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Preface

This book provides a clear and concise introduction to operations management, which involves the planning,
coordinating, and executing of all activities that create goods or services. The course operations management is
offered in avariety of titles including production and operations management, analysis for production systems, and
design and engineering of production systems, at both the undergraduate and graduate levels.

This book is an excellent supplement to those courses. It focuses on the fundamentals and essentials needed to
understand how operations strategies are carried out and how they are tackled using new concepts and tools. It
illustrates decisions with many solved problemsto test and help students reinforce their understanding of the subject.
It covers many application-oriented problems that help readersto relate, to integrate, to discover, and, in general, to
gain useful insights. Further, many business professionals can benefit from this up-to-date book containing the latest
technigques and methods.

The book presents, in an integrated fashion, much of the material covered in the exams leading to professional status
as a Certified Production and Inventory Manager (CPIM) or Certification in Integrated Resource Management
(CIRM). The CPIM exams and certification are administered by the American Production and Inventory Control
Society (APICS). In 1991, APICS dso initiated the CIRM program with the intention of establishing the
internationally recognized standard for excellence in the field of integrated resource management.

Throughout the text, you are advised to follow the following ground rules to enhance benefits:

1. Understand the Definitions and Key Points. Each chapter begins with Key Terms, which are discussed throughout
the chapter. It isfollowed, wherever applicable, by You Should Remember boxes, which summarize key points.

2. Study Each Example Over and Over Again. Be sure to work out each example. Thisisthe key process of learning
and understanding the chapter material. Of course, you will be tested with similar problems at the end of the chapter.
Y ou will be provided with suggested solutions so that you can check your answers.

3. Do All Problems. Do You Know the Basics tests your understanding of the main concepts of the chapter. Practical
Applications test your ability to handle analyticalmostly numerical problems. Do not fail to do both!
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If you stick to this game plan and work at it, you will be assured of enhancing your understanding of operations
management and be successful in the course. By the same token, business professionals will gain a better
understanding of the subject and be able to apply the tools to make informed decisions.

The authors are grateful to Allison Shim for her enormous word processing and editorial assistance.

JAEK. SHIM
JOEL G. SIEGEL
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1
The Scope of Operations and Production Management

KEY TERMS

business process reengineering (BPR)
management practice seeking to make revolutionary changes in business processes.

continuous improvement (CI)
endless pursuit of improvement of machinery, materials, labor utilization, and production methods through
application of suggestions and ideas of team members.

fishbone diagrams
often called cause-and-effect diagrams; way of determining likely root causes of a problem.

operations
set of al activities associated with the production of goods and services.

production and operations management
management of all activities directly related to the production of goods and services.

production system
collection of inputs, conversion, transformation processes, outputs, control mechanisms, and managersinvolved in
production and operations.

productivity
ratio of outputs to inputs.

quality
measure of conformance of a product or service to certain specifications or standards.

supply chain management

management of the integration of the functions, information, and materials that flow across multiple firmsin a supply
chain (i.e., buying materials, transforming materials, and shipping to customers).
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Taguchi method of quality control
method of controlling quality that stresses robust product design and the quality loss function.

total quality management (TQM)
concept of using quality methods and techniques to strategic advantage within firms.

To many people, the term production means factories, machinery, and equipment. The field of what has been known as
production management has expanded in scope to cover management of nonmanufacturing or service activities such as
banking, hotel management, transportation, and education. Because of this broad scope, the field has taken a new name,
production and operations management or simply oper ations management (OM).

Production and operations is the process by which goods and services are created. We find productive processes in all
kinds of organized activities such as factories, offices, supermarkets, and hospitals. Production and operations
management deal s with decision making related to productive processes to ensure that the resulting goods or services
are produced according to specifications, in the amounts and by the schedule required, and at minimum cost. Inputs of
materials, labor, and resources are used to obtain goods or services using one or more conversion/transformation
processes, thereby adding value. Figure 1.1 depicts this process.

INPLIT I.'.'If_}l“l"r"l:'l'i"-ﬁfﬂl‘_‘-l}’ OUTRLT
TRANSFORMATION
Materials - e > Products
Emergy Prowcesses SEfioes
Customers Machine ldeas
Irifesrmation Plants
Figure 1.1.

Conversion of Inputsto Outputs

Operations management begins with high-level business plans and strategies, over both the long and short run. These
plans and strategies are based on careful and sound projection of demand for the product or service. Operating plans are
derived from the long-term or short-term strategy and are translated into master schedules, which, in turn, form
production and purchasing plans. Production planning and material control interact continuously with manufacturing in
the execution of the plan. Finished goods are distributed geographically as required by the markets served by the
business.
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OM isdivided into the following five broad sections (the chapter numbers refer to chapters in this book):
1. Decision Making Tools and Methods (Chapter 2)
2. Demand Forecasting (Chapter 3)
3. Planning Systems
Capacity Planning (Chapters 4 and 11)
Locational Planning (Chapter 5)
Aggregate Production Planning and Master Scheduling (Chapter 8)
4. Designing Systems
Product/Service Design and Process Selection (Chapter 4)
Facilities Layout (Chapter 7)
Design of Work Systems (Chapter 6)
5. Operating and Controlling the System
Inventory Management, Material Requirement Planning, and Just-in-
Time (Chapters 9 and 10)
Project Management and Control (Chapter 12)
Operational Scheduling (Chapter 8)
Queuing (Chapter 13)
Quality Assurance (Chapter 14)

General Description of Production and Operations Systems

Production and operations systems have inputs, which include the material, parts, paperwork forms, customers, and
patients, as the case may be. These inputs are processed in some way by a series of operations whose sequence and
number are specified for each input. The number of operations required may vary from one to any number and may
take on any desired characteristics; that is, they may be mechanical, chemical, assembly, inspection and control,
dispatching, receiving, shipping, personal contact (e.g., an interview), and paperwork operations.
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The outputs of a production system include completed parts, products, chemicals, service to customers or patients,
and completed paperwork. Thereis normally a provision for storage after the receipt of the input and between each
operation in the system. The storage time may vary from zero to any finite value. Inputs are transported between all
operations in the system, and any means of transportation may be used, including self-transportation in the case of
clients and customers. An information system and decision maker interconnect the physical activities providing a
basis for management decisions. These functions provide the equivalent of a "nervous system.” Such production
systems may occur in seriesor in paralel.

Continuous versus I ntermittent Systems

Continuous flow production systems are those systems in which the facilities are standardized with respect to
routings and flow because the inputs are standardized. Therefore, a standard set of processes and sequences of
processes can be adopted. Continuous systems are represented in practice by production and assembly lines, large-
scal e office operations processing forms by some standard procedure, and continuous flow chemical operations.

Intermittent production systems are those systems in which the facilities must be flexible enough to handle awide
variety of products and sizes or the basic nature of the activity imposes change of important characteristics of the
input (change in product design). In such instances, no single sequence pattern of operationsis appropriate, so the
relative location of the process centers or departments must be a compromise that is satisfactory for al inputs.
Transportation facilities between operations must also be flexible to accommodate a wide variety of input
characteristics aswell as awide variety of routes through the system. Intermittent systems are called such because
the flow isintermittent.

Production Systems

The problems that occur in production systems require two major types of decisions. those that relate to the design of
the systems and those that relate to the operation and control of the systems (long-run and short-run decisions).

1. Long-run decisions related to system design
Selection and design of inputs (products)

Selection of equipment and processes
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Production design of items processed (Production cost interacts strongly with the design of the item being
processed.)

Job design
System location
Facility layout
2. Short-run decisions related to operation and control
Inventory and production control
Maintenance and reliability of the system
Quality control
Labor control
Cost control and improvement
The relative importance of these problems of production management varies considerably, depending on the nature

of individual production systems. Nonetheless, each system has these problems to some degree. Part of the art of
production management involves sensing the relative importance of the various problemsin a given situation.

Manufacturing Operations versus Service Operations

Distinction between manufacturing and service operations is based on the following features:
The nature and consumption of output

Nature of work (jobs)

Degree of consumer contact

Uniformity of output

Quality assurance

M easurement of performance

Table 1.1 provides an overview of the different manufacturing and service operations.
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Table 1.1 Differences Between Manufacturing and Service Operations

Characteristic Manufacturing Service

Output Tangible Intangible
Consumer contact Low High

Nature of work Capital intensive Labor intensive
Uniformity of output High Low

Difficulty of quality assurance Low High

M easurement of performance Easy Difficult

Operations Strategy

Operations strategy is concerned with setting broad policies and plans for using the production resources of the firm
to best support the firm's long-term competitive strategy. Typical operations strategy issues include

Capacity requirements. amount, timing, and type

Facilities: size, location, and specialization

Technology: equipment, automation, and linkages

Vertical integration: extent of use of outside suppliers and distributors

Work force: skill level, wage policies, employment security

Quality: defect prevention, monitoring, and intervention

Production planning/materials control: sourcing policies, centralization, decision rules
Organization: structure, control/reward systems, role of staff groups

Each of these issuesis discussed in detail in later chapters.

Four basic operations strategies were identified: cost, quality, speed of delivery, and flexibility. These four strategies
trandate directly into characteristics used to direct and measure manufacturing performance.

Cost
Within every industry, there is usually a segment of the market that buys strictly on the basis of low cost. To compete

in this niche successfully, afirm must be the low-cost producer. But even doing this does not always guarantee
profitability and success. Products sold strictly on the basis of
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cost are typically commodity-like in nature. In other words, customers cannot distinguish the products of one firm
from those of another. As aresult, customers use cost as the primary determinant for making a purchase. However,
this segment of the market is frequently very large and many companies are lured by the potential for significant
profits, which they associate with the large unit volumes of product. As a consequence, competition in this segment
Isfierceand so isthe failure rate. After al, there can only be one low-cost producer, which usually establishes the
selling price in the market.

Quality

Quality can be divided into two categories. product quality and process quality. The level of quality in aproduct's
design will vary depending on the targeted market segment. Obviously, the quality of a child's first two-wheel
bicycleis significantly different from that of the bicycle of aworld-class cyclist. One advantage of offering higher-
quality productsis that they command higher prices in the marketplace. The goal in establishing the proper level of
product quality isto focus on the requirements of the customer. Overdesigned products with too much quality will be
viewed as being prohibitively expensive. Underdesigned products, on the other hand, will lose customers to products
that cost alittle more but that are perceived by the customers as offering much greater benefits. Process quality is
critical in every market segment. In general, customers want products without defects. Thus, the goal of process
quality isto produce error-free products through total quality management (TQM).

Soeed of Delivery

Another market niche considers speed of delivery to be an important determinant in its purchasing decision. Delivery
time is the elapsed time between receiving a customer's order and filling it. Many companies seek to maintain or
increase their customer base by focusing on the competitive priorities of fast delivery time. Often, the ability of a
firm to provide dependable and fast delivery allowsit to charge a premium price for its products.

Flexibility
Flexibility, from a strategic perspective, refers to the ability of a company to offer awide variety of productsto its
customers. Flexibility isaso a measure of how fast a company can convert its process(es) from making an old line of

products to producing a new product line. Product variety is often perceived by the customer to be a dimension of
speed of delivery.
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Productivity

Productivity is the ratio of outputs to inputs. Productivity can be expressed on a partial factor basis or atotal factor basis.
Total factor productivity istheratio of outputsto all inputs.

Outputs
Labor + Capital + Materials + Energy

Productivity =

Outputs relative to one, two, or three of these inputslabor, capital, materials, or energyare partial measures of productivity.
Output per labor hour, often called labor productivity or labor efficiency, is probably the most common partial measure of
productivity. Productivity measures are relative measures. To be meaningful, productivity should be compared with
something else such as similar operations within its industry or over time within the same operation.

Example 1

Given output in finished units = $10,000 and inputs = $9,000, which is broken down into labor = $3,000,
materials = $200, capital = $5,000, and energy = $800, then total measure:

Outputs/Inputs = $10,000/$9,000 = 1.11

Multifactor measures:

Output/(Labor + Material) = $10,000/($3,000 + $200) = 3.13

Output/(Labor + Material + Capital) = $10,000/($3,000 + $200 + $5,000)

=122

Partial measures;

Output/Labor = $10,000/$3,000 = 3.33
Output/Energy = $10,000/$800 = 12.5

YOU SHOULD REMEMBER

The terms productivity and efficiency (normally stated as a percentage) are used interchangeably. These terms are
performance measures.
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Table 1.2 presents some examples of partial productivity measures.

Table 1.2 Some Examples of Partial Productivity Measures

Business Productivity Measure

Retail business Sales per square foot

Utilities Kilowatts per ton of coal

Lumber mill Board feet per cord of wood

Restaurant Customers per labor hour
Supply Chain Management

To remain competitive, companies are continually faced with challenges to reduce product development time,
improve product quality, speed delivery time to customers, and reduce production costs and lead times. Increasingly,
these challenges cannot be effectively met by isolated changes to specific organizational units, but instead they
depend critically on the relationships and interdependencies among different firms (or sub-units). With the movement
toward a global market economy, companies are increasingly inclined toward specific, high-value-adding
manufacturing niches. This, in turn, increasingly transforms these challenges into problems of establishing and
maintaining efficient material flows along product supply chains. The ongoing competitiveness of a company istied
to the dynamics of the supply chain(s) in which it participates, and recognition of thisfact isleading to many changes
in the way organizations interact with their supply chain partners. Currently, research is concerned broadly with (1)
the development of techniques and tools that enable modeling and analysis of emerging supply chain management
strategies and practices and (2) the application of these tools to understand critical tradeoffs and alternativesin
practical decision making contexts.

Total Quality Management and Quality Costs

In order to be globally competitive in today's world-class manufacturing environment, firms are placing an increased
emphasis on quality and productivity. Total quality management is an effort in this direction. Simply put, TQM isa
system for creating competitive advantage by focusing the organization on what is important to the customer. Total
guality management can be broken down as follows:
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Total: the whole organization is involved and understands that customer satisfaction is everyone's job.

Quality: the extent to which products and services satisfy the requirements of internal and external customers.

Management: the leadership, infrastructure, and resources that support employees as they meet the needs of those
customers.

Quality Defined

A quality product or serviceis one that conforms to customer satisfaction. Generaly, there are two types of product
qualityquality of design and quality of conformance. Quality of design measures the functionality of a product or
service. It isthe decision of a designer to include or exclude certain product features. The customer really measures
quality through appearance, operation, and reliability. Quality of performance measures how closely products and
services match the intent of the design. This characteristic traditionally has been the focus of a quality management
program. In thisregard, quality refersto doing it right the first time.

Total Quality Management

TQM is supported by two key beliefs: that quality iswhat the customer saysit is and that it must be thoroughly
integrated into the very fabric of the organization, including its basic strategies, culture, and management systems. It
is essentially an endless quest for perfect quality. It is a zero-defects approach. It views the optimal level of quality
costs as the level where zero defects are produced. This approach to quality is opposed to the traditional belief, called
acceptable quality level (AQL), which allows a predetermined level of defective unitsto be produced and sold. AQL
isthe level where the number of defects alows for the minimization of total quality costs. The rationale behind the
traditional view isthat there is a tradeoff between prevention and appraisal costs and failure costs. As prevention and
appraisal costs are increased, failure costs should decrease.

Studies indicate that the total cost of poor quality, or the cost of not doing the right things right the first time, is 20
percent of gross sales for manufacturing companies and 30 percent for service industries. If U.S. production of goods
and servicesis estimated at $5 trillion (asit wasin 1998), then the potential for savings from improved quality is
over astaggering $1 trillion, which can be saved or redirected for better use. Quality experts maintain that the
optimal quality level should be about 2.5 percent of sales. The accounting department should be a major force in the
firm that keeps track of and reports on quality costs.
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Principles of TQM
Making a product right the first timeis one of the principal objectives of TQM. Implementing a successful TQM
program will, in fact, reduce costs rather than increase them. There is no question that better quality will result in
better productivity. Thisruleis based on the principle that when less time is spent on rework or repair, moretimeis
available for manufacturing, which will increase productivity.
When an organization maintains accurate records of its cost of quality, TQM will demonstrate that effective quality
assurance geared toward prevention rather than correction will pay for itself. Consider, for example, the situation
whereit is possible to eliminate 100 percent inspection with a good statistical process control (SPC) program.
Elimination of high reject rates results in fewer products being repaired, reworked, or scrapped with the obvious
reductionsin cost.
Tying the cost of quality to TQM is necessary in order to motivate management who is cost motivated in both
industry and government. In a TQM environment, management will use the cost data to measure the success of the
program. The corporate financial planner can determine that overall product costs are being reduced by the TQM
program. Given this success in the prevention of defects, the following failure costs will be reduced or eliminated:

Rework or repair

Inspection of rework

Testing of rework

Warranty costs

Returned material

Discounts, adjustments, and allowances
Obvioudly, the cost of prevention in TQM is minor when compared to these failure costs.
A checklist of TQM features follows:
A systematic way to improve products and services
A structured approach in identifying and solving problems
A long-term method of quality control
A process supported by management's actions
A process that is supported by statistical quality control

A technique that is practiced by everyone
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Elements of TQM

The principle elements of TQM are straightforward and embrace a commonsense approach to management.
However, each of theindividual elements must be integrated into a structured whole to succeed. A description of the
elementsfollows:

1. A Focus on the Customer. Every functional unit has a customer, whether it be an external consumer or an internal
unit. TQM advocates that managers and employees become so customer focused that they continually find new ways
to meet or exceed customers' expectations. We must accept the concept that quality gets customer orders and meets
the customers' needs and expectations. Thisisthe strategic goal of TQM.

2. A Long-Term Commitment. Experience in the United States and abroad shows that substantial gains come only
after management makes a long-term commitment, usually five years or more, to improving quality. Customer focus
must be constantly renewed to keep that goal foremost.

3. Top Management Support and Direction. Top management must be the driving force behind TQM. Senior
managers must exhibit personal support by using quality improvement concepts in their management style,
incorporating quality in their strategic planning process, and providing financial and staff support.

4. Employee Involvement. Full employee participation is also an integral part of the process. Each employee must be
apartner in achieving quality goals. Teamwork involves managers, supervisors, and employees in improving service
delivery, solving systemic problems, and correcting errorsin al parts of work processes.

5. Effective and Renewed Communications. The power of internal communication, both vertical and horizontal, is
central to employee involvement. Regular and meaningful communication from all levels must occur. Thiswill alow
an agency to adjust its ways of operating and reinforce the commitment of TQM at the same time.

6. Reliance on Standards and Measures. Measurement is the springboard to involvement, allowing the organization
to initiate corrective action, set priorities, and evaluate progress. Standards and measures should reflect customers
requirements and changes that need to be introduced in the internal business of providing those requirements. The
emphasis is on "doing the right thing right the first time."

7. Commitment to Training. Training is absolutely vital to the success of TQM. The process usually begins with
awareness training for teams
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of top-level managers. Thisis followed by courses for teams of mid-level managers, and finally by courses for
nonmanagers. Awareness training is followed by an identification of areas of concentration, or of functional areas
where TQM will first be introduced. Implementing TQM requires additional skillstraining, which is aso conducted
in teams.

8. Importance of Rewards and Recognition. Most companies practicing TQM have given wide latitude to managers
in issuing rewards and recognition. Here, acommon theme is that individual financial rewards are not as appropriate
as awards to groups or team members because most successes are group achievements.

Costs of Quality

Market shares of many U.S. firms have eroded because foreign firms have been able to sell higher-quality products at
lower prices. In order to be competitive, U.S. firms have placed an increased emphasis on quality and productivity in
order to

produce savings such as reducing rework costs and
improve product quality.

Costs of quality are costs that occur because poor quality may exist or actually does exist. More specifically, quality
costs are the total of the costsincurred by (1) investing in the prevention of nonconformance to requirements; (2)
appraising a product or service for conformance to requirements; and (3) failing to meet requirements.

Quality costs are classified into three broad categories: prevention, appraisal, and failure costs. Prevention costs are
those costs incurred to prevent defects. Amounts spent on quality training programs, research to determine customer
needs, quality circles, and improved production equipment are considered in prevention costs. Expenditures made to
prevent nonconformance will minimize the costs that will be incurred for appraisal and failure. Appraisal costs are
costs incurred for monitoring or inspection; these costs compensate for mistakes not eliminated through prevention.
Failure costs may be internal (such as scrap and rework costs and reinspection) or external (such as product returns
due to quality problems, warranty costs, lost sales due to poor product performance, and complaint department
costs).
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Quality Cost Components

Prevention Costs are the costs of all activities specifically designed to prevent poor quality in products or services.
Examples are the costs of new product review, quality planning, supplier capability surveys, process capability
evaluations, quality improvement team meetings, quality improvement projects, and quality education and training.

Appraisal Costs are the costs associated with measuring, evaluating or auditing products or services to assure
conformance to quality standards and performance requirements. These include the costs of incoming and source
inspection/test of purchased material, in process and final inspection/test, product, process, or service audits,
calibration of measuring and test equipment, and the costs of associated supplies and materials.

Failure Costs are the costs resulting from products or services not conforming to requirements or customer/user
needs. Failure costs can be either internal or external.

Internal Failure Costs are failure costs occurring prior to delivery or shipment of the product, or the furnishing of a
service, to the customer. Examples are the costs of scrap, rework, reinspection, retesting, material review, and
downgrading.

External Failure Costs are failure costs occurring after delivery or shipment of the product, and during or after
furnishing of a service, to the customer. Examples are the costs of processing customer complaints, customer returns,
warranty claims, and product recalls.

Total Quality Costs are the sum of all the preceding costs. It represents the difference between the actual cost of a
product or service, and what the reduced cost would be if there was no possibility of substandard service, failure of
products, or defects in their manufacture.

Optimal Quality Costs

There are two views concerning optimal quality costs:

The traditional view that uses an acceptable quality level

The world-class view that uses total quality management

The traditional approach uses an acceptable quality level that permits a predetermined level of defective unitsto be
produced and sold. The AQL isthe level where the number of defects allowed minimizes total quality costs. The

reasoning of the traditional approach isthat there is a tradeoff between failure costs and prevention and appraisal
costs. As prevention
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and appraisal costsincrease, internal and external failure costs are expected to decrease. Aslong as the decrease in failure costs is greater than
the corresponding increase in prevention and appraisal costs, a company should continue increasing its efforts to prevent or detect defective
units.

The world-class view usestotal quality control and views the optimal level of quality costs asthe level where zero defects are produced. For
firms operating in the advanced manufacturing environment, quality is a critical dimension. Quality costs can be managed differently than
what isimplied by the traditional AQL model. In reality, defects can be reduced below the AQL level, and quality costs can be reduced
simultaneously. Thus, the optimal level of quality is defined as where zero defects are produced.

EXAMPLE 2

Consider how a supplier selection program can be used to reduce total quality costs. Initialy, a supplier selection
program will entail additional prevention and appraisal costs and areduction in failure costs. However, once the
desired quality level is achieved and the supplier relationships are on a sound footing, many of the prevention and
appraisal activities can be eliminated. The result is a movement downward on the zero-defect cost graph.

Figure 1.2 graphically illustrates the relationship between these two cost components under two different views.

Traditional View World-Class View
Cost Failure Cost
Cosls
ors Total Failure
Quality B

Costs Quality Costs
|
|
|
|
|
|
|
| Control Costs
| Control Costs
|

0 AQL 150 0 100
Percen] Delect Percent Defect
Figure 1.2.

Traditiona View Versus World-Class View
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YOU SHOULD REMEMBER

Quality refersto doing it right the first time. TQM is a system for creating competitive advantage by focusing the
organization on what is important to the customer. It can be broken down as follows: Total: the whole organization is
involved and understands that customer satisfaction is everyone's job. Quality: the extent to which products and
services satisfy the requirements of internal and external customers. Management: the leadership, infrastructure, and
resources that support employees as they meet the needs of those customers.

Quality cost reports can be used to point out the strengths and weaknesses of a quality system. Improvement teams can
use them to describe the monetary benefits and ramifications of proposed changes. Return-on-investment (ROI) models
and other financial analyses can be constructed directly from quality cost data to justify proposals to management. In
practice, quality costs can define activities of quality program and quality improvement efforts in alanguage that
management can understand and act ondollars.

The negative effect on profits, resulting from product or service of less than acceptable quality or from ineffective
quality management, is amost always dynamic. Once started, it continues to mushroom until ultimately the company
findsitself in serious financia difficulties because of the two-pronged impact of an unheeded increase in quality costs
coupled with a declining performance image. To comprehend the economics of quality, management must clearly
understand the interrelationship of these two factors.

YOU SHOULD REMEMBER

In addition to such quality gurus as Deming, Ishikawa, and Taguchi, the following scholars have made contributions
to quality heritage:

Joseph M. Juran, A Quality Trilogy. Juran believes that over 80 percent of al quality problems are caused by factors
over which management has control. Consequently, management continually needs to seek improvements through
sound quality management, which Juran defines as atrilogy of quality planning, control, and improvement. He
defined quality asfitness for use, including reliability, productibility, maintainability, and conformance.
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Phillip B. Crosby, Quality Is Free. Crosby argued in his book, Quality Is Free, that producing quality is not costly but

that producing poor quality is. He advocates that zero defectsis the only acceptable quality level. Continuous
improvement should be the means that management uses to achieve zero defects.

Continuous Improvement

Continuous improvement (Cl), based on a Japanese concept called Kaizen, is a management philosophy that endlessly
pursues improvement of machinery, materials, 1abor use, and production methods by applying suggestions and ideas of
team members. Cl uses many different approaches, including:

5W2H Approach. Asking various questions about the current process and how it can be improved. 5SW2H refers to why,
when, who, where, what, how to do, and how not to do.

Satistical Process Control. Using traditional statistical control charts, which is covered in depth in Chapter 14.

Pareto Analysis. Focusing attention on the most important problem areas. It is based on the concept that about 80
percent of the problems come from 20 percent of the items.

PDCA Cycle. Providing aframework for improvement activities. PDCA refers to plan, do, check, and act.

Quality Circles. Tapping employees for ideas concerning quality and productivity improvement. A circleis avoluntary
group of workers who meet regularly to identify and solve problems of quality and productivity.

