there’s no uncertainty in an item’s demand rate or lead time, safety stock isn’t
required, and determination of the reorder point is straightforward. For example, if the
LCD television’s demand rate is assumed to be exactly five units per day, and replenishment
lead time is exactly one day, a reorder point of five units provides sufficient inventory to
cover demand until the replenishment order is received.

Using Safety Stock for Uncertainty

The assumptions of fixed demand rate and constant replenishment lead time are rarely jus-
tified in actual operations. Random fluctuations in demand for individual products occur
because of variations in the timing of consumers’ purchases of the product. Likewise, the re-
plenishment lead time often varies because of machine breakdowns, employee absenteeism,
material shortages, or transportation delays in the factory and distribution operations.

The LCD television illustrates the amount of uncertainty usually experienced in demand
for end-product items. Analysis of this item’s retail sales and inventory records indicates re-
plenishment lead time is quite stable, requiring a one-day transit time from the distribution
center to the retail stores. However, daily demand D varies considerably from day to day.
While daily demand averages five units, demands of from one to nine units have been
experienced, as the demand distribution in Figure 11.5 shows.

If the reorder point is set at five units to cover average demand during the one-day
replenishment lead time, inventory shortages of one to four units can result when daily
demand exceeds the average of five units, that is, when demand equals six, seven, eight, or
nine units. Therefore, if we’re to protect against inventory shortages when there’s uncer-
tainty in demand, the reorder point must be greater than average demand during the re-
plenishment lead time. The difference between the average demand during lead time and
the reorder point is called safety stock (). Increasing the reorder point to nine units would
provide a safety stock of four units as long as the LCD television’s historical pattern of
demand does not change.

The Introduction of Safety Stock

Figure 11.6 illustrates introducing safety stock into the reorder point setting. The reorder
point R in this diagram has two components: safety stock level S, and level of inventory



Order Timing Decisions 431

FIGURE 11.5 ,
LCD Television 030 =
Daily Demand g
Distribution &
3
3
= 020 ] p
g
g
Q
o
G
o
2
Z 010+
<
o
2
) I I
1 2 3 4 5 6 7 8 9
Daily demand (D)
0.01 0.04 0.10 0.20 0.30 0.20 0.10 0.04 0.01
Probability of demand
FIGURE 11.6
Introducing
Safety Stock
as a Buffer
against Demand
Variability —
[
&
S — SN
z N,
S C
e
L Time

(R — S) required to satisfy average demand d during the average replenishment lead time L.
The reorder point is the sum of these two: R = d + S. To simplify this explanation, lead
time in Figure 11.6 is assumed to be constant while demand rate varies.

When a replenishment order is issued (at point @), demand variations during the replen-
ishment lead time mean the inventory level can drop to a point between b and e. In the LCD
television’s case, the inventory level may drop by one to nine units (points b and e, respec-
tively) before a replenishment order is received. When demand equals the average rate of
five units or less, the inventory level reaches a point between b and ¢, and the safety stock
isn’t needed. However, when the demand rate exceeds the five-unit average and inventory
level drops to a point between c and e, a stockout will occur unless safety stock is available.
(We can construct a similar diagram when both demand rate and lead time vary.)
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Determining the Safety Stock

Before deciding the safety stock level, we must establish a criterion for determining how
much protection against inventory shortages is warranted. One of two different criteria is
often used: the probability of stocking out in any given replenishment order cycle, or the
desired level of customer service in satisfying product demand immediately out of
inventory (the fill rate). We illustrate both criteria using the demand distribution for the
LCD television in Figure 11.5.

Stockout Probability

One method for determining the required level of safety stock is to specify an acceptable
risk of stocking out during any given replenishment order cycle. Figure 11.5 provides de-
mand distribution data for this analysis for the LCD television. There is a 0.05 probability
of demand exceeding seven units (i.e., a demand of either eight or nine units occurring). A
safety stock level of two units (meaning a reorder point of seven units) would provide a risk
of stocking out in 5 percent (1 out of 20) of the replenishment order cycles. This safety
stock level provides a 0.95 probability of meeting demand during any given replenishment
order cycle. Note this means there is a 0.05 probability of stocking out by either one or two
units when demand exceeds seven units.

We can reduce the risk of stocking out by investing more in safety stock; that is, with
safety stock of three units, the probability of stocking out can be cut to 0.01, and with four
units of safety stock the risk of stocking out is 0, assuming the demand distribution doesn’t
change. Thus, one method of determining the required level of safety stock is to specify an
acceptable trade-off between the probability of stocking out during a replenishment order
cycle and investment of funds in inventory.

Customer Service Level

A second method for determining the required level of safety stock is to specify an
acceptable fill rate. For doing this, we define the customer service level as the per-
centage of demand, measured in units, that can be supplied directly out of inventory.
Figure 11.7 provides data for calculations for the LCD television. It shows a safety
stock of one unit, which enables 95.8 percent of the annual demand of 1,250 units for

Probability Average Number

Reorder Safety Demand of Stocking of Shortages per Service
Point Stock Probability, Out, Replenishment Level
S P(d) =R P(d) > R Order Cycle* SL, %

5 0 0.30 0.35 0.56 88.8

6 1 0.20 0.15 0.21 95.8

7 2 0.10 0.05 0.06 98.8

8 3 0.04 0.01 0.01 99.8

9 4 0.01 0.00 100.0

*Calculated by Y%, P(d)(d — R).
fAssuming the replenishment order quantity is five units.
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this item to be supplied directly out of inventory to the customer. We compute the ser-
vice level as follows:

dmax

SL =100 — (100/Q) >, P(d)d — R) (11.8)
d 1

where
O = order quantity
R = reorder point
P(d) = probability of a demand of d units during the replenishment lead time
dyax = maximum demand during the replenishment lead time

For example, when the safety stock is set at one unit in Figure 11.7, we compute the service
level as

SL = 95.8 = 100 — (100/5)[(0.01)(3) + (0.04)(2) + (0.1)(1)] (11.9)

A service level of 95.8 percent means 4.2 percent of the annual demand, or
(0.042)(1,250) = 52.5 units, can’t be supplied directly out of inventory. Returning to when
the store was ordering five units, and the item was ordered 250 times per year, the average
number of stockouts per reorder cycle would be 0.21 (i.e., 52.5/250), as shown in Figure 11.7.

Figure 11.7 shows the effect of increasing the safety stock level on both the service level
and the average number of shortages per replenishment order cycle. The service level can
be raised to 100 percent by increasing safety stock to four units. Again, as in the case of the
stockout probability method described previously, choice of the required safety stock level
depends on determining an acceptable trade-off between customer service level and inven-
tory investment.

So far, the safety stock and order quantity parameters for an order point system have
been determined separately. These two parameters are, however, interdependent in their
effect on customer service level performance. We can see this interactive effect in Equa-
tion (11.8), because both safety stock level and order quantity size affect the level of cus-
tomer service.

Continuous Distributions

Two different criteria for determining the required safety stock level and the reorder point
have been described (i.e., use of a stockout probability and a desired level of customer
service). Indiscussing both criteria, we used a discrete distribution to describe the uncertainty
in demand during the replenishment lead time. It’s frequently convenient to approximate a
discrete distribution with a continuous distribution to simplify the safety stock and reorder
point calculations. One distribution that often provides a close approximation to empirical
data is the normal distribution. In this section, we indicate the changes required in the calcu-
lations when the normal distribution is used to describe uncertainty in demand during the re-
plenishment lead time.

Figure 11.8’s data enable us to compare the empirically derived probability values for
the LCD television demand in Figure 11.5, with similar values derived from the normal



434 Chapter 11

Order Point Inventory Control Methods

FIGURE 11.8 Normal Approximation to the Empirical Demand Distribution*
Discrete Normal Probability of Expected Number
Midpoint Distribution Distribution Demand Exceeding of Stockouts When
X Probability Interval Probability (X+0.5) Reorder Point = X'
1 0.01 0.5-1.5 0.0085 0.9902 4.0068
2 0.04 1.5-2.5 0.0380 0.9522 3.0128
3 0.11 2.5-3.5 0.1109 0.8413 2.0591
4 0.20 3.5-4.5 0.2108 0.6305 1.2303
5 0.30 4.5-5.5 0.2610 0.3695 0.5983
6 0.20 5.5-6.5 0.2108 0.1587 0.2255
7 0.10 6.5-7.5 0.1109 0.0478 0.0641
8 0.04 7.5-8.5 0.0380 0.0098 0.0127
9 0.01 8.5-9.5 0.0085 0.0013 0.0018

*A x? test indicates that these two distributions are not significantly different. (x> = 8.75 versus 20.09 at the 0.01 level of significance.)
This is 0,£(Z) based on the E(Z) values from R. G. Brown, Decision Rules for Inventory Management. New York: Holt, Rinehart & Winston, 1967, pp. 95-103.

FIGURE 11.9
Daily Demand
Distribution

distribution. The comparison shows the normal distribution closely approximates the em-
pirical observations and can be used to determine safety stock and reorder point levels.

Probability of Stocking Out Criterion
When the probability of stocking out is used as the safety stock criterion, the required level
of safety stock and the reorder point values are easily computed by using the normal distri-
bution. First, we determine the mean and standard deviation for the distribution of demand
during the replenishment lead time. These values have been calculated for the empirical
distribution data for the LCD television in Figure 11.5 and are shown in Figure 11.9 along
with examples of the area (probability) under the normal distribution. (Refer to the appen-
dix at the end of the book for a table of normal distribution probabilities.)

Next, we can calculate the safety stock (or reorder point) value using a table of normal
probability values. For example, suppose sufficient safety stock is desired for the LCD
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television that the probability of stocking out in any given replenishment order cycle is
0.05. We determine the safety stock level and the reorder point as follows:

Safety stock = Zo, (11.10)

Recorder point = mean demand during the replenishment lead time + Zo; (11.11)
where

Z = appropriate value from a table of standard normal distribution probabilities

o,= demand during the replenishment lead time standard deviation.

The Z value for a 0.05 probability of stocking out is 1.645 (from a table of standard nor-
mal distribution probabilities). The required level of safety stock, therefore, is 2.5 units—
that is, (1.645)(1.5)—and the reorder point is 7.5 (or 8) units. The reorder point can also be
determined directly from the data in Figure 11.8, where the probability of demand exceed-
ing 7.5 is 0.0478.

Customer Service Criterion

When the customer service level is used as the safety stock criterion, we can also determine
the desired level of safety stock using the normal distribution approximation. For this case, we
need the average number of stockouts per replenishment order cycle. To get this, the quantity

duiax

> P(d)d — R)
d=R+1

shown in Equations (11.8) and (11.9) is replaced by o, E(Z). The o, still equals the standard
deviation of the normal distribution being used to approximate demand during replenish-
ment lead time. The E(Z) value is the partial expectation of the normal distribution called
the service function. It’s the expected number of stockouts when Z units of safety stock are
held in the standard normal curve. A graph of the service function E(Z) is plotted in
Figure 11.10. Note when Z is less than —1, the service function E(Z) is approximately linear.

The safety stock and reorder point calculations are similar to those shown earlier in Equations
(11.8) and (11.9). As an illustration, suppose we want a 95 percent service level for the LCD
television, and we go back to using an order quantity of five units. The required value for £(Z) is
computed by using Equation (11.13), which we derive from Equation (11.12):

SL = 100 — (100/Q)(c4E(Z)) (11.12)
or
E(Z) = [(100 — SL)Q]/1000, (11.13)

In this case, the service function value, E(Z), equals 0.167; that is,

~ (100 — 95)(5)
E(Z) = 7(100)(1.5) = 0.167 (11.14)
and

o4E(Z) = 0.25 (11.15)
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FIGURE 11.10

Service Function

Source: R. G. Brown,
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Management. New York:
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From the service function table in Figure 11.10, we find an E(Z) of 0.167 represents
a Z value of approximately +0.60,. The safety stock level therefore is 0.9 = (0.6)(1.5).
The reorder point would be 5.9. Alternatively, from Figure 11.8, we find R = 6 when
o0,E(Z) = 0.2255. Note this is the same result we got by using the empirical discrete
distribution earlier.

Time Period Correction Factor

In the preceding examples, the demand data were expressed as units per day and the lead
time was one day. Sometimes the demand data are provided in a different number of time
units than the lead time. For example, we might have weekly demand and a two-week lead

time. In such cases, adjustments must be made in calculating safety stock as shown in
Equation (11.16).

Average demand during replenishment lead time = Dm (11.16)
The standard deviation of demand during replenishment lead time is
o= opVm (11.17)

and
ZopVm (11.18)

Safety stock

where:

D = average demand per period
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m = lead time expressed as a multiple of the time period used for the demand
distribution

o, = standard deviation of the demand during replenishment lead time
o p = standard deviation of the demand per period
Z = appropriate value from a table of standard normal distribution probabilities

If lead time for the LCD television were three days instead of one day, required safety
stock would be 4.3 units [that is, (1.645)(1 .5)\/§] and the reorder point would be 19.3 units
[(3 days)(5 units/day) + 4.3 units]. Because lead time in this example is three times the de-
mand interval of one day, the factor has been included in calculating required safety stock.
The resulting safety stock level increases for the three-day lead time to allow for the possi-
ble increase in variation in demand over the additional two days.

Up to this point we have considered variability in the demand only and have considered
the lead time to be known and constant. Clearly, transportation difficulties, lack of inven-
tory at the supplier, miscommunications, and other problems can introduce uncertainty into
the lead time as well. With globalization increasing distances between companies in the
supply chain, uncertain lead times are a growing reality and an increasingly important issue
to address. The correction for uncertain lead time is substantially more complicated than
for multiple but certain periods.

The parameters of the demand during the replenishment lead time distribution when
both lead time and demand are uncertain are found by using Equations (11.19) and (11.20),
as reported by Nahmias.