Fishbone (or Ishikawa) Diagrams. Identifying potential causative factors for the problem areas. The diagrams use a
chart resembling the skeleton of afish in which the spine bone represents the major cause of quality problems and the
connecting bones, contributing causes, revealing causeeffect linkages.

Benchmarking. Examining excellent performers outside the industry and seeing how you can use their best practices.
Benchmarking typically involves the following steps:

< previous page page 17 next page >



< previous page page 18 next page >
Page 18
1. Identify those practices that need to be improved.
2. ldentify a company that is the world leader in performing the process.
3. Interview the managers of the company and analyze data obtained.
Quality Certifications, Registrations, and Awards

In order to recognize a variety of achievementsin quality assurance, there are different types of certifications,
registrations, and awards.

Supplier Certification

Y our suppliers are an important part of your process. Firms using TQM soon learn that they need much better
suppliers. They wish to use fewer suppliersthat are "certified" by setting very rigorous certification standards and to
provide help and training in how to achieve those standards. The supplier's reward is a much larger and more stable
volume of business with the customer. A secondary reward is that it becomes a better supplier to its other customers.
SO-9000 Series Standards

ISO-9000 is a series of quality standards, which the European Union (EU) has adopted for producers worldwide.
Quality Awards

Beyond supplier certification and 1SO-9000, prestigious awards have been developed for outstanding achievement in
TQM:

Deming PrizeJapan (named after W. Edwards Deming)

Malcolm Baldrige National Quality AwardUnited States

Canada Awards for Business ExcellenceCanada

Taguchi Method of Quality Control

The Taguchi method of quality control is a method of controlling quality, developed by Genichi Taguchi, a past
winner of the Deming Award, that emphasi zes robust quality design and the quality loss function (QLF). Taguchi

clamsthat quality is greatly determined at the design level. In addition to quality control in production, he
emphasizes quality control in
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four other functions: (1) product planning, (2) product design, (3) process design, and (4) production service after
purchase. Additionally, Taguchi's QLF quantitatively measures the success or failure of quality control. The
traditional view isthat any product that measures within the upper and lower specification limitsis"good,” and a
product outside the limitsis"bad.” In contrast, the QLF presumes that any deviation from the target specificationis
important because it means economic losses for the customer. Furthermore, the economic losses increase
quadratically as the actual value deviates from the target value. The QLF can be described by the following equation:

Iy = k(y— T)?

where L = quality loss

y = actual value of quality characteristic

k = aproportionality constant dependent upon the firm's external failure cost structure
T = target value of quality characteristic

EXAMPLE 3

Davidson Company has decided to estimate its quality loss using the Taguchi loss function. After some
study, it was determined that k = $400 and T = 10 inchesin diameter. The following table illustrates the
computations of the quality loss for a sample of 4 units.

Table 1.3 Quality-Loss Computation

Unit Actual Diameter (y) yT (ym2 k(y T)2

1 9.9 0.10 0.010 $4.00

2 10.1 0.10 0.010 4.00

3 10.2 0.20 0.040 16.00

4 9.8 0.20 0.040 16.00
Tota 0.100 $40.00
Average 0.025 $10.00

Note that the average loss per unit is $10. The total expected loss for, say, 1,000 units would be $10,000
($10 x 1,000 units).
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Business Process Reengineering

TQM seeks evolutionary changes in the processes, whereas the practice called business process reengineering (BPR)

seeks to make revolutionary changes. BPR does this by taking a fresh look at what the firmistryingtodoinal its

processes and then eliminating non-val ue-added steps and streamlining the remaining ones to achieve the desired
outcome.

Know the Concepts

Do You Know the Basics?

1. What is production/operations?

2. What factors distinguish between production and service operations?

3. What are the major decision areas in production/operations management?

4. What are the major components of a production system? Give two examples.

5. List four basic operations strategies.

6. Explain the difference between total and partial productivity.

7. What is continuous improvement? What are the major tools for this philosophy?
8. How does productivity measurement differ between manufacturing and service operations?
9. Contrast the world-class view with the traditional view in quality control.

10. List the types of quality costs.

11. Describe total quality management.

12. What is 1SO-9000 Series Standards? List the key quality awards.

13. What isthe logic of the Taguchi method?

14. What is supply chain management? Why isit so important in operations management?
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Terms for Study

5W2H approach production and operations
benchmarking management

business process reengineering production system

(BPR) productivity

continuous improvement (CI) quality

Deming Prize quality circle

fishbone diagrams quality costs

| SO-9000 Series Standards supply chain management
operations Taguchi quality loss function
operation strategy total quality management

Practical Application

1. Donovan Furniture Company provided the following data. Compare the labor, materials, and total productivity of
20X 1 and 20X 2.

20x1 20x2
Output: Sdles
P $22,000 $35,000
Inputs: L abor
$10,000 $15,000
Materials
8,000 12,500
Capital equipment
apital equip 700 1,200
Ener
24 2.200 4,800
Total inputs
$20,900 $33,500

2. ldentify specific productivity and quality measures that would be useful in each of the following operations:

a. bus system

b. department store

C. post office

d. hotel
3. You go to a store to purchase three pairs of pants. Y our waist is 28 inches (the most comfortable), but you can
wear pants whose waist is anywhere between 27 to 29 inches. Y ou select three different colors. The saleslady brings
you the following three sizes: 28 inch, 27.5 inch, and 29 inch (she cannot find three pairs of pants, all size 28). Note

that the "28 inches’ is mentioned as the target value, "27 inches" is the lower specification limit (LSL), and "29
inches" is the upper specification limit (USL). Describe the loss arising from quality failure on each pair of pantsif:
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a. Thetraditional loss function is used?

b. The Taguchi QLF isused?

4. Major Metal Works manufactures a product that has a target value of 15 inches. k was estimated to be $200.
During April, 5,000 units were produced. A sample of four units produced the following values:

Unit Actua Diameter (y)
1 14.9
2 151
3 15.2
4 14.8

a. Calculate the average loss per unit.

b. Using the average | oss, calculate the total expected loss for April.

Answers
Do You Know the Basics?
1. Production/operations is the process by which goods and services are created.

2. Distinction between production and service operations is based on the following features: nature and consumption
of output; nature of work (jobs); degree of consumer contact; uniformity of output; quality assurance; and
measurement of performance.

3. Mgor decision areas in production/operations management include capacity planning, aggregate production
planning and master scheduling, locational planning, material requirement planning and inventory management,

project management and control, scheduling, queuing, quality assurance, product and service design, facilities layout,
and design of work systems.
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4. The major components of the production system are inputs, a conversion or creation process, and outputs. Examples
follow:

System Inputs Conversion Process Outputs
Auto assembly plant Labor Welding Automobiles
Energy Manual assembly
Robots Painting
Parts
Hospital Patients Operations Healthy individuals
Staff Drug administration Lab results
Beds Health-status
Drugs monitoring
Medical equipment
Doctors

5. Four basic operations strategies are cost, quality, speed of delivery, and flexibility.

6. Total productivity isthe ratio of total output to all resources used in productionlabor, capital, material, management, and
energywhereas partial productivity centers on only asingle or a subset of these input variables.

7. Cl is amanagement philosophy that seeks endless pursuit of improvement of machinery, materials, labor utilization, and
production methods through application of suggestions and ideas of team members. Cl uses two major approaches: Internal
tools, wherein structured programs such as SPC are used and benchmarking, wherein excellent performers outside the
industry are examined to determine how to use their best practices.

8. In manufacturing, physical input and outputs are easy to identify and quantify. For services, intangibles such as health,
socia benefits, and customer satisfaction are more difficult to define and measure. Quality measures such as waiting time per
patient and response to treatment are often used as surrogates.

9. The traditional approach uses an AQL that permits a predetermined level of defective unitsto be produced and sold,
whereas the world-class view uses total quality control and views the optimal level of quality costs asthe level where zero
defects are produced.

10. Quality costs are classified into three broad categories: prevention, appraisal, and failure.
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11. TQM isasystem for creating competitive advantage by focusing the organization on what isimportant to the
customer. Total quality management can be broken down as follows: Total: the whole organization is involved and
understands that customer satisfaction is everyone's job; Quality: the extent to which products and services satisfy
the requirements of internal and external customers; and Management: the leadership, infrastructure, and resources
that support employees as they meet the needs of those customers.

12. 1SO-9000 Series Standards are a series of quality standards adopted by the European Community for
manufacturers worldwide. Key quality awards are the Deming Prize in Japan (named after W. Edwards Deming); the
Malcolm Baldrige National Quality Award in the United States; and the Canada Awards for Business Excellencein
Canada.

13. The Taguchi method focuses on assuring quality through proper process and product design. Taguchi views any
deviation from the "ideal quality" asalossto society. Taguchi emphasizes minimization of variability in processes
and robust design.

14. Supply chain management is concerned with managing the integration of the functions, information, and
materials that flow across multiple firmsin a supply chain (i.e., buying materias, transforming materials, and
shipping to customers). It focuses on the best practices for integrating the information flow and more efficiently
moving the product throughout the pipeline. To remain globally competitive, strategic goals pursued are to reduce
product development time, improve product quality, speed delivery time to customers, and reduce production costs
and lead times. These goals cannot be effectively met by isolated change to specific organizational units but instead
depend critically on the relationships and interdependencies among supply chain partners.

Practical Application

1

20x1 20%x2
Partial productivities:
L abor 2.20 2.33
Materias 2.75 2.80
Total productivity 1.05 1.04
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2.
a. bus system: passengers per route, percent on schedule
b. department store: sales per week, mistagged merchandise
c. post office: delivery days per letter, percent lost items
d. hotel: rooms cleaned, complaints per guest
3.
a. There is no economic loss because the waist measurements (27.5, 28, and 29 inches) all fall within the limits
of your requirements (27 inches to 29 inches).
b. Thereisloss from the size 27.5 (0.5 inch deviation from the target) and alarger loss from the size 29 (1 inch
deviation from target). There is no loss from the size 28 because it is exactly on target.
4.
a
Unit Actual Diameter (y) yT (ymn2 k(y T2
1 14.9 0.10 0.010 $4.00
2 15.1 0.10 0.010 4.00
3 15.2 0.20 0.040 16.00
4 14.8 0.20 0.040 16.00
Total 0.100 $40.00
Average 0.025 $10.00

The average loss per unit is $10.

b. The total expected loss for April is$50,000 ($10 x 5,000 units).
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2
Decision Making:
Concepts and Tools

KEY TERMS

decision making under risk
making a decision when the probability of occurrence of the different states of nature is known.

decision matrix
also called payoff table, matrix consisting of the decision alternatives, the states of nature, and the decision outcomes.

decision theory
systematic approach to making decisions especially under uncertainty.

decision tree
graphical method of showing the sequence of possible decision aternatives.

graphical method
graphical approach to solving an LP problem. It is easier to use but limited to the LP problems involving two (or at
most three) decision variables.

linear programming (LP)
mathematical technique designed to determine an optimal decision (or an optimal plan) chosen from alarge number
of possible decisions.

mathematical models
guantitative representations of reality.

model
representation of areal-life system.

optimization models
prescriptive techniques for finding the best solutions to the problem at hand. Linear programming is an example.

shadow price
profit that would be lost by not adding an additional hour of capacity.
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simplex method
linear programming algorithm, which is an iteration method of computation, to move from one corner-point solution
to another until it reaches the best solution.

simulation
descriptive models that can produce large quantities of detailed output because they work by mimicking many parts
of the realworld system.

Operations managers are decision makers. They make many choices among alternatives as they deal with the various
decision areas listed in Chapter 1. This chapter focuses on basic concepts of decision making:

The types of decision making
The decision making process
The use of information systems for decision making

Decision tools or models available to operations managers

Decision Making under Uncertainty

The common basis for classifying a decision in decision theory is the amount of information available concerning the
probability of occurrence of basic aternatives. There are two major classes of decision problemsin this structure:
decision making under certainty and decision making under risk or uncertainty. Decision making under certainty means
that for each decision thereis only one event and, therefore, only one outcome for each action. Decision making under
risk or uncertainty, which is more common in reality, involves several events for each action with its probability of
occurrence. The decision problem can best be approached using what is called decision theory. Decision theory isa
systematic approach to making decisions especially under uncertainty. The seven basic steps taken in any decision
process follow:

1. Define the problem. When management concludes that a problem exists, it should prepare a specific definition or
exact statement of the problem.

2. Select agoal. The identification of problems as a gap between a desired result and a present or anticipated result
indicates the impor-
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tance of objectives or goals. Increased profits is an example of an operationa goal.

3. Identify any constraints. Management's choice is aways limited to some extent by law, regulatory action, moral
values, resources available, or management preferences. Any constraints that might exist must be identified.

4. |dentify alternative courses of action. Once a problem has been defined, the alternative actions should be
identified.

5. Forecast the environmental conditions. The environmental conditions or states of nature should be estimated for
each alternative course of action. The states of nature are the uncontrollable variables affecting the decision.

6. Determine the potential outcomes or payoffs. The alternative courses of actions and the states of nature should be
considered along with the relevant revenues and costs to determine the financial consequences of each alternative
course of action (i.e., adecision matrix). The decision matrix (or payoff table) is discussed in the next section.

7. Select and apply decision rules. Once a payoff table has been constructed, the management accountant must apply
adecisionrule. A decision ruleisaset of instructions for analyzing the data to choose a course of action that will
meet the company's objectives. The decision rule isto select the course of action that maximizes the expected
monetary profit.

Decision Matrix
Decision theory uses an organized approach such as a decision matrix (or payoff table). It is characterized by
the row representing a set of alternative courses of action available to the decision maker;

the column representing the state of nature or conditions that are likely to occur and that the decision maker
has no control over; and

the entries in the body of the table representing the outcome of the decision, known as payoffs, which may
be in the form of costs, revenues, profits, or cash flows. By computing the expected value of each action,
we will be able to pick the best one.
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EXAMPLE 1

Assume the following probability distribution of daily demand for a product:
Daily Demand 0 1 2 3
Probability 0.2 0.3 0.3 0.2

Also assume that unit cost = $3, selling price = $5 (i.e., profit on sold unit = $2), and salvage value on
unsold units = $2 (i.e., loss on unsold unit = $1). We can stock either 0, 1, 2, or 3 units. The question is
how many units should be stocked each day? Assume that units from one day cannot be sold the next
day. Then the payoff table can be constructed as follows:

State of Nature

Demand 0 1 2 3 Expected Value
Stock (probability) (0.2) (0.3) (0.3) (0.2

0 $0 O 0 0 $0

Actions 1 1 2 2 2 1.40

2 2 la 4 4 1.90b

3 3 0 3 6 1.50

a Profit for (stock 2, demand 1) equals (No. of units sold)(Profit per unit)(No. of units unsold)(L oss per
unit) = (1)($5 3) (1)($3 2)= $1.
b Expected value for (stock 2) is 2(0.2) + 1(0.3) + 4(0.3) + 4(0.2) = $1.90.

The optimal stock action is the one with the highest expected monetary value (i.e., stock 2 units).

Expected Value of Perfect Information

Suppose that the decision maker can obtain a perfect prediction of which event (state of nature) will occur. The
expected value with perfect information would be the total expected value of actions selected on the assumption of a
perfect forecast. The expected value of perfect information can then be computed as the expected value with perfect
information minus the expected value with existing information.
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YOU SHOULD REMEMBER

Decision making under uncertainty is making a decision when the state of nature is unknown and the probability of
occurrence of the different states of nature is unknown. Common decision selection guides follow:

the maxmax criterion selects the alternative with the maximum possible monetary payoff. Thisis acriterion of
extreme optimism.

the maxmin is a more pessimistic criterion, under which you examine only the worst possible outcome of each act and
select the alternative that will give the largest payoff if the worst circumstance occurs.

EXAMPLE 2

From the payoff table in Example 1, the following analysis yields the expected value with
perfect information:

State of Nature

Demand 0 1 2 3 Expected Vaue

Stock (probability) (0.2) (0.3) (0.3) (0.2)

0 $0 $0

Actions 1 2 0.6

2 4 12

3 6 1.2
$3.00

Alternatively,

$000.2) + 200.3) + 4(0.3) + 6(0.2) = $3.00

With existing information, the best that the decision maker could obtain was select (stock 2)
and obtain $1.90. With perfect information (forecast), the decision maker could make as
much as $3. Therefore, the expected value of perfect information is $3.00 $1.90 = $1.10.
This is the maximum price the decision maker iswilling to pay for additional information.
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YOU SHOULD REMEMBER

The fact that you can forecast perfectly does not mean that you can control demand. It simply means that you have
perfect knowledge of demand and that you are right all the time so that you will make the best decision in each case.

Decision Trees

A decision tree is another approach used in discussions of decision making under uncertainty. It isapictorial
representation of adecision situation. A decision tree is a genera approach to awide range of OM decisions such as
capacity expansion, product planning, process management, and location.

A decision treeis particularly valuable for evaluating different capacity expansion aternatives when demand is
uncertain and sequential decisions are involved. For example, a company may expand afacility in 2001 only to discover
in 2003 that demand is much higher than forecasted. In that case, a second decision may be necessary to determine
whether to expand once again or to build a second facility.

Asin the case of the decision matrix approach, the decision tree consists of decision aternatives, states of nature,
probabilities attached to the states of nature, and conditional payoffs. Pictorialy, it displays:

Nodes. Square nodes, representing decision points, that are left by branches (which should be read from left to right),
representing the alternatives. Branches leaving circular, or chance, nodes represent the states of nature (or events).

The probability of each state of nature. The probability p is shown above each branch. The probabilities for all branches
leaving a chance node must sum to 1.0.

The decision outcome. The decision outcome is the payoff for each possible aternative-event combination shown at the
end of each combination. Payoffs are given only at the start, before the analysis begins, for the end points of each
alternative-event combination.

In Figure 2.1, for example, Payoff 1 isthe financial outcome the manager expects if Alternative 1 is chosen and then
State of Nature 1 occurs. No payoff can be associated yet with any branches farther to the left, such as
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Alternative 1 as awhole because it is followed by a chance event and is not an end point. Payoffs often are expressed
as the present value (PV) of monetary benefits.

E
Alal Payoff 1
E, (p,)
i Payoff 2
E; (py)
A 3
Pa 3
o Z 2
Alt
ernative 3 Payoff 4
Alternative 4
1 Payoff 5
First Alternative 5
decision ciabea.dk Payoff 6
E.
2 (P) Payoff 7
E; (p,)
. = Event node - Payoff 8

' = Decision node

E; =Event |
p; = Probability of event i

Figure 2.1.
A Decision Tree Model

Decision trees are analyzed, step by step, asfollows:

1. Calculate expected payoffs at the right side of the diagram, at the last stage of the problem, and then work
backward.



For an event node, multiply the payoff by its respective probability. Add these products to get the event node's
expected payoff.

For adecision node, pick the alternative that has the best expected payoff. If an alternative leads to an event
node, its payoff is equal to that node's expected payoff (already calculated).

2. Cross out (or "prune") the other branches not chosen by marking two short lines through them. The decision node's
expected payoff is the one associated with the single remaining unpruned branch.
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3. Continue this process until the leftmost decision node is reached. The unpruned branch extending from it is the best alternative to pursue.

If multistage decisions are involved, the manager must await subsequent events before deciding what to do next. If new probability or
payoff estimates are obtained, the manager should repeat the process.

EXAMPLE 3

A local distributor must decide whether to build asmall or alarge facility at a new location. Demand at the location can be either small or
large, with probabilities estimated to be 0.4 and 0.6, respectively. If asmall facility is built and demand proves to be high, the distributor
may choose not to expand (payoff = $223,000) or to expand (payoff = $270,000). If asmall facility is built and demand islow, thereis no
reason to expand and the payoff is $200,000. If alarge facility is built and demand proves to be low, the choice is to do nothing ($60,000)
or to stimulate demand through local advertising. The response to advertising may be either moderate or substantial, with their
probabilities estimated to be 0.3 and 0.7, respectively. If it is moderate, the payoff is estimated to be only $20,000; the payoff grows to
$220,000 if the response is substantial. Finally, if alarge facility is built and demand turns out to be high, the payoff is $800,000.

Figure 2.2 shows the probability of each state of nature (or event) and the payoff for each of the seven aternative-event combinations.
Thefirst decision is whether to build asmall or alarge facility. Its node is shown first, to the left, because it is the decision the distributor
must make now. The second decision nodewhether to expand at alater dateis reached only if asmall facility is built and demand turns out
to be high. Finally, the third decision pointwhether to advertiseis reached only if the distributor builds alarge facility and demand turns
out to be low.

Low demand (0.4)

$200
",“J'}'
&h
0 %‘?:r@ Don’t expand
<& (5242) & et $223
\Fx}.;‘ N’
S 2
&
l".:,
620 \__Expand $270
1
Do nothing
(3544 N\ ¢, X Yo
Modest response (0.3)
& . {&ob 3 ) $20
Fﬁi o %,ﬁ\ &1 ﬁm\\ Advertise
:u”‘ $160) Sizable response (0.7) §220

]
Ty

($544) High demand (0.6) 58

Figure 2.2.
Decision Tree for Distributor
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Now we can begin to analyze the decision tree, calculating the expected payoffs from right to left below the appropriate states of nature
and decision nodes.

For the event node dealing with advertising, the expected payoff is $160, or the sum of each event's payoff weighted by its probability
[0.3($20) + 0.7($220)].

The expected payoff for decision node 3 is $160 because Advertise ($160) is better than Do nothing ($60). Cross out the Do nothing
aternative.

The payoff for decision node 2 is $270 because Expand ($270) is better than Don't expand ($223). Eliminate Don't expand.

The expected payoff for the event node dealing with demand, assuming that a small facility is built, is $242 [0.4($200) + 0.6($270)].
The expected payoff for the event node dealing with demand, assuming that alarge facility is built, is $544 [0.4($160) + 0.6($800)].
The expected payoff for decision node 1 is $544 because the large facility's expected payoff is largest. Cross out Small facility.

The best dternative isto build the large facility. This foremost decision is the only one the distributor makes now. Ensuing decisions are
made after learning whether demand actually islow or high.

YOU SHOULD REMEMBER

Decision trees are akind of road map of a decision problem that lays out, in schematic form, the alternative decisions,
events, and outcomes that face the decision maker. The decision tree approach enjoys the following advantages:

It structures the decision process, making use of decision making in an orderly, sequential fashion.
It forces us to examine all possible outcomes.

It communi cates the decision making process to others.

It allows a group to discuss aternatives one at atime.

It can be used with a computer.
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Modeling aReal-Life System

Many decision making systems are model based. The real world is complex, dynamic, and expensive to deal with.
For this reason, we use models instead of real-life systems. A model is an abstraction of areal-life system and is used
to simulate reality. Especially in a computing environment, operations managers find that using modelsis an easy
and less expensive way to understand what is happening and to make better decisions.

There are many different types of models. Common model types are briefly described next.
Narrative Models

A narrative model is either written or oral. The narrative represents atopic or subject. In an organization, reports,
documents, and conversations concerning a system are all important narratives. Examples include a sales-person
verbally describing a product's competition to a sales manager and a written report describing the function of a new
piece of manufacturing equipment.

Physical Models

The fashion model is an example of a physical model, as are dolls and model airplanes. Many physical models are
computer designed or constructed. An aerospace engineer may develop a physical model of a shuttle to gain
important information about how alarge-scale shuttle might perform in space. A marketing department may develop
aprototype of a new product.

Mathematical Models

A mathematical model is a quantitative representation of reality. These models are most popular for decision making
in all areas of business. Any mathematical formula or equation is amodel that can be used for simulation or "what-if"
analysis. Once properly constructed, management can experiment with them just as a physical scientist does

controlled experiments in the laboratory. In a sense, a mathematical model is a manager's laboratory. For example,
the break-even formula used to compute the break-even point is simply

. FC
e = oW
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where xbe = break-even point, P = price or average revenue per unit, V = unit variable cost, and FC = total fixed costs.

Break-even analysis can be used to solve many OM decision problems, such as

Determining the volume at which the cost of "make" breaks even with the cost of "buy."

Evaluating capacity alternatives by studying the relationship of costs, sales, and profit.

Comparing production methods by finding the volume at which two different processes have equal total costs.

Choosing location alternatives on the basis of quantitative factors that can be expressed in terms of total cost.

Comparing facilities layouts (e.g., fixed-position layouts, process layouts, and product layouts) in terms of fixed costs
and variable costs.

EXAMPLE 4

The Los Altos Community Hospital is considering a new procedure to be offered at $250 per patient. Variable costs
are $50 per patient. Total fixed costs per year are $650,000. What is the break-even number of patients for this
service? Using the formula,

FC 650,000

X" TPy = 30_s50 = 3250 patients

Graphical Models

A graphical model isapictorial representation of reality. Lines, charts, figures, diagrams, illustrations, and pictures are
all types of graphical models. Graphical models assist decision makers in designing, developing, and using graphic
displays of data and information. In addition, sophisticated graphical design and analysis such as computer-assisted
design (CAD) iswidely available. A graph that shows budget and financial projections and a break-even chart are good
examples of graphical models. The break-even chart depicts the point at which sales revenues and costs are equal.
Figure 2.3 presents the break-even chart for Example 4.
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Figure 2.3.
Break-Even Chart

Satistical Models

Satistical models can be used to develop demand forecasts for capacity and production planning. Regression
analysisis an example of statistical models. Other uses of statistical models in production and operations
management are the techniques of work sampling and statistical quality control.

Optimization Models

Optimization models refer to techniques for establishing complex sets of mathematical equations and inequalities that
represent objectives and constraints. These models are prescriptive in that they try to provide the best possible
solution to the problem at hand. They include mathematical programming such as linear programming (LP).

Project Planning and Management Models

Project planning and management models are used to navigate and coordinate large projects and to discover critical
paths that could delay or jeopardize an entire project if they are not completed in atimely and cost-effective fashion.
Program Evaluation and Review Technique (PERT) iswidely used for this purpose.