Average demand during replenishment lead time = DL (11.19)

The standard deviation of demand during replenishment lead time is

o4 = V Lo} + D*? (11.20)
where
D = average demand per period
L = average lead time in periods
op = standard deviation of the demand per period
o = replenishment lead time standard deviation

Continuing with our LCD television example, if the lead time averaged three days with
a standard deviation of 1.1 days, then the standard deviation of demand during the lead
time would be 6.1 units [that is, \/(3)1.52 + (5%)(1.1%)]. The safety stock would then be
10 units [that is, 1.645(6.1)] and the reorder point 25 units [(3 days)(5 units/day) + 10 units].

Forecast Error Distribution

In many inventory management software packages, demand values for the economic
order quantity and reorder point calculations are forecast by using statistical techniques
such as exponential smoothing. When these forecasting techniques are used, the required
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FIGURE 11.11
LCD Television
Forecast Error
Distribution
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safety stock level depends on the forecasting model’s accuracy—how much variation
there is around the forecast. Very little safety stock is required when forecast errors are
small, and vice versa, for a fixed level of customer service. One commonly used measure
of forecasting model accuracy is the mean absolute deviation (MAD) of the forecast
errors.

The methods for determining the safety stock and reorder point levels described earlier
in this chapter are relevant when product demand is forecast and a MAD value is main-
tained for the forecasting model. We make use of the fact that the value of o g can be
approximated by 1.25MAD when the forecast errors are normally distributed. We calculate
the safety stock values as follows:

op = 1L25SMAD (11.21)

Safety stock = Zog = Z(1.25MAD) (11.22)

where
o = forecast error distribution standard deviation
Z = appropriate value from a table of standard normal distribution probabilities

As an illustration, suppose an exponential smoothing model is used to forecast demand
for the LCD television, a 0.05 probability of stocking out during a reorder cycle is speci-
fied, and the forecast errors are normally distributed, as Figure 11.11 shows. Because the Z
value is 1.645 for a 0.05 probability of stocking out and the MAD value equals 1.2 from
Figure 11.11, the required level of safety stock is 2.5 units; that is, (1.645)(1.25)(1.2). The
reorder point would be 7.5 units, as we found before. The use of MAD values to approxi-
mate the standard deviation can be used in any of the formulas in this chapter for calculat-
ing safety stock, reorder points, and service levels.

MAD = 1.2

Safety stock

0.05

—4 0 Forecast +4
error
Average forecast error in units
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Multi-ltem Management

FIGURE

11.12
ABC Analysis

In this section we consider the management of multiple items in inventory. In particular we
look at a method for categorizing items so the most important will receive management at-
tention. The technique is called ABC analysis. It is discussed with a single criterion for
classification.

A single-criterion ABC analysis consists of separating the inventory items into three
groupings according to their annual cost volume usage (unit cost X annual usage). These
groups are: A, items having a high dollar usage; B, items having an intermediate dollar
usage; and C, items having a low dollar usage.

Figure 11.12 shows the results of a typical ABC analysis. For this inventory, 20 percent
of the items are A items, which account for 65 percent of the annual dollar usage. The B
category constitutes 30 percent of the items and 25 percent of the dollar usage, while the
remaining 50 percent of the items are C items accounting for only 10 percent of the annual
dollar usage. While percentages may vary from firm to firm, it’s common to find a small
percentage of the items accounting for a large percentage of the annual cost volume usage.

ABC analysis provides a tool for identifying those items that will make the largest
impact on the firm’s overall inventory cost performance when improved inventory control
procedures are implemented. A perpetual inventory system, improvements in forecasting
procedures, or a careful analysis of the order quantity and timing decisions for A items will
provide a larger improvement in inventory cost performance than will similar efforts on
the C items. Therefore, ABC analysis is often a useful first step in improving inventory
performance.
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Concluding  This chapter presents considerable theory on independent demand inventory management.
Principles Despite the material’s technical nature, several management principles emerge:

» The difference between dependent and independent demand must serve as the first basis
for determining appropriate inventory management procedures.

* Organizational criteria must be clearly established before we set safety stock levels and
measure performance.

* A sound basic independent demand system must be in place before we attempt to im-
plement the advanced techniques presented here.

+ Savings in inventory-related costs can be achieved by a joint determination of the order
point and order quantity parameters.

* All criteria should be taken into account in classifying inventory items for management
priorities.

» The functions of inventory are useful principles to apply in determining whether or not
inventory reductions can be made.

Discussion 1. The concepts of independent and dependent demand are important in inventory management, but
Questions sometimes they aren’t clearly distinguishable. Can you find the elements of dependency and in-
dependency in the following situations: selling snacks at a football game, producing bumpers for
automobiles, and selling greeting cards at a shopping center.
2. What would you expect to find as the predominant type of inventory in the following businesses:
a ski manufacturer, a make-to-order tugboat manufacturer, and a printer?
3. Which of the inventory costs (carrying, shortage, or preparation) are most difficult to measure?
How would you determine if you needed more precision in the estimate of the cost?
4. Why might the EOQ model not be appropriate for a dependent-demand item?
5. A friend of yours wants to leapfrog the basic independent demand inventory ideas and go di-
rectly to implementing some of the more advanced concepts. What arguments would you raise

against this strategy? What counterarguments might persuade you the leapfrog strategy would
be OK?

6. How many pairs of socks do you own? How many dress suits? How does this relate to the ABC
concept?

7. Use the analogy of writing home for money to explain the concept of demand during lead time.
Be sure to account for the fact that both lead time and demand are variables.

Problems 1. Michael Traci, the new inventory manager at Magyar Golf Supplies, is considering using the
economic order quantity for controlling inventory. He wants you to apply the EOQ to a sample
product, the Super-Z Wedge. The Super-Z Wedge has an average demand of 30 units/period with
an ordering cost of $30/order. The cost of carrying a Super-Z Wedge in inventory is $2.00/unit/
period. No safety stock is carried for this item.
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a. Calculate the economic order quantity.
b. Calculate the average cycle stock for this item using the order quantity in question a.
c. Assuming there are 12 periods per year, calculate total cost per year.

2. Demand during lead time for Louie’s Lobster Pots is distributed as follows:

Probability: 005 0.15 0.2 03 0.1 0.15 0.05
Demand: 20 21 22 23 24 25 26

a. Use a spreadsheet program to evaluate the expected number of units short per reorder cycle
for reorder points of 20 to 26. What’s the expected shortage cost per reorder cycle when the
reorder point is 20 and cost per unit short is $25?

b. What happens to the expected shortage cost (when R = 20 and C, = $25) if the demand dis-
tribution shifts as follows?

Probability: 02 04 02 01 o0.1 0 0
Demand: 20 21 22 23 24 25 26

3. The ICU Optical Clinic has recently introduced a new line of eyeglasses that incorporates a
highly fashionable frame and special lenses that darken in sunlight and lighten indoors, thus
eliminating the need to purchase a separate pair of sunglasses. ICU purchases frames for the
glasses from an outside vendor. The lenses are manufactured on site. The clinic has recently
noted the following demand distribution for its new glasses:

Demand/month Probability
12 0.10
13 0.15
14 0.15
15 0.20
16 0.20
17 0.10
18 0.05
19 0.05

Purchase price to the ICU Optical Clinic is $30 per frame. The clinic has an ordering cost of $25.
Cost of carrying inventory is 25 percent of the item value per unit per year. Order lead time is
constant at one month. The work year consists of 12 months.

a. Compute the economic order quantity for the frames ICU purchases.

b. Compute the reorder point and buffer stock level for a 99 percent customer service level.
Assume order quantity and reorder point can be computed independently.

c. What’s the total annual cost of carrying the buffer stock computed in part b?
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4. Wally’s World orders a 10-day supply of ice cream whenever on-hand inventory falls below
the reorder point. Lead time for ice cream is one day. On Monday, September 30, the clerk
found 18 gallons of ice cream in stock. The sales are normally distributed with a mean of
20 gallons per day and a standard deviation of 9 gallons per day. Desired customer service
level is 99 percent.

a. What reorder point for ice cream provides a 99 percent customer service level?

b. How many gallons of ice cream should be ordered on September 30 if the store is open
five days per week?

5. The Seldom Seen Ranch in Muckinfut, Texas, is in the process of developing an inventory con-
trol system for purchasing hay that will cope with Texas-size uncertainty. Seldom Seen foreman
Horace Cints prepared the following information on Seldom Seen’s hay use:

Average demand during lead time = 1,000 bales
Lead time = 1 month

Economic order quantity = 2,500 bales

Forecast interval = 1 month

Mean absolute deviation of forecast error = 40 bales
Desired probability of stocking out = 0.10

How much safety stock will be required?

What'’s the reorder point?

What’s the customer service level for this policy?

/e o .

What decision rule should Horace Cints use in ordering hay, assuming constant hay usage
throughout the year?

6. After a merger, Old Framkranz found himself the only inventory clerk left at Allied Breakwater
Company (ABC). The merger had left ABC with only 10 parts in inventory, and he’d been
told to manage them as effectively as possible. Each part was to be reviewed once a week.
(ABC worked a very exhausting five-day week.) Framkranz knew inventory carrying cost was
20 percent per dollar of cost per year. He also knew, to really manage a part’s inventory well, he
would have to spend a full day on the review, but he could do a reasonably good job in half a
day. Even the most cursory review would require one-quarter day per part, however. Files for
the 10 parts contain the following information. How should Framkranz schedule the review of

the parts?

Part Unit Shipping Cost per Annual Reorder  Order

No. Vendor Cost($) Cost/Unit Order ($) Usage Point  Quantity
1 A 0.20 0 10 1,000 50 70
2 B 1.00 0.10 20 10 1 45
3 B 0.25 0.10 15 12 2 95
4 C 3.00 0.25 15 100 20 71
5 A 10.00 0 10 300 15 55
6 B 7.00 0.10 15 2 1 7
7 C 0.50 0.25 20 10 2 13
8 A 5.00 0 10 400 20 39
9 C 20.00 0.30 20 2 1 4

10 A 2.00 0 10 200 10 100
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7. Here’s a sample of items from the Soaring Eagle Hang Glider Company’s maintenance inventory.

Item: a b [d d e f g h i j
Cost ($) 83 68 23 45 10 2 94 51 87 24
Usage 14 47 105 24 75 43 56 5 48 81

Rank the items in descending dollar usage order using a spreadsheet. How many items does it take
to represent 50 percent of the total? How many does it take to represent the last 10 percent?
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Strategy and MPC System
Design

This chapter concerns two integration issues in designing manufacturing planning and
control (MPC) systems. The first is linking the design of a firm’s MPC system with its
business strategy for competing in the marketplace. As the investment in an MPC system
is large, getting it correct is critical to short- and long-term competitiveness. Many com-
panies make costly mistakes when their MPC system doesn’t support their basic business
strategy in the marketplace. The second issue concerns integrating manufacturing re-
quirements planning (MRP) and just-in-time (JIT) in existing or new MPC systems. The
chapter centers around five topics:

* MPC design options: What are critical alternatives in designing an MPC system to
meet a firm’s evolving needs?

» Choosing the options: How should the options be selected to best support the business
strategy and to fit with production process design?

* The choices in practice: How have manufacturing firms with different competitive
strategies gone about designing their MPC systems?

o Integrating MRP and JIT: How can these different approaches be linked in a company’s
MPC system?

o Extending MPC Integration to Suppliers and Customers: How can MPC applications
be integrated across the supply chain to improve competitiveness?

MPC Design Options

444

A wide range of alternatives are available in designing MPC systems. These include such
basic approaches as MRP, MRPII, JIT, periodic control systems, and finite scheduling
systems. Moreover, there are a wide variety of options for designing the individual
modules of the MPC system shown in Figure 12.1. The next three sections illustrate the
variety of options for master production scheduling, detailed material planning, and back-
end activities.
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Master Production Scheduling Options

Several different approaches can be taken to designing the master production schedule:
make-to-order (MTO), assemble-to-order (ATO), and make-to-stock (MTS). Figure 12.2
shows the major differences between these alternatives. A make-to-order approach to mas-
ter production scheduling is typical when the product is custom-built to individual customer
specifications. In this case the MPC system needs to encompass preproduction engineering
design activities as well as manufacturing and supplier operations. For MTO, the customer
order represents the unit of control in the MPS; the backlog of customer orders forms part
of the overall lead time for the product. Overall, the order backlog is a critical measure for
estimating material and capacity requirements. Customer order promising is based on the
backlog plus estimates for each design, procurement, and manufacturing step for a particu-
lar job. Planning bills of material are extensively utilized to estimate times and to prioritize
design efforts on the “critical path.” There’s an inherently large degree of uncertainty asso-
ciated with the time requirements, since each order requires a unique approach.

An assemble-to-order approach is typically used when overall manufacturing lead time
exceeds that desired by the customer, where the variety and cost of end products preclude in-
vestment in finished-goods inventory, and where engineering design has created modules or
options that can be combined in many ways to satisfy unique customer requirements. Here
component (or product option) inventory is held to reduce overall manufacturing lead time,
and end products are assembled to meet the scheduled delivery dates for individual customer
orders. As Figure 12.2 shows, a key control point is the final assembly schedule (FAS),
which converts “average” products into unique products in response to actual customer or-
ders. Planning bills of material are based on average products and on optional features. The
planning bills reflect how the product is sold, rather than how it’s manufactured. They are
often used to simplify data requirements in preparing and maintaining the master production
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FIGURE 12.2 Features of Master Production Scheduling Approaches

Master Scheduling Approach

MTO ATO MTS
Basis for planning and control
Control point Order backlog FAS Forecast
MPS unit Customer orders Options End items
Product level End product End to intermediate End product
product
MPS features
Customer order promising High requirement > Low requirement
Need to monitor forecast Low requirement > High requirement
accuracy
Use of planning bills Yes Yes No
Need to cope with design High > Low
and process uncertainty
Basis of delivery to customer Make to customer Make to customer Make-to-stock
order on time order on time replenishment order

or to customer
call-off schedule

schedule. The uncertainty underlying an ATO business is fundamentally one of product mix,
rather than one of product volume. The MPS and FAS are designed to hold off commitment
to unique product configurations until the last possible moment and yet to offer wide con-
figuration choices to customers.

Under make-to-stock (MTS), the MPS is stated in end items, and these end products
are produced to forecast demand; customer orders are filled directly from stock in order to
provide short delivery lead times for standardized products. While customer order promis-
ing records are not normally required, we must provide procedures for monitoring demand
forecasts’ accuracy since manufacturing plans are mostly based on forecast information.
This means the type of uncertainty inherent in the MTS environment is one of forecasting
errors; the manufacturing function needs to recognize errors on a timely basis and to make
corrective responses.

Detailed Material Planning Options

We can accomplish detailed material planning in several ways. Two popular alternatives are
time-phased and rate-based material planning. Use of these approaches depends impor-
tantly in the production process’s design characteristics. Figure 12.3 shows key differences
between these approaches.

Time-phased planning for individual product components is typically carried out with
material requirements planning approaches. The production process design is usually based
on batch manufacturing and materials are also purchased in batch orders. Preparation of
time-phased plans requires a manufacturing database that includes information on: MPS
quantities stated in bill of material terminology to determine gross requirements; on-hand
inventory balances and open shop (or purchase) orders to determine net requirements;
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Material Planning Approach

Time-Phased

Rate-Based

Basis for planning and control

Control point
Control unit
Product level

Material planning features

Fixed schedules

Use of WIP to aid planning
Updating

Inventory netting

Lead-time offsetting

Lot sizing

Safety stock/safety lead time
Container size

Bill of material

Shop/purchase orders

Batches

Material explosion of time-
phased net requirements
for product components

No

High
Daily/weekly
Performed
Performed
Performed
Considered
Not considered
Many levels

Planning bills

Kanbans

Material explosion of rate-
based requirements for
product components

Yes

Low
Weekly/monthly
None

None

None

Not considered
Considered
Single level

production lead times, supplier lead times, and safety stocks to determine order release
dates; and lot size formulas to determine order quantities. Under MRP, plans are typically
updated on a periodic (daily or weekly) basis to develop priorities for scheduling manufac-
turing and supplier operations.

As Figure 12.3 indicates, time-phased material planning is based on explosion of re-
quirements, where shop and purchase orders are created for batches of components. The
schedule for any work center varies depending on the batches that arrive at that work center;
work in process is kept at high levels to effectively utilize work center capacities. Planning
is carried out on a level-by-level basis corresponding to the levels in the bill of materials
(BOM), with material going into and out of inventory at each level. Detailed planning is re-
quired for each level in the BOM, and lead time offsetting is utilized at each level.

A different approach is taken to detailed material planning under rate-based planning.
Examples of firms using rate-based planning include repetitive manufacturing, assembly
lines, just-in-time, and other flow systems. The primary intent in rate-based scheduling is
to establish rates of production for each part in the factory. Realizing these rates allows the
company to move material through the manufacturing system without stopping, in the
shortest time possible. Typically, single-level planning bill of material information is used
to convert rate-based master production schedules into material plans that specify the
appropriate daily or hourly flow rates for individual component items. Planning of inter-
mediate items in the bill of materials is not usually required, because the number of inter-
mediate-level items is too small to be of concern. Because of MPS stability, high rates of
material flow, negligible work-in-process inventory levels, short manufacturing lead times,
and a relatively small variety of final products in the MPS, we don’t need detailed status
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FIGURE 12.4 Features of Shop-Floor System Approaches

Shop-Floor System Approach

MRP

JIT

Basis for planning and control

Control basis
Unit of control
Product level

Shop-floor system features
Control of material flow

Sequencing procedure

Order tracking

Monitoring and feedback
Order completion

Achieving delivery reliability

Lot size

Work in process and safety
stock

Work center capacity utilization

Shop orders

Individual operations scheduled
at each work center

Work center dispatching rules

Due-date-oriented dispatching
rule

Shop-floor transactions by
operation and stocking
point

Input/output and shop load
reports

Shop order close-out in
stockroom

Batch order status reports

Large

Large

Overall product flow times

Kanban cards or containers

Production on an as-required
basis to replenish downstream
stocks that support end-item
requirements

Initiated by downstream kanban
cards
Not an issue

None (paperless system)

Focus on overall result
None
Through flow of material

Small
Negligible

information on work-in-process items. This reduces the manufacturing database’s size, the
number of transactions, and the number of material planning personnel in comparison with
time-phased detailed material planning.

Shop-Floor System Options
A wide variety of manual and computer-based shop-floor scheduling systems exist. The
two basic approaches (material planning driven by MRP and material planning driven by
JIT) depend greatly on the manufacturing process’s characteristics. Figure 12.4 distin-
guishes between these approaches.

The MRP-based approach supports batch manufacturing operations where shop orders
are released against a schedule developed by the material planning function, based on lead
times for component and subassembly items largely comprised of queue or waiting time.
The shop-floor scheduling system’s objective is to coordinate the sequencing of orders at
individual work centers with customer delivery requirements. A large manufacturing data-
base requiring a substantial volume of shop transactions is needed to provide control re-
ports for order tracking, dispatching, and work center monitoring.
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In MRP-based shop-floor systems, one objective is to utilize each work center’s capac-
ity effectively. The form of manufacturing is based on relatively large batches of each
component and significant work-in-process inventories to support independence among the
work centers. This shop-floor approach is based on scheduling shop orders that dictate the
set of detailed steps or operations necessary to make each component part. The flow of ma-
terials is controlled with dispatching rules establishing the order in which all jobs in a par-
ticular work center are to be processed. The primary criterion in establishing this order are
the due dates for the parts, which are continually reestablished through MRP planning.
Shop orders are tracked as they progress through the factory by processing detailed trans-
actions of work at every work center. Shop orders are opened as part of MRP planning, and
they’re closed out as components are received into a stockroom. Problems are highlighted
through input/output analysis and shop load reports.

In JIT-based shop-floor scheduling systems, the approach is based on minimal flow times
for the entire product. That is, the emphasis is on end items, with the scheduling of individ-
ual operations, and even component parts, in a subservient position. Cellular manufacturing
techniques are typically employed, where detailed scheduling is accomplished as part of the
basic manufacturing task. Kanban cards, containers, and other signals of downstream need
for components serve as the authorization to produce, typically in small lot sizes. The se-
quencing procedure isn’t an issue because work is only started on an as-needed basis, with
little or no competition for work center capacity. Similarly, order tracking is nonexistent
since work in process is minimal, and material moves through the factory quickly enough to
negate the need for tracking. The only close-out is of finished items. Often the close-out
transaction generates a computer-based “back flush” of the requisite component parts. The
very short queue times, small lot sizes, and relatively narrow product range in JIT can result
in a paperless shop-floor scheduling system. The manufacturing database requirements,
volume of shop transactions, and number of shop scheduling personnel are minimal.

Many authorities have attempted to use the terms push and pull to distinguish between
MRP-based and JIT-based shop-floor systems. The argument is, under JIT, when a customer
“pulls” some product out of inventory it pulls some replacement inventory from the factory,
which pulls some parts from the shops, which pulls some materials from the store rooms,
and so on. On the other hand, MRP-based systems “push” components into the factory, then
into inventory, then back into manufacturing, and so on.

The key distinction to make is these two approaches’ characteristics must match the
manufacturing process and infrastructure in which they operate. Activities in the MRP-
based systems are triggered by processes authorizing production quantities, routings, due
dates, and so forth. JIT-based systems produce in response to downstream use of the item,
which may be work center by work center or may be in response to demand for the overall
end item. For systems installed to date, relatively constant demands are required for the JIT-
based approach to function.

Choosing the Options

There’s a temptation to view some MPC design options as a continuum where movement to-
ward JIT is “good.” This isn’t the correct conclusion. We must match MPC system design with
the ongoing needs of a company’s market, the task in manufacturing, and the manufacturing
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FIGURE 12.5
MPC System
Design Choices

process. An MPC system represents a major investment in a business, and as such it must
be designed to support the firm’s competitive strategy.

Market Requirements

Figure 12.5 shows how MPC system design is influenced by a company’s market require-
ments and the resultant manufacturing task. Figure 12.5 labels these last two factors
“business specifications.” The point is these determine, from a business point of view, what
has to be done in manufacturing to serve the chosen markets. Then technical requirements
are defined. This involves the interaction of the manufacturing task, MPC system, and man-
ufacturing process. Each of these three areas needs to be carefully considered before the
choices can be made in the approaches in master production scheduling, detailed material
planning, and shop-floor scheduling. Moreover, the three areas must be seen as constantly
changing: new customer requirements, new process technology, and new strategic goals in
manufacturing. Any of these can mandate a change in the MPC system design.

Figure 12.5 also shows the MPC system design as influenced by the desired MPC sys-
tem and existing MPC system. In some cases, improvements can be made by investing in
the evolution of the existing system design. In other cases, we need to start afresh.

The first step in the development of market requirements is to review the customers and
market segments targeted by the business, their present needs with regard to the company’s
products and services, competitors’ products and services, and existing sales growth
opportunities. Many companies face dynamic markets where customer requirements and
global competition are changing dramatically. We must continuously review market
requirements and adapt marketing strategies to exploit opportunities. For example, many
companies increasingly see the need to enhance their products with services to help their
customers solve problems. Market focus, customer prosperity, and delighting the customer
are common phrases. But if these phrases are to be more than hype, we must redefine the
manufacturing task to create the desired results. Thereafter, we may have to redesign the
MPC system as well as the manufacturing process. To illustrate, the manufacturing
organization in a packaging materials firm supplying the food industry suddenly had to
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deliver products in small quantities on a twice weekly basis to support its major customer’s
new JIT program. Neither the production process nor the MPC system was designed to
support the changed business requirements. More fundamentally, the firm’s manufacturing
strategy had to be revised to support this kind of customer requirement.

The Manufacturing Task

The next step in choosing MPC system design options is to develop a statement of the man-
ufacturing task that’s consistent with (and that supports) the marketing strategy. If the
company decides to satisfy customers on a just-in-time basis, this has to be reflected in the
manufacturing task. Similarly, if quality is now the way to win orders, it too must be reflected
in changed manufacturing values, process investments, improvements in the quality support
function, and revised manufacturing performance measurements. If the targeted customers
are moving toward more highly customized products, again, this needs to be captured in the
manufacturing task.

Stating the manufacturing task for the business is critical to ensuring that manufactur-
ing capabilities are developed to support the different targeted market segments. Develop-
ing the manufacturing task involves characterizing the markets targeted by the company in
terms of the requirements they place on manufacturing. Such requirements may, for exam-
ple, include volume and delivery flexibility, low-cost production, critical product quality
specifications, and other manufacturing-related capabilities—whatever is required to win
orders in different market segments.

A clear statement of the manufacturing task enables management to recognize that
major changes may be required in the design of both production processes and the MPC
system. Figure 12.5 shows this by the two-headed arrows linking the manufacturing task to
the design of both manufacturing processes and MPC systems.

Manufacturing Process Design

Most firms have large investments in production processes, employee capabilities, and
other elements of infrastructure in manufacturing. As a consequence they tend to change
slowly over time. This establishes the manufacturing capabilities of a company.

The arrow linking manufacturing process design and MPC design indicates the inter-
dependency between MPC option choices and manufacturing process features. For exam-
ple, installing a JIT process with cellular manufacturing and short production lead times
means rate-based detailed material planning approaches may be much more appropriate
than time-phased approaches.

A more subtle example of manufacturing process design impacting MPC system design
occurs in the case of quality improvement programs. Many companies use complex
scheduling procedures because the firms suffer from poor quality and the resultant unpleas-
ant surprises. Quality is usually improved through investments in better manufacturing
processes. Where quality is enhanced significantly, there are fewer surprises, the company is
better able to execute routine plans, and MPC systems can be more straightforward.

Finally, in some cases there are simultaneous changes in marketplace requirements,
manufacturing processes, and manufacturing task definitions. For example, computer man-
ufacturers at one time faced a very long lead time to make a computer; they achieved
customization by individual wiring and other hardware features. New computers were
“announced” in the marketplace long before they were available for shipment, customers
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would place orders just to get their place in the queue of orders, and the MPC system had
to manage a fictitious backlog of orders. Moreover, each order’s configuration would
constantly change and delivery dates would be extended or canceled. The net result was a
very complex set of requirements for the MPC system. Now computers are relatively easy
to make, most customization is done with software, and orders are rapidly shipped. More-
over, computers per se are becoming a commodity, and these companies increasingly view
their manufacturing strategy as solving problems for their customers. The resultant changes
in end “products”—and the processes that produce them—dictate a completely different
set of design requirements for the MPC system.

MPC System Design

Because of the magnitude of the investment in MPC systems and the time required to
implement MPC system changes, we must recognize differences between desired and exist-
ing MPC system options and features. Figure 12.5 shows this by the lines connecting MPC
system design with desired and existing MPC systems. A company currently using time-
phased MRP records while installing a JIT process with cellular manufacturing might con-
tinue to use MRP records with some modifications until necessary investment funds and
management time were available to make the MPC system changes required to implement
rate-based material planning. Although the marketing strategy, manufacturing task, manu-
facturing process, and MPC system design specifications might have been agreed upon
within the business, the opportunity to move to implementation might not yet have occurred.

This example illustrates another integration issue—consistent MPC option choices. We
need to have the right choice (and consistency) in the MPS approach, the detailed material
planning approach, and the shop-floor system approach. This issue frequently arises during
JIT implementation in a company using MRP for detailed material planning in which batch
and line production processes are appropriate for different parts of the business. Therefore,
issues of how to link JIT and MRP options in MPC system design and how to maintain
one MPC system are often difficult. Our experience indicates attention paid to marketplace
requirements and to how these requirements may be changing helps you determine the
dominant choices among the MPC options.