Smulation Models

The primary use of asimulation model isto respond to "what if . . . " questions. These descriptive models can
produce large quantities of detailed output because they work by mimicking many parts of the real-world

< previous page page 37 next page =



< previous page page 38 next page >
Page 38

system. One major weakness is that no automatic searching or optimizing is done by the model. (Any such features must
be built on top of the simulation model and must be used as a submodel.) In such cases, the simulation may have to be
performed many, many times while a search for the best decision parametersis underway. This can be quite expensive if
the simulation is complex.

YOU SHOULD REMEMBER

Simulation is descriptive whereas optimization models such as L P are prescriptive.

Linear Programming

In many business situations, resources are limited, and demand for them is great. The resources may be time, money, or
materials, and the limitations are known as constraints. Linear programming is a technique that is useful for allocating
scarce resources among competing demands.

LPisamathematical technique designed to help managers find an optimal decision (or an optimal plan) chosen from a
large number of possible decisions. The optimal decision isthe one that meets the specified objective of the company,
subject to various restrictions or constraints. The optimal decision yields the highest profit, contribution margin (CM),
or revenue, or the lowest cost. A linear programming model consists of two important ingredients:

Objective function. The company must define the specific objective to be achieved.

Constraints. Constraints are in the form of restrictions on the availability of resources or meeting minimum
requirements.

Asthe name linear programming indicates, both the objective function and constraints must be in linear form.

EXAMPLES

A firm wishes to find an optimal product mix. The optimal mix would be the one that maximizesits total profit or
contribution margin within the allowed budget and production capacity. Or the firm may want to determine a least-
cost combination of input materials while meeting production requirements, employing production capacities, and
using available employees.
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Applications of LP

Many problems in operations management have been modeled as L P problems. The following list identifies some
problems that can be solved with LP:

Aggregate planning

Production or operationsfinding the least-cost production schedule, taking into account inventory, hiring and layoff,
overtime, and outsourcing costs, subject to various capacity and policy constraints; scheduling flights.

Blendingselecting the least-cost mix of ingredients for manufactured products; blending gasoline.
Staffingfinding the optimal manpower allocation.
Distribution

Shippingdetermining a least-cost shipping pattern from plants to distribution centers or from warehouses to
distributors.

Location

Warehouses or plantssel ecting the best warehouse |ocation to minimize shipping costs.

Scheduling

Shiftsfinding the least-cost assignment of workers to shifts, subject to varying demand.

Jobsscheduling jobs to machines.

Formulation of LP

1. Decide what your variables should be. Units of some output commaodity like widgets is a good example.

2. Decide whether you wish to maximize (e.g., profit) or minimize (e.g., cost). If information is given on both cost
and revenue, you will generally wish to work with profit figures.

3. Construct an objective function as a sum of the variables times their respective unit profit or cost. Be sure to
include al variables.

4. Express the constraints as functions of the variables you choose. In how many ways can each particular type of
capacity be
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used up? That is the number of variables that should appear in each constraint equation.

5. Beware of inequalities. If your constraint is not to exceed some amount of productive capacity or warehouse space,

the appropriate constraint inequality is<. If you must satisfy some level of demand, the appropriate constraint
inequality is=.

6. Always include a statement that you cannot have negative production or shipments. For example, all variables take
on nonnegative values (= 0).

In the following example, we will use this technique to find the optimal product mix.

EXAMPLE 6

The Omni Furniture Manufacturing Company produces two products: desk and table. Both
products require time in two processing departments, Assembly Department and Finishing
Department. Data on the two products are as follows:

Products
Processing Desk Table Available Hours
Assembly 2 4 100
Finishing 3 2 90
Profit per unit $25 $40

The company wants to find the most profitable mix of these two products. Define the decision
variables as follows:

x1 = Number of units of desk to be produced
x2 = Number of units of table to be produced

The objective function to maximize total profit (Z) is expressed as

Z=25x + 40x,

Then, formulate the constraints as inequalities:

2x1 + 4x2< 100 (Assembly constraint)

3x1 + 2x2< 90 (Finishing constraint)

In addition, implicit in any LP formulation are the constraints that restrict x1 and x2 to be
nonnegative, i.e.,

x5 =0
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Our LP modsd is:

Maximize: Z = 25x, + 40x,

Subject to: 2x, + 4x, = 100
G, + 2x, = 90
x,x=0

Computation Methods of LP

Solution methods available to solve LP problems include
The graphical method and

The simplex method.

The graphical method is easier to use but is limited to the LP problems involving two (or at most three) decision
variables. To use the graphical method, follow these steps.

1. Change inequalities to equalities.

2. Graph the equalities. To graph the equality, (1) set one variable equal to zero and find the value of the other and
connect those two points on the graph and (2) mark these intersections on the axes and connect them with a straight
line.

3. Identify the correct side for the original inequalities by shading. Repeat steps 13 for each constraint.
4. |dentify the feasible region, the area of feasible solutions.
5. Solve the constraints (expressed as equalities) simultaneously for the various corner points of the feasible region.

6. Determine the profit or contribution margin at all cornersin the feasible region.
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YOU SHOULD REMEMBER

Feasible solutions are values of decision variables that satisfy all the constraints simultaneously. They are found on
and within the boundary of the feasible region. The graphical approach is based on two important LP properties:

The optimal solution lies on the boundary of the feasible region, which implies that we can ignore the (infinitely
numerous) interior points of the feasible region when searching for an optimal solution.

The optimal solution occurs at one of the corner points (basic feasible solutions) of the feasible region.

EXAMPLE 7

Using the data and the LP model from Example 6, follow steps 16. We obtain the following feasible region (shaded
areq).

1. Change inequalitiesto equalities.

2x, + 4x, =100
x, +2x, = 90

2. Graph the equalities. To graph the equality, set one variable equal to zero, find the value of the other, mark the
points on the axes, and connect those two points with a straight line.

For equation 1.
If x1 =0, x2=25; if x2=0, then x1 = 50; connect x2 = 25 and x1 = 50.

For equation 2:
If x1 =0, x2=230;if x2=0, then x1 = 45; connect X2 = 30 and x1 = 45.

3. Identify the correct side for the original inequalities. The correct sideisthe line and the area below it for less-than
or equal-to constraints.

4. |dentify the area of feasible solutions. The area of feasible solutionsis the duplicated area as indicated by the
shaded areain Figure 2.4.

5. Solve the constraints (expressed as equalities) simultaneously for the various corner points of the feasible region.
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6. Determine the profit or contribution margin at al cornersin the feasible region.

We evaluate all the corner points as follows:

Corner Points x1 x2 Profit
$25 x1 + $40 x2
a 30 0 $25(30) + $40(0) =$750
b 20 15 25(20) + 40(15) = 1,100
c 0 25 25(0) + 40(25) = 1,000
d 0 O 25(0) + 40(0) = 0

The corner point b (x1 = 20, x2 = 15) produces the most profitable solution (Z* = $1,100). This point can be found by
solving two equations that created it ssmultaneously:

2x, +4x, =100 (D
3x, 4 2x,= 90 (2)

Multiplying equation 2 through by 2 and subtracting from equation 1, we obtain

2x, + 4x, = 100 (1)
bx, + 4x, = 180 (2)

Substituting x1 = 20 into equation 1 or 2 yields x2 = 15.
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The Smplex Method

The simplex method is the technique most commonly used to solve LP problems. It is an agorithm, which is an iteration
method of computation, to move from one solution to another until it reaches the best solution. Steps in the simplex
maximization procedure can be summarized as follows:

1. Convert constraint inequalities to equalities by adding a slack variable (+Swith an appropriate subscript) to every
equation with a< sign. Set up theinitial simplex tableau.

2. Copy the coefficients of your objective function into a simplex tableau. Be sure to have a separate column for every
real or slack variable as well as for the amount on the right-hand side of the constraint equations.

3. Compute values for the Z row. Multiply the values in each constraint row by the row's C. Add the results within each
column. Compute the (Cj Zj) row and evaluate the net profit contribution of each column.

4. Elect the column (or variable) with the most positive net contribution (Cj Zj). The column so selected is called the
pivot column.

YOU SHOULD REMEMBER

Before introducing a new variable, we need a procedure for evaluating the economic effects of each variable that
could be introduced. Thisisthe purpose of the Zi and (CiZi) rows of the tableau.

Ci represents the amount of increase in the objective function if variablei is added into the solution.
Zi represents the amount of decrease in the objective function if variablei is introduced.

(Ci Zi) isthe net increase.

5. Determine which variable will be replaced. Thisis donein the following manner:

Divide the right-hand-side values by their corresponding numbers in the pivot column.
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Select the row with the smaller nonnegative ratio as the row to be replaced. The row so selected is called the pivot
row.

6. Circle the pivot element, which is the element in the pivot column and the pivot row. Devel op the new tableau by
calculating the new rows using the formula:

For the new row of the old pivot row, divide each number in the old pivot row by the pivot element.

For all other rows,

El tin Intersectional C;mﬁpt?rfd'ﬁi
New row = ( .lzmen )— element of x | Slements ”:r .
(8 O 'D‘Id row new rnow of the

old pivot row

7. Seeif there are positive values in the (Cj Zj) row of the new tableau. If no columns have positive values, you have
already found the optimal solution. Otherwise, return to step 4.

YOU SHOULD REMEMBER

If the left-hand side is greater (>) than the right-hand side, which is usually the case in a minimization problem, we
say that thereisasurplus. Then, we need sl and s2 for a conversion to equalities, instead.

EXAMPLE 8
To illustrate the ssmplex method, refer to Example 6.

First, we introduce slack variables to convert inequalities to equalities, as follows:
2x, + 4x, S 100 ————pm 2x, +d4x, + 5 = 100
3, +2x, =90 ——» Ix+2xg+s = 90
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Pivot row
C',- 8 6 0 0
In Solution X, X, 5 s,  Solution Guantity

0 5 @ 2 ] 0 60
0 5 2 4 0 1 48
Z 0 0 0 0 0

C-£ 8 6 0 0

\ pivat column

Theinitial tableau indicates the starting solution: x1 = x2 = 0, s1 = 60, s2= 48, and Z= 0.

Note that the pivot column is the x1 column, because it has the highest positive number in the Cj Zj column. The
pivot row isthe sl row, since it has the lowest ratio, among 60/4 = 15 and 48/2 = 24. So the pivot element is 4 (see
circled number).

For the new row of the old pivot row, divide each number in the old pivot row by the pivot element.

x1 X2 sl s2 Solution Quantity
4/4=1 2/4=1/2 14 4/4=0 60/4 =15
For other rows:
x1 X2 sl 2 Solution Quantity
2 4 0 1 48
2 x (new row) 2(2) 2(/2)  2(u4)  2(0) 2(15)
0 3 12 1 18

The new Z row can now be computed. Multiply the row unit profits and the coefficients in each column for each row.
Sum the results within each column.

Row Profit x1 X2 sl s2 Solution Quantity
x1 8 8(1) 8(1/2) 8(l/4)  8(0) 8(15)
sl 0 0(0) 0(3) o(v2) 0(1) 0(18)
(new Z row) 8 4 2 2 120

Next, we can compute the C Z row:

Column x1 X2 sl s2
C 0
z 0
CZz 0
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pivot row
- 8 é 0 0
In Solution X, Xy ) s, Solution Quantity
8 X, ] /2 1/4 0 15
0 55 0 @ -1/2 1 18
z 8 4 2 0 120
C-Z 0 2 -2 0

i |

7

pivot column

The pivot column is the x2 column, because it has the highest positive number in the Cj Zj column. The pivot row is
the s2 row, because it has the lowest ratio, among 15/(1/2) = 30 and 18/3 = 6. So the pivot element is 3.

For the new row of the old pivot row, divide each number in the old pivot row by the pivot element.

x1 X2 sl
0/3=0 33=1 (1/2)/3=1/6

For other rows:

x1 x2 sl
1 12 14
1/2 x (new row) 1200 1/2(1) 12(1U6)
1 0 1/3

2 Solution Quantity
13 18/3=6

s2 Solution Quantity

0 15
1/2(1/3) 1/2(6)
1/6 12

The new Z row can now be computed. Multiply the row unit profits and the coefficients in each column for each

row. Sum the results within each column.

Row Profit x1 X2 sl
x1 8 8(1) 8(0) 813
sl 6 6(0) 6(1) 6(16)
(new Z row) 8 6 5/3
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s2 Solution Quantity
8(1/6) 8(12)
6(1/3) 6(6)
2/3 132
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Next, we can compute the C Z row:

Column x1 x2 sl 2
C 8 6 0 0
Z 8 6 53 23
CZz 0O O 53 23
Ci 8 6 0 0
In Solution x1 x2 sl s2 Solution Quantity

x1 1 0 13 16 12

2 0 1 e 13 6

Zi 8 6 53 23 132

Ciz 0O O 53 23

Thisis an optimal tableau since there are no positive numbersin the Cj Zj row.

The optimal solutionisxl =12, x2 =6, and Z* = 132.

Assumptions
Four basic assumptions are fundamental to the general linear programming problem:
Linearity. The objective function and the constraint equations are assumed to be linear (straight lines).

Certainty. The method does not have provisions for probability. The stated conditions are assumed to follow precisely
the given mathematical expressions.

Divisibility. The values of the decision variable may take on fractional or integer values (e.g., it is possible to produce
58.6i gallons of a product).

Nonnegativity. The values of the variables that the method sel ects (decision variables) must be greater than or equal to
zero.

Can the Computer Help?

We can use a computer LP software package such as LINDO (Linear Interactive and Discrete Optimization) and
What's Best! to quickly solve an LP problem.
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The following shows LINDO output for Example 6.

Computer Printout for LP

VARI ABLE VARI ABLE ORI 3 NAL CCEFF.
VALUE COEFF SENS.
Note: X1 =20
X1 20 25 0 X2=15
X 2 15 40 0
CONSTRAI NT ORI 3 NAL SLACK OR SHADOW

NUVBER RHS SURPLUS PRI CE
1 100 0 8.75
1 90 0 2.50

Note: Z = $1,100
OBJECTI VE FUNCTI ON VALUE: 1100

SENSI TI VI TY ANALYSI S

OBJECTI VE FUNCTI ON CCEFFI CI ENTS

VARI ABLE LOVNER ORI G NAL UPPER
LIMT CCEFFI CI ENT LIMT

X1 20 25 60

X 2 16. 67 40 50

Rl GAT HAND SI DE

CONSTRAI NT LOVER ORI G NAL UPPER
NUMBER LIMT VALUE LIMT
1 60 100 180
2 50

Shadow Prices (Opportunity Costs)
An operations manager who has solved an L P problem might wish to know whether it pays to add capacity in hoursin a particul ar

department. The manager might be interested in the monetary value to the firm of adding, say, an hour per week of assembly time.
This monetary valueis
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usually the additional profit that could be earned. This amount is the shadow price (also known as the opportunity
cost), the profit that would be lost by not adding an additional hour of capacity. To justify adecision in favor of a
short-term capacity decision, the manager must be sure that the shadow price exceeds the actual price of that
expansion. For example, suppose that the shadow price of an hour of assembly capacity is $6.50, whereas the actual
market price is $8.00. This means that it does not pay to obtain an additional hour of the assembly capacity.
Shadow prices are computed, step by step, as follows:

1. Add one hour to the constraint of a given LP problem under consideration. It is preferable to add more than one
hour to make it easier to show graphically.

2. Resolve the problem and find the maximum profit Z.

3. Compute the difference between the profit of the origina LP problem and the profit determined in step 2, whichis
the shadow price.

There is no need to go through these tedious computational steps. The LINDO output provides the shadow prices:

Assembly capacity = $8.75
Finishing capacity = $2.50

The firm would be willing to pay up to $70 to obtain an additional 8 hours of the assembly capacity per week, or
$8.75 per hour per week. In other words, the firm's opportunity cost of not adding an additional hour is $8.75.

Know the Concepts

Do You Know the Basics?

1. What is the decision making process?

2. Differentiate among decision making under certainty, risk, and uncertainty.
3. List the types of models that are useful to operations managers.

4. What is adecision matrix? What are the major components of this matrix?

5. What is the expected value of perfect information? How isit computed?
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6. What are project planning and management models used for? Give a popular technique for this.
7. What is a popular statistical model used by operations managers?

8. What islinear programming? Why isit called linear?

9. List four popular applications of LP for operations decisions.

10. What are the two ingredients of LP?

11. What are two major computational methods of L P? Briefly describe the pro and con of each.
12. What is meant by shadow pricesin LP? How can it be used in a short-term capacity decision?

Terms for Study

basic feasible solution mathematical models
constraints model

decision making process nonnegativity constraints
decision making under uncer- objective function

tainty optimal solution

decision matrix optimization models
decision tree payoff table

feasible solution shadow price

linear simulation models

linear programming statistical models

Practical Application

1. The manager of arestaurant must place his order for hot dogs weekly. A review of his sales records for the past 50
weeks reveal s the following frequency of hot dogs sold:

Hot Dogs = Number of Weeks

2000 15

3000 20

4000 15
50 weeks

Hot dogs sell for $1.00 each and cost $0.60 each. Unsold hot dogs are donated to a nearby orphanage.
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a. Construct the payoff table and determine the optimal number of hot dogs to order each week.
b. Compute the expected value of perfect information.

2. A retailer stocks bunches of fresh-cut flowers. He has an uncertain demand; the best estimates available follow:

Demand (bunches) Probability
20 0.10
25 0.30
40 0.50
60 0.10
1.00

The retailer buys these for $6 a bunch and sells them for $10.
a. Set up the payoff table (or decision matrix).
b. If he stocks 40 every day, what will his expected profit per day be?
c. What would the expected profit per day be with a 60-unit stock?
d. What quantity should he buy every day to maximize expected profits?
e. What is the expected value of perfect information for him?
3. Vendo Company operates the concession stands at the university football stadium. Records of past salesindicate

that there are basically four kinds of football weather, that sales of hot dogs depend on the weather, and that the
percentage of football games played in each kind of weather is as follows:

Weather Game Days (%) Number of
Hot Dogs
Sold
Snow 10 10,000
Rain 20 20,000
Clear/Warm 40 30,000
Clear/Cold 30 40,000

Hot dogs cost Vendo Company $0.30 each and are sold for $0.50. Hot dogs unsold at the end of each game are
worthless. Ignore income taxes.

a. Prepare atable with four rows and four columns showing the contribution margin from each of the four
purchasing strategies of buying
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10,000, 20,000, 30,000, or 40,000 hot dogs and the four weather conditions (snow, rain, clear/warm, and
clear/cold).

b. Assuming that the chances of snow, rain, clear/warm, and clear/cold are 10%, 20%, 40%, and 30%,
respectively, compute the expected contribution margin from each of the following purchasing strategies:

i. Buy 10,000 hot dogs.

ii. Buy 20,000 hot dogs.

iii. Buy 30,000 hot dogs.

iv. Buy 40,000 hot dogs.
c. What isthe optimal purchasing strategy in the absence of aweather forecast, and what is the expected
contribution margin from following this strategy? (This answer will be the largest of the four expected payoffs
computed in b.)
d. If Vendo had a perfect weather forecast for each game, it would buy 10,000 hot dogs when snow is predicted,
20,000 when rain is predicted, 30,000 when clear/warm is predicted, and 40,000 when clear/cold is predicted.
What is the expected average contribution margin per football game assuming the availability of a perfect
weather forecast per football game?
e. What is the expected dollar value of the information from a perfect weather forecast?

4. Assume XY Z Corporation wishes to introduce one of two products to the market this year. The probabilities and
present values (PV) of projected cash inflows follow:

Product Initial Investment (1) PV of Cash Inflows Probabilities
A $225,000 1.00
$450,000 0.40
$200,000 0.50
$100,000 0.10
B $ 80,000 1.00
$320,000 0.20
$100,000 0.60
$150,000 0.20

Which product should be chosen?

Use the net present value (NPV) as the selection criterion. The NPV isPV I.
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5. Based on the industry supply and demand analysis, Madden Corporation wishesto build a full-scale
manufacturing facility. It is considering:

Action A. Build alarge plant, costing $6 million.
Action B. Build asmall plant, costing $2 million.

The probabilities of various demands and present values of projected cash inflows for these demand situations

follow:
Action Demand PV of Probabilities
Conditions Cash Inflows
A High o 0.5
$8 million
Medium 0.3
$4 million
Low o 0.2
$1.5 million
B High 0.5
g $2.5 million
Medium o 0.3
$2 million
Low o 0.2
$1.5 million

a. Construct a decision tree to analyze the two options.
b. Which option would you choose? Comment on your decision.
6. The Carson Company makes two products, X and Y. Their contribution margins are $50 and $90, respectively.

Each product goes through three processes: cutting, finishing, and painting. The number of hours required by each
process for each product and capacities available follow:

Hours Required in Each Process

Product Cutting Finishing Painting
X 2 4 3
Y 1 6 2
Capacitiesin Hours 300 500 250

Formulate the objective function and constraints to determine the optimal product mix.

7. A company fabricates and assembles two products, A and B. It takes three minutes to fabricate each unit of A, and
six minutes to fabricate each unit of B. Assembly time per unit for product A isone minute, and for product B, nine
minutes. There are 600 minutes of fabrication time and 1,800 minutes of assembly time available. The company
makes a contribution margin of $2 on each unit of A it sells, and $1 on each unit of B.
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a. Express the problem as an LP model.

b. Solve this problem by the graphical method. What quantities of A and B should be produced in order to
maximize profits? What will be the profits earned at these production levels?

8. John Shops manufactures two products: tables and desks. The LP model is
Maximize: Z= 80x, + 40x,
Subject to: 6x, + 4x, = 2,400 (matching time capacity)
2x, + 3x, = 1,500 (assembly time capacity)
9x, + 3x, = 2,700 (finishing time capacity)
x,x =0
Solve this problem by the smplex method.

9. After anumber of pivot steps, the tableau of a given LP problem assumes the following form:

Ci 4 3 0 0
x1 X2 sl s2 Solution Quantity
0 1 2 1 2
1 2
Ciz 0 0 2 1

a. Isthis an optimal tableau? Why?

b. What are the values of x1, x2, and Z*?

10. The following simplex tableau shows an intermediate solution to a maximization problem.

Ci 40 30 0 0 0
In Solution x1 X2 sl 2 s3 Solution Quantity
40 x1 1 0 1 0 0 16
s2 0 1 0 1 0
s3 0 1

a. Compute the new Cj Zj row.

b. Obtain the optimal solution and the optimal objective function values.
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Answers
Do You Know the Basics?

1. The decision making process is the process of defining a problem and its environment, identifying alternatives,
evaluating alternatives, selecting an alternative, and implementing the decision.

2. Decision making under certainty means that for each decision there is only one event and therefore only one
outcome for each action. Decision making under risk or uncertainty, which is more common in reality, involves
severa events for each action with its probability of occurrence. Decision making under uncertainty is adecision
made when the probability of occurrence of the different states of nature is unknown.

3. Models can be narrative, graphical, statistical, mathematical, optimization, physical, project planning and
management, and simulation.

4. A decision matrix is an organized approach to decision making under risk. It is characterized by

(1) the row representing a set of alternative courses of action available to the decision maker; (2) the column
representing the state of nature or conditions that are likely to occur and the decision maker has no control over; and
(3) the entriesin the body of the table representing the outcome of the decision, known as payoffs, which may be in
the form of costs, revenues, profits, or cash flows. By computing expected value of each action, we will be able to
pick the best one.

5. It isthe value of a perfect forecast. The expected value of perfect information can be computed by subtracting the
expected value with existing information from the expected value with perfect information.

6. Project planning and management models are used to navigate and coordinate large projects and to discover
critical paths that could delay or jeopardize an entire project if they are not completed in atimely and cost-effective
fashion. Program Evaluation and Review Technique (PERT) iswidely used for this purpose.

7. Regression analysisis an example. It can be used to develop demand forecasts for capacity and production
planning.

8. Linear programming is a mathematical technique designed to determine an optimal decision (or an optimal plan)
chosen from a large number of possible decisions. The optimal decision is the one that meets the specified objective
of the company, subject to various restrictions or constraints. It is linear because we assume both the objective
function and constraints are linear.
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9. Four popular applications of LP are selecting the least-cost mix of ingredients for manufactured products,
determining the most profitable mix of products, scheduling jobs to machines, and determining a least-cost shipping
pattern.

10. Two ingredients of L P are the objective function and inequality constraints (including nonnegativity constraints).

11. Two major computational methods of LP are (1) the smplex method and (2) the graphical method. The simplex
method is the technique most commonly used to solve LP problems. It is an algorithm, which is an iterative method
of computation, to move from one solution to another until it reaches the best solution. The graphical approachis
easier to use but limited to the LP problems involving two (or at most three) decision variables.

12. Shadow price, also known as opportunity cost, is the profit that would be lost by not adding an additional hour of
capacity. Tojustify adecision in favor of a short-term capacity decision, the manager must be sure that the shadow
price exceeds the actual price of that expansion.

Practical Application

1.
a. The payoff table follows:
State of Nature
Demand 2,000 3,000 4,000

Stock (Probability) (0.3) (0.4) (0.3) Expected Profit
2,000 $800 $800 $800 $800

Action 3,000 $200a $1,200 $1,200 900b

4,000 ($400) $800 $1,600 680c

a 2,000 units sold, Profit: 2,000 x $0.40 = $800
1,000 units unsold, Cost: 1,000 x $0.60 = 600
$200
b Expected profit for 3,000 hot dogs:
($200)(0.3) + ($1,200)(0.4) + ($1,200)(0.3) = $60 + $480 + $360 = $900
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¢ Expected profit for 4,000 hot dogs:

($400)(0.3) + ($800)(0.4) + ($1,600)(0.3) = $120 + $320 + $480 = $680

Therefore, the manager should order 3,000 hot dogs weekly, which will maximize the expected profit (i.e., $900).

b. The expected value with perfect information is
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($800)(0.3) + ($1,200)(0.4) + (81,600)(0.3) = $240 + $480 + $480 = $1,200

Thus, the expected value of perfect informationis

$1,200 — $900 = $300

which is the maximized amount of money the manager would be willing to pay for perfect information.

2.
a. The payoff table follows:
Demand 20
Stock (Probability) (0.1)
20 $80
25 50
40 (40)
60 (160)

b. From the payoff table, $95.
c. From g, ($5).
d. From a, either 25 units or 40 units.

e. Expected value with perfect information

($80)(0.1) + ($100)(0.3) + ($160)(0.5) + (§240)(0.1) = $142

Therefore, expected value of perfect information is
$142 - $95 = $47
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25
(0.3)
$80
100
10
(110)

40
(0.5)
$80
100
160
40

60
(0.10)
$80
100
160
240
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Expected Profit
$80
95
95
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a. Payoff in Income (Loss) due to the combination of purchase strategy and weather outcome.

Purchase Snow Rain Clear/Warm Clear/Cold

Strategy 10,000 20,000 30,000 40,000
10,000 $2,000 $2,000 $2,000 $2,000
20,000 (%$1,000) $4,000 $4,000 $4,000
30,000 (%$4,000) $1,000 $6,000 $6,000
40,000 ($7,000) ($2,000) $3,000 $8,000
b.

i. Buy 10,000: 0.10 x $2,000 + 0.20 x $2,000 + 0.40 x $2,000 + 0.30 x $2,000 = $2,000
ii. Buy 20,000: 0.10 x ($1,000) + 0.20 x $4,000 + 0.40 x $4,000 + 0.30 x $4,000 = $3,500
iii. Buy 30,000: 0.10 x ($4,000) + 0.20 x $1,000 + 0.40 x $6,000 + 0.30 x $6,000 = $4,000
iv. Buy 40,000: 0.10 x ($7,000) + 0.20 x ($2,000) + 0.40 x $3,000 + 0.30 x $8,000 = $2,500
c. Buy 30,000 hot dogs and expect to earn $4,000 on average per game.
d. 0.10 x $2,000 + 0.20 x $4,000 + 0.40 x $6,000 + 0.30 x $8,000 = $5,800
Buying the correct amount for each weather possibility implies an expected average income of $5,800 per game.
e. $5,800 $4,000 = $1,800.

4. A decision tree analyzing the two productsis given in Figure 2.5.
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Initial P af Mool

Investment Probability Cash Inflows Cash Inflows

i (2h i3 121 % (3) = {4

0. 40 $4 50,000 $ 180,000

0.50 $ 200,000 100, (6000
$225,000 f———

Product A 0.10 ~$ 100,000 10,000

Expected PV of Cash Inflows $270,000

Choloe
AorB
0.20 $320,000 $6, 000
Product B 0.60 $ 100,000 60,000
$80,000 0.20 —%150,000 —30,000
Expected PV of Cash Inflows §94,000
For prochsct A;
Expected MNPV (MNet Present Valuel = Expected PV - | = $270,000 - $225,000 = $45,000
For product B:

Expected NPV = $94,000 - S80,000 = $14,000

Figure 2.5.
A Decision Tree
5.
a. Expected NPVsfor A and B follow:
Demand PV of Probabilities (D x (2
Action Conditions Cash Inflows ($) 2
(1)
A High 8 million 0.5 .
$4 million
Medium 4 million 0.3 o
1.2 million
Low 1.5 million 0.2 o
3 million
PV $8.2 million
| 6 million
Expected NPV = -
2.2 million
B High 3 million 0.5
g $1.5 million
Medium 2 million 0.3 o
0.6 million
Low 1.5 million 0.2 o
0.3 million.

PV $2.4 million



[ 2 million

Expected NPV = -
0.4 million
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b. Choose action A because its expected NPV is greater than action B's. This approach does not tell us how
risky each optionis.

6.
Let X = number of units of product X to be produced
Y = number of units of product Y to be produced
Then, the LP formulation is as follows:
Maximize: Z= 550X + $90Y
Subject to: 2X+ 1Y = 300
4X +6Y =500
3N+ 2V = 250
X ¥=10
7.

a. Let A =number of units of product A to produce
Let B = number of units of product B to produce

Maximize: £=5%24+ 518

Subject to: 34 + 68 = 600 (fabrication)
14 + 98 = 1,800 (assembly)
A B=0

b.

1. A=0, B=100 Z = 3100

2. A= 200, B=10 Z = $400

Thus, 200 units of A should be produced and no units of B. Profit will be $400 at this level. See Figure 2.6.

5001

4004

i
Product 300 0,200

B 1A + h = BOO
| (Fabrication)
*0a (200,04
1A 4 98 = 1,800
| OH3 ':IJ iAssermbly)
100 200 400 600 800 1000 1200 1400 1600 1800 2000

Product A

Figure 2.6.
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Theinitial tableau can be set up as follows:

C 80 40 0 0 0
In Solution  x, Xy 5 s, & Solution Quantity
0 s\ 6 4 1 0 0 2,400
0 5 2 3 0 10 1,500
0 s, @ 3 0 0o 1 2,700
Z 0 0 0o o0 o0 /‘ 0
C -2, BO. 40 0 0 0

/
\ pivot column pivot row

The pivot column is the x1 column, because it has the highest positive number. The pivot row isthe s3 row
because it has the lowest ratio among 2400/6 = 400, 1500/2 = 750, and 2700/9 = 300.

So the pivot element is 9 (the one circled).

Tableau 1

C, 80 40 0 0 0
In Selution  x, X, 5 s s, Solution Quantity

0 5, 0 (;) 1 0 -2/3 600
0 s, o 773 0 1 -2/9 900
80 S5 1 /3 0 o 1/9 300
Z 80 80/3 O 0 80/9 /24,000

C-Z 0 40/3 0 0 -80/9

‘\ pivot column ﬁim: rote

The pivot column is the x2 column, because it has the highest positive number. The pivot row isthe sl row,
because it has the lowest ratio among 600/2 = 300, 900/(7/3) = 385 7/8750, and 300/(1/3) = 900. So the pivot
element is 2.
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Final Tableau
Ci 80 40 0 0
In Solution x1 X2 sl 2
40 X2 0 1 1/2 0
0 2 0 0 716 1
80 x1 1 0 1/6 0
Zi 80 40 20/3 0
Ci Zi 0 0 20/3 0

next page =
Page 63

0
Solution Quantity
13 300
5/9 200
2/9 200
40/9 28,000
40/9

Thisisan optimal simplex tableau, because there are no positive numbers in the Cj Zj row. The optimal solution is

x1= 200, x2 = 300, and Z* = $28,000.

a. Yes, because there are no positive valuesin the Cj Zjrow.

b. The optimal solution isx1= 2, x2 = 2, and Z* = $4(2) + $3(2) = $14.

10.

a The new Z row can now be computed. Multiply the row unit profits and the coefficients in each column for each

row. Sum the results within each column.

Row Profit x1 X2 sl s2
x1 40 40(2) 40(0) 40(1) 40(0)
s2 0 0(0) 0(1) 0(0) 0(1)
s3 0 0(0) 0(2) 0(1) 0(0)

New Z row 40 0 40 0

Next, we can compute the C Z row:

Column x1 X2 sl s2 s3
C 40 30 0 0 0
Z 40 0 40 0 0
cz 0 30 40 0 0
< previous page page 63

s3 Solution Quantity
40(0) 40(16)
0(0) 0(8)
0(1) 0(8)

0 640
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Ci 40 30 0 0 0
In Solution x1 X2 sl 2 s3 Solution Quantity

40 x1 1 0 0 0 16
0 0 1 0 8
0 s3 0 @ 1 0 1 8

Zi 40 0 40 0 0 640

Ci z 0 30 40

b. The pivot column is the x2 column, because it has the highest positive number. The pivot row isthe s3 row,
because it has the lowest ratio among 16/0 = «, 8/1 = 8, and 8/2 = 4. So the pivot element is 2.

One more iteration will generate the following optimal tableau.

Ci 40 30 0 0 0
In Solution x1 X2 sl s2 Solution Quantity
40 x1 1 0 1 0 0 16
0 2 0 0 12 1 12 4
30 X2 0 1 12 0 1/2 4
Zi 40 30 25 0 15 760
Ciz 0 0 25 0 15

Thisisan optimal simplex tableau because there are no positive numbersin the Cj Zj row. The optimal solution
isx1=16,x2 =4, and Z* = $760.
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3
Forecasting

KEY TERMS

classical decomposition
approach to forecasting that seeks to decompose the underlying pattern of atime seriesinto cyclical, seasonal, trend,
and random subpatterns.

correlation coefficient
measure of the degree of correlation between two variables. The range of valuesiit takesis between 1 and +1.

Delphi method
gualitative forecasting technique for arriving at group consensus in an anonymous fashion.

deseasonalized data
removal of the seasonal pattern in a data series. Deseasonalizing facilitates the comparison of month-to-month
changes.

exponential smoothing
forecasting technique that uses a weighted moving average of past data as the basis for aforecast.

|east-squares method
statistical technique for fitting a straight line through a set of pointsin such away that the sum of the squared
distances from the data points to the line is minimized.

mean absolute deviation
(MAD) mean or average of the sum of all the forecast errors with regard to sign.

moving average
average that is updated as new information is received.

regression analysis
statistical procedure for estimating mathematically the average relationship between the dependent variable (e.g.,
sales) and one or more independent variables (e.g., price and advertising).

simple regression
regression analysis that involves one independent variable. For example, the demand for automobilesis a function of
its price only.

trend analysis
specia form of simple regression in which timeis the independent variable.
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The most important function of businessis probably forecasting. A forecast is a starting point for planning. The
objective of forecasting is to reduce risk in decision making. In business, forecasts are the basis for capacity planning,
production and inventory planning, manpower planning, planning for sales and market share, financial planning and
budgeting, planning for research and development, and top management's strategic planning. In this chapter, we
examine several aspects of forecasting, and we present some popular forecasting models. Demand is a key determinant
in two major categories of decisions that are discussed throughout the book: decisions about the design of the
production system and decisions about how to operate the production system.

Who Uses Forecasts?

Forecasts are needed for marketing, production, purchasing, manpower, and financial planning. Furthermore, top
management needs forecasts for planning and implementing long-term strategic objectives and planning for capital
expenditures. More specifically, production planners need forecasts in order to (1) schedule production activities, (2)
order materials, (3) establish inventory levels, and (4) plan shipments. Some other areas that need forecasts include
material requirements (purchasing and procurement), labor scheduling, equipment purchases, maintenance
requirements, and plant capacity planning.

As soon as the company makes sure that it has enough capacity, the production plan is developed. If the company does
not have enough capacity, it will require planning and budgeting decisions for capital spending for capacity expansion.
Figure 3.1 displays the relationship between demand forecasting and production/operations systems.

DEMAND
FORECAST
PLANMNING/ DESIGNING PRODUCTIONSCHEDULING CONTROLLING
Product design Aggregate production planning Material requirements
Process design — Master scheduling ———1 planning and inventory
Capacity planning Operations scheduling management
Facilities investrment Quality assurance
Project management

1

FRODUCTION OF
GOODS/SERVICES

Figure 3.1.
Relationship Between Demand Forecasting and Production/Operations Systems
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Forecasting Methods

The company may choose from a wide range of forecasting techniques. There are basically two approaches to
forecasting: qualitative and quantitative. They are as follows:

Quialitative approachforecasts based on judgment and opinion

Expert opinions

Delphi technique

Sales-force polling

Consumer surveys
Quantitative approach

Moving averages and weighted moving averages

Exponential smoothing and trend effects

Simple regression

Multiple regression

Trend analysis and classical decomposition
Quantitative models work superbly as long aslittle or no systematic change in the environment takes place. When
patterns or relationships do change, by themselves, the objective models are of little use. It is here where the
qualitative approach based on human judgment is indispensable. Because judgmental forecasting also bases forecasts

on observation of existing trends, they too are subject to a number of shortcomings. The advantage, however, is that
they can identify systematic change more quickly and interpret better the effect of such change on the future.

Selection of Forecasting Method

The choice of aforecasting technique is significantly influenced by the stage of the product life cycle and sometimes
by the firm or industry for which a decision is being made.

In the beginning of the product life cycle, relatively small expenditures are made for research and market
investigation. During the first phase of
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product introduction, these expenditures start to increase. In the rapid growth stage, considerable amounts of money
are involved in the decisions; therefore, a high level of accuracy is desirable. After the product has entered the
maturity stage, the decisions are more routine, involving marketing and manufacturing. These are important
considerations when determining the appropriate sales forecast technique.
After evaluating the particular stages of the product and determining firm and industry life cycles, afurther probeis
necessary. Instead of selecting a forecasting technique by using whatever seems applicable, decision makers should
determine what is appropriate. Some of the techniques are quite simple and rather inexpensive to develop and use,
whereas others are extremely complex, require significant amounts of time to develop, and may be quite expensive.
Some are best suited for short-term projections, whereas others are better prepared for intermediate or long-term
forecasts.
What technique or techniques to select depends on the following criteria:

What is the cost associated with devel oping the forecasting model compared with potential gains resulting from its
use? The choice is one of benefitcost tradeoff.

How complicated are the relationships that are being forecasted?
Isit for short- or long-term purposes?

How much accuracy is desired?

Is there a minimum tolerance level of errors?

How much data are available? Techniques vary in the amount of data they require.

The Qualitative Approach

The qualitative (or judgmental) approach can be useful in formulating short-term forecasts and also can supplement
the projections based on the use of any of the qualitative methods. Four of the better known qualitative forecasting
methods are expert opinions, Delphi method, sales-force polling, and consumer surveys.

Expert Opinions

The subjective views of executives or experts from sales, production, finance, purchasing, and administration are
averaged to generate a forecast about future sales. Usually the expert opinions method is used in conjunc-
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tion with some quantitative method such as trend extrapol ation. The management team modifies the resulting
forecast based on their expectations.

The Delphi Method

The Delphi method is a group technique in which a panel of experts are individually questioned about their
perceptions of future events. The experts do not meet as a group in order to reduce the possibility that consensusis
reached because of dominant personality factors. Instead, the forecasts and accompanying arguments are summarized
by an outside party and returned to the experts along with further questions. This process continues until a consensus
is reached by the group, especially after only afew rounds. The experts are not influenced by peer pressure to
forecast a certain way because the answer is not intended to be reached by consensus or unanimity.

Sales-Force Polling

Some companies use as a forecast source salespeople who have continual contacts with customers. They believe that
their salesforce, which is closest to the ultimate customers, may have significant insights regarding the state of the
future market. Forecasts based on sales-force polling may be averaged to develop afuture forecast. Or they may be
used to modify other quantitative and/or qualitative forecasts that have been generated within the company.
Consumer Surveys

Some companies conduct their own market surveys regarding specific consumer purchases. Surveys may consist of

telephone contacts, personal interviews, or questionnaires as a means of obtaining data. Extensive statistical analysis
isusually applied to survey resultsin order to test hypotheses regarding consumer behavior.

Steps in the Forecasting Process
There are six basic steps in the forecasting process.

1. Determine the what and why of the forecast and what will be needed. Thiswill indicate the level of detail required
in the forecast
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(e.g., forecast by region, forecast by product), the amount of resources (e.g., computer hardware and software,
manpower) that can be justified, and the level of accuracy desired.

2. Establish atime horizon, short-term or long-term. More specifically, project for the next year or next 5 years, etc.
3. Select aforecasting method.

4. Gather the data and develop aforecast.

5. ldentify any assumptions that had to be made in preparing the forecast and using it.

6. Monitor the forecast to seeif it is performing in amanner desired. Develop an evaluation system for this purpose.
If not, return to step 1.

Moving Averages and Smoothing Methods

This section discusses several forecasting methods that fall in the quantitative approach category. The discussion
includes the naive approach, moving averages, exponential smoothing, and regression analysis.

The Naive Approach
The naive forecasting approach is based exclusively on historical observation of data. It does not attempt to explain
the underlying causal relationships that produce the variable being forecast. A simplest example of a naive model

type would be the use of the actual sales of the current period as the forecast for the next period. Let us use the
symbol Y't+1 as the forecast value and the symbol Yt as the actual value. Then

’
Y=Y,
Moving Averages

Moving averages are averages that are updated as new information is received. With the moving average, a manager
simply employs the most recent observations to calculate an average, which is used as the forecast for the next
period.
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EXAMPLE 1

Assume that the marketing manager has the following sales data.
Date Actual Sales, Yt

46
Jan. 1

53
46
58
49

N o o~ WN

In order to predict the sales for the seventh and eighth days of January, the manager has to pick
the number of observations for averaging purposes. Let us consider two cases. a six-day moving
average and athree-day average.

Casel

¥ dﬁ+54+53+=‘i{i+iﬂ+=ﬁ:_51
' &

vy = 54+55+4G4{;iﬂ+#9+5ﬂi - 523
where Y’ = predicted

Case 2

}L - ’5'5+5§4+’19 = 5]

Y, = 5!:5+=i‘,;+ 54 = 537
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Moving Average Calculations
Predicted Sales (¥}
Date Actual Sales Case 1 Case 2
Jan. 1 Agmm==—n
2 54 |
3 53 I
4 46 . """'""":
5 58 ; — 51
6 49---2 i 53.7
i 54 — 51 —
8 — 523

In terms of weights given to observations, in case 1, the old data received aweight of 5/6, and the current observation
got aweight of 1/6. In case 2, the old data received a weight of only 2/3 whereas the current observation received a
weight of 1/3. Thus, the marketing manager's choice of the number of periodsto usein amoving average is a measure
of the relative importance attached to old versus current data.

Advantages and Disadvantages

The moving average is simple to use and easy to understand. However, there are two shortcomings.

You must retain agreat deal of dataand carry it along with you from forecast period to forecast period.

All datain the sample are weighted equally. If more recent data are more valid than older data, why not give it greater
weight?

The forecasting method known as exponential smoothing gets around these disadvantages.
Weighted Moving Average

A weighted moving average alows any weights to be placed on each sales figure, providing the sum of all weights
equals 1.

EXAMPLE 2

In Example 1, the best forecast is derived by using 50 percent of the actual sales for the most recent day, 40 percent of
the sales for two days ago, 30 percent of the sales for three days ago. Then the forecast for day 8 would be

YL = 0.50(54) + 0.40(49) + 0.30(58) = 27 + 19.6 + 17.4= 64
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YOU SHOULD REMEMBER

Experience and trial and error are the smplest ways to choose weights. If the most recent past is believed to be the
most reliable indicator of what to expect in the future, it should get greater weighting.

Exponential Smoothing

Exponential smoothing is a popular technique for short-run forecasting by operations managers. It uses a weighted
average of past data as the basis for aforecast. The procedure gives the greatest heaviest weight to more recent
information and lesser weights to observations in the more distant past. The reason for thisis that the future depends

upon the recent past more than on the distant past. One disadvantage of the method, however, isthat it does not include
industrial or economic factors such as market conditions, prices, or the effects of competitors' actions.

YOU SHOULD REMEMBER

Exponential smoothing is known to be effective when there is randomness and no seasonal fluctuations in the data.

The Moddl

The formulafor exponential smoothing is
F,=F, + ald, ~F,) or ad,, +1 - o F,
or in words,

Frew = Fyg + a(Ayy — Fua)

where Fnew = exponentially smoothed average to be used as the forecast
Aold = most recent actual data

Fold = most recent smoothed forecast
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0 = smoothing constant

The higher the a, the higher the weight given to the more recent information.

EXAMPLE 3
Consider the following sales data.
Time Period, t Actua Sales, At ($000)
1

© 00 N O O~ WON

e I o =
o M W N R O

To initialize the exponential smoothing process, we must have theinitial forecast. The first

smoothed forecast to be used can be
First actual observations.
An average of the actual datafor afew periods.

For illustrative purposes, let us use a six-period average astheinitial forecast F7 with a

smoothing constant of a = 0.40. Then

FE=(A + A4+ A+ Ay + As + A/6
= (60 + 64 + 58 + 66 + 70 + 60)/6 = 63
Note that A7 = 70. Then F8 is computed as follows:

)"73 = F;r"' E(A;! - Fj)
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60.0
64.0
58.0
66.0
70.0
60.0
70.0
74.0
62.0
74.0
68.0
66.0
60.0
66.0
62.0
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03 + (0.40)070 - 63)
= 63+ 280 = 6580
Similarly,

F=F +ald,— F)

65.8 + (0.40074 — 65.80)

05.8 + 3.28 = 69.08

and

E”-:F,':, """'-"'-["1‘4:"53:'
= (908 + (0400062 — 69,08)

= 69.08 — 2.83 = 60.25

By using the same procedure, the values of F11, F12, F13, F14, and F15 can be calculated. Table 3.1 shows a
comparison between the actual sales and predicted sales by the exponential smoothing method.

Because of the negative and positive differences between actual sales and predicted sales, the forecaster can use a
higher or lower smoothing constant (o) in order to adjust his’her prediction as quickly as possible to large
fluctuationsin the data series. For example, if the forecast is slow in reacting to increased sales, (that isto say, if the
difference is negative), he/she might want to try a higher value. For practical purposes, the optimal a may be picked
by minimizing what is known as the mean squared error (MSE), which is a popular measure of forecasting
performance.

MSE = (A4, - F,)/(n -1
where i = the number of observations used to determine the initial forecast (in our example, i = 6).
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Table 3.1. Comparison of Actual Sales and Predicted Sales
Time Actual Sales, Predicted Difference Difference2
Period, t At ($000) Sales, Ft ($000) (At Ft) ($000) (At Ft)2 ($000)

1 60.0

2 64.0

3 58.0

4 66.0

5 70.0

6 60.0

7 70.0 63.00 7.00 49.00
8 74.0 65.80 8.20 67.24
9 62.0 69.08 7.08 50.13
10 74.0 66.25 1.75 60.06
11 68.0 69.35 135 1.82
12 66.0 68.81 2.81 7.90
13 60.0 67.69 7.69 59.14
14 66.0 64.61 1.39 1.93
15 62.0 65.17 3.17 10.05

307.27

In our example,
MSE = 307.27 / (15 - 6) = 307.27 / 9 = 34,14

Theideaisto select the a that minimizes MSE, which is the average sum of the variations between the historical
sales data and the forecast values for the corresponding periods. An a value that yields an approximately equivalent
degree of smoothing as amoving average of n periodsis

2

i+ 1

ﬁ:

Exponential Smoothing with Trend Effects

An upward or downward trend in atime series data causes the exponential smoothing forecast to aways lag behind
(be above or below) the actual occurrence. A technique frequently used to correct this situation is called Holt's two-
parameter method, or simply Holt's method. Exponentially smoothed forecasts can be corrected by adding in atrend
adjustment. To adjust for the trend, two smoothing constants are incorporated in the model. Besides a, the trend
er?uati on also uses a smoothing constant 3. The 3 reduces the impact of the error that occurs between the actual and
the forecast.
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The model to compute the forecast including trend (FT) involves three equations:

The exponentially smooth series
F=od,+ (1 - (F,+ T,)

The trend estimate

L=BFE~-F)D+0-p) T,

The forecast for the next period
Fi t+1 = F+ T

As can be seen, the trend equation uses a smoothing constant 3 in the same way as the exponential equation. A high

B will emphasize the latest trend and be more responsive to recent changesin trend. The initial trend adjustment Tt-
1is sometimes assumed to be zero.

EXAMPLE 4

The following illustrates Holt's method. To begin with we assume two estimated initial values and
two smoothing constant values: F1 =500, T1=0,a =0.3,and b =0.1.

Time  Actuad Ft Trend, Predicted
Period, Sales, Tt Sales,
t  At,($000) FTt+1 ($000)
1 500.0 500.0 0.0
2 350.0 455.0 45 500.0
3 2500 3904 105 450.5
4 400.0 3859 99 379.8
5 450.0 3982 7.7 376.0
6 3500 3783 89 390.5

The computations leading to the forecast for period 3 follow.

1. Update the exponentially smoothed series.
F=oad+ (1-a)(F_+ T

Fowoady + (1-a) (F+ T) = 0.3(350) + 0.7(500 + 0) = 455
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2. Update the trend estimate.
h=pE-F)+A-p) T,
T=R(F-F)+(1-8)T =0.10455 - 500) + 0.9(0) = 4.5

3. Forecast one period into the future.
Fliy=F+ T,

FTy = Fy + Ty = 455 + (—4.5) = 450.5

Regression Analysis

Regression analysisis a statistical procedure for estimating mathematically the average relationship between the
dependent variable and the independent variable(s). Smple regression involves one independent variable (e.g., price
or advertising in a demand function), whereas multiple regression involves two or more variables, (e.g., price and
advertising together).

In this chapter, we will discuss only simple (linear) regression to illustrate the | east-squares method, which means
that we will assumetheY = a + bX relationship.

The Least-Sguares Method

The least-squares method is widely used in regression analysis for estimating the parameter valuesin aregression
equation. The regression method includes all the observed data and attemptsto find aline of best fit. To find this
line, atechnique called the least-squares method is used.

To explain the least-squares method, we define the error as the difference between the observed value and the
estimated one and denote it with u. Symbolically,

u=Y-Y
where Y = observed value of the dependent variable

Y = estimated valuebased on Y' = a + bX
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The least-squares criterion requires that the line of best fit be such that the sum of the squares of the errors (or the
vertical distance in Figure 3.2 from the observed data points to the line) is a minimum. In other words,

Minimum: 312 = 2(Y - a - bX)?

X

Figure 3.2.
YandY

Using differential calculus, we obtain the following equations, called normal equations:

I¥=na+ BLX

EXY=aiX + bEX?
Solving the equations for b and a yields

p= NEXY-GXOEY
nzX? - (X2

a= Y- bx
where ¥=X¥Vnand X=XX'n
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EXAMPLE 5

To illustrate the computations of b and a, we will refer to the following data. All the sums
required are computed and shown.