Master Production Scheduling Options

In Figure 12.6 the three MPS approaches are related to key aspects of marketplace require-
ments and to aspects of the manufacturing task and manufacturing process. A make-to-order
(MTO) master scheduling approach supports products of wide variety and custom design, fre-
quently involving the development of engineering specifications. They’re typically produced
in low unit volumes, where delivery speed is achieved through overlapping schedules for
design and manufacture of the various elements comprising the customer order. Delivery reli-
ability is somewhat difficult to guarantee, since products are customized to meet individual
customer needs. This approach is frequently used to support markets characterized by high lev-
els of product change and new product introductions, and where the firm’s competitive advan-
tage is in providing product technology requirements in line with the customer’s delivery and
quality requirements. Because the manufacturing task often involves providing a broad range
of production capabilities, the process choice supports low-volume batch manufacturing. One
key aspect of the manufacturing task is how to respond to fluctuations in sales volumes. These
are typically managed through adjustments in the level of the customer order backlog.
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FIGURE 12.6 Linking Market Requirements and Manufacturing Strategy to Design of the MPS Approach
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An assemble-to-order (ATO) master scheduling approach represents an intermediate
position. Products of both standard and special design are produced, and variety is
accommodated by customer selection from a wide series of standardized product options.
The unit production volumes are relatively high at the option level, and customer respon-
siveness in regard to delivery speed is enhanced by lead time reductions and short time
frames for frozen final assembly schedules. Delivery reliability is well accommodated as
long as overall volumes are kept within planning parameters. That is, the ATO environment
is designed to be relatively accommodative of changes in product mix.

Typically, ATO manufacturing is done in batches, with more and more firms using cel-
lular approaches for popular options and families of similar parts. Stocking components,
intermediate subassemblies, or product option items can shorten customer lead time to that
of the final assembly process, thereby improving delivery speed and reliability in markets
where fluctuations in sales volumes are hard to anticipate.

The make-to-stock (MTS) master scheduling approach supports products of standard
design produced in high unit volumes in narrow product variety for which short customer
delivery lead times are critical. Delivery speed is enhanced by reducing process lead times,
frequently by adopting flow-based manufacturing methods. Reliability of production
schedules is relatively straightforward.

The process choice is usually line manufacturing or high-volume batch manufactur-
ing. An investment in finished-goods inventory can provide short, reliable delivery lead
times to customers and can buffer fluctuations in sales. It can also enable us to stabilize
production levels, thereby permitting important cost improvements in manufacturing.
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FIGURE 12.7 Linking Market Requirements and Manufacturing Strategy to the Design of the Detailed
Material Planning Approach
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Since products are often produced on high-volume batch or line processes, schedule stability
is often critical, especially in price-sensitive markets.

Material Planning Options

Figure 12.7 relates the two detailed material planning approaches to key aspects of market-
place requirements and to aspects of manufacturing task and manufacturing process. Time-
phased detailed material planning is appropriate for custom products produced in wide
variety and low volumes. It also facilitates schedule changes and revisions in customer de-
livery dates as well as changes in product mix. Delivery speed is enhanced through better
scheduling, based on relative priorities. This approach can be applied in markets character-
ized by a high rate of new product introductions, rapid shifts in product technology, and cus-
tom-engineered products by using planning bill of material techniques.

Time-phased planning is often associated with batch manufacturing and is supported by
relatively high overhead and work-in-process inventory costs due to the necessary planning
staff and extensive transaction processing. This planning approach can result in higher
capacity utilization and is often favored in manufacturing facilities employing expensive
equipment.

Rate-based material planning is appropriate for a relatively narrow range of standard
products, with stable product designs produced in high volume. Rate-based detailed mate-
rial planning is much more limited in its ability to cope with changes in product mix. The
limited product line permits straightforward changes in the schedule as long as they’re
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within the product design specifications. Enhancements in customer delivery speed are typ-
ically accommodated with finished-goods inventories.

These marketplace requirements are normally best supported in manufacturing by pro-
duction line processes. Use of rate-based material planning and line production processes
yields an opportunity to cut work-in-process inventory and overhead costs, providing impor-
tant support for price-sensitive markets. On the other hand, rate-based material planning
doesn’t support intensive utilization of capacities in the same way as time-phased approaches.

Shop-Floor System Options

In Figure 12.8 the two shop-floor system approaches are related to key aspects of market-
place requirements and to aspects of manufacturing task and manufacturing process. The
MRP-based approach to shop-floor scheduling is appropriate when a wide variety of
custom products is produced in low unit volumes. Changes in demand are accommodated

FIGURE 12.8 Linking Market Requirements and Manufacturing Strategy to the Design of the Shop-Floor
System Approach
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relatively easily; volume changes are supported by overtime operations in critical work
centers, and product mix change is an inherent characteristic. This approach supports mar-
kets characterized by rapid changes in product technology, high rates of new product intro-
duction, and substantial changes in product design.

Low-volume batch or jobbing processes involve use of the MRP-based shop-floor sched-
uling system approach. These processes have significant changeover costs and numerous
manufacturing steps, requiring a complex shop-floor scheduling system that’s centrally
driven, thereby limiting the reduction of overhead and inventory-related costs.

JIT-based approaches for shop-floor scheduling provide important support for stan-
dard products produced in limited variety and high volume. Such products are best sup-
ported by high-volume batch or line production processes that are able to provide short
customer lead times. Accommodation of changes in product volume is limited because of
the cost of production schedule and capacity changes; this increases the need for sched-
ule stability. Delivery speed is enhanced by short manufacturing throughput times and
often by finished-goods inventories.

The emphasis on inventory reduction and the simplicity of shop-floor control proce-
dures under the JIT approach provide the potential for significant cuts in overhead and
inventory-related costs, providing important support for price-sensitive markets.

The Choices in Practice

FIGURE 12.9
Linking
Business
Characteristics
to the Design of
MPC Systems

Achieving a close fit between marketplace requirements, the manufacturing task and
process, and the MPC system design gives a firm important competitive advantages. In this
section we briefly describe the marketing and manufacturing strategies of three companies
(Moog Inc., Space Products Division; Kawasaki U.S.A.; and Applicon, Division of
Schlumberger) and how they’ve designed their MPC systems. Figure 12.9 shows the three
MPC systems’ overall design. Moog uses MTO and ATO approaches to master production
scheduling, a time-phased approach to detailed material planning, and an MRP-based shop-
floor system. Kawasaki uses MTS master production scheduling, rate-based material
planning, and JIT shop-floor scheduling. Applicon uses ATO master production scheduling,
both MRP and rate-based scheduling for material planning, and a JIT-based shop-floor system.
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Moog and Kawasaki represent examples of stable MPC system designs to support the
requirements of a single market. Applicon, however, provides an example of an MPC sys-
tem that changed in response to shifting market requirements and process design changes.
Let’s now see the overall pattern of decisions in each firm concerning the influence of
marketing and manufacturing strategy on MPC system design and see how the resultant
systems support their businesses.

Moog Inc., Space Products Division

This firm produces high-quality hydraulic systems of advanced design for the aerospace in-
dustry. These products cover a wide range of design types and represent a critical element
in the overall production lead times for its aerospace customers. The company designs and
produces the initial order for new products as well as follow-on orders. Thus, engineering
design and advanced product features are key factors in obtaining sales. Other important
factors that qualify the firm to compete in this market include delivery reliability, reputa-
tion for quality, and price. Figure 12.10 summarizes characteristics of the market served by
Moog along with key elements of its manufacturing strategy.

Moog Inc., Space Products Division
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The manufacturing task involves providing a broad range of equipment and employee
capabilities to make high-precision, custom-designed products in low unit volumes. Sub-
stantial uncertainty exists with regard to production process yields and time estimates to
produce initial orders. In addition, design changes contribute to process uncertainty. Labor
cost is a significant portion of product cost since highly skilled employees and a wide vari-
ety of precision equipment are keys to the production process. Major investments have
been made in numerical control (NC) and computerized numerical control (CNC) equip-
ment as well as machining centers in a batch manufacturing process.

All manufacturing planning and control system functions in Figure 12.1 are performed
at Moog. Both make-to-order and assemble-to-order master production scheduling ap-
proaches are used. The MPS is stated in terms of actual, anticipated, and forecast customer
orders with substantial emphasis on customer order promising and capacity planning ac-
tivities. The master production schedule uses this information to determine requirements
for component material. Time-phased material requirements planning records are used to
coordinate scheduling of manufactured and purchased components, and these records are
used to prepare shop load forecasts for individual departments and work centers.

At Moog the MRP-based approach is used for shop-floor scheduling and vendor sched-
uling. An advanced computer-based MRPII system provides priority scheduling informa-
tion for sequencing and dispatching shop orders at individual work centers. The shop-floor
system supports the batch manufacturing of products under high levels of process uncer-
tainty. A variety of production reports assist supervisors in the detailed tracking of open
shop orders, reporting order status, and evaluating work center performance.

Kawasaki U.S.A.

Kawasaki produces six different types of motorcycles as well as jet skis at its U.S. plant.
About 100 different end-product items are manufactured for shipment to the firm’s distrib-
ution centers. Although demand for products is highly seasonal, workload at the plant is
stabilized by permitting fluctuations in the finished-goods inventory carried at the distribu-
tion centers. The company frequently introduces new product designs that represent styling
changes in the product. The key elements in gaining sales are price, product styling, and
product performance. Factors qualifying the firm to compete in the market are quality and
delivery speed. Figure 12.11 summarizes characteristics of the market served by Kawasaki
along with key elements of its manufacturing strategy.

Manufacturing’s task is to produce standardized products in high volume at low cost.
Since material costs are significant, major emphasis is placed on reducing plant inventories
using just-in-time manufacturing methods. The production process is characterized by
short setup times and small production batches using production line and high-volume
batch processes. Standardized assembly operations and repetitive employee tasks charac-
terize the production process.

All the manufacturing planning and control functions in Figure 12.1 are performed at
Kawasaki; a make-to-stock master production scheduling approach is used. Customer
orders for end products are filled from the finished-goods inventory held by the com-
pany’s distribution division. The MPS is based on forecast information, and mixed model
assembly is used in performing final assembly operations. Substantial emphasis is placed
on leveling the master production schedule and freezing it over a three-month planning
horizon.
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Kawasaki U.S.A.
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A rate-based material planning approach utilizes a simple planning bill of materials to
schedule the rates of flow for manufactured and purchased components. A JIT shop sched-
uling system using kanban containers controls the flow of material between work centers.
The JIT system supports low-cost manufacturing with small plant inventory levels and
high-volume material flows. Very few personnel and minimal transactions are required in
planning and controlling production activities.

Applicon

This firm designs and manufactures computer-aided engineering (CAE), design (CAD),
and manufacturing (CAM) systems for the electronics and mechanical design markets.
High-end products include systems for highly sophisticated customers in a variety of
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FIGURE 12.12

Applicon’s Old Manufacturing Strategy
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*The market characteristics and manufacturing task are common to the old and new strategies.

analytical engineering applications. Low-end systems use Applicon software and Sun
workstations for applications in robotics and numerical control machines.

The mechanical design market represents the firm’s major growth area. In this market,
unlike the electronics market, the price-to-performance ratio is a critical issue to price-
sensitive CAD/CAM customers. In addition, the ability to respond rapidly to changes in
technology and frequent design changes is also critical. Figure 12.12 summarizes charac-
teristics of the market served by Applicon along with key elements of the old manufactur-
ing strategy (i.e., the one employed by the company before the process change).

The manufacturing task for the mechanical design market involves producing high-quality
products having a wide range of optional features in small volumes at low cost in short cus-
tomer lead times while accommodating rapid engineering changes. As Figure 12.12 shows,
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the previous manufacturing approach was to produce products using a batch manufacturing
process where the plant was organized into functional groupings of machines, and produc-
tion was planned and controlled using an MRPII system to fill customer orders directly
from finished-goods inventory. Long production lead times under this strategy led to poor
competitive performance. The inability to make changes in product designs didn’t allow the
firm to keep up with major changes in product technology; large work-in-process and
finished-goods inventories created substantial write-offs of obsolete inventory; poor cus-
tomer service in product delivery resulted with high manufacturing costs.

As a consequence the company changed its manufacturing strategy, investing in a JIT
production process having straight line flows of material with closely coupled manufactur-
ing cells dedicated to individual product families and short changeover times. Four cells are
dedicated to the final assembly of four different product model families, while the fifth cell
produces printed circuit boards (PCBs) for the final assembly cells. Thanks to this process,
overall manufacturing lead time fell from 75 to 5 days, work-in-process and finished-goods
inventories declined significantly, and product quality improved greatly. Likewise, the
MPC system design was changed to include an assemble-to-order MPS because of the
short manufacturing lead time, a new MRP material planning approach that takes into
account JIT plant operations, and a JIT-based shop scheduling approach. Figure 12.13
describes the new manufacturing approach.

Integrating MRP and JIT

There are many ways that MRP and JIT are combined and substantial need to do so. Here
we discuss needs to integrate these approaches, physical changes that support the integra-
tion, and techniques for integration.

The Need to Integrate

In the majority of the cases, the need for integration arises in companies that have an in-
stalled MRP system and are in the process of implementing some aspect of JIT. The pres-
sure of meeting world-class standards, the use of global benchmarking, and intimidating
competition have all brought home the necessity of major changes in how manufacturing
is done. The response to these concerns in the best of companies has been to implement
aspects of JIT.

Often these JIT programs seem in conflict with the MRP system the firm may have in
place. As lead times shrink and material velocity increases, the limiting activity can turn
out to be transaction processing. Increased demand can compound the problem.