Computed Sums
Advertising, X Sales, Y XY X2 Y2
($000) ($000,000)
77 55 4235 5,929 30.25
75 51 382.5 5,625 26.01
72 4.7 338.4 5,184 22.09
73 4.8 350.4 5,329 23.04
71 4.6 326.6 5,041 21.16
368 24.7 1,821.4 27,108 122.55

From this table,

> X =368 2¥=247 2X¥=18214 3X1=27 108
X=3X/n=3685=736 YV =3ZVn=247/5=494

Substituting these values into the formulafor b first:

nEIXY - (EXNZY)  (5)(1,821.4) - (368)(24.7) 17.4

b = - = (.1
X - (BN (5)(27.108) — (368)2 116 3
a= Y= bX=494-(015(73.6) = —6.10
Thus, Ve 610 + 0.15X

Note that Y2 is not used here but rather is computed for r and (r2).
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YOU SHOULD REMEMBER

Before attempting a least-squares regression approach, it is extremely important to plot the observed dataon a
diagram, called the scatter graph (see Figure 3.2). The reason is that you might want to make sure that alinear
(straight-line) relationship existed between Y and X in the past sample. If for any reason there was a nonlinear
relationship detected in the sample, the linear relationship we assumed (Y = a + bX) would not give us a good fit.

Regression Statistics

Regression analysisis a statistical method. Hence, it uses a variety of statisticsto tell about the accuracy and reliability
of the regression results. They include

Correlation coefficient (r) and coefficient of determination (r2)
Standard error of the estimate (Se) and prediction confidence interval
Correlation Coefficient and Coefficient of Determination

In order to obtain agood fit and achieve a high degree of accuracy, you should be familiar with a statistic known as the
correlation coefficient. The correlation coefficient r measures the degree of correlation between Y and X. The range of
valuesit takes on is between 1 and +1. More widely used, however, is the coefficient of determination, designated r2
(read asr-squared). Simply put, r2 tells us how good the estimated regression equation is. In other words, it is a measure
of "goodness of fit" in the regression. Therefore, the higher the r2, the more confidence we have in our estimated
eguation. More specifically, the coefficient of determination represents the proportion of the total variation in Y that is
explained by the regression equation. It has the range of values between 0 and 1.
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EXAMPLE 6

The statement "Sales is a function of advertising expenditure with r2 = 75%," can be interpreted as " 75% of the total
variation of salesis explained by the regression equation or the change in advertising, and the remaining 25% is
accounted for by something other than advertising, such as price and income."

The coefficient of determination is computed as
(Y- Y")?
(Y- Y)?
In asimple regression situation, however, there is a short-cut method available:

[nEXY - CX) GV
[(n2X? - XA nEY? - Y)Y

The coefficient of correlation r isthe square root of the coefficient of determination:

) (EXY - (X EV)
NInEX2 — (X3 [nS Y2 - (3Y)?

?-:"'.. =

YOU SHOULD REMEMBER

Comparing this formula with the one for b, we see that the only additional information we need to computer2 or r is
2Y2.

r2=(r)2 or r = the square root of ré - “-"F

EXAMPLE 7

To illustrate the computations of various regression statistics, we will refer to the datain Example 5. Using the
shortcut method for r2,

, (17.4)2 302.76
T 50(27,108) — (368)0] (5) (122.55) = (24.7)2] ~ (116) (612.75 — 610.09)
_30276
308.56 = {}L,U8]12 = 98,12%
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This means that about 98.12% of the total variation in salesis explained by advertising and the remaining 1.88% is
still unexplained. A high r2 indicates an excellent fit in our estimated forecasting model. Advertising turns out to be

an important factor.
A 302.76
r= ———— = /09812 0.9905

4 308.56

or r:= (0.9005)° = 0.9812 = 98,120,

Sandard Error of the Estimate and Prediction Confidence Interval

The standard error of the estimate, designated Se, is defined as the standard deviation of the regression. It is computed as

f'E(F-}"]“— jir’z EEF bBEXY

This statistic can be used to gain some idea of the accuracy of our predictions.

EXAMPLE 8
Going back to our example data, Seis calculated as

c ﬁuajﬂ — (=0.100(24.7) = (0.15X1821.4)
Je = 62

122,55 + 150,67 - 273.21
= ‘i = D.DE
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Suppose you wish to make a prediction regarding an individual Y value such as a prediction about the sales when
advertising is $70. Usually, we would like to have some objective measure of the confidence we can place in our
prediction, and one such measure is a confidence (or prediction) interval constructed for Y.

A confidence interval for apredicted Y can be constructed in the following manner.

Y+ tS,

whereY' = the predicted value of Y given avalue for X.

Note: tisthe critical value for the level of significance employed. For example, for a significance level of 0.025 (which

is equivalent to a 95% confidence level in atwo-tailed test), the critical value of t for 4 degrees of freedom is 2.776 (see
Table 5 in the Appendix).

EXAMPLE 9

If you want to have a 95% confidence interval of your prediction, the range for the prediction, given an advertising
expense of $70 (in thousands) would be between $3.01 and $5.79 (in millions).

Notethat Y' = 6.10 + 0.15X = 6.10 + 0.15 ($70) = $4.40. The confidence interval is therefore established as follows:

$4.40 * (2.776)(0.5) = $4.40 + 1.39

which means, the range for the prediction, given an advertising expense of $70, would be between $3.01 ($4.40 1.39)
and $5.79 ($4.40 + 1.39).

Use of Computer Software for Regression
Spreadsheet programs such as Microsoft's Excel, Lotus 1-2-3, and Quattro Pro have a regression routine that you can

use without any difficulty. As amatter of fact, in reality, you do not compute the values a, b, r, and r2 manually. The
following summary is a portion of the Excel regression output for Example 9.
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Summary Output
Regression Statistics

Multipler 0.990557

r-squared 0.981203

Adjusted r-squared 0.974937

Standard error 0.057735

Observations 5

Coefficients Standard t Statistic

Error
Intercept 6.1 0.88259 6.911475
Xvariable 0.15 0.011987 12.513992

Multiple Regression
Multiple regression analysisis a powerful statistical technique that is perhaps the one most widely used by forecasters.

Multiple regression attempts to estimate statistically the average relationship between the dependent variable (e.g.,
sales) and two or more independent variables (e.g., price, advertising, income).

YOU SHOULD REMEMBER

In reality, forecasters will face more multiple regression situations than simple regression. Multiple regression is
beyond the scope of this book.

Time Series Analysis and Classical Decomposition
A time seriesis a sequence of data points at constant time intervals such as aweek, month, quarter, and year. Time

series analysis breaks data into components and projects them into the future. The four commonly recognized
components are trend, seasonal, cyclical, and irregular variation.
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The trend component (T) is the general upward or downward movement of the average over time. These movements
may require many years of datato determine or describe them. The basic forces underlying the trend include
technological advances, productivity changes, inflation, and population change.

The seasonal component (S) isarecurring fluctuation of data points above or below the trend value that repeats with
ausual frequency of oneyear. (e.g., Christmas sales).

Cyclical components (C) are recurrent upward and downward movements that repeat with afrequency that islonger
than ayear. This movement is attributed to business cycles (such as recession, inflation, unemployment, and
prosperity), so the periodicity (recurrent rate) of such cycles does not have to be constant.

Theirregular (or random) component is a series of short, erratic movements that follow no discernible pattern. It is
caused by unpredictable or nonrecurring events such as floods, wars, strikes, elections, environmental changes, and
the passage of legidation.

Trend Analysis

Trends are the general upward or downward movements of the average over time. These movements may require
many years of data to determine or describe them. They can be described by a straight line or a curve. The basic
forces underlying the trend include technological advances, productivity changes, inflation, and population change.
Trend analysisis aspecial type of simple regression. This method involves aregression whereby atrend lineisfitted
to atime series of data. In practice, however, one typically finds linear and nonlinear curves used for business
forecasting.

The linear trend line equation can be shown as

Y=a+ bl

wheret = time.

The formulafor the coefficients a and b are essentially the same as those for simple regression.

b = netY- 1LY
nxtt = (E0?
a=Y-ht
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Decomposition of Time Series
When sales exhibit seasonal or cyclical fluctuations, we use a forecasting method called classical decomposition for
dealing with seasonal, trend, and cyclical components together. The classical decomposition model is atime-series
model used for forecasting. This means that the method can be used to fit the time-series data only, whether it is
monthly, quarterly, or annually. The types of time-series data the company deals with include sales, earnings, cash
flows, market share, and costs. Aslong as the time series displays the patterns of seasonality and cyclicality, the
model constructed would be very effective in projecting the future variable.

We assume that atime seriesis combined into amodel that consists of the four componentstrend (T), cyclical (C),
seasond (S), and random (R).

The model we assumeis of amultiplicative type, i.e.,
Vi=TXCXxSXR

We illustrate, step by step, the classical decomposition method by working with the quarterly sales data. The
approach basically involves the following four steps:

1. Determine seasonal indices, using a four-quarter moving average.
2. Deseasonalize the data.
3. Develop the linear least-squares equation in order to identify the trend component of the forecast.

4. Forecast the sales for each of the four quarters of the coming year.
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EXAMPLE 10

We will illustrate the classical decomposition approach by working with the quarterly
sales data presented in Table 3.2 and Figure 3.3. These data show the VCR set sales (in
thousands of units) for a particular manufacturer over the past four years.

Table 3.2. Quarterly Sales Datafor VCRs over the Past 4 Y ears

Y ear Quarter Sales, ($000)

1 5.8
51
7.0
7.5
6.8
6.2
7.8
8.4
7.0
6.6
8.5
8.8
7.3
6.9
9.0

94
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Sakes (thowsands of units)

1 3 5 7 ] 11 13 15
Crearters (years 1 to 4]



Figure 3.3.
Quarterly VCR Sales
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We begin our analysis by showing how to identify the seasonal component of the time series. Looking at Figure 3.3,
we can easily see a seasonal pattern for the VCR sales. Specifically, we observe that sales are lowest in the second

quarter of each year, followed by higher salesin quarters 3 and 4. The step-by-step computational procedure used to
eliminate the seasonal component follows.

1. Use moving average to measure the combined trend-cyclical (TC) components of the time series. Thisway we
eliminate the seasonal and random components, Sand R.

More specifically, step 1 involves the following sequences of steps:

a. Calculate the four-quarter moving average for the time series. Note, however, that the moving average values
computed do not correspond directly to the original quarters of the time series.

b. Use the midpoints between successive moving-average values to resolve this difficulty. For example, because
6.35 corresponds to the first half of quarter 3 and 6.6 corresponds to the last half of quarter 3, we use
(6.35 + 6.6)/2 = 6.475 as the moving-average value for quarter 3. Similarly, we associate

(6.6 + 6.875)/2 = 6.7375 with quarter 4. A complete summary of the moving-average calculation is shown in
Table 3.3.
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Table 3.3. Moving Average Calculations for the VCRs Sales Time Series

Year  Quarter Sales
(Thousands
of Units)

1 1 5.8
2 51

3 7.0

4 75

2 1 6.8
2 6.2

3 7.8

4 8.4

3 1 7.0
2 6.6

3 8.5

4 8.8

4 1 7.3
2 6.9

9.0

9.4

6.35

6.6

6.875

7.075

7.3

7.35

7.45

7.625

7.725

7.8

7.875

8.15

Four-Quarter Centered
Moving Average Moving Average

6.475

6.7375

6.975

7.1875

7.325

74

7.5375

7.675

7.7625

7.8375

7.9375

8.075
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c. Calculate theratio of the actual value to the moving-average value for each quarter in the time series having a
four-quarter moving average entry. Thisratio in effect represents the seasonal-random component, SR= Y/TC.
The ratios calculated this way appear in Table 3.4.
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Table 3.4. Seasonal Random Factors for the Series

Y ear Quarter Sales Four-Quarter Centered Seasona
(Thousands Moving Moving Random
of Units) Average Average, Component
TC SR=Y/TC
1 1 5.8
51
6.35
3 7.0 6.475 1.081
6.6
4 7.5 6.738 1113
6.875
2 1 6.8 6.975 0.975
7.075
2 6.2 7.188 0.863
7.3
3 7.8 7.325 1.065
7.35
4 8.4 7.400 1.135
7.45
3 1 7.0 7.538 0.929
7.625
2 6.6 7.675 0.860
1.725
3 85 7.763 1.095
7.8
4 8.8 7.838 1.123
7.875
4 1 7.3 7.938 0.920
8
2 6.9 8.075 0.854
8.15
9.0

9.4



d. Arrange the ratios by quarter and then calcul ate the average ratio by quarter in order to eliminate the random
influence. For example, for quarter 1

(0.975 + 0.929 + 0.920)/3 = 0.941

e. Determine the seasonal index, as shown in Table 3.5. Thisfinal step adjusts the average ratio dlightly (e.g.,
for quarter 1, 0.941 becomes 0.940).
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Quarter

1

Seasonal/Random, SR
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Table 3.5. Seasonal Component Calculations
Seasonal Factor, S

0.975
0.929
0.920
0.863
0.860
0.854
1.081
1.065
1.095
1.113
1.135
1.123

0.941

0.859

1.080

1.124
4.004

Adjusted S

0.940

0.858

1.079

1.123
4.000
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2. After obtaining the seasonal index, remove the effect of season from the original time series. This processis
referred to as deseasonalizing the time series. For this, we must divide the original series by the seasonal index for
that quarter. Thisis shown in Table 3.6 and graphed in Figure 3.4.

3. Develop the least-squares trend equation. Looking at the graph, we see that the time series seems to have an
upward linear trend. This procedure is also shown in Table 3.6.

Y ear

Quarter

W NP B~ OODNPFEP B~ ODNDPRP

Table 3.6. Deseasonalized Data

Sales
(Thousands
of Units)

5.8
5.1
7.0
7.5
6.8
6.2
7.8
8.4
7.0
6.6
8.5

Seasondl,

0.940
0.858
1.079
1.123
0.940
0.858
1.079
1.123
0.940
0.858
1.079

S Deseasonalized

Data

6.17
5.94
6.49
6.68
7.23
7.23
7.23
7.48
7.45
7.69
7.88
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(table continued on next page)
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(table continued from previous page)

Y ear Quarter Sales Seasonal, S Deseasonalized t
(Thousands Data
of Units)
4 8.8 1.123
7.84 12
4 1 7.3 0.940
7.76 13
2 6.9 0.858
8.04 14
3 9.0 1.079
8.34 15
4 9.4 1.123
8.37 16
117.82 130

fitbar) = 85 F(y-bar) = 7.3638
b= 01469

a= 61147
which meansy = 6.1147 + 0.1469 t for the forecast periods:

t= 17
18
19
20

10,0
g D -

-E-:D o ‘{-_-d\‘ )7&
7.0 1 A

6.0
5.0
4.0
3.0
2.0
1.0
0.0 | T T I T - - } T T T : T 1

Sales (thousands of units)

Quarters ivears 1 to d)



Figure 3.4.
Quarterly VCR Sales: Original versus Deseasonalized
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4. Develop the forecast using the trend equation and adjust these forecasts to account for the effect of season. The

quarterly forecast, as shown in Table 3.7, can be obtained by multiplying the forecast based on trend by the seasonal
factor.

Table 3.7. Quarter-to-Quarter Sales Forecasts for Year 5

Y ear Quarter Trend Seasonal Quarterly
Forecast Factor Forecast
5 1 0.940 8.0971
8.6128a
2 0.858 7.5170
8.7598
3 1.079 9.6121
8.9067
4 1.123 10.1632
9.0537

ay= 6.1147 + 0.1465t = 6.1147 + 0.1469 (17) = 8.6128.

Computer Software for Forecasting

Forecastersin the real world of business use computers to do their calculations. Besides the spreadsheet software
illustrated earlier, there are numerous user-friendly software available for use in forecasting. Some are briefly
explained here.

Statistical packages such as SPSS, SAS, and MINITAB.

American Software Inc.'s ForeThought.

General Electric's Time Series Forecasting program FCST1, alinear regression trend-analysis, seasonalized
forecasting model. I1ts FCST2 program creates several forecasts with four different methods of exponential
smoothing.

IBM's Consumer Goods System (COGS), aforecasting and inventory control information system specifically
oriented to the manufacturing process and distribution industries.

IBM's Inventory Management Program and Control Technique (IMPACT), an information system for wholesale and
other usersin distribution systems.
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Evaluation of Forecasts

The cost of a prediction error can be substantial. The forecaster must always find the ways to improve his forecasts.
That means that he might want to examine some objective evaluations of alternative forecasting techniques. The
performance of aforecast should be checked against its own record or against that of other forecasts. Various
statistical measures can be used to measure performance of the model. Of course, the performance is measured in
terms of forecasting error, where error is defined as the difference between a predicted value and the actual result:

Error (&) = Actual (A) — Forecast (F)
MAD and MSE

The commonly used measures for summarizing historical errors include the mean absolute deviation (MAD) and the
mean squared error (MSE). The formulas used to calcul ate these are

MAD=ZXlel / n

MSE=%e2/(n-1)

The following exampleillustrates the computation of MAD and M SE.

EXAMPLE 11

Sales data of a microwave oven manufacturer follow:

Period Actuad, A Forecast, F e=(AF) le] e2
1 217 215
2 2 4
2 213 216
3 3 9
3 216 215
1 1 1
4 210 214
4 4 16
5 213 211
2 2 4
6 219 214
5 5 25
7 216 217
1 1 1
8 212 216
4 4 16
2 22 76

Using the figures,
MAD = Zlel /n=22/8=275

MSE = £ /(n—1)=76/7 = 10.80
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One way these measures are used is to evaluate forecasting ability of alternative forecasting methods. For example,

using either MAD or MSE, aforecaster could compare the results of exponential smoothing with alphas and elect the

one that performed best in terms of the lowest MAD or MSE for agiven set of data. Also, it can help select the best

initial forecast value for exponential smoothing.

Control of Forecasts

It isimportant to monitor forecast errors to ensure that the forecast performs well. If the model performs poorly based

on some criteria, the forecaster might reconsider the use of the existing model or switch to another forecasting model or

technique. The forecasting control can be accomplished by comparing forecasting errors to predetermined values, or

limits. Errorsthat fall within the limits would be judged acceptable, whereas errors outside of the limits would signal

that corrective action is desirable.

Forecasts can be monitored using either tracking signals or control charts.

Tracking Sgnals

A tracking signal is based on the ratio of cumulative forecast error to the corresponding value of MAD.
Tracking signal = Z(A - F) / MAD

The resulting tracking signal values are compared to predetermined limits. These are based on experience and judgment
and often range from + 3 to = 8. Values within the limits suggest that the forecast is performing adequately. By the same
token, when the signal goes beyond this range, corrective action is appropriate.

EXAMPLE 12
Going back to Example 11, the deviation and cumulative deviation have already been computed:
MAD =21A-Fl/n=22/8=275
Tracking signal = Z(A4 = F) / MAD = =2/ 275 = - .73

A tracking signal isaslow as 0.73, which is substantially below the limit (3 to 8). It would not suggest any action at
thistime.

< previous page page 96 next page >



< previous page

page 97

next page =
Page 97

Note: After an initial value of MAD has been computed, the estimate of the MAD can be continually updated using

exponential smoothing:

MAD, = a(4 - F) + (1 - a) MAD, ,

Control Charts

The control chart approach involves setting upper and lower limits for individual forecasting errors instead of
cumulative errors. The limits are multiples of the estimated standard deviation of forecast S, which is the square root

of MSE. Frequently, control limits are set at 2 or 3 standard deviations:

:|:2('DI' 5) Sf

Note: Plot the errors and see if al errors are within the limits, so that the forecaster can visualize the process and
determine if the method being used isin control.

EXAMPLE 13

For the following sales data, using the naive forecast, we will determine if the forecast is in control. For

illustrative purposes, we will use 2 sigma control limits.
Y ear Sales

320
326
310
317
315
318
310
316
314
317

© 0 N O O~ WDN PP

=
o
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Forecasts

320
326
310
317
315
318
310
316
314
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20
15
10
5

0
-5
-10
-15
-20

Error

Figure 3.5.
Control Chart for Forecasting Errors

First, compute the standard deviation of forecast errors

S= et / (n—1) = V467/(9 - 1) = 7.64

Two sigma limits are then plus or minus 2(7.64) = 15.28 to +15.28
Note that the forecast error for year 3 is below the lower bound, so the forecast is not in control (See Figure 3.5). The

use of other methods such as moving average, exponential smoothing, or regression would possibly achieve a better
forecast.

YOU SHOULD REMEMBER

A system of monitoring forecasts needs to be devel oped. The computer may be programmed to print a report showing
the past history when the tracking signal "trips’ alimit.

Know the Concepts
Do You Know the Basics?

1. Discuss the difference between quantitative and qualitative (judgmental) forecasting methods. What circumstances
would warrant one over the other?

2. Discuss the role of forecasting in production/operations management.

3. lllustrate, by examples of typical applications, the various types of qualitative forecasting techniques often used.
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4. What are the basic steps in forecasting? Discuss each.

5. Define atime series.

6. How are moving averages calculated?

7. What is exponential smoothing and when it is most effective?

8. List the basic approaches involved in the classical decomposition of time series.

9. Explain the two popular measures of forecast accuracy.

10. How are gquantitative and judgmental forecasts used together in practice?

11. What is atracking signal and how it is used?

Terms for Study

classical decomposition mean sgquared error (M SE)
correlation coefficient moving average

Delphi method simple regression

exponential smoothing standard error of the estimate
exponential smoothing with trend time series

effects tracking signal

| east-squares method trend analysis

mean absolute deviation (MAD) weighted moving average

Practical Application

1. The AZ Ice Cream Shoppe has recorded the demand for a particular flavor during the first seven days of August.

Date Actua Sdes, Yt

56
Aug. 1

64
63
56
68
59
64

~N o oA WDN

Predict the sales for the eighth day of August, using (a) a five-day moving average, (b) athree-day average, and
(c) aweighted three-day moving average with weights of 0.5, 0.4, and 0.1.
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2. Develop aforecast for period 6 using an a of 0.4 and period 1 value as the initial forecast.

page 100

Period Number of Customer Complaints

g A~ W DN

3. The following time series shows the sales of a particular product over the past 12 months:

Month
1

© 00 N OO O b WO DN

=
N P O

Compute the exponential-smoothing values for the time series and MSE (Assume a = 0.5).

45
34
35
42
48

Sales
105
135
120
105

90
120
145
140
100

80
100
110

next page =
Page 100

4. Develop an exponential smoothed forecast with trend effects for a firm with the following demand. Assume that
a =0.3, 3 =04, FO= 650, and TO= 0.

Period 1
Demand 700

< previous page

2
685

648

717

713

page 100
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5. The following are the advertising and sales data of Jupiter Corporation over an 8-month period.

Advertising Sales
($000) ($000)
320 2,600
200 1,500
230 2,150
240 2,250
720 4,700
560 3,700
470 3,300
750 4,750

a. Develop the sales forecasting equation by using the method of least squares.
b. Compute the coefficient of correlation and the coefficient of determination.
c. Comment on the choice of advertising in predicting sales.

6. Datafor total power costs and machine hours follow.

Power Costs Machine Hours
($000) (thousands of hours)
4 6
8 7
8 9
6 5
7 8
5 6

a. Fit alinear regression line using the method of |east squares. Estimate the power costs when 8 machine hours
are used.

b. Compute the coefficient of determination.

c. Does the regression equation need to be improved?
7. The Viacam Manufacturing Company makes a product called Zone. Some of the manufacturing expenses are
easily identified as fixed or directly variable with production. Management is confronted with the problem of

preparing a budget for the indirect manufacturing costs. The following details are provided for the first 5 months of
the past year:
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Month Number of Units
Produced, X

aa b~ W DN -

100
200
300
400
500

page 102

Indirect Manufacturing
Costs, Y ($)

$1,000
1,250
2,250
2,500
3,750

Determine the cost function using the method of least squares.

8. JON Engineering, Inc., has developed the following sales forecasting model:

Y'= 1235 + 2.3 X where X = advertising

e =099

Standard error of the estimate (5,) = 31.2

a. Make aforecast when advertising is $200.

next page =
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b. What will be the range (prediction interval) of this forecast using two standard errors of estimate?

9. Anice cream parlor experienced the following weekly actual and forecasted data for sales |ast month:

Week

A WO DN P

Compute MAD.

Actud
Demand
(gallons)

200
225
200
260

210
235
225
270

Forecast
Demand
(gallons)

10. Given the following sales data, prepare a naive forecast, which is actual sales of the previous year, for each of the
10 years and determine if the forecast isin control. Use 2 sigma control.

Y ear
1

a b~ W DN

Sales

220
226
210
217
215
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11. Sara-Lee Auto has the following sales record (in millions of dollars) for the last four years.

Quarter
Y ear 1 2 3 4
20x1 4.8 4.1 6.0 6.5
20x2 5.8 5.2 6.8 7.4
20%3 6.0 5.6 7.5 7.8
20%x4 6.3 5.9 8.0 8.4

a. Determine a centered four-period moving average initially, and then a centered two-period moving average of
the four-period moving average.

b. Deseasonalize auto sales.
c. Compute a linear trend equation for the deseasonalized data.

d. Predict car salesthefirst quarter for year 20x5.

Answers

Do You Know the Basics?

1. Quantitative methods are based on the analysis of historical data whereas qualitative (judgmental) methods depend
on expert opinion. Obvioudly, if historical data are unavailable, quantitative methods cannot be used. Such would be
the case with technology forecasts. For such data as sales and costs, quantitative approaches are useful. Quite
frequently a combination of the two is used.

2. Forecasts are needed (a) to plan resource requirements such as production facilities, (b) to plan work force levels
and purchases of materials, and (c) for financial planning and capacity planning.

3. () Preliminary data analysis of scatter diagram; (b) determination of forecasts choice of methodquantitative and/or
judgmental; (c) evaluation and determination of afinal forecastconsideration of accuracy and implications of errors,
data collection, and processing; and (d) control and feedbackcomparison of actual observations with forecasts.

4. Expert opinionnew technologies or new products unlike any cur-
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rently on the market; Delphi methodspace travel, long-range economic conditions; and sales polling or consumer
surveysnew products, restaurants, fast food, consumer appliances.

5. A time seriesis a set of observations measured at successive pointsin time or over successive periods of time.
6. A moving average is an average of the most recent n data values for any point in time.

7. Exponential smoothing is aweighting of the current actual value and the previous forecast. As such, it is
essentially aweighted average of the previous time-series values with more emphasis placed on the most recent
observations. It is known to be effective when there is randomness and no seasonal fluctuations in the data.

8. The approach basically involves the following four steps: (a) determine seasonal indices, using afour-quarter
moving average, (b) deseasonalize the data, (c) develop the linear |east-squares equation to identify the trend
component of the forecast, and (d) forecast the sales for each of the four quarters of the coming year.

9. Forecast errors are measured by mean absolute deviation (MAD) and mean squared error (M SE). These enable one
to measure forecast errors quantitatively.

10. Because quantitative methods are slow to adapt to unexpected changes in the environment, qualitative
(judgmental) forecasts are often also used. Quantitative forecasts are frequently modified by judgmental forecasts.

11. It isamoving sum of forecast errors divided by MAD. It is computed to measure the adequacy of aforecasting
technique.

Practical Application
1
a. Using afive-day moving average

Fé_ﬁa+5ﬁ+ﬁ:+59+{’ﬂ_ﬁ2

whereY' = predicted.

b. Using athree-day average,
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ﬁ_m+?+m_

C. Y'8 = 0.5(64)+ 0.4(59) + 0.1(68) = 32 + 23.6 + .68 = 56.28

63.7

2.
Period Number of Forecast = Y't+1 =
Customer Complaints aYt+(la) Yt

1 45

2 34 45

3 35 0.4(34) + 0.6(45) =40.6

4 42 0.4(35) + 0.6(40.6) = 38.4

5 48 0.4(42) + 0.6(38.4) = 39.8

For period 6, 0.4(48) + 0.6(39.8) = 43.1.

3.
Month Sales Forecast Error

1 105
2 135 105 30

3 120 0.5(135) + 0.5(105) = 120 0

4 105 0.5(120) + 0.5(120) = 120 15
5 90 0.5(105) + 0.5(120) = 112.50 225
6 120 0.5(90) + 0.5(112.5) = 101.25 18.75
7 145 0.5(120) + 0.5(101.25) = 110.63 34.37
8 140 0.5(145) + 0.5(110.63) = 127.81 12.19
9 100 0.5(140) + 0.5(127.81) = 133.91 33.91
10 80 0.5(100) + 0.5(133.91) = 116.95 36.95
11 100 0.5(80) + 0.5(116.95) = 98.48 1.52
12 110 0.5(100) + 0.5(98.48) = 99.24 10.76

next page =
Page 105

Error
Squared

900
0
225

506.25
351.56
1,181.30
148.60
1,149.89
1,365.30
231

115.78
5,945.99



MSE = 52/ (n 1) = 5945.99/(12 1) = 540.54
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4.
Time Actua Ft Trend, Predicted
Period, Sales, Tt Sdles,
t At($) FTt+1($)
1 700.00 665.00 6.00 $650.00
2 685.00 675.20 7.68 $671.00
3 648.00 672.42 3.49 $682.88
4 717.00 688.24 8.43 $675.91
5 713.00 701.56 10.39 $696.66
6 728.00 716.76 12.31 $711.95
To forecast for period 2:
Update the exponentially smoothed series:
F =ad, + (1 - a) (F+ Ty = 0.3(700) + 0.7(650 + 0) = 665
Update the trend estimate:
T, = B(F, - Fy) + (1 - B)Ty= 0.4(665 — 650) + 0.6(0) = 6
Forecast one period into the future:
FT, = F, + T, = 665 + 6 = 671
5.
a. Based on the method of least squares, we obtain:
Advertising, Sales, XY($) X2(%) Y2(%$)
X($) Y ($)
320 2,600 832,000 102,400 6,760,000
200 1,500 300,000 40,000 2,250,000
230 2,150 494,500 52,900 4,622,500
240 2,250 540,000 57,600 5,062,500
720 4,700 3,384,000 518,400 22,090,000
560 3,700 2,072,000 313,600 13,690,000
470 3,300 1,551,000 220,900 10,890,000
750 4,750 3,562,500 562,500 22,562,500

3,490 24,950 12,736,000 1,868,300 87,927,500
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From the table,

n=8, 2X=3490, 2Y=24950, XY= 12,736,000, X2 = 1,868,300
Substituting these valuesinto the formula,

b= HEXY — (RXNEY) _ (8)(12,736,000) = (3,490024.950) _ $5.35
HEX 2 - (X0 (B)(1,808,300) - (3 490) '

= (Y - bh(ZX'n) = 24050/8 = (1.22)(3490/8) = 3119 - 2 334 = $785
Thus, the cost function formulais $785 + $5.35X.

b.

. [HEXY - (EX) (X 1)
VHEX? - (EX)0 [15 1 - (51

(BN 12,736,0000 — (3 4000 24 050)
" TVI8X(1,868,300) — (3.490)2J[(8)(87,927,500) — (24,950)2]

= 14,812,500/14,961, 453 = 0.99
Then, r2 = (0.99)2 = 0.9801 = 98.01%.

c¢. Advertising was an excellent choice in explaining the behavior of sales asthe high r-squared indicated: 98.01% of the total change
in sales was explained by advertising alone. Only 1.99% was due to chance.

The following is the regression output generated by MINITAB.

Predictor Coefficient Standard Deviation t-Ratio p
Constant 782.8 150.1 5.21 0.002
Adv. 5.3546 0.3107 17.23 0.000
s=182.7 r2 =98.0% r2(adj) = 97.7%
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6.
a
Power Costs, Y Machine Hours, X
4 6
8 7
8 9
6 5
7 8
5 6
$38
b (6X268) — (41)(38) _

(6(291) = (41)(41)

a= 38/6 - (0.77M41/6) = 1.07
The estimated regression equation is

Y'=$1.07 + $0.77X

where Y' = estimated power costs and X= machine hours.

The estimated power cost for 8 machine hours will be

Y= $1.07 + $0.77(8 hours) = $7.23

b. e -

(500

page 108

XY
24
56
72
30
56

268

2,500

(65)[(6M254) — (38¥]

= 48%

5,200
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X2 Y2
36 16
49 64
81 64
25 36
64 49

% 2

A

= (.48

which means that the machine hours account for only 48% of the change in power costs.

c. Yes, alow r2 (48%) indicates that the machine hour basis was not good enough to explain fully the behavior
of power costs. Fifty-two percent is still unexplained by the estimated equation. Often factors like the weather

may be responsible for part of the variation in such costs.
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7.
X Y XY X2
100 $ 1,000 $ 100,000 10,000
200 1,250 250,000 40,000
300 2,250 675,000 90,000
400 2,500 1,000,000 160,000
500 3,750 1,875,000 250,000
1,500 10,750 3,900,000 550,000
From the table,
n=>5,>X=1,500, 2Y = 10,750, XY = 3,900,000, X2 = 550,000
Substituting these values into the formula,
po MEXY—(EXNEY) _ (5)(3,900,000) - (1,500)(10,750) _ 3,375,000
nEX® — (2X) (5)(550,000) = (1,500)° 500,000
=675
a=2Yn) - bEX/n =10,750/5 — (6.75)(1,500/5) = $125
Thus, the formulais $125 + $6.75X
8.

a Y'= 1235+ 2.3 ($200) = 583.5.

b. The range (prediction interval) of this forecast using two standard errors of estimate will be

$583.5 £ 2 (31.2) = 62.4 or §521.1 to $645.9,



Week Actual, A
(gallons)

1 200

2 225

3 200

4 260
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Forecast, F e=(AF) le]

(gallons)
210 10
10
235 10
10
225 25
25
270 10
10
55
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Using the figures,
MAD = Zlel/n=55/4 = 13.75

10. The computation follows.

Y ear Sales Forecasts Error Error2
220
226 220
6 36
3 210 226
16 256
4 217 210
7 49
5 215 217
2 4
S 345

First, compute the standard deviation of forecast errors:

S=Ver/(n=1) = 4 345/(5-1) =9.29

Two sigma limits are then + 2(9.29) = 18.58 to +18.58. The forecast errors appear to be within the limits, so the
forecast isin control, although more observations are desired.

11.
a
Year Quarter Sales Four-Quarter Centered
($000,000) Moving Average Moving Average
1 1 4.8
2 4.1
5.35
3 6.0
5.475
5.6
4 6.5
5.7375
5.875
2 1 5.8
5.975

6.075



(table continued on next page)
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5.2

6.8

7.4

6.0

5.6

6.3

6.35

6.45

6.625
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6.1875

6.325

6.4

6.5375

6.675
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(table continued from previous page)

Y ear Quarter Sales
($000,000)

3 7.5

4 7.8

4 1 6.3
2 5.9

3 8.0

8.4

page 111

Four-Quarter
Moving Average

6.725

6.8

6.875

7.15
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Centered
Moving Average

b. Seasonal random factors for the series are computed as follows:

Y ear Quarter Sales
($000,000)
1 1 4.8
2 4.1
3 6.0
4 6.5
2 1 5.8
2 52
3 6.8

Four-Quarter
Moving
Average

5.35

5.6

5.875

6.075

6.3

6.35

6.7625
6.8375
6.9375
7.075
Centered Seasonal
Moving Random,
Average, KR=Y/TC
TC
5.475 1.096
5.738 1.133
5.975 0.971
6.188 0.840
6.325 1.075
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74

6.0

5.6

7.5

7.8

6.45

6.625

6.725

6.8

6.875

page 111

6.400

6.538

6.675

6.763

6.838

1.156

0.918

0.839

1.109

1.141

next page >



< previous page

(table continued from previous page)

Y ear Quarter
4 1
2
3
4

Sales
($000,000)

6.3

59

8.0

8.4

page 112

Four-Quarter Centered
Moving Moving
Average Average,
TC
6.938
7
7.075
7.15

c. The following shows seasonal component calculations:

Quarter
1
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Seasonal-Random, SR

0.971
0.918
0.908

0.840
0.839
0.834

1.096
1.075
1.109

1.133
1.156
1.141

Seasonal Factor, S

0.932

0.838

1.093

1.143
4.006

page 112
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Seasonal
Random
Component
SR=Y/TC

0.908

0.834

Adjusted S

0.931

0.836

1.092

1.141
4.000
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Y ear Quarter Sales Seasond Des. t tY t2
($000,000) Factor, S Data
1 1 4.8 0.931 5.16
5.16 1 1
2 4.1 0.836 9.80
4.90 2 4
3 6.0 1.092 16.49
5.50 3 9
4 6.5 1.141 22.78
5.69 4 16
2 1 5.8 0.931 31.16
6.23 5 25
2 5.2 0.836 37.30
6.22 6 36
3 6.8 1.092 43.61
6.23 7 49
4 7.4 1.141 51.87
6.48 8 64
3 1 6.0 0.931 58.02
6.45 9 81
2 5.6 0.836 66.96
6.70 10 100
3 75 1.092 75.58
6.87 11 121
4 7.8 1.141 82.00
6.83 12 144
4 1 6.3 0.931 88.00
6.77 13 169
2 5.9 0.836 98.76
7.05 14 196
3 8.0 1.092 109.94
7.33 15 225
4 8.4 1.141 117.75
7.36 16 256
101.77 136 915.18 1496
) nity- I3y (16)(915.18) = (136)101.77) 0.147
HEL — (Z1P (TGN 1496) — (1362 B

g = Y- bt =(101.77/16) - (0.147)(136/16) = 5.11

which meansthat y = 5.11 + 0.147t for the forecast periods.

d. Thetrend forecast for the first quarter of year 20x5isY = 5.11 + 0.147t = 5.11 + 0.147(17) = 7.61. Adjusting
for seasonality yields the forecast 7.61 x 0.931 = $7.08.
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4
Product Planning, Process Selection, and Capacity Planning

KEY TERMS

assembly chart
graphical method for visualizing how the various parts and subassemblies flow into the assembly process.

capacity
rate at which work is capable of being produced.

computer-aided design (CAD)
use of acomputer to interact with a designer in developing and testing product ideas without actually building
prototypes.

computer-aided manufacturing (CAM)
manufacturing system using computer software that controls the actual machine on the shop floor.

computer-integrated manufacturing (CIM)
computer information systems using a shared manufacturing database for engineering design, factory production, and
information management.

flexible manufacturing system (FMS)
computer-controlled process technology suitable for producing a moderate variety of products in moderate, flexible
volumes.

flow process chart
description of the sequence of operationsin a production process. These generally are operation, inspection,
movement, storage, and delay.

makebuy decision
decision as to whether a given item should be manufactured internally or purchased outside.
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modular design
design of components that can be assembled in avariety of ways to meet individual consumer needs.

process planning
planning involving atotal analysis of the product and its processing requirements, decisions concerning the purchase
of items outside versus their internal manufacture, and techniques for selecting among competing processes.

process selection
an economic analysis to determine which process should be chosen when operations can be performed by more than
one process.

product analysis
analysis of product assembly. The early phases of product analysis may produce diagrams that "explode" the product
into its various subassemblies and parts. These diagrams may be pictorial or schematic.

production design
the conscious effort to design for low manufacturing cost.

reliability
probability that a product or process will perform satisfactorily over a period of time under specified operating
conditions.

theory of constraints (TOC)
approach seeking to identify a company's constraints or bottlenecks and to exploit them so that throughput is
maximized and inventories and operating costs are minimized.

value analysis
process of trying to reduce product costs by substituting less-costly materials, redesigning nonessential parts, and the
like.

The task of planning any system must be undertaken with considerable care. Planning is a function of management at all
levels. The planning activities of the operations manager differ from planning by other functional area managers.
Planning the operations system involves product design, the determination of processes required, the decision
establishing the capacity of the system, and the design and measurement of the work system. Establishing a sequence for
planning is difficult because a great deal of the planning function is correlated and executed simultaneously. The order
in which operations planning activities are discussed does not necessarily represent the actual sequence in which it will
occur. The planning function of the operations manager will be examined in this and succeeding chapters.
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Product Design

The basic limiting characteristics of the production system design are set during the product design phase. In
designing the product, or the item to be processed in nonmanufacturing systems, the product designer specifies
materials, tolerances, basic configurations, methods of joining parts, and the like, and through these specifications
sets the minimum possible production cost. The conscious effort to design for low manufacturing cost is often
referred to as production design. Given the product design, process planning for manufacture must be carried out to
specify the process required and the sequence of the processes. We will cover the general topics of processes and
process planning later; now we wish to focus our attention on the product design and itsimplications for the
productive system that must be designed.

The two basic stepsin designing a product are functional design and production design.

Functional Design

In the functional design step the product is designed to be functional. Decisions are made on dimensions, materials to
be used, type of final finish required for appearance, and so on. At this stage, the designer is more concerned with the
product itself than the methods of production. The main concerns are functional considerations, customer appeal,
cost, and ease of operation and maintenance.

Production Design

In the production design stage, the designer considers introduction of modifications and new concepts into the
product to make it more suitable for production. Some of the concepts employed at this stage follow:

Sandardization. The designer can facilitate the production of the part by standardization of a part or the whole
product. Standardization can also cut production costs by eliminating the need for planning for several different
product varieties. It allows firmsto work larger, and often economical, quantities of fewer items. However,
standardization has limitations. It can forestall improvements and limits the options avail able to consumers.
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Modular designs. Modular designs facilitate production and maintenance. This type of design is used extensively in
computers. Products are made of easily detachable subassemblies or sections.

Smplification. Sometimes the designer may include some features in the design that, although not very critical to the
function of the product, create severe problemsin the production stage. To correct these situations, sometimes some
part of the design must be ssmplified.

Once developed, many products also undergo value analysis (or value engineering). Thisis an attempt to see if any

materials or parts can be substituted or redesigned in such away as to continue to perform the desired or intended
function, but at alower cost.

Interaction between Product Design and Production Costs

The nature of the product design can affect costs in awide variety of cost categories, going far beyond the direct
labor and material costs involved. Based on studies in the aerospace industry, alist of cost categories affected by
product design follows:

Raw material

Equipment

Direct labor

Indirect labor

Tooling

Engineering

Sales and administration

Many of the indirect costs tend to be hidden. For example, the number of individual partsin adesign can drastically

affect the indirect costs due to greater paperwork and the greater cost of ordering, storing, and controlling the larger
number of parts. Thus, the selection of product design details must reflect consideration of all the foregoing factors.
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Basic Product Design Alternatives

A great deal of the flexibility open to the product designer liesin the selection of materials, which in turn often
specify basic kinds of processes. For example, if the designer selects a molded plastic material, then the entire mode
of production and the basic sequence of activities are also set. Y et, there are usually alternatives that may extend
through the entire range of die castings, forgings, stamped and formed parts, sand castings, and parts machined from
solid metal. Each is appropriate under a certain combination of conditions of functional requirements and
manufacturing costs. The volume to be produced should be an extremely important factor because, for a given
functional requirement, some processes are well adapted to smaller volumes, whereas others are appropriate for
larger volumes. The break-even volume between any two processes depends on the particular situation. Some of the
ways in which contrasting designs can affect costs follow.

Processes and Materials

As aready noted, the particular material and related process often go together. There are wide variations in the
associated costs. For example, the material cost for molded plastics is medium to high, asisthe tool and die cost.
However, direct labor costs, finishing costs, etc., are likely to be low, making the material and process appropriate
for many applications of large volume.

Joining of Parts

Designs can specify many different methods for joining parts, including welding, spot welding, bolting, riveting,
staking, and sometimes stapling. Not all of these aternatives are always open to designers. Usually more than one
aternative is available, and costs of production can be significantly different.

Tolerances

If tolerances are specified more tightly than is necessary for functional requirements, a more costly process may be
required. On the other hand, in some situations, a closer tolerance specification can minimize assembly and
adjustment costs. The overall implications need to be considered.

Simplified Designs

As noted previoudly, the fewer the parts involved, the smaller will be certain indirect costs. When two or more parts
are finally assembled rigidly together, the questions of whether a one-piece design is appropriate should be
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raised. If asingle material can meet service requirements, then not only will assembly costs be reduced, but the
indirect costs of control will also be reduced.

Reduced Processing

The selection of the initial state of the raw material can often reduce processing. A wide variety of intermediate
shapes and cross sections of plastic and metal materials are produced, and designers can often select one of these
materials to be theinitial raw material, thereby reducing the amount of further processing.

Quality Function Deployment

Quality function deployment (QFD) is a structured way to integrate product/service design and process design. It
attempts to transform customer requirements and competitive capabilitiesinto provider targets, extending from
product and process research to operations, marketing, and distribution. The structure begins with developing a
"house of quality," amatrix consisting of (1) customer needs (the "whats")the "voice of the customer," (2) the
company's and key competitors' abilities to satisfy those needs (the "hows"), and (3) the "roof" of the house showing
any correlation between the operating requirements. This analysis allows a firm to compare the firm to its
competitors and to set target values on each of the operating requirements.

The design team uses the basic house of quality in the product-planning stage. More detailed matrices may be

devised for three remaining stages of design (i.e., product design, process planning, and process control), as shown in
Figure4.1.

Processes and Process Planning

Some aspects of process planning take place jointly with the product design phase. Nevertheless, given the product
design, someone must consider the processes required in order to design the production system to be used. We will
first consider processes in the general sense and then the nature of process planning.

Processes

Processes involve transformations of some kind. The transformation process may be chemical, physical (changesin
shape or form), assembly,
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transportation, or clerical. Taking another dimension, transformation processes may also cover a spectrum extending
from completing manual tasks through manmachine systems to automated processes. The specia aspects of manual
tasks and the manmachine relationship are covered separately in Chapter 6 on job design and manmachine systems.

Chemical Processes
Chemical processes are particularly important in the petroleum, plastics, and metal industries. Chemical processes

are often of the batch type; however, continuous flow chemical processes are also important in manufacturing such
products as petroleum and soaps and detergents.

Custormer Reguirements
Froduct —
Flanning
Dresipn Reqguinements
Product |
o E— [l'
Component/temn Features
Process
Planning —- U
Process Clperations
Process | ﬂ
Control
:I-h} Ciperating Requirements
Figure4.1.

An Overview of Quality Function Deployment
Processes to Change Shape or Form

The mechanical industries best illustrate processes to change shape or form, the best-known example being the
metal s machine shop. Other examples are in woodworking and plastics molding. The metals industry commonly
produces intermediate shapes such as bars, sheets, billets, and beams, which can be used as raw materials for further
processing.

Assembly Processes
The modern assembly line and the kinds of activities associated with it are typical. These activities include welding,
soldering, riveting, screw-fastening, stapling, and adhesive joining. Assembly processes are dominantly manual in

character, with mechanical aids to reduce fatigue and increase productivity. Much of the analysis of these kinds of
tasks depends on motion study
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and study of the relationship between the worker and his workplace and tools.

Transport Processes

Internal material handling represents one of the costly kinds of operations within a manufacturing system. The
transformation involved is the transformation of place. Some of the basic layout types in manufacturing are designed to
minimize transport processes and/or to take advantage of a particularly effective transport process.

Clerical and Information Processes

Clerical activities focus on the transformation of information and are characterized both by manual activity and by the

most sophisticated integrated information systems. Information systems processes are currently receiving a great deal of
attention, partly because of the tremendous growth of clerical and information system costs.

YOU SHOULD REMEMBER

Major factors affecting choice of process designsinclude
Degree of automation

Production flexibilityproduct and volume flexibility
Nature of product/service demand

Level of quality

General- and Special-Purpose Equipment

General-purpose equipment findsits field of application in operations characterized by relatively low volume and/or
changing part of product design. General-purpose equipment meets the needs of flexibility. In a machine shop, the
general-purpose machines are the lathes, drill presses, grinders, and the like. The large batch-type computing machines
are general purposein nature.

Special-purpose equipment has ordinarily been designed for, or adapted to, a specialized highly repetitive job. For

example, in amachine shop, a special drill press might be designed to drill a series of holesto a specified depth in a
specified material. Ordinarily, such machines have evolved from their
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general-purpose counterparts but have been redesigned for specialized needs because of high-volume use. Special-
purpose machines are likely to be expensive and inflexible, resulting in low or no salvage value. On the other hand,
they are ordinarily very productive for their special purpose.

Automation

Automation is a further step in the substitution of machine power for manpower. With automation, machines now
perform many of the control functions formerly performed by human operators. The ultimate development of
automation is a completely integrated automatic sequence of operations commonly termed the automated factory.

There are two main branches of automation, one requiring information feedback. The branch that does not involve
information feedback is essentially the automatic handling of parts between operations in such away that the part or
product is indexed and laced in position for the subsequent operation. The entire sequence of operationsis carefully
coordinated with the result that we have essentially a single giant machine. Automation not involving information
feedback may be characterized as progressive mechanization and is often called open loop automation. It is common
in very high-volume mechanical industries such as the fabrication of automabile parts. There are basically three
levels of automation: the stand-alone piece of equipment, the cell, and the completely integrated factory.

Numerical Control

One very important branch of automation isthe field of computerized numerically controlled processes. It is stand-
alone machines controlled by a computer. In the mechanical industries, for example, numerically controlled machine
tools are under the operation control of adigital computer that specifies the positions and paths of the cutter tools. In
these systems, the information feedback |oops continually compare actual tool position with programmed tool
position, calling for correction when necessary.

For numerically controlled machine tools, there are two kinds of control. Position control can control the tool in two
dimensions and is ideally suited for machine tools such as the drill press. Current systems use a punched tape for
instructions, which are coded to indicate the beginning of a new block of data concerning the position reading for the
x dimension and the y dimension. Drive motors respond to the instructions and position the tool in exactly the
programmed |ocation through the feedback control loops. The system then calls for the drill head to drill the holes
and retract, finally signaling the tape unit to read in the next position. Contour control adds the third dimension,
specifying not only
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position but the actual path that the cutter must take. Even though the programming problem is more complex with
contour control, complex curves and surfaces can be specified.

Such systems have great inherent flexibility in terms of the operations and shapes that can be produced aswell asin
changeover from one order to the next. A major advantage is that the machine tool is not tied up during setup
because ailmost all the preparation time is in programming, which can be done externally to the production process
itself.

Robotry

It isusually possible to develop mechanical robots to do most highly repetitive manual jobs. Only their costs stands
in the way of more of them.

The Cell

The cell goes one step farther and integrates computer-controlled machines and automated material handling
equipment. A particular example of a cell isthe flexible manufacturing system (FMS). The FMS s a system that
produces afamily of products from start to finish using robots and other automated equipment under the control of a
computer system. This ability to produce a variety of products with the same set of equipment is clearly
advantageous. There may be several cellswithin afactory. Figure 4.2 illustrates such a system.
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Figure 4.2.

A Flexible Manufacturing System
Source: Adapted with permission
from "Computer-Managed Parts

Manufacture," by Nathan H. Cook,

SCIENTIFIC AMERICAN, February

1975, 2129. Copyright ©1975 by

SCIENTIFIC AMERICAN Inc.
All rights reserved.
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Although the initial cost of these systemsis high, per-unit production costs are low, quality of productsis high, and
product flexibility is high.

Computer-Integrated Manufacturing

If automation isjustified, it may man installation of computer-integrated manufacturing (CIM). CIM implies the
following capabilities: (1) the products are designed through the use of a computer-aided design (CAD) system; (2) a
computer-aided engineering (CAE) systemis used to test the design; (3) the product is manufactured using a
computer-aided manufacturing (CAM) system (CAM systems use computer-controlled machines and robots); and (4)
an information system connects the various automated components. In a CIM system, all automated components are
linked by a centrally controlled information system.

Flexible Manufacturing System

The flexible manufacturing system is an approach that allows manufacturing facilities to change from making one
product to another rapidly and efficiently. For example, a VCR factory can use FM S to produce different models
using asimilar facility, which can be rescheduled and rearranged to fit into different manufacturing patterns. For
some firms, FMSis an extension of CIM. With older systems, an assembly line was set up to make one type of
product, and it could take days or months to change the equipment to manufacture another model or other products.
The changeover process was also costly. Today, facilities are designed to be flexible and adaptive. One mgor
advantage of an FM S is the ability to react to market needs or competition. FM S isimplemented using computer
systems, robotics, and other manufacturing techniques. The trend isto let the computer make the necessary changes
to the equipment, assembly lines, and other processes.