As an example, a European consumer electronics company significantly cut production
time required to make a major high-volume component in response to increased demand.
Product design changes and process capability improvements were both used to reduce
setup and run times. Lot sizes were reduced, but lead times were not significantly reduced.
The combination of smaller lot sizes and increasing volume simply meant there were sub-
stantially more open orders on the floor being tracked by the MRP system, moving into and
out of inventory, and being accounted for during the process. These “hidden factory” ac-
tivities were limiting the improvements possible from the other activities.
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FIGURE 12.13

Applicon’s New Manufacturing Strategy

Manufacturing Strategy

Manufacturing Planning and Control System
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changes
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quality
requirements

Delivery
responsiveness is
critical

Short production
lead times

High product
quality

Rapid engineering
change capability

Manufacturing cells
dedicated to
particular product
families

Short setup times

Short manufacturing
lead times
(one week)

Short design change
cycles

Low work-in-process
and finished-
goods inventories

Low flexibility to
product family
mix changes

stated in top-level
item terms and is
coded by major
model number

The company plans
using forecast
information in the
MPS, but builds
product only to
customer orders
using a final
assembly
schedule

Customer order
promising is a key
activity. Available-
to-promise
records are used

Customer orders are
used to convert
the weekly
production plan
into specific daily
requirements

covering five
future months to
plan and order
purchased
materials using
family bills of
material, MRP
records, and bill
of material
explosion
techniques

No stockrooms since
material is located
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manufacturing cells

MPC system is run
weekly providing
planning
information to
planners and
buyers, and
capacity planning
information to
plant work cells

Only two inventory
transactions are
recorded—from
suppliers into the
stock bins, and
out of stock bins
as finished
products are
shipped from the
plant

Manufacturing Maste.r Detaik'ed
Market Production Material Shop-Floor
Characteristics* Task* Features Scheduling Planning Systems
Customized Low-cost Straight-line flows of | An assemble-to- MPS uses monthly Work orders are not
products manufacturing material order MPS is time periods scheduled for

internally
manufactured
items

Material is pulled
through the
production
process using JIT
methods

Delivery of 70% of
supplier items
directly onto the
shop floor

Customer orders,
referred to as
build cards,
provide the basis
for scheduling
work cells and for
pulling material
through the
plant

*The market characteristics and manufacturing task are common to the old and new strategies.

When changes take place on the factory floor, MPC system change may be a required
response. These changes can come from internal actions like implementing a JIT program
or from external requirements that change the manufacturing task. In either case the need
for a change in production activity control systems may be clear; the direction is most often
from shop-order—based systems to kanban or other simple signals. A typical response is
backflushing component usages at all levels triggered by receipt of completed items into
finished-goods inventory.
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Physical Changes That Support Integration

One of the first requirements to support the JIT approaches in the factory is to reduce the
inventory transaction volume. Cutting the number of times a lot has to be logged into and
out of an inventory location not only reduces transactions but enables material to move to
the next operation more quickly. This clearly helps increase the velocity and reduce lead
times. Physically, this may mean making some changes in how lots get moved from
department to department and how the need for the move gets signaled, but the major im-
provements are in making physical changes to the production process, such as the intro-
duction of cellular manufacturing.

Cellular manufacturing supports integrating MRP and JIT approaches. The cell allows us
to accomplish several routing steps as if they were a single step and allows the shop floor to
be scheduled at the level of part numbers instead of the level of routing steps. More encom-
passing cellular manufacturing approaches permit the cell to be planned and controlled at
the level of assemblies instead of at the part number level. One key objective is to reduce the
need for inventory accounting and the other hidden factory transactions. Control of the cell
is straightforward and doesn’t need the detailed tracking necessary when parts move all over
the factory.

The choice of where to implement cellular manufacturing is important since we can create
islands of velocity, like the islands of automation prevalent in the early installations of some
computer-integrated manufacturing schemes. These islands might be quite successful on their
own, but not be well integrated into the system as a whole. Increasingly, we’ve found firms in
this position needing to make more than cosmetic changes to their overall MPC system.

Some Techniques for Integrating MRP and JIT

Whenever there’s a combination of MRP and JIT in the shop, we need to move back and
forth between the systems. A JIT cell in the middle of a process under MRP control must
communicate with the MRP system. There must be a handoff from MRP to JIT at the start
of the JIT process and a transfer back to MRP at the end.

One way of supporting this need is to create phantom bills for activities under JIT con-
trol. Material requirements planning records can be used to plan raw material requirements,
with movement through the factory done with JIT approaches (no shop orders or tracking).
The phantom bill would ignore the creation of the detailed parts and assemblies performed
under JIT scheduling, while the MRP system would pick up the completed part or assem-
bly as a part number on the bill of materials at completion.

Extending MPC Integration to Customers and Suppliers

The TelTech Company illustrates how MPC approaches can be improved across firms in a
supply chain context to reduce response times to customers. At TelTech, the linkages with
customers and suppliers have focused on finding the best ways to gain intelligence on
actual site telecom installation conditions so that rapid response can be made in delivering
product to customers.

An analysis of the actual site ordering processes in one of TelTech’s key customers indi-
cated that there are significant administrative delays. Customer orders were seen as official
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documents, needing to be signed by two different executives. This often required several
days before the two signatures could be obtained. Customer orders were passed from the
customer to the TelTech country marketing personnel and then on to the TelTech factory.
This also typically caused another one to two days of delay. Finally, the receipt of the cus-
tomer order at the factory necessitated “untangling” the product options, making certain
that the product could, in fact, be built and confirming this information with the customer.
The net result was that orders typically took 10 to 20 days to move from the decision to
order to the actual customer order being entered into the master production schedule. The
factory could assemble the customer order in one day, and it could be shipped to the cus-
tomer site in five days by inexpensive transport.

The MPC solution to this lengthy process was the development of an online MPC sys-
tem that supported product configuration management. The configuration of the customer
order could take place before the order was issued. It could then be built and shipped, often
arriving in the country before the customer order was, in fact, issued. This MPC system en-
hancement would allow any potential order to be screened for availability of component
items and permit substitution when material was unavailable.

The TelTech example illustrates how our traditional view of MPC system design needs
to be expanded to consider MPC system improvements that span the operations of cus-
tomers, plants, and suppliers throughout the supply chain. In this way, the development of
manufacturing strategy to support market requirements can include investments in MPC
system architecture within an integrated supply chain context.

Concluding
Principles

This chapter focused on two major strategy issues in designing MPC systems: how to link
the design of the MPC systems to a firm’s business strategy and to the requirements of its
market; and how to integrate MRP and JIT approaches in designing MPC systems. The fol-
lowing principles summarize the major points:

» Because investment in MPC systems is large, its design must support the firm’s com-
petitive strategy.

» A wide range of options are available in designing MPC systems, and the choices must
be governed by the company’s competitive needs.

+ Business as well as technical specifications need to be considered in designing an MPC
system.

* MPC system design should begin with an analysis of the market requirements to support
the firm’s competitive strategy.

* Understanding the manufacturing task is critical in developing the production process
design, the MPC system design, and the other elements of the manufacturing
infrastructure.

* The manufacturing process’s particular features need to be considered in choosing
among the options in MPC system design.

* MRP and JIT approaches can be effectively integrated in designing MPC systems.

* Improved company performance and overall supply chain performance can result from
matching MPC system design to the firm’s competitive strategy.
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Discussion 1. It has been suggested that in a make-to-order company, order backlog is inventory carried by the
Questions customer. What does this statement mean?

2. Why do you suppose the terms push and pull came to be used for MRP and JIT systems?
3. What key features of the manufacturing task impact the design of the MPC system?

4. Some manufacturing executives have raised the question “Which is better, MRP or JIT?” How
would you respond to this question?

5. What approaches other than finished goods inventory provide short lead times to the customers?

6. Henry Ford was said to have specified “any color as long as it’s black.” Today’s automobiles come
in literally billions of end-item combinations. What are the implications of this change in market
requirements on MPC system design?

7. What changes in market requirements at Applicon dictated a new production process and MPC
approach?

8. What kind of changes in the products produced and markets served would enable Moog to adopt
make-to-stock master production scheduling?

9. Why is discipline required for both JIT and MRP?

Problems 1. Worldwide Batteries Inc. sells industrial batteries to both original equipment manufacturers
(OEM) and replacement market customers. About 80 end products are classified as high-volume
products, 200 as medium-volume products, and 170 as low-volume products. The vice
president of marketing and sales has provided the following description for two market
segments that reflect the general characteristics of all market segments currently targeted by
the company:

» Replacement batteries for indoor material handling equipment for which 60 percent of the
sales volume is for deliveries desired by customers in seven days or less (high-volume items),
30 percent is for delivery within 14 days (medium-volume items), and 10 percent is for deliv-
ery within 30 days (low-volume items). Key factors in gaining sales orders in this segment are
competitive prices and delivery speed.

» Replacement batteries for outdoor transportation equipment applications which involve low-
volume product items. Customers expect delivery within two weeks. The key factors in win-
ning orders in this segment are competitive prices and delivery reliability.

Recently, the company has implemented a kanban system for controlling the material for
manufacturing component parts for batteries. The lead time for final assembly of battery compo-
nents into end products, battery charging, and transport to the customers is seven days. High- and
medium-volume purchased components (used in the final assembly operation) are provided by
suppliers on a JIT delivery basis with a guaranteed five-day delivery lead time. Low-volume pur-
chased components (also used in the final assembly operation) require a four-week delivery lead
time for the suppliers.

Specity the MPC system design requirements for the company’s markets using the framework
shown in Figures 12.10, 12.11, and 12.12. Refer to Figures 12.2, 12.3, 12.4, 12.6, 12.7, and 12.8
for MPC design details.

2. Currently, the Cambridge Plastics Company sells industrial packaging materials to two different
market segments:

 Injection-molded plastic bottles sold to soft-drink bottlers in very high volume with significant
seasonal variations in sales. The customers provide call-off schedules indicating their product
requirements over the next six months, specifying the delivery quantities each week. Key
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factors in winning this business are the ability to meet large changes in the weekly quantities

and the ability to provide a major capacity increase for the increased demand during the peak

summer selling season.

» Custom-molded plastic bottles sold in wide variety and low volume to manufacturers of cos-
metic, pharmaceutical, and agricultural chemical products. These are produced to specific
customer orders, with the key factors in winning orders in this business being competitive
prices and delivery reliability.

The soft-drink bottles are produced using high-volume processes dedicated to the production
of specific products, while the custom products are produced using low-volume batch processes.
In both cases the tracking of actual versus planned production is very important in ensuring that
the current quantities of products are delivered against the customer orders.

Specify the MPC system design requirements for the company’s markets using the framework
shown in Figures 12.10, 12.11, and 12.12. Refer to Figures 12.2, 12.3, 12.4, 12.6, 12.7, and 12.8
for MPC design details.

3. The Oakmont Inc. is a make-to-stock firm. A typical part for one of the firm’s products has the
following data:

Manufacturing lead time (LT) = 8 weeks.

Forecast = 50 per week.

Mean absolute deviation (MAD) of forecast errors = 8.

Safety stock = 95 percent service level (2.056 X MAD X 1.25 X \/L7T)

A cellular manufacturing approach will reduce a typical part’s manufacturing lead time to two

weeks.

a. What’s the reduction in safety stock?

b. The cell can manufacture 40 percent of the parts (the present total safety stock investment is
$200,000). If you assume a lead time reduction from eight weeks to two weeks for these parts,
what’s the overall reduction in safety stock investment?

c. An engineer believes redesign of the cell can increase the percentage of parts produced
therein from 40 percent to 60 percent. How much safety stock investment reduction comes
from the redesign?

4. The cell in problem 3 is designed with a capacity of 800 units per day. A new product design uses
many common parts; the result is a cell scheduled with a one-day lead time and an overall shift
to assemble-to-order manufacturing. Customers are happy to receive one-day deliveries. Overall
demand for parts made in the cell is 500 units per day, with a standard deviation of 75 units. The
500 units are typically completed in approximately five working hours. Thereafter, workers in the
cell perform equipment maintenance, schedule production, and manage quality.

a. What happens to the service level provided to customers?

b. What happens to safety stock inventory levels?

5. Dixon Plastics has 100 customers. It produces make-to-order products using time-phased mate-
rial planning and an MRP-based shop-floor system. Amdur Electronics, one of its larger cus-
tomers, accounts for 20 percent of total sales. It promises to double its volume with Dixon within
two years and to communicate its detailed planning to Dixon via electronic data exchange (EDI).
The plans would be frozen for the next week, subject to =+ 15 percent in weeks 2 through 6, and
open to revision after six weeks. Any raw material purchased by Dixon to meet requirements in
the next six weeks would be guaranteed against obsolescence by Amdur Electronics.

a. What changes in MPC design options would Dixon require if total manufacturing lead time
was one day?

b. What if the total manufacturing lead time is six weeks?
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6. Consider the following three MRP records. Product A comprises two part Bs. One part B
requires one part C.

Week
Product A 1 2 3 4 5 6 7 8
Gross requirements 10 | 20| 0 | 40 | 20 | 10 0| 20

Scheduled receipts
Projected available balance | 15 51151 15 5115 5 5115
Planned order release 30 30 | 30 30

Q=30,SS=5LT=1.

Week
Part B 1 2 3 4 5 6 7 8
Gross requirements 60 60 | 60 60

Scheduled receipts 100
Projected available balance | 75 | 15 | 115 55 | 95 | 95 | 95 | 35 | 35

Planned order release 100

Q=100,SS=0,LT=2.

Week
Part C 1 2 3 4 5 6 7 8

Gross requirements 100

Scheduled receipts
Projected available balance | 0 0 0f O 0 0 0 0 0

Planned order release 100

Q=LFL,SS=Q,LT=1.

a. What transactions are required to keep the shop on schedule?

b. Assume it takes one week for MRP processing for each level in the bill of materials. What’s
product A’s total lead time?

c. If everything went according to plan in week 1, what would the records look like in week 2?
(Assume a new requirement for 20 units of product A in week 9.) What transactions took
place in week 1 and/or must take place in week 2 to keep the shop on schedule?

d. Suppose product A is to be built in a cell (lead time is one week), and parts B and C are to be
made into phantom items. What happens to transaction counts and total lead time?
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7. Product X is made from one unit of part Y, which in turn is made from one unit of Z, which is
made from one unit of raw material R. Consider the following set of records:

Week
Product X 1 2 3 4 5
Gross requirements 50 | 50 | 50 | 50 | 50
Scheduled receipts 50
Projected available balance | 10 | 10 | 10 | 10 | 10 | 10
Planned order release 50 | 50 | 50 | 50

Q=LFL,SS=10,LT = 1.

Week
Part Y 1 2 3 4 5
Gross requirements 50 | 50 | 50 | 50

Scheduled receipts
Projected available balance | 52 2|52 2(52 | 0

Planned order release 100 100

Q=100,SS=0,LT=1.

Week
Part Z 1 2 3 4 5
Gross requirements 100 100

Scheduled receipts
Projected available balance | 100 0| O 0| O 0

Planned order release 100

Q=LFL,SS=0,LT = 1.

Week
Raw Material R 1 2 3 4 5

Gross requirements 100

Scheduled receipts
Projected available balance | 0 0 0 O 0 0

Planned order release 100

Q=LFL,SS=0,LT = 1.
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a. How many transactions (order launches, inventory receipts, and disbursements) are indicated
in the records as shown above for product X and parts Y, Z, and R?

b. How would the records look if parts Y and Z are made into phantom items? Assume the raw
material (LT = 1, Q = LFL) is still delivered to inventory before being released directly to the
line that produces product X. Assume the lead time is still one week for product X. How many
transactions are implied now?

8. Melnick Mines uses a special type of hardened crusher ball for preparing the ore. Purchasing the
balls is managed with time-phased material planning. The following records are for two succes-
sive weeks:

Week
Part: Crusher Ball 1 2 3 4 5 (3 7 8
Gross requirements 25 [ 25 | 25 | 25 | 25 | 25 | 25 | 25

Scheduled receipts 80
Projected available balance 20 | -5 | 50 [ 25 | 80 | 55 | 30 | 85 | 60

Planned order release 80 80

Q=280,SS =20,LT=3.

Week
Part: Crusher Ball 2 3 4 5 (3 7 8 9
Gross requirements 25 [ 25 | 25 | 25 | 25 | 25 | 25 | 25

Scheduled receipts 80
Projected available balance | 70 | 45 | 20 | 75 | 50 | 25 | 80 | 55 | 30

Planned order release 80

Q=280,SS =20,LT=3.

a. What transactions made during week 1 would result in the record as of week 2 (assuming no
scrap losses)?

b. How would this set of transactions be changed if rate-based scheduling and JIT-based shop-
floor control were implemented at the vendor with lead time one day?

9. Falcon Sports Inc. makes a line of jet skis in a make-to-stock environment. There are eight
different end items (catalog numbers) in the jet ski product line. The skis vary according to horse-
power (10 or 12), seating capacity (single or dual), and starting mechanism (manual or auto-
matic). The company owner, Freddie Falcon, is adding two new colors to the jet ski line (orange
and purple) in addition to their current color (teal). The company currently holds 25 units of
safety stock for each jet ski model. Manufacturing lead time is two weeks.

a. How much will the safety stock increase by offering the two new colors?

b. Freddie says the safety stock of 25 units per model is not enough, given all the product varia-
tions, so he plans to limit the number of end items available. Freddie decides that orange and
purple jet skis will be available only in the 12-horsepower model and teal is only available in the
10-horsepower model. He wants to use a total of 600 units of safety stock and spread it across
the limited end items. How much safety stock would there be for each end item under this plan?
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10.

11.

12.

13.

14.

15.

Falcon Sports Inc. (from problem 9) has decided to switch to an assemble-to-order manufactur-
ing environment and hold 40 units of safety stock for each option. Assembly lead time is two
hours.

a. What is the total safety stock under this plan?
b. What would the safety stock per option be if there were 600 units of safety stock in total?

The Ronsi Rist Watch Company, producers of famous brand watches, expanded its product line
from 20 to 50 models. Each model requires approximately 100 units of safety stock to provide
the customer service levels the company wants from make-to-stock operations. A small engi-
neering change in watch design and new layout in the factory made it possible to shift to an
assemble-to-order approach. Each model is assembled using one item from each of five options
(12 face plates, 2 movements, 4 bands, 4 cases, and 2 kits of mounting hardware). The company
was disappointed to learn it took about 100 units of safety stock for each option to provide the
desired customer service levels, even though it could assemble virtually any order in a matter of
hours. The marketing manager said, “Because we still need about 100 units of safety stock for
each item, we should go back to our familiar make-to-stock system, which is much easier for my
order entry clerks to handle.” Do you agree?

In an attempt to react to a shifting market, the Isandar Wedge Company reengineered its product
line for rate-based manufacturing. Previously, the company competed on product variety, custom
tailoring products to meet customer needs on a make-to-order basis. The redesign allows cus-
tomers to make their own adjustments and enables the company to produce a smaller number of
end products to stock, thereby providing immediate delivery.

a. Current inventory for an example product is zero, but the firm wants to build up 100 units of
safety stock over the next four weeks. Average demand for the product is expected to be
25 units per week. From week 5 on, the company wants to produce at the demand rate. What
should the master production schedule be for this product for the next six weeks.?

b. Isandar now believes the 100-unit safety stock is excessive. Standard deviation of demand per
week is 10 units, so a safety stock of 30 provides a service level above 99 percent. If the com-
pany is starting with 100 units of safety stock, what MPS results in a safety stock of 30 units
in five weeks?

The Leone Company used to make designer underwear in red, white, and blue to stock. In
response to many customer requests, it now offers them with or without three colors of exotic de-
cals (black, green, and orange) and with or without four colors of sequins (white, brown, black,
and gold). If 10 units of safety stock are kept for each end item, measure the increase in safety
stock from the new product offerings. Customers require next-day delivery. Manufacturing lead
time is one week.

If the Leone Company in problem 13 switches to an assemble-to-order manufacturing option and
holds 20 units of safety stock in each option, what’s the overall safety stock (in total number of
parts)? Assembly lead time is one hour.

As part of the final assembly process, Leone (problems 13 and 14) decides to dye underwear to
particular colors and replace decals with silk screening. They invest in the dye and silk screen ca-
pacity before checking on the reduction in the safety stock. Assembly lead time increases to two
hours. What are the safety stock requirements, given that they hold no limits on safety stock per
option? Does their ability to offer a full product line change?
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Areas of the Standard
Normal Distribution

0 Z

An entry in the table is the proportion under the entire curve that is between z = 0 and a pos-
itive value of z. Areas for negative values of z are obtained by symmetry. Using Microsoft
Excel these probabilities are generated with the equation:

NORMSDIST (z) — 0.5

z .00 .01 .02 .03 .04 .05 .06 .07 .08 .09

0.0 .0000 .0040 .0080 .0120 .0160 .0199 .0239 .0279 .0319 .0359
0.1 .0398 .0438 .0478 .0517 .0557 .0596 .0636 .0675 .0714 .0753
0.2 .0793 .0832 .0871 .0910 .0948 .0987 .1026 .1064 .1103 .1141
03 1179 1217 1255 1293 1331 1368 .1406 .1443 .1480 .1517
0.4 1554 1591 .1628 .1664 .1700 .1736 .1772 .1808 .1844 .1879

0.5 .1915 .1950 .1985 .2019 .2054 .2088 .2123 .2157 .2190 .2224
0.6 .2257 .2291 2324 2357 .2389 2422 2454 2486 .2517 .2549
0.7 .2580 .2611 .2642 .2673 .2703 .2734 .2764 2794 .2823 .2852
0.8 .2881 .2910 .2939 .2967 .2995 .3023 .3051 .3078 .3106 .3133
09 3159 3186 .3212 .3238 .3264 .3289 .3315 .3340 .3365 .3389

.3413 3438 .3461 .3485 .3508 .3531 .3554 .3577 .3599 .3621
.3643 3665 .3686 .3708 .3729 .3749 3770 .3790 .3810 .3830
.3849 3869 .3888 .3907 .3925 .3944 3962 .3980 .3997 .4015
4032 4049 4066 .4082 .4099 4115 4131 .4147 4162 .4177
4192 4207 4222 4236 4251 .4265 4279 4292 4306 .4319
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z .00 .01 .02 .03 .04 .05 .06 .07 .08 .09
1.5 .4332 .4345 4357 4370 4382 .4394 4406 .4418 .4429 4441
1.6 4452 4463 4474 .4484 4495 4505 4515 4525 4535 4545
1.7 4554 4564 4573 4582 4591 .4599 4608 .4616 .4625 .4633
1.8 .4641 .4649 4656 .4664 4671 .4678 4686 .4693 4699 .4706
1.9 4713 4719 4726 4732 4738 .4744 4750 .4756 4761 .4767
2.0 4772 4778 4783 4788 4793 4798 .4803 4808 .4812 .4817
2.1 4821 .4826 .4830 .4834 4838 .4842 4846 4850 .4854 .4857
2.2 4861 .4864 4868 .4871 .4875 .4878 .4881 .4884 .4887 .4890
2.3 4893 4896 .4898 4901 .4904 4906 .4909 4911 .4913 .4916
2.4 4918 .4920 4922 4925 4927 4929 4931 4932 .4934 4936
2.5 4938 .4940 4941 .4943 4945 4946 .4948 4949 .4951 4952
2.6 4953 4955 4956 .4957 4959 4960 .4961 4962 .4963 .4964
2.7 4965 .4966 4967 .4968 4969 4970 4971 4972 4973 4974
2.8 4974 4975 4976 4977 4977 4978 4979 4979 .4980 .4981
29 4981 4982 .4982 4983 .4984 4984 4985 4985 .4986 .4986
3.0 .4987 4987 .4987 .4988 4988 .4989 4989 .4989 4990 .4990
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capacity “bathtub,” 261, 261f
capacity bills/billing, 245, 247-250, 251f;
252,264

capacity planning, 5, 242-273
bottleneck capacity, management of,
261-262
capacity bill procedure, 247-250, 264
capacity measures, choosing, 263-264
capacity planning using overall factors
(CPOF), 245-247, 264-265
capacity requirements planning
(CRP), 250-253
choosing a technique, 264-265
company examples, 270-273
exercises, 266270
hierarchy of decision, 243-244
input/output control, 259-261
links to MPC system modules,
244-245
management of, 258-265
managerial problems with, 242
master production schedule (MPS),
243-245
MPC support activities, 2
resource profiles, 244, 245,
249-250, 251f
role in MPC systems, 243-245, 243f
role in the MPC system, 262263
rough-cut, 244
rough-cut approaches, 264
scheduling both materials and
capacity, 253-258
using capacity plan, 265-265
capacity planning using overall factors
(CPOF), 244, 245-247, 264-265
capacity requirements planning (CRP),
244,244, 245, 250-253, 253
capacity utilization, 258-265, 275, 276,
284, 285f, 292
capital costs, 425
carload (CL), 401, 403
carrying costs, 104, 399, 404, 425
cash flow, cash-to-cash cycle
measurement of, 23
cash-to-cash cycle time, 22-26
causal models, 54
causal relationship forecasting, 56
cellular manufacturing, 329, 340-341,
347,463
change transactions, 331
chase strategy, 98, 99/, 100, 101z,
104-105, 157
classification schema, MPC, 7-8
clerical costs, 426
collaborative demand, 19
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collaborative fulfillment, 19
collaborative manufacturing, 19
collaborative planning, forecasting, and
replenishment (CPFR), 20, 46-52
collaborative replenishing planning, 20
company environment, production activity
control and, 277
company game plan, 4, 9
components, 37
computer-aided design (CAD), 459
computer-aided engineering (CAE), 459
computer-aided manufacturing (CAM), 459
computerized numerical control
(CNC), 458
CON procedure, 313
configuration management, 37
consolidated item number, 154
constant time (CON), 313
consuming the forecast, 161
continuous distributions, 433-434
control activities, 33
controller, 144
correlation analysis, 54
costs
carrying, 399, 404, 425
incremental inventory, 426
inventory-related, 424427
LTL vs. full truckload, 403—404, 403/
order preparation, 425
order quantity vs., 428429
service, 426
shortage, 425-526
transportation, 401
warehouse, 408, 409/
costs data, sales and operations planning,
104-105
cost trade-off, 426427
CPOF (capacity planning using overall
factors), 245-247, 264-265
critical ratio (CR), 281, 311
CRM (customer relationship
management), 43
cumulative ATP, 160, 161-162, 162f
166, 168f
cumulative chart display, 96-98, 971
cumulative lead time, 199
customer order decoupling point, 35, 35/
customer order service, 41
customer relationship management
(CRM), 43
customer service costs, 426
customer service level, safety stock and,
432433, 435-436
customer service measurement, 414-416
customers, extending MPC integration to,
463-464
customized software, enterprise resource
planning (ERP), 16

cutting, 190-191
cycle stock, 158, 422, 422
cycle time, cash-to-cash, 22-26

Data Analysis ToolPak, 59-60
data capture and monitoring activities,
4243
data integration, 16-17
data warehouse, 17
days of stock (DOS), calculating, 28-29
DDLT (demand during lead time),
402, 404
decision rules, for inventory management,
423, 4231 424
decision support, 13-14
decomposition of a time series, 60—66
deduct points, 351
Dell Computer, 25-26, 155
Delta Manufacturing Company, 120-130
demand
balance between supply and, 89-90
collaborative, 19
dependent, 34, 190
independent, 34, 190
measuring, 12
demand chains, 38. See also supply chain
demand distribution, 434f
demand during lead time (DDLT),
402, 404
demand during replenishment time,
436437
demand fence, 169
demand management, 4, 5, 32-52
assemble-to-order (ATO). See
assemble-to-order (ATO)
available-to-promise. See available-to-
promise (ATP)
balancing supply and demand, 4546
benefits of, 32
collaborative planning, forecasting,
and replenishment (CPFR), 4652
communication with master
production scheduling, 39-40
communication with sales and
operations planning, 38-39
customer order decoupling point, 35
customer relationship management,
4344
data capture and monitoring activities
of, 4243
day-to-day customer orders and,
40-41
distribution requirements planning
(DRP) and, 363-364
environment for, 34-35
information use in, 41-43
in manufacturing planning and control
(MPC) systems, 32-34