Process Planning

In the functional sense, process planning begins during the engineering design of the product; however, in the
organizational sense, the term process planning assumes that, given the product, we must design a system for
processing. Thisinvolves atotal anaysis of the product and its processing requirements, decisions concerning the
purchase of items outside versus their internal manufacture, and techniques for selecting among competing
processes.
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Product Analysis

Given the product design, usually summarized on engineering drawings, the various parts are subjected to an analysis
to determine the necessary manufacturing steps. Product analysis is most complex for assembled products that are
made up of alarge number of parts. Thus, the early phases of product analysis may produce diagrams that "explode"
the product into its various subassemblies and parts. These diagrams may be pictorial or schematic.

Assembly Charts

Assembly charts, often called gozinto charts (from the words goes into), are used to provide an overall microview of
how materials and subassemblies are united to form finished products. Figure 4.3 shows an assembly chart
constructed for the manufacture of awood telephone stand. In the assembly chart, the assembly and inspection
operations are shown with symbols on the right, and the parts and materials that flow into each assembly operation
are shown on the left. Thus, we have a schematic explosion of the product showing how the various parts and
materials flow together to produce the assembled unit. Basic decisions concerning the advisability of subassembly
units can be made at thistime. Also, consideration can be given to the advisability of purchasing various items
outside versus manufacturing them internally. For example, in the telephone stand, the shellac, lacquer, and wood
screws are fairly obvious candidates for outside purchase. The economic analysis of make-buy policies will be
considered later.
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Figure 4.3.
Assembly Chart for Telephone Stand

Flow Diagrams

A flow diagram traces the flow of information, customers, employees, equipment, or materials through a process.
Thereisno precise format, and the diagram can be drawn simply with boxes, lines, and arrows. Figure 4.4 isaflow
diagram of an automobile repair process. In thisfigure, the dotted line of visibility divides activities that are directly
visible to the customers from those that are not. Such information is especially valuable for service operations
involving considerable customer contact. Operations are essential to success. Areas of failure are identified.
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Figure 4.4.
Flow Diagram for Automobile Repair
Source: Adapted with permission from "Note on Service Mapping,” by J. L. Heskett and R. Anthony,
HARVARD BUSINESS SCHOOL OF PUBLISHING, No. 693-065, Winter 1993/1994, 5.

Operation Process Charts

Given the assembly diagram in Figure 4.3, the next step isto detail the operations and inspections required to fabricate each of the
parts which will be manufactured internally. Thisis done by extending the detail for each part. Figure 4.3, as discussed earlier, isan
operation process chart for the telephone stand and shows the operations and inspections required for the top, sills, and legs of the
telephone stand. The summary shows that 20 fabrication and assembly operations and 5 inspections are required. The time
requirements in minutes per unit are shown for each of the operations, the inspections being set up for daywork operations.

Flow Process Charts

While the operation process chart details the skeleton of activities which must be performed, it purposely leaves out the required
nonproductive ac-

< previous page page 127 next page >



< previous page

page 128

next page >

Page 128

tivities such as transport and storage. Figure 4.5 shows the individual steps required to process a given operation. This
planning tool breaks down the operations into five classesoperation, inspect, transport, delay, and store. The frequency
of occurrence of each class, distance traveled, and description and time for each step are recorded. A final step would

be to draw the flow process chart on the physical layout in order to be able to visualize the physical flow of
relationships and the distances traveled.
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Analysis of Flow Charts

Flow charts can be used as planning aids both for new products and for the analysis and improvement of existing
products. The analytical process may be summarized by the following questions:

Why is the activity being done? This should establish the objective of the activity. If avalid objective cannot be
established, perhaps the activity should be eliminated.

What is being done? Establish the value of work being done in relation to the basic objective.
Whereisthe activity being done? Establish that the location is the most efficient for the activity.
When is the work being done? Is this the most efficient sequence of activities?

Who does the work?

How is the work being performed? Can the activity be made simpler and easier for employees and equipment?

MakeBuy Analysis

In deciding whether a given item should be manufactured internally or purchased outside, important economic
factors and some intangible and noneconomic factors influence the organization's make versus buy policies.

Economic Analysis

In general, makebuy policies will reflect the economic analysis. If internal manufactureis less expensive, that course
of action will be taken. If the reverse is true, the item will be purchased outside. As noted in the materials on cost
analysis, every situation must be analyzed in terms of the incremental costs. It can also be handled by using asimple
break-even problem: Where (at what quantity) does the cost of "make" break even with the cost of "buy"? There are
often advantages to the internal manufacture because of existing capacity. In such situations, the internal costs of
manufacture may be mainly the direct costs of labor and material, equipment and overhead items being already
available. On the other hand, the reverse conditions might be true, favoring outside purchase, if it were necessary to
acquire specia equipment in order to manufacture an item internally.
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EXAMPLE 1
David Davidson, purchasing agent for Donald Corporation, buys a part for $9.00 per unit. Engineers at the company
estimate that they could make the part for $6.00 per unit but would incur additional fixed costs of $210,000 per year.
Should they make the part?

David sets the cost of buy equal to the cost of make and solves for the break-even quantity. In other words,

$9x = $6x + §210,000
$3x = $210,000

2= 70,000 units

So, if annual quantity islessthan 70,000 units, buy the part; otherwise, make it in-house.

Intangible Factors

Quality, reliability, availability of supply, control for trade secrets, existing patents, flexibility, and alternative sources of
supply are all factors that may bear on a particular makebuy decision.

MakeBuy Policies
The policies followed by a given organization are usually based largely on the economic criterion, modified by the

intangible factors. Many times, intangible factors will dominate, such as when reciprocal agreements are made with
important customers or when customer goodwill is a dominating factor in the decision.

Process Selection

When operations can be performed by more than one process, an economic analysis should normally be made to
determine which process should be chosen. The analysis follows the general concepts of the break-even charts, which
we discussed earlier. For each process, we must estimate costs of setup and tooling, representing the fixed costs, and the
variable costs of labor and material. These may be related graphically, as shown in Figure 4.6,
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which indicates the break-even points for three lathe processes. For the particular operation in Figure 4.6, the engine
lathe would be appropriate for quantities up to approximately 10 units, the turret lathe would be economical for
quantities between 10 and 60 units, and the automatic screw machine would be economical for quantities above 60
units.

Other factors such as expediency, quality control, availability, and simply preference for a particular process often
dominate in process selection. Also, there are often deviations from plans at the time of production, as when the
desired machine is down because of maintenance.

Lathes Turrat Lathes
20

Abamatic
Screw
#achines

15

Fixed and Variable Costs
=

151 ]
L

Chuandity

Figure 4.6.
Break-Even Chart for Three Lathe Processes

Reliability and Maintenance

Good quality in design, materials, and processes can eliminate many manufacturing problems and thus reduce cost
and increase productivity. A good design should seek out possible causes of product failure and minimize their
chances of occurrence. Thisiscritical to the success of the product in the marketplace and prevention of product
liability claims and excessive warranty COsts.

Reliability isaterm that is often confused with quality. Quality, as we defined it in Chapter 1, is conformance to
specification. Reliability, on the other hand, includes the dimension of time. Specifically, reliability is defined as the
probability that a product or process will perform satisfactorily
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over aperiod of time under specified operating conditions. For example, an auto part maker might state that the
reliability of a48-month auto battery is 0.94. This means that 94 out of 100 batteries should last 48 months under
normal operating conditions (12,000 miles per year, for example).

High quality does not necessarily mean high reliability. A product may meet all the specifications, but may not last
over along period of time. However, reliability must be designed into products. This often presents a dilemma for
product designers since increased reliability often means higher costs, more weight, and larger sizes of products.
Thus, tradeoffs are typically made between these characteristics and reliability.

Measures of Reliability

There are several important measures of reliability. They are important for product design and for establishing
maintenance policies. They include:

Mean time between failures (MTBF). Denoted by the Greek letter 4, MTBF is a measure of reliability for products
that fail and can be repaired. For example, the MTBF for a particular type of automatic nozzle on gasoline pumps
might be 18 months. This means that, on the average, afailure will occur every 18 months. The MTBF is useful in
devel oping preventive maintenance policies.

Mean time to repair (MTTR). It isthe average required to replace (or repair) a product.
Availability (A). It isthe proportion of time the item isready for use. The formulais

MTBF
MTBF + MTTR

A::

Failurerate (I ). It isthe average number of failures per time period, which is measured as the number of failures per
unit per time. The failure rate is defined as

Number of failures
Number of units tested x total length of time

< previous page page 132 next page >



< previous page page 133 next page >
Page 133

For example, if 5,000 light bulbs are tested for 100 hours and 120 fail during thistime period, the failurerateis

120 failures . _
(5000 units tested (100 hours) = (.00024 failures per unit per hour

The failure rate can also be computed as:

1 1
MTBF "' 1

Reliability (R). It isthe probability an item will work for a given time period t and is computed as

R = g =Mt
where e = the base of natural logarithm = 2.718

A = constant failure rate
t = length of time period

EXAMPLE 2
Mike Constas, a newly appointed director of maintenance at Hoch Eclectic, is concerned with downtime of the 48
winding machines. Maintenance records show that the MTBF is about 80 days on each machine and that the MTTR is
one day.
Availability: A=80/(80 + 1) = 0.988 or 98.8% of the time
Failurerate: A = 1/80 = 0.0125 failures per day for each machine

Reliability: R = €0.0125(80) = 1.0 = 0.368

In general, the failure rate of a product is not constant but follows a pattern as shown in Figure 4.7.

Failure
Rate

Burn=in Useful Life Wear-out
Period Period
Time
Figure 4.7.

Failure Rate Curve

< previous page page 133 next page >



< previous page page 134 next page >
Page 134

During the early period of operation, called the burn-in, debugging, or infant mortality period, the failure rate is high.
Thisis often caused by poor materials or lack of quality. In the next phase, the failure rate is lower and somewhat stable.
At the last stage, the product begins to wear out and the failure rate rises.

When the product enters the wear-out phase, the probability distribution of remaining life is sometimes depicted by the
bell-shaped, normal distribution. If the mean and variance of product life are known, we are able to compute the
probability that the remaining life will exceed agiven life.

EXAMPLE 3

From actual road tests, a new steel-belted tire was estimated to have the mean tire mileage p = 36,500 miles and the
standard deviation, o = 5,000 miles. Suppose that a 36,000-mile warranty is contemplated. What percentage of tires
can be expected to last more than 40,000 miles? The situation can be seen as trying to find the area of the shaded
region in Figure 4.8.

Prohakbility that
x exceeds 42 000
= L1357 = 13.57%

W= 36,500 42,000
Mileage x

Figure 4.8.
Tire Mileage

At x = 42,000 miles, we have

7= %”‘ - (42,000 — 36,500)/5,000 = 1.1

From Table 3 in the Appendix, we find that this areais 0.5000 0.3643 = 0.1357, which means that about 13.57% of
the tireswill exceed 42,000 miles. In other words, if the warranty is set 42,000 miles, for example, then 86.43% of the
tireswill wear out before 42,000 miles.

Process Reliability

Many production systems are made up of several machines or operations in series. For example, individual parts are
transferred from one operation
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to the next by arobot; thus if one machine or robot fails, the entire production process must stop. If we know the

individual reliability of each machine, we can compute the total reliability of an n-machine series system R by taking
the product of the individual reliabilities:

R=RR,..R,

Robot  — Turning p—e{ Milling }—=| Grinder

If we assume that the reliability of the robot, turning center, milling machine, and grinder are 0.99, 0.98, 0.99, and
0.96, respectively, then the total reliability is

R = (0.99)(0.98)(0.99)(0.96) = 0.92

Thus, there is a 92% chance that the system will be working over a specified period of time. This calculation assumes
that each operation is independent of the others.

Suppose that the system is redesigned with two grinders. We say that the grinders are in parallel, as shown here,
because even if onefails, the system can still operate.

Grinder

Robot = Turning —w= Milling

Grinder

We compute the reliability of the parallel grinders by using the following formula:

R=1_(1_ |){l_p2} (1 pn

pj isthereliability of the jth component in parallel (j =1, 2, ... n). Thusif each grinder has areliability of 0.96, the
reliability of both grindersis

Riingers = 1 — (1 = 0.96)(1 — 0.96) = 1 — 0.0016 = 0.9984

Notice that total grinder reliability has increased considerably by adding the extra machine.

To compute the total system reliability, use 0.9984 as the reliability of the grinders. Basically, we replace the parallel
grinders with one grinder having areliability of 0.9984, asfollows:

R = (0.99)(0.98)(0.99)(0.9984) = 0.96
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YOU SHOULD REMEMBER

If aseries system has parallel components, we first compute the reliability of the parallel components using the
formulafor Rgrinders and then apply the original formulato compute total system reliability. Adding extra machines
helps increase reliability. But good quality control and testing, improved production methods, better materials, and
preventive maintenance are other ways.

Maintenance

When production machines break down, we must absorb the costs of downtime and possible lost sales, idle direct and
indirect labor, delays in dependent processes, and increased scrap, as well as the costs of maintenance and repair. In
designing maintenance programs, our objective is to balance the costs of maintenance and repair against the costs that
result from breakdown. The policies under managerial control that can be used to optimize the maintenance system are

Determining the appropriate level of preventive maintenance.
Determining the size of repair facilities and crews.
Determining the appropriate level of slack in the system at critical stages.

A fundamental point to keep in mind about the reliability of systemsin general and of machinesin particular relates to
series and parallel components. When alarge number of components must function in series, if any one of the
components fails, the system fails. For example, a machine made up of 50 components in series, each with an average
reliability of 99.5%, has as a system awhole reliability of only 80%. Thus, even though the probability of component
breakdown is very small, system reliability may not be very good. Thisis the basic reason why complex machines are
likely to be prone to breakdown. The reliability of a system in which the components are in parallel is quite different.
With parallel components, there are two or more elements which are in some way performing the same function. Thus,
for the system to fail, all the componentsin parallel must fail, thereby increasing the reliability of the system. Slack or
excess capacity in effect provides the equivalent of a component in parallel, so that if one machine fails, another takes
over itsfunction.

< previous page page 136 next page >



< previous page page 137 next page >
Page 137

Preventive Maintenance

The concept behind a preventive maintenance program isto find a cycle for preventive maintenance that anticipates
some substantial fraction of breakdowns before they occur. Thus, while preventive maintenance would have to occur
more often than the average breakdown, in some cases such servicing may prevent the occurrence of certain kinds of
costs associated with machine downtime. This would be particularly true if the preventive maintenance could occur
during off-hours. The nature of the breakdown time distribution may be a guide to the possible value of preventive
maintenance. In general, breakdown time distributions that exhibit low-to-moderate variability will be excellent
candidates for preventive maintenance. The obvious reason is that low variability in the breakdown time distribution
in effect means that we can forecast reasonably well when breakdowns will occur. Being able to forecast breakdowns
means that we can anticipate breakdowns by establishing a preventive maintenance cycle that is somewhat shorter
than the expected average breakdown time. An equally important factor, however, is the relative costliness of a
preventive servicing versus arepair that results from breakdown. It is often true that the preventive servicing is
cheaper than the average repair.

Thus, we can make a general policy statement when these two conditions hold: when we have a breakdown time
distribution that exhibits low variability and when the time for a preventive servicing is less than the time for an
average repair servicing. Under these conditions, there will be an optimum preventive maintenance cycle that will
maximize the percentage of time that the machine isin working order.

Thereis a second-level general policy statement that can be made if the preventive maintenance can take place
outside normal operating times, such as during second or third shifts, vacations, and lunch hours, when the machine
would normally be down anyway. Under such conditions, preventive maintenance will be less costly than repair,
even when as much timeis required for preventive maintenance asis required for repair. The reasoning is that the
preventive maintenance cycle does not detract from machine running time. An optimal solution would be one that
minimized the total of downtime costs, preventive maintenance costs, and repair costs. The effect of the downtime
costs would be to justify shorter standard preventive maintenance cycles and to justify making the repairs more
quickly (at higher cost) when they do occur.

Economic Tradeoffs in Maintenance

The principal objective of maintenance is to maintain equipment in good condition. This resultsin improved
efficiency of labor, reduction of down-time caused by unexpected breakdowns, and a general increase in pro-
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ductivity. An efficient maintenance program aso keeps costs down in relation to the level of production. There are two
types of maintenance activities: repair due to machine failure and preventive maintenance. Determining an appropriate
maintenance policy for a piece of equipment should take into account the economic and operational tradeoffs involved.
Figure 4.9 illustrates these economic tradeoffs that are typical of preventive maintenance problems.

Cost ($)

Total Cost

Cost of failure

Preventive maintenance cost

Optimum

Time between preventive maintenance

Figure 4.9.
Economic Tradeoffsin Maintenance

The following example illustrates how reliability data can be used to determine an appropriate maintenance policy.

EXAMPLE 4

A part of a bathroom-tissue production system is a saw/wrapper machine, which cuts long rolls into smaller pieces
and wraps them into packages prior to placing them into cartons. The MTBF is currently 34 hours. At present, the
machine is repaired only when it fails, at an average cost of $50. The company is considering a preventive
maintenance program that will cost $30 for each inspection and adjustment. The question is: should this be done, and
if so, how often should preventive maintenance occur?

To find the best policy, we compute and compare average annual cost. Consider, for example, the current policy.
Assuming 260 working days per year and 1 shift per day, there are 2,080 hours of available time. If the MTBF is 34
hours, then we expect 2,080/34 = 61.2 breakdowns per year. Hence, the annual cost will be (61.2)($50) = $3,060.
Now suppose that the machine is inspected every 25 hours and adjusted. If we assume that the time until the next
failure after adjustment follows the distribution in Figure 4.9, then the probability of afailure under this policy is
zero. However, inspection every 25 hours will occur 2,080/25 = 83.2 times per year, resulting in a cost of (83.2)($30)
=$2,496. Next, suppose we inspect every 30 hours. From Table 4.1, the probability of afailure occurring before the
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next inspection is 0.20. Thus the total expected annual cost will be the cost of inspection, ($30)(2,080/30) =$2,080,

plus the expected cost of emergency repair, ($50)(2,080/30)(0.2) =$693. The total is $2,773. We may perform similar
calculations for other maintenance intervals. The results are shown in Table 4.2. Thus we see that a maintenance
interval of 25 hours resultsin aminimal cost policy.

Table 4.1. Probability Distribution of Time Between Failures

Time Between Failures Probability
27.5 0.2
325 0.4
375 0.3
42.5 0.1

Table 4.2. Cost Computation for Preventive Maintenance

(1) (2) 3). (4) (5) Total
Time Number of Probability of Inspection Fallure Costs ($)
Between I nspections Failure Before Costs ($) Costs ($)
Inspections per Y ear Next Inspection

25 2,496 0 2,496
83.2 0

30 2,080 693 2,773
69.3 0.2

35 1,782 1,782 3,564
594 0.6

40 1,560 2,340 3,900
52 0.9

YOU SHOULD REMEMBER
In this example, note that as the time between inspections increases, the inspection cost decreases, but the failure cost

increases. These economic tradeoffs are typical of preventive maintenance problems and will generally follow a graph
similar to that of Figure 4.9.

Capacity Planning

Capacity isthe rate at which work is normally produced or the amount of output actually achieved. No single measure
of capacity will be appropriate
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in every situation. Table 4.3 provides some examples of commonly used measures of capacity. Three definitions of
capacity are useful:

Design capacity: the maximum output that can possibly be achieved.

Effective capacity: the maximum possible output given quality factors, product mix, machine maintenance,
scheduling difficulties, and the like.

Actual output: the rate of output actually attained. It istypically less than the effective output caused by machine
breakdowns.

Production typically is planned sales (forecasted sales) plus desired ending inventory minus beginning inventory. It
can be constrained, however, by

Machine breakdowns

Shortage of materials

Lack of skilled labor

Other related problems

These different measures of capacity are useful in defining two measures of system effectiveness: efficiency and
utilization. Efficiency isthe ratio of actual output to effective capacity, whereas utilization isthe ratio of actual output

to design capacity:

Actual output
Effective capacity

Efficiency =

Actual output
Design output

Ltilization =

Efficiency may be misleading when effective capacity islow compared with design capacity. In this situation, high
efficiency appearsto indicate effective use of capacity when, in reality, thisis not the case.
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EXAMPLES
Given the following data on relevant capacity definitions:
Design capacity = 100 cars per week
Effective capacity = 80 cars per week

Actual output = 72 cars per week

: Actual output
Efficiency Effective capacity 72/80 = 90%
. Actual output _
Utilization = _ = 72/100 = 72%
Design output

next page =
Page 141

Note here that 90% use of effective capacity is quite satisfactory, but compared with the design capacity of 100 units

per week, 72% is much lessimpressive.

Decisions as to whether to expand capacity can be strategic or tactical. Strategic decisionsinvolve the size of facilities,
the amount of equipment available, and/or the amount of labor and materials available. Tactically, capacity can be
increased by way of adding one more shift, going into overtime, and/or outsourcing. Strategic requires long-term capital

expenditures (to be discussed in Chapter 11).

Table 4.3. Measures of Capacity

Type of Business Input Measures
Oil refinery Size of refinery
Retail sales Number of square feet
Theater Number of seats
Steel mill Size of furnace
Airline Number of seats
Auto manufacturing Machine hours/

labor hours per month
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Output Measures
Barrels of fuel oil per day
Units sold per day
Number of performances per week
Tons of steel per week
Number of flights

Number of cars per shift
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Evaluating Alternative Capacities

There are several ways to evaluate alternative capacities, including break-even analysis, capital budgeting (discussed in
Chapter 11), and the decision tree approach to capacity decisions.

Break-Even Analysis
Break-even analysis (discussed in Chapter 2) allows operations managers to perform many useful analyses. It deals with
how profit and costs change with a change in volume. More specificaly, it looks at the effects on profits of changesin

such factors as variable costs, fixed costs, selling prices, volume, and mix of products sold. By studying the relationship
of costs, sales, and profit, management is better able to evaluate capacity alternatives.

EXAMPLE 6
A firm is considering three capacity aternatives: A, B, and C. Alternative A would have an annual fixed cost of
$100,000 and variable costs of $22 per unit. Alternative B would have an annual fixed cost of $120,000 and variable
costs of $20 per unit. Alternative C would have an annual fixed cost of $80,000 and variable costs of $30 per unit.
Revenue is expected to be $50 per unit.

Using the break-even formula

FC
Q= (P-V)

we obtain break-even quantitiesfor A, B, and C:

Q, = $100,000/($50 — $22) = $3,571
Qs = $120,000/($50 — $20) = $4,000

Qe = $80,000/(350 — $30) = $4,000

Other things being equal, the lower the break-even point, the safer (or less risky) the option is. From that standpoint,
A would be the best choice.
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Decision Tree Approach to Capacity Decisions
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A decision tree can be particularly valuable for evaluating different capacity expansion aternatives when demand is

uncertain and sequential decisions are involved.

EXAMPLE 7

Based on the industry supply and demand analysis, Madden Corporation wishesto build a full-

scale manufacturing facility. It is considering:
A: Build alarge plant, costing $6 million

B: Build asmall plant, costing $2 million

The probabilities of various demands and present values of projected cash inflows for these
demand situations follow. (Present value analysisis fully discussed in Chapter 11.)

Action Demand PV of
Conditions Cash Inflows ($)
A High 8 million

Medium 4 million
Low 1.5 million

B High 2.5 million
Medium 2 million
Low 1.5 million

We can construct a decision tree to analyze the two options, as follows:

High i0.5)
Medium (0.3
A Low (0.2)
High i0.5)
B Medium 10.3)
Low i0.2)
< previous page page 143

Probabilities

0.5
0.3
0.2

0.5
0.3
0.2

&8 million

£4 million

£1.5 million

£2.5 million

£2 million

$1.5 million
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Expected NPVsfor A and B are asfollows:

Action Demand PV of Probabilities Expected PV
Conditions Cash Irzfll )ows %) (2 %) (1) x (2)
A High 8 million 0.5 4 million
Medium 4 million 0.3 1.2 million
Low 1.5 million 0.2 0.3 million
PV = 1.9 million
| = 6 million
Expected NPY = 1 million
B High 3 million 0.5 1.5 million
Medium 2 million 0.3 0.6 million
Low 1.5 million 0.2 0.3 million

PV = 2.4 million
| = 2million
Expected NPV = 0.4 million

Y ou may choose option B because its expected NPV is greater than that for option A. In fact,
option A has anegative NPV. This approach does not tell us how risky each optionis.

Theory of Constraints and Bottlenecks Management

Bottlenecks occur whenever demand (at least temporarily) exceeds capacity. For example, athough alegal secretary
has enough total time to do all her word-processing, she may be given several jobsin quick succession, so that a
queue (waiting line) builds up. Thisis a bottleneck, which delays the other activities waiting for the word-processing
to be finished. The theory of constraints (TOC) seeks to maximize "throughput” by

Larger lot sizes at bottleneck work stations, to avoid time lost on changeovers.

Small transfer batchesforwarding a small batch of work to the next work station, so that the next operation can begin
before the entire lot isfinished at the preceding work station.

Rules for inserting buffer stock before or after certain bottlenecks.
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Know the Concepts

Do You Know the Basics?

1. What role do assembly drawings, parts lists, and assembly charts play in process design?

2. Discuss the principal differences between general-purpose and special-purpose equipment and the selection
decision.

3. List some of the mgjor types of material-handling equipment and their applications in manufacturing.

4. How does one classify the differences between continuous-flow, mass production, batch processing, job shop, and
project systems?

5. What are the limitations of quality function deployment for designing a product or service?
6. Discuss the importance of reliability in production systems.

7. What types of maintenance activities are commonly performed? How does a manager determine preventive
mai ntenance policies?

8. Define capacity.

9. What does capacity planning involve?

10. List three popular approaches to evaluation capacity alternatives.
11. Briefly describe the theory of constraints.

Terms for Study

automation makebuy decision

capacity mean time between failures (MTBF)
capacity planning modular design

computer-aided design (CAD) process planning

computer-aided manufacturing (CAM) process selection
computer-integrated manufacturing (CIM) product analysis

fallurerate production design

flexible manufacturing system (FMS) reliability

standardization
theory of constraints (TOC)
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Practical Application

1. Given the bill of material for an automobile brake assembly (Figure 4.10), draw an assembly chart. The sequence of activitiesis shown in the
assembly from left to right.

Brake Assembly
Brake Carrier Master Cylinder Hose and
Assembly Assembly Bundy Assembly
FL. FR | RL, RR*
Brake Whisal Springs Pelaster Walbve Assemibly, } )
Canmid Cylinder Pins Linings Cylindeor ngw Springs, Pins Hoses Bpm Fittings
Flate Maspmbly Adiuster Buody ' Banjos
Pidon Wheel Bleeding
Assembly Cylinder Walve, Pistan Spring Washer
Rowdy Washer, elc,
. Springs .
Fistons Washers FL - Frosnt Left
FE — Front Right
RL - Rear Left
RE - Rear Hight
Figure 4.10.

The Bill of Material for Brake Assembly

2. The maintenance records show the following historical time between failure and repair time for a certain punch press. The first breakdown
happened on May 5.

Date May 5 June 6 July 19 Sep. 7 Oct. 30
Number of hours of use 221 335 190 250 284
before breakdown

Number of hours 12 18 16 10 14
spent on repair

a. Calculate the following:
1. Mean time between failures
2. Mean time to repair
3. Availahility of the machine
4. Average number of failures per time period
5. Reliability of the machine in 256 hours of use

b. The machineis used 8 hours aday, 20 days per month, on the average. A contract requires 160 hours of the machine time and is due
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within one month. Calculate the probability that the machine will not break down during this period and will not
cause adelay.

3. Given the following system (the probability of failure of each component is shown below each box), what is the
overal reliability of the system?

A - B — - C

0.05 0.12 0.09

If the component B is backed up with another component with a probability of failure = 0.05, what is the overall
reliability?

4. The lifetime of anew stereo is estimated to be 8 years with a standard deviation of 1.5 years.
a. Determine the probability of the stereo failing after 4 years.
b. If thereisafull replacement guarantee of 3 years, what is the expected proportion of replacement?
c. If the company iswilling to replace up to 5%, what guarantee period should it specify?

5. The probability of breakdown of Machine A versus the number of hours elapsed after previous maintenance
follows:

Number of Hours After Probability

Previous Maintenance
10 0.01
20 0.05
30 0.15
40 0.15
50 0.15
60 0.15
70 0.20
80 0.14

The number of working daysin ayear is 250 on atwo-shift basis. A breakdown costs $350 to repair, and a
preventive maintenance costs $150. Determine

a. Mean time between failures
b. Maintenance cost if no preventive maintenanceis followed

c. Cost of a preventive maintenance policy carried out once every 10 hours
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d. Best maintenance policydecrease the frequency of preventive maintenance in increments of 10 hours and
evaluate total costs.

6. A firm buys a stock item at a cost of $5 each. The company can make the item by incurring a one-time fixed cost
of $10,000, and variable cost of $3 per unit. What is the break-even quantity? What does this quantity mean?

7. A solar panel maker is making a decision about whether to make or buy a part. If the firm invests $3,500 in a new
die, it will be able to make this part in-house for an added cost of $1 per unit in variable costs. If, however, it buys
the part, the vendor has quoted two prices, $1.55 each for quantities up to 10,000 units and $1.30 each for all orders
of over 10,000. Calculate the two break-even crossover points.

8. Title Insurance Company processes all titles sequentially through four centers. The capacity and actual average
output of each individual work station follows:

Work Station A B C D Actua Average Output
Number of Titles 25 30 23 39 19 titles per day

Calculate (a) the effective capacity of the system, (b) efficiency, and (c) utilization, assuming design capacity of
39titles.

9. Saint Motorsis considering two plant sizes, large and small, to build for anew car it is developing. The cost of
constructing alarge plant is $25 million and the cost of building a small plant is $15 million. The automaker believes
a 70% chance exists that the demand for this new car will be high and a 30% chance that it will be low. The
following table summarizes the payoffs (in millions of dollars) the company expects to receive for each plant size
and demand combination.

Demand
Plant Size High Low
Large $175 $95
Small $125 $105

a. Construct a decision tree for this problem.

b. What is the optimal decision?
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Answers
Do You Know the Basics?

1. In order to select appropriate processes and equipment, one must first understand what is being produced.
Assembly drawings, parts lists, and assembly charts provide information about the individual components that must
be made and assembled.

2. Special-purpose equipment may be limited to a few uses, whereas general -purpose equipment can handle alarge
variety of jobs. One should consider the variety of work available, output rate desired, and cost when selecting
between these two types of equipment.

3. Industrial trucksused to move large items between many locations; good for warehouse operations. Conveyorsused
for uniform loads over fixed paths; good for production lines or in-process storage and inspection. Cranesused when
floor space utilization makes forklifts undesirable or when products are bulky and heavy and require frequent
movement. Automated storage and retrieval systemsused primarily in warehouses for fast turnover of uniform loads.
Tractor-trailer systemsused for large volumes of bulky or heavy material over long distances.

4. The differences can be classified by product volume, variety, degree of automation, and frequency of setup or
change.

5. The QFD approach can be very time consuming; it is based on customer perceptions, and the results reflect a
compromise on consumer wants. Nevertheless, meaningful results can be achieved if the approach is effectively
applied to important dimensions of the product.

6. A process with low reliability will usually incur high costs, lower productivity, and lower quality of the product
being made. It also will cause scheduling problems within the plant and lead to customer dissatisfaction.

7. Repair resulting from failure, preventive maintenance. A preventive maintenance policy is determined by
analyzing the expected cost for various time interval s between inspections based on failure probabilities. In general,

asthetime interval increases, failure costs increase, while inspection costs decrease. The minimum cost time interval
is sought.

8. Capacity refersto a system's potential for producing goods or delivering services over a specified timeinterval.
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9. Capacity planning involves both long-and short-term considerations. Long-term consideration relates to the overall

level of capacity, whereas short-term concerns relate to variations in capacity requirements caused by seasonal,
random, irregular fluctuations in demand.

10. Three popular approaches to evaluation capacity alternatives are break-even analysis, capital budgeting, and
decision tree approach to capacity decisions.

11. The TOC identifies a company's constraints or bottlenecks and exploits them so that throughput is maximized
and inventories and operating costs are minimized. It then develops a specific approach to manage constraints to
support the objective of continuous improvement.

Practical Application

1. SeeFigure 4.11.

Pistom

Spring

Wazhisrs

Wheel Cylinder Brake Carrier
Assembly Assembly
wheol © ®
@_L’,'.'g.rlimlnr Boshy
Bleeding

@ Valve Washers, elc.
@ Brake Carrier Plate

Linings
O

Springs, Adjuster,

@_Fins, Bolts

Fiston

Piston

Assembly Master Cylinder Assembly

%)
®

masier

@ Cylinder Body

Valve Assembly,
@ Springs, Banjo, Bolts

Haoses
®

@ Burdy Pipes Bundy Pipe Assembly

56
R /\J
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Burdy Pipes \\’/\ Bundy Pipe Assembly
13 56 Al
@ Pl Bl /J |

Inspect
Firal
Assembly

S —
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Figure 4.11.
Assembly Chart for an Automobile Brake
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1. MTBF = = (221 + 335 + 190 + 250 + 284)/5 = 256 hours
2. MTTR= (12 + 18 + 16 + 10 + 14)/5 = 14 hours
3. A= 256/(256 + 14) = 0.948
4.\ = 1/p = 1/256 = 0.0039 failure per hour
5. R= eAt = 2.7183(0.0039%256) = 0.368
b. R=eAt = 2.7183(0.0039x160) = 0.535
3. Reliability of the first system = (0.95)(0.88)(0.91) = 0.7608. For the following system:

B
B

Reliability = RA x RB x RC= 0.95 x [1 (0.12)(0.15)] x 0.91 = 0.95 x 0.982 x 0.91 = 0.85

Thus, the reliability in the second system isimproved from 0.76 to 0.85.

a. For auseful life of 4 years,
z=E - G-8)/15=-267

The probability that the product fails within 4 yearsis 0.0038 (1 0.9962).
b. z= (3 8)/1.5=0.33. The probability is 0.0004 (1 0.9996).

c. For replacement probability of 0.05, which correspondsto z = 1.65,

x- |t
(4]

1.65 = (x-8)/1.5

z=

solving for x yields 5.525 years. Thus the firm can afford to specify a guarantee period of as high as 5 years.

a MTBF = (10)(0.01) + . .. + (80)(0.14) = 54.2 hours.

b. Cost of breakdown repair = Number of breakdowns expected x Repair
costs = (4,000/54.2) x $350 = $25,830.
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c. The cost of preventive maintenance policy of every 10 hours:

Preventive maintenance cost = (4,000 hours/10 hours) x $150 = $60,000

Breakdown cost = (4,000/10)(0.01)($350) = 1,400

Total $61,400

d.

Cost Computation for Preventive Maintenance
(1) (2) (3). (4) (5) Total
Time Number of Probability of Inspection Failure Costs ($)
Between I nspections Failure Before Costs ($) Costs ($)

I nspections per Y ear Next Inspection
10 400 0.01 60,000 1,400 61,400
20 200 0.06 30,000 4,200 34,200
30 133 0.21 19,950 9,776 29,726
40 100 0.36 15,000 12,600 27,600
50 80 0.51 12,000 14,280 26,280
60 67 0.66 10,000 15477 25,477
70 57 0.86 8,571 17,157 25,728

Preventive maintenance policy every 60 hours gives the lowest total costs.

6. David sets the cost of buy equal to the cost of make and solves for the break-even quantity. In other words,

$5x = §3x + 510,000
$2x = $10,000

x = 5,000 units

The break-even quantity is 5,000 units. At this quantity, buying or making costs the same. If annual quantity islessthan
5,000 units, it isless costly to buy the part; otherwise, make it in-house.

7. Because of the price discount, we buy over 10,000 units. We need to compute two break-even crossover points, one
comparing each purchase price with in-house manufacturing costs:

51.55x = 53500 + $lx
50.55x = 83,500

x = 0,304 units
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$1.30x = $3.500 + $1x

$0.30x = §$3,500
x = 11,667 units

Because there is no start-up cost involved and no machine to buy, buying the part would always be less costly for all
small quantities. Figure 4.12 indicates that although buying would be less costly up to 6,364 units, making it isless
costly thereafter. The volumeprice discount at the 10,000-unit mark complicates matters. For quantities just over
10,000, again it paysto buy but only up to 11,667 units, after which it again is profitable to make (see Figure 4.12).

Total Cost

$3,500

r‘
4

F‘F
P
1
3




Figure 4.12.
Make-or-Buy Decisions

a. Effective capacity = Capacity of most limited component in the line = 23 titles per day
b. Efficiency = 19 titles per day/23 titles per day = 82.6%
c. Utilization = 19/39 = 48.7%
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a. See Figure 4.13.

High Demand {0.7)

$175

($126 Lonw Demand (0.3)
£95
1 High Demand (0.7}
[ & -

15126) e
Low Demand (0.3)

4105

Figure 4.13.
Decision Tree

b. The decision tree indicates that the optimal decision isto build the large plant, and this alternative has an
expected net benefit of $101 million.

Build large plant: (150)(0.7) + (70)(0.3) = 105 + 21 = 126;
Expected net benefit = 126 25 = 101

Build small plant: (110)(0.7) + (90)(0.3) = 77 + 27 = 104;
Expected net benefit = 104 15 =89
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5
Facility Location

KEY TERMS

center-of-gravity method
guantitative approach to locating a facility that minimizes the distance or cost of transportation weighted by the
volume of goods moved.

factor ratings
procedure in which each alternative site is rated according to each factor relevant to the decision, and each factor is
rated according to importance.

locational break-even analysis
technique that compares potential locations on an economic basis by estimating the variable and fixed costs and then
graphing them for a representative sales or production volume at each location.

transportation LP problem
problem of determining how much to ship from each origin to each destination in order to minimize total shipping
costs.

In its strategy formulation, a company determines what types of goods or servicesit will offer and in what markets it
will compete. It makes demand forecasts to estimate the demand that can be found in various markets. Part of the
company's strategy consists of selecting the location from which potential markets will be served. The location of a
service operation helps determine how conveniently customers can conduct business with the company.

Location of production and service operations can have a great impact on investment and operating costs, thereby
affecting profits and perhaps the price at which goods or services can be offered, as well as some aspects of the
production system design. Even though location is afactor of importance, ordinarily many alternative locations can be
equally good. Normally plant location is considered or reconsidered consciously only periodicaly,
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but in some sense broad alternatives are considered whenever an expansion or contraction is necessary.

Factorsin Location

Rational decisions concerning plant location are intended to minimize relevant costs. Normally, however, we are
thinking of not only operating costs but also costsin the longer term. Thus, differences in operating costs might be
compensated for in the longer term by differencesin capital investment.

A wide variety of subjective factors can influence location decisions. Therefore, it is common to rate aternative
locations on such subjective factors as

L abor supply

Type of labor

Labor union activity

Community attitude

Appearance

Transportation

Availability of utilities

Recreational facilities

Even though these factors are subjective, we are really thinking of long-term costs in attempting to rate alternative
locations on the basis of these dimensions. Thus, atight labor supply or heightened union activity could mean higher
labor costsin the future. A community attitude oriented against industry could mean afuture tax loading on intruding
business.

One of the most important subjective factors in location analysisis the personal preference of the owners and

managers. In fact, persona preference may well dominate as a factor in the location of single-plant enterprises.
Multiplant enterprises are much more likely to be influenced primarily by objective and subjective economic factors.

Site Selection

Given ageneral areafor location, a site within the area must then be chosen. The following requirements must be
met:
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A site zoned for the activity contemplated.

A site large enough to accommodate present floor plan needs and room for expansion, parking, transportation
facilities, and the like. Normally a site size five times the actual plant areais regarded as the minimum.

Provision for necessary transportation facilities, utilities, and waste disposal.
A soil structure that can carry the required bearing foundation loads.

Alternative sites also need to be studied from the point of view of the relation of investment versus operating cost
effects. The concept of break-even analysis can be used to compare various sites on the basis of total costs relative to
the volume of operation. Thus, asite that may require large capital expenditure but that makes possible low operating
costs may be a more economical site than one that has the reverse cost characteristics.

Multiplant Location

When the addition of a proposed plant produces a multiplant situation, then each alternative plant location must be
considered in the framework of a productiondistribution system. In such a situation, the linear programming models
(discussed in Chapter 2) and transportation linear programming (to be discussed later in the chapter) represent avalid
conceptual framework. Each aternative location would produce a different allocation of shipments to distribution
points, depending on the relative costs of production and distribution in the network. Thus, the location that produces
the minimum cost for the system would be the one favored in objective terms.

For the multiplant situation, locational dynamics affect the operation of plants from period to period as markets
change. For example, if overall demand were to decline, it might be more economical to close one plant and operate

the other plants at higher capacities, even using more costly capacity units, such as overtime. Again, linear
programming distribution methods are avalue in appraising the various alternatives.

Special Considerationsin Location Decisions

Over the last decade many factors have shifted in relative importance regarding the location decision process. New
emphasisis being placed on energy availability, energy costs, and pollution problems. Often companies
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that have a history of pollution or that manufacture products that generate pollutants by known production processes
have met with community resistance when they sought to locate plants in a given geographical area. Consequently,
the added costs of pollution control equipment, state environmental compliance, disposal of toxic by-products, and
monitoring efforts must be considered part of the overall cost determination.

The rapid growth of energy costs and national efforts to reduce dependence on foreign energy sources has an impact
on the location decision. A company must determine whether the available public utilities are capable of supplying
its energy needs on an uninterrupted basis and must consider the possibility of aternative approaches to generating
power, such as solar energy and energy recycling. Coupled with energy considerations are the attitudes of personnel
working in Sunbelt versus non-Sunbelt locations. Extreme climatic conditions that cause excessive energy use and
delaysin the distribution and receipt of materials are being avoided.

Another factor that must be considered is the taxes of the community and state in which the plant could be located.
These taxes include not only normal taxes on business profits but also requirements for contribution to
unemployment compensation, taxes on inventories, and local taxes.

Many communities offer awide variety of help to companies that plan to locate in them. This help ranges from
supplying detailed information on site locations, land costs, and the like, to direct subsidies, financed by industria
revenue bond issues, to defray the cost of plant production. Because many of these bond issues are tax-free municipal
bonds, their use lowers the cost of capital for plant construction. In some cases, communities build plants to

specifications and |ease them to companies over an extended period, thereby allowing the companiesto avoid the
high expenditures associated with plant construction.

L ocation Decisions

Several methods that help management decide on alocation for facilities include
Locational break-even analysis

Factor ratings

The center-of-gravity method

Transportation linear programming

< previous page page 158 next page =



< previous page page 159 next page >
Page 159

Locational Break-Even Analysis

Potential locations can be compared on an economic basis by estimating the variable and fixed costs and then graphing
them for arepresentative sales or production volume at each location. Assuming equal revenues from all locations
considered, you would select the location with lowest total cost; otherwise, revenue figures must be also included in
your analysis. Comparisons should be made on the basis of profit (total revenue minus total cost) at each location.

EXAMPLE 1

Management is considering three potentia sites for plant facilities, which have the following cost structure for a
product expected to sell for $200. Find the most economical location for an expected sales volume of 5,000 units per
year.

Potential Location Variable Cost per Unit ($) Fixed Cost per Year ($)
Cambridge (X) 75 150,000
Austin (Y) 50 200,000
San Jose (2) 40 400,000

For each location, compute and plot the fixed cost (costs at zero volume) and total costs (TC) at the expected volume
Q. SeeFigure5.1.

TC=FC+ V(0
X TC = $150,000 + $75 (4,000) = $450,000

Y: TC = $200,000 + $50 (4,000) = $400,000
Z: TC = $400,000 + $25 (4,000) = $500,000

The most economical siteisY becauseit isthe least expensive.

800 -

Total Cost ($000)

200 4

e e — N R

0 + l t
2,000 4,000 6,000 8,000 10,000
Volume
Figure5.1.

Locationa Break-Even Chart
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From the chart, note that the best location is X for up to 2,000 units, Y for 2,0008,000 units, and Z for volume greater
than 8,000 units.

Factor Ratings

Factor ratingsis a procedure in which each aternative siteis rated according to each factor relevant to the decision, and
each factor is rated according to importance. Weights may total 1.00. We score each location and multiply the scores by
the weights. Then we total the points for each location and choose the location with the maximum points. The technique
is popular because it enables managers to bring diverse locational considerationsinto the evaluation process and it
fosters consistency of judgment about location aternatives.

EXAMPLE 2

A firmis considering two sites, A and B, for its research laboratory. The following list of factorsisto be considered
along with their associated weights and ratings.

AB
Factors Weights Score Weighted Score Weighted
Score Score
Labor Suppl 0.33 40 30
PPy 13.20 9.90
Markets 0.25 80 80
20.00 20.00
Environment 0.20 70 45
14.00 9.00
Material Suppl 0.05 70 50
PPl 3.50 2.50
Site and Construction Cost 0.02 60 90
1.20 1.80
Operating Cost 0.15 90 13.50 50
- 7.50
Total Score 65.40 50.70

Based on the total weighted score, A should be chosen.

Center-of-Gravity Method

The center-of-gravity method is a method used to determine the location of a distribution center that will minimize
transportation costs. The method treats shipping cost as alinear function of the distance and the quantity shipped. We
assume, however, that the quantity to be shipped to each destination is fixed. The coordinates of the center of gravity
(i.e., thelocation
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of the distribution center) can be obtained by finding the weighted average of the x coordinate and the weighted
average of the y coordinate, with weights being the quantities to be shipped. In other words,

X= Z-rrﬂr //ZQE
_.F" Zyigj ‘;"/EQJ

where Qi = quantity to be shipped to location i
Xi = x coordinate of destination i
yi =y coordinate of destination i

Note: If the quantities shipped are equal, simple averages will do with Qi terms.

EXAMPLE 3
Given the following data:
Destination xy) Quantity
A 35 800
B 51 900
C 6,7 200
D 8,4 100

The center of gravity can be determined as follows:

_ 38000 + S(900) + 6(200) + 801000 8900
x = Z—rf.@: fEQ: = =

= 4.4
800 + 900 + 200 + 100 2000 ?

_ S(800) + 1(900) + 7(200) + 4(100) 6700
= 200 /20 800 + 900 + 200 + 100 = 2000

The idea behind this method is to pick the site close to the center of gravity.

= 3.35

Transportation Linear Programming

Transportation linear programming is useful in location planning. This method may be helpful especialy after the
initial screening phase has nar-
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rowed the feasible alternative sites. The remaining candidates can then be evaluated on the basis of the criterion, which
istypically minimum overall transportation cost.

The transportation LP method is a special form of linear programming whose objective is to assign sources to
destinations so as to minimize total shipping costs. To use this method, follow these steps:

1. Set up the transportation table so that the total number of shipments available equals the number of shipments needed.
2. Develop aninitial feasible solution by using

Northwest corner rule or

Vogel's approximation method (VAM).
3. Test the solution for improvement using

MODI (modified distribution) method or

stepping-stone method.

4. Repeat steps 3 and 4 until no further improvement is possible.

YOU SHOULD REMEMBER

Initial Solutions Optimal Solutions
Northwest corner rule Stepping-stone method
V ogel's approximation method Modified distribution method

Northwest Corner Rule

1. Starting with the far left-hand side corner, set the level of thisroute at either the requirements or the availability,
whichever is smaller.

2. Proceed across the table in a general northwest-to-southeast direction, exhausting the availabilities of one row before
moving down to the next and exhausting the requirements of one column before moving on to the next.
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EXAMPLE 4
A B C D

2 4 1
1

8 2 6
2

6 1 4
3

200 200 300 100
Demand

Using the northwest corner rule yields the following initial feasible solution:

A B C D
2 4 1
1 200 100
8 2 6
2 100 200
6 1 4
3 100 100
200 200 300 100

Demand

For this solution, the cost is 200(2) + 100(4) + 100(2) + 200(6) + 100(4) + 100(2) = $2,800.

Vogel's Approximation Method

next page >
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Supply
300

300
200

800

Supply
300

300
200

800

1. For each row or column, compute a penalty cost, which is the difference between the unit cost of the second best

route in the row or column and the best route in the row or column.

2. ldentify the row or column with the highest penalty cost and assign as many units as possible to the best cell or

route in the identified row or column.

3. Reduce the row supply and the column demand by the amount assigned to the cell.
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4. If the row supply is zero, eliminate the row; if the column demand is zero, eliminate the column; if both are zero,
eliminate both the row and column.

5. Compute the new row and column penalty costs after the step 4 reduction and return to step 2 until theinitial
feasible solution is obtained.

EXAMPLE 5

Going back to Example 4, we apply the V ogel's approximation method as follows:

Thefirst solution:

A B C D Supply Column
Penalty
2 4 1 3 300 1
1
8 2 6 5 300 3
2
6 1 4 2 200 1
3
200 200 300 100 800
Demand
Row @ 1 3 1
Penalty
The second solution:
A B C D Supply Column
Penalty
2 4 1 3 300 2
1 200
8 2 6 5 300 @
2
6 1 4 2 200 1
3
200 200 300 100 800
Demand
Row X 1 @ 1
Penalty
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Thethird solution:

A B C D Supply Column
Penalty
2 4 1 3 300 X
1 200 100
8 2 6 5 300 @
2
6 1 4 2 200 1
3
200 200 300 100 800
Demand
Row X 1 2 @
Penalty
The fourth solution:
A B C D Supply Column
Penalty
2 4 1 3 300 X
1 200 100
8 2 6 5 300 1
2 200
6 1 4 2 200 2
3
200 200 300 100 800
Demand
Row X X 2 @
Penalty

Thefinal solution by VAM:

A B C D Supply
2 4 1 3 300
1 200 100
8 2 6 5 300
2 200 100
6 1 4 2 200
3 100 100
200 200 300 100 800

Demand

The cost of this solution is 200(2) + 200(2) + 100(1) + 100(6) + 100(4) + 100(2) = $2,100.
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Modified Distribution Method
1. Set up ui + vi =cij for al the occupied cells.
2. Solve the system by setting an initial u=0.

3. Compute cij ui vi for unoccupied cells (i.e., xij isnonbasic). If it is negative, further improvement is possible. If all
indices are greater than or equal to zero, the optimal solution has been obtained. Otherwise, go to step 4.

4. Select the unused cell with the largest negative index. Trace the closed path for the unused cell having the largest
negative index. Develop an improved solution using the Stepping-Stone Method. Repeat steps 13 for the improved
solution.

EXAMPLE 6

In Example 5, to seeif the Vogel solution is optimal, we set up the following equations for occupied cells:

 + =2
y + =1
Uy + th=2
U+ =06
H_:I+J'J3--I5I-
byt oy = 2

To solve, weinitially setul =0and findul=0,v1=2,v3=1,u2=5,v2=3,u3 =3, and v4 = 1. Using these values,
we compute cij ui vi for unoccupied cells:

Ci—h—y=8-5-2=1
Cj;_u_:.—If']='5—3—2‘]=
Cp—th—th=d=5=(-3)=2
Cpp—y—th=1=-3-(=3)=1
Gi——t4=3-0-1=2
Cy—t-=5-5-(3 =1

These are all positive, so no further improvement is possible. The Vogel's solution is optimal. The cost of the final
solution is 200(2) + 200(2) + 100(1) + 100(6) + 100(4) + 100(2) = $2,100.

Stepping-Stone Method
1. Place a+ signin the cell you wish to evaluate.

2. Move horizontally (or vertically) to acompleted cell. Choose a cell that will permit your next move to another
completed cell. Assign asign to the cell.
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3. Change direction and move to another completed cell. Again, choose one that will permit your next move. Assign
a+ sign