make-to-order. See make-to-order
(MTO)
make-to-stock (MTS). See make-to-
stock (MTS)
monitoring, 44-45
MPC environment and, 34-38
operations planning and, 92
organizing for, 44
outbound product flow, 43
planning, 33
sales and operations planning, 33,
38-39,92
demand planning, 94f, 95, 100
demand timing uncertainty, 226227
demonstrated capacity, 261, 261
dependent-demand inventories, 421-422
dependent demands, 34, 190
design, of manufacturing planning and
control (MPC), 444-461
choosing options, 449-456
company examples, 456-461, 462f
exercises, 465-470
integration of MRP and JIT, 461463
integration to customers and suppliers,
463-464
issues with, 444
manufacturing process design,
451-452
market requirements and, 450451
master production scheduling options,
445-446, 452454, 453f
material planning options, 446448,
454455
shop-floor system options, 448-449,
455456, 455f
statement of manufacturing task, 451
detailed capacity planning, 5
detailed material planning, 5
direct labor, capacity planning and, 263
discounts, quantity, 401, 404, 406
discrete ATP logic, 160, 160, 161/, 162,
166, 167f
discrete lot sizes, 196
dispatching approaches to scheduling,
309-310
displays, sales and operations planning,
96-100
distribution
advantages of, 408
continuous, 433-434
evaluation of, with ERP, 22
physical, 36, 43
distribution requirements planning (DRP),
359-396, 405
basic record technique, 364—366
company example, 391-396
data integrity and completeness,
375-376



demand management and, 363364
exercises, 381-390
function of, 359
implosion, 367
linking several warehouse records,
367-369
management issues with, 374-380
managing variations from plan,
369-374
marketplace and, 362-363
MPC linkages, 360-362
organizational support, 376-377
problem solving with, 377-380
safety stock in, 374
in the supply chain, 359-364
techniques, 364-374
time-phased order point (TPOP), 367
dollar usage, 439
DRP. See distribution requirements
planning (DRP)
drum-buffer-rope, 283
drums, 283
elevating, 291
exploiting, 290
scheduling, 287-290
due date-setting procedures, 312-314
dynamic due date maintenance, 314-316

earliest due date (EDD) rule, 311
economic order quantity (EOQ), 222-223,
222f, 406, 428-430, 428-430
economic time between orders (TBO),
429-430
electronic data interchange (EDI), 42, 42
Eli Lilly, 26-29
end-item demand, 362
engine (middle third) activities, 5
engineer-to-order environment, 35,
37-38, 154
enterprise portal, 20
enterprise resource planning (ERP)
system, 4, 11-30
cash-to-cash cycle measurement,
22-26
choosing software, 14
components, 15-16
connecting functional units, 14—17
decision support capability of, 13—14
defined, 12
evaluating performance, 21-26
fitting within manufacturing planning
and control (MPC), 17-20
functions, 11, 12
implementation of, 26-30
manufacturing operating cycle,
21-22,21¢
scope of, 15¢
software, 13—14

software features, 13
supply chain management, 18-20
transaction processing capability
of, 13
EOQ (economic order quantity), 222223,
222f; 406, 428-430
ERP. See enterprise resource planning
(ERP) system
errors, in forecasting, 66, 72—74
estimate of manufacturing time, 313
evaluation, of forecasts, 72-74
Excel, 59-60, 137, 144-147
exception codes, 202-203
execute, demand management and, 33
Executive SOP meeting, 96
explosion, gross to net, 189-190
exponential smoothing, 67, 70-72
exponential smoothing constant, 70

FAS. See final assembly schedule (FAS)
FCFS (first come/first served) rule, 311
fewest operations remaining (FOR)
rule, 311
field warehouse DRP record, 365-366
fill rate, 424
final assembly schedule (FAS), 154, 154,
166, 421-422, 445
finance function, ERP system, 15
finite capacity scheduling, 253-258
finite loading, 245, 254
finite scheduling, TOC scheduling
and, 292
firm planned order (FPO), 198-199
first come/first served (FCFS) rule, 311
flow-oriented manufacturing process, 8
focus forecasting, 67
follow-up (production activity control),
292-293
FOR (fewest operations remaining)
rule, 311
forecast demand, 65, 72-73
forecast errors, 72, 375
forecasting, 5354
aggregated, 74-75
company example, 85-87
decomposition of a time series, 60—66
distribution requirements planning
and, 375
errors in, 66, 72-74
exercises, 79-85
exponential smoothing, 70-72
focus, 67
for sales and operations planning, 55
for strategic business planning, 54-55
framework for, 54f
incorporating external information
for, 78
knowledge replacing, 41, 42f
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linear aggression analysis, 5660
long-term, 74
master production schedule, 55-56
measuring bias in, 72-74
moving-average, 67—69
need for, 53
planning vs., 33-34
pyramid, 75-77
forward finite loaded, 286
front end, just-in-time approaches
and, 330
“front-end” system, 291
front scheduling
APS systems, 258
finite capacity scheduling, 255
material requirements planning, 191
frozen, master production schedule, 169
full carload, 401, 403—404, 403/
functional silo approach, 21-22

game plan, company, 4, 9

Gantt Charts, 190, 191f, 277, 280-281

Garden Till Company, 164, 166

general manager, 144

GNX (GlobalNetXchange), 49

The Goal (Goldratt), 261

Goldratt, Eliyahu, 261

green zone, 290

gross requirements, 184, 185, 185f;
192, 194

gross to net explosion, 189-190

group scheduling, 318-320

hedging, 155

Hershey, 3

heuristic procedures, 410-411, 413
hidden factory activities, 331-332, 461
Hill-Rom Company, 179, 180y, 181, 205
horizontal loading, 255

human resources, in ERP system, 16
Hyster Company, 155

i2 Technologies (software), 11

implosion, 367

incremental inventory costs, 426

indented bill of materials (BOM),
188-189

independent-and dependent-demand
items, 421

independent demand inventories,
421-422

independent demands, 34, 190, 362

information, gathered in demand
management, 4143

information technology, 27, 30

input/output analysis, 245, 259-261, 265

integrated strategic planning, 110111

integrated supply chain metrics, 2224
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Internet
intrafirm coordinated efforts, 7
vendor scheduling and, 293
Internet-based systems, 42
in-transit inventory, 422
inventory. See also safety stock
cycle stock, 158, 404, 422
independent demand vs. dependent
demand, 421-422
role in supply chains, 404, 405f
supply chain logistics, 404, 405/
inventory collaboration hub, 20
inventory management, 420443
ABC analysis, 439
continuous distribution, 433-434
costs related to, 424427

customer service criterion, 435-436

decision rules, 423f

determining system performance,
423-424

exercises, 440443

forecast error distribution, 437-438

functions of, 422423

implementing changes in, 424

inventory system performance,
423-424

multi-item management, 439

order point methods, 420

probability of stocking out criterion,

434-435
routine decisions, 423
safety stock and, 430433

time period corrective factor, 436-437

inventory turnover, 423424

JIT (just-in-time). See just-in-time (JIT)

job shop manufacturing, 276
joint-firm JIT (just-in-time), 348-350
just-in-time (JIT), 8, 9-10, 327-358
application of, 343-346
benefits, 329-330, 330/
bill of materials implications,
341-342

building blocks in MPC, 332-333, 334f

capacity planning and, 263

capacity planning using overall factors

(CPOF) and, 247
elements of, 328-329
example of, 333-342
exercises, 355-358
flexible systems, 347
flow times, 347
hidden factory and, 331-332

information system implications, 352

integrating material requirements
planning and, 461-463

joint firm, 348-350

kanban system, 343-344, 345-346

leveling production and, 335
management, 352-353

manufacturing planning and control

activities and, 327-328, 328f
329-331, 352

MRP record, 335, 337/, 452

nonrepetitive, 346347

objectives, 3341

planning and execution, 351

process design, 340-341

product design, 340

production activity control and,
276277

pros and cons, 353

pull system, 335-339

scorekeeping and, 352-353

shop-floor system driven by, 448f,
4551, 456

software, 350-351

kanban system, 343-344, 345-346,
407-408

Kawasaki U.S.A., 456, 457,
458-459, 4591

Kirk Motors Ltd., 178-179, 180f

knowledge, of firm’s needs, 41

Korean Heavy Industries Co. Ltd., 4

Kraft Foods, 403

Kremzar, Mike, 12

labor assignment decisions, 317
labor-limited systems, 316317, 318f
Lawn King Inc., 135-147
lead time

cumulative, 199

MRP records, 192, 193f

safety, 197, 227-230, 286

safety stock and, 430

shop-floor control, 278
lead-time management, 279-280
lead time offset, 186
lead time offsetting, 190-191
lean manufacturing, 8, 36, 111
least setup (LSU) rule, 311
least squares method, 5758, 64—66
least work remaining (LWR) rule, 311
less than carload (LCL), 401, 403

level production, just-in-time (JIT) and, 335
level strategy, 98, 102, 103, 104, 157, 157f

line scheduling, 287

linear programming, 132-133, 137-138,

142-143
linear regression forecasting, 56—60
load, 261
logistical transactions, 331

logistics system, distribution requirements

planning (DRP) and, 363

long-range capacity planning, 243f; 244

long-term forecasting, 74

lot-for-lot procedure, 194, 196, 220, 221
lot size, 157, 158f

lot sizing, 1591, 196-197, 287
lot-splitting, 287, 318-319

low-level code numbers, 198

LSU (least setup) rule, 311

LWR (least work remaining) rule, 311

Mack Trucks, 155

magnitude filter, 315
make-to-knowledge, 41-42, 360, 446f
make-to-order (MTO)

customer order decoupling and, 35

demand management and, 37-38, 38/,
397, 40-41

explained, 154

master production scheduling and,
445, 452, 453f

measurement of customer service in,
416

make-to-stock (MTS)

customer order decoupling and, 35

demand management and, 36, 38f
391 41

explained, 154

features of, 446, 446f

master production scheduling, 40,
453-454

measurement of customer service
in, 415

Makridakis, Spyros, 67
management

capacity planning/utilization and,
258-265

distribution requirements planning
(DRP), 374-380

of inventories, 423424

just-in-time (JIT), 352-353

of master production schedule, 170

sales and operations planning, 90-91

of the theory of constraints (TOC)
schedule, 287-288

manufacturing

batch, 446447, 448, 452, 453,
454,458

cellular, 329-340-341, 347, 463

collaborative, 19

evaluation of, with ERP, 21-22

flow-oriented, 8

lean, 36

manufacturing planning and control

(MPC). See also enterprise
resource planning (ERP) system

back-end activities, 46

basic system, 445f

capacity planning in. See capacity
planning



characteristics of, 1
classification schema, 7-8
defined, 1-4
demand management in, 32-34
design. See design, of manufacturing
planning and control (MPC)
distribution requirements planning
(DRP) linkages to, 360-362
enterprise resource management
(ERP) and, 17-20
evolution of, 8-10
just-in-time programs and, 327-328,
328f, 329-331, 351, 352
matching with needs of the firm, 6-8
material requirements planning in,
182-184
operations planning and, 91-93
payofts of, 34
production activity control and, 275
sales and operations planning and,
90, 91
support activities, 2—4
system activities, 4—6
theory of constraints and, 291
vendor scheduling and, 292-293
manufacturing task, statement, 451
Manugistics Inc., 49
marketing manager, 143
master production schedule (MPS), 4, 5,
152-181
advanced production scheduling
(APS), 256-258, 256f
assemble-to-order approach. See
assemble-to-order (ATO)
available-to-promise, 159-162
bills of materials, 153
business environment for, 154—155
capacity planning and, 243-245
company examples, 178—181
consuming the forecast, 161
cycle stock and, 158
demand management and, 33, 3940
dependent inventory and, 421-422
DRP and, 362, 364, 368-369
exercises, 171-178
final assembly schedule (FAS), 154,
166, 421422, 445
forecasting, 55-56
level strategy, 157, 157f
linkages to other company activities,
155-157
make-to-order approach. See make-to-
order (MTO)
managing, 170
operations plan and, 91
order promising, 159, 178-179
planning bill of materials, 154
role of, 152-156

rolling through time, 158-159

safety stock and, 157-158

stabilizing, 168—170

statement of the future output,
153-154

time fencing, 169-170

time-phase record, 157-158

two-level, 163, 166168

material planning, 5

operations planning and, 92

rate-based, 446, 447448, 4471,
454-455, 4541

time-phased, 446-447, 4471, 454, 454f

material requirements planning (MRP), 5,

8, 182-241

allocation and availability checking,
201-202

back scheduling, 191

basic record, 184-192

bill of materials, 187—189

bottom-up replanning, 203-204

bucketless systems, 196

buffering concepts related to, 226231

demand and supply uncertainty in,
226-227

determining manufacturing order
quantities, 220-226

distribution requirements planning
and, 361

DRP record and, 365

exception codes in, 202-203

exercises, 210-219, 234-241

firm planned orders, 198-199

gross to net explosion, 189-190, 191

integrating just-in-time and, 461-463

lead time offsetting, 190-191

linking the MRP records, 192—195

lot sizing issues, 196-197

low-level coding, 198

in manufacturing planning and
control, 182184

master production schedule and, 153

nervousness, 231-233

ordering procedures, 222-225

order launching, 201

pegging, 198

planners involved in, 200-201

procedural inadequacies, 208-209

processing frequency issues, 195-196

production activity control and, 276

rescheduling, 207

with safety lead time, 197, 197f

with safety stocks, 197

scheduled receipts vs. planned order
releases for, 200

shop-floor system driven by, 448,
455456, 4551

simulation experiments, 225-226
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system dynamics, 205-209
system output, 205
technical issues with, 195-200
transaction processing issues, 2006,
207-208, 207f
uses, 182
materials management, 16, 376
mathematical programming, 131-135
linear programming, 132—-133
mixed integer programming, 133-135
mean absolute deviation (MAD), 73-74
mean error, 72
medium-range capacity planning,
243f 244
meetings, sales and operations planning,
126, 129, 1291
Michelin, 46
Microsoft Excel, 59-60, 144-147
middle third activities, 5
mix, 89-90
mixed integer programming, 133-135
mixed operating plan, 104/, 105, 106/
mobile supply chain management, 20
modules, 37
Montell USA Inc., 270
monthly sales and operations planning
process, 94-96, 941, 107, 121, 122f
Moog Inc., 456, 457458
Motorola, 4647, 48, 50-51
moving-average forecasting, 6769
MPC. See manufacturing planning and
control (MPC)
MPS. See master production schedule
(MPS)
MRP. See material requirements planning
(MRP)
multi-item inventory management, 439
multiplicative seasonal variation, 61
Muth Pots and Pans Company,
333-342
mySAP Supply Chain Management,
18-20

nervousness, 231-233, 314-315
net change, 195-196

net requirement, 186

next queue (NQ) rule, 311
nondrum, 283

nonqueue time, 280

Nortel Networks, 3

NQ (next queue) rule, 311
numerical control (NC), 458

objectives

JIT, 334f

PAC, 277

TOC scheduling, 282
obsolescence, product, 425
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one-machine scheduling, 307-308
operating cycle, 23
operation batch size, 319
operation setback chart, 279
operations planning. See sales and
operations planning (SOP)
optimized plan, 100
options, 37
Oracle (software), 11, 18
order booking, 41
order entry, 41, 45
ordering as required, 220
order launching, 201
order penetration point, 35
order point methods, 420
order preparation costs, 425
order promising, 159, 178-179
order quantities
cost-trade off and, 426427
economic order quantity (EOQ)
model, 222-223, 406, 428430
part period balancing, 223-224
periodic order quantities, 205,
223,231
reorder point, 430-431
Wagner-Whitin algorithm, 224-225
order slack, 281
order timing decision, 430438
ABC analysis, 439
continuous distributions, 433-434
probability of stocking out, 434435
time period correction factor,
435-436, 436437
using safety stock, 430433
organization, for demand management, 44
outbound product flow, 43
outsourcing, 7
outsourcing, capacity planning and, 2
overlap (lot sizing), 287
overproduction, 110
overstated master production schedule, 170

PAC. See production activity control
(PAC)
parents (product), 55
part family scheduling, 320
part period balancing (PPB), 223-224, 224f
payoffs, sales and operations planning,
93-94
pegging, 198, 203
PeopleSoft (software), 11, 18
performance indicators, 3
performance measurements
ERP systems, 21-26
sales and operation planning,
92-93, 107
periodic order quantity (POQ), 205,
223,231

personnel officer, 144
phantom bills, 463
“phantoms,” 330
physical distribution, 36, 43
picking tickets, 202
pipeline inventories, 422
planned input, 261, 265
planned order releases, 184, 186, 194, 200
planned output, 265
planned receipts, 205
planning. See also distribution
requirements planning (DRP);
material requirements planning
(MRP)
in assemble-to-order environment,
162-165
capacity. See capacity planning
demand management, 33
forecasts vs., 33-34
material. See material planning
resource, 4-5, 92, 244
strategic business, 54-55
supply, 18-19
planning bill of materials, 154, 155, 163,
179-181
planning fence, 169-170
planning horizon, 185, 199
plant maintenance, in ERP system, 16
plant manager, 144
Poka-yoke, 329
precedent relationships, 190
preparation costs, inventory, 425
pre-SOP meeting, 95-96
priority sequencing rules, 277, 281-282
probability of stocking out, 434435
problem solving, DRP, 377-380
process batch, 287
process design, 340-341
processing frequency, material
requirements planning, 195-196
procurement, 6, 274
product design, just-in-time and, 332, 340
product family groupings, 108-109
product line forecasting, 74, 76
product network (TOC scheduling), 284,
284f 286
product structure, 196, 198-199
product structure diagram, 188, 189, 212,
214,215
production activity control (PAC), 245,
274-306
company environment and, 277
company example, 303-306
defined, 274
exercises, 294-302
framework for, 274-277
Gantt Charts, 280-281
just-in-time effect on, 276-277

lead-time management, 279-280
manufacturing planning and control
(MPC) system linkages, 275
material requirements planning
and, 276
priority sequencing rules, 281-282
shop-floor control concepts, 277-279
theory of constraints systems. See
theory of constraints (TOC)
vendor scheduling and follow-up,
292-293
production planning
products, transporting, 400—402
company example, 135-147
developing planning parameters,
138-142
in ERP system, 16
linear programming, 132—133,
137-138, 142-143
mathematical programming
approaches, 131-135
mixed integer programming, 133-135
profit and loss statement, 136, 136/
project management, 16
project type, 8
projected available balance, 184, 186
pull system, 335-339, 449
purchasing
defined, 6
ERP evaluation of, 21-24
push system, 449
pyramid forecasting, 75-77

quality

ERP evaluation of, 21, 22

forecast, 72-74
quality improvement programs, 451
quality management, in ERP system, 16
quality transactions, 331
quantity discounts, 401, 404, 406
queue time, 280

random (R) rule, 311
rapid response time, 293
rate-based material planning, 446,
447448, 454455, 454f
rated capacity, 261, 261
real time, 17
record processing, 184-195
basic MPR record, 184-192
linking MPR records, 192-195
red zone, 290, 291
regeneration, 195
regression analysis, 54, 56—60, 408
regression, defined, 56
reorder point, 423, 430-431, 435
reorder point/economic order quantity
(ROP/EOQ), 405



repetitive lots concept, 318-320

replenishment lead time, 430431

required capacity, 261

rescheduling, 207, 315

resource description (TOC scheduling), 284

resource planning, 4-5, 92, 244

resource profiles, 244, 245, 249-250,
2511, 252

rolling through time, 158-159

roll-up forecasts, 76—77

ROP/EOQ (reorder point/economic order
quantity), 405

Ross Products, 85-87

rough-cut capacity planning, 244, 252, 264

routing, alternative, 401-402, 402f

rules, sequencing, 311-312

safety lead times, 197, 197f, 227-230, 286
safety stock
customer service level and, 435-436
defined, 157-158, 430
in DRP, 374
inventory function of, 422
in make-to-order environment, 40
material requirements planning and,
165, 197, 227-229
probability of stocking out, 434-435
savings from warehouse consolidation
and, 404, 4051
TOC buffers, 286
transportation mode and, 402
used for uncertainty, 430
sales and marketing function, 16
sales and operations planning (SOP), 5,
88-130
application of advanced production,
135-147
basic trade-offs, 100-104
chase strategy, 100, 101z, 102
controlling, 111
at Delta Manufacturing Company,
120-130
demand management and, 33,
38-39,92
displays, 96-100
economic evaluation of alternative
plans, 104-105
in ERP system, 15
exercises, 112-120, 147-151
forecasting for, 55
function of, 89
functional roles, 107-110
fundamentals, 89-90
integrated strategic, 110-111
issues at Lawn King, Inc., 143-144
key linkages in, 88, 897, 90, 92
level strategy, 102, 1037, 104
management, 90-91

manufacturing and control (MPC)
system linkage with, 91-93
master production schedule and, 153
mathematical programming
approaches, 131-135
monthly, 94-96, 941, 107
monthly meeting, 126, 129, 129f
payofts, 93-94
performance measuring and, 92-93
product family groupings,
108-109, 1091
resource planning, 92
top management roles, 105, 107
using Microsoft Excel, 144—147
Sales and Operations Planning
(Wallace), 108
sales forecasting reports, 95, 97f, 123f
SAP (software), 11, 18-20
schedule board, 281
scheduled receipts, 184, 185-186, 192, 200
scheduling. See also master production
schedule (MPS)
advanced procedures, 312-320
basic research findings, 307-312
dispatching approaches, 309-310
due date-setting procedures, 312-314
dynamic due dates, 314-316
exercises on, 321-326
finite capacity, 253-258
group, 318-320
labor-limited systems, 316-317, 318f
part family, 320
products with part structures, 256258
rescheduling, 207, 315
of resources, 2-3
sequencing rules, 310-312
single machine, 307-308
theory of constraints (TOC),
283-286
transfer batches, 318-320
two-machine case, 308-309
vendor, 274, 276, 292-293
scorekeeping, just-in-time systems and,
352-353
scrap allowances, 230
Sears, 46
Sears-Michelin, 46, 48, 49
seasonal factor (index), 61-64
seasonal variation
additive, 61
multiplicative, 61
sequencing rules, 310-312
service parts, 199
setup time, 278, 287
shelf life problems, 379-380
Shingo, Shigeo, 329
shop-floor control (SFC), 274, 275, 276,
277-279
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shop-floor system, 5, 7
approaches to, 448-449
capacity planning and, 262-263
JT-based, 448/, 449, 455/
MRP-based, 448-449, 455-456
shop-order based systems, 462
shortage costs, 425-426
shortest operation next, 282
shortest processing time (SPT), 308, 311
short-range capacity planning, 243/, 244
simulation models, 410
simulation, warehouse location analysis
and, 410
single-card kanban system, 343-344
single criterion ABC analysis, 439
single machine scheduling, 307-308
slack per operation, 281
slack time per operation (ST/O) rule, 311
slack time (ST) rule, 311
SLK procedure, 313, 314
SMED (single-minute exchange of
dies), 329
Smith, Bernard, 67
software. See also enterprise resource
planning (ERP) system
ERP, 11, 13-14, 18-20
just-in-time (JIT), 350-351
MPC design, 460
MPC system, 6
SOP. See sales and operations planning
(SOP)
SPT (shortest processing time) rule, 311
stability, just-in-time and, 338
stabilization, master production schedule,
168-170
standard deviation, 74
statistical forecasting, 54, 67
stocking out, probability of, 434435
stockkeeping unit (SKU), DRP record of,
365-366
stockout probability, 432
ST/O (slack time per operation) rule, 311
strategic business planning, 54-55
strategic business units (SBUs), 110
ST (slack time) rule, 311
super bill, 163-165
suppliers, extending MPC integration to,
463-464
supplier systems, 5-6
supply and demand
balancing, 89-90
demand management and, 4546
planning for, 2
supply chain
demand management and, 38
distribution requirements planning in,
359-364
measuring performance of, 22-23
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supply chain collaboration, 20
supply chain coordination, 20
Supply Chain Council, 22
supply chain design module, 19
supply chain event management, 20
supply chain logistics, 397443
basic elements of, 400405
breadth of, 398-399
customer service measurement,
414416
design, operation, and control
decisions in, 399-400
exercises, 417419
framework for, 397400
inventory, 404, 405f
processes, 398f
total cost concept in, 399
transportation and, 400402
vehicle scheduling, 412414
warehouse location analysis, 408—412
warehouse replenishment systems,
405-408
warehouses, 402—404
supply chain management. See also
supply chain logistics
defined, 38
DRP and, 377, 377f
with SAP software, 18-20
supply chain metrics, 22-23, 23f
supply chain performance management, 20
supply planning, 19
supply (capacity) planning phase, 95
supply timing uncertainty, 226-227

tabular display, 98

TelTech Company, 463464

theory of constraints (TOC), 261-262
basic concepts, 282-283
buffers, 286
company example, 303-306
contributions of, 291-292
exploiting the drums, 290
implementation, 292
lot sizing and, 287
management of, 287-288
management of buffers, 290-291

material release-rope, 290
MPC framework and, 291
scheduling, 277, 283-286
scheduling the drums, 288-290
threshold value, 315
time between orders (TBO), 223
time bucket, 185, 186, 196, 205
time fencing, 169-170
time period correction factor, 436-437
time-phased gross requirements, 185
time-phased material planning, 454
time-phased order point (TPOP), 367
time-phased planning, 98, 446448
time-phased projected future usage, 408
time-phased record, 157-158
capacity requirements and, 265
material requirements planning and,
183, 184-187, 195
time-phased requirements, 185
time-saved concept, 413-414
time series, decomposition of a, 60—-66
Timken Company, 3
TOC. See theory of constraints (TOC)
top management, role in sales and
operations planning, 105, 107
TOSOH (company), 303-306
total annual cost, 410
total cost concept, 399
total cost equation, 428
Toyota, 328, 343, 344-346
TPM (total preventive maintenance/total
productive maintenance), 329
transaction processing, 13
transfer batch, 287
transit stock, 422
transportation, 400401
transportation linear programming (TLP),
411412
traveling salesman problem, 412414, 413f
turnover, inventory, 423—424
TWK procedure, 313, 314
two-card kanban system, 345
two-level master production schedules,
166-168
two-level MPS, 163, 166—168
two-machine scheduling, 308-309

uncertainty
demand and supply timing, 226227
inventory and, 404
master production scheduling and, 40
safety stock and, 430
underproduction, 110
unit of measure, capacity planning and,
263-264
uphill skier mode, 350
utilization, capacity, 258-265

vehicle scheduling, 412414

vendor-managed inventory (VMI), 20, 36,
55, 350, 360

vendor scheduling, 274, 276, 292-293

vertical loading, 255

volume and mix, 89-90

Voluntary Interindustry Commerce
Standards Association, 46

Wagner-Whitin (WW) algorithm,
224-225
Wallace, Tom, 12, 94, 108
Walmart, 17
warehouse closure, 378-379, 3791
warehouse consolidation, 404, 405/
warehouse location analysis, 408412
warehouse records, linking several,
367-369
warehouse replenishment systems,
405408
warehouses
concentrating on function of, 400
functions, 403404
location of, 402-403, 408-412
in supply chain logistics, 402-404
types, in supply chain, 398
“warm puppy effect,” 402
weekly wash, 347
weighted-moving-average model, 69
where-used data, 198
work-in-process (WIP), 280

yellow zone, 290, 291

zero inventory, 292
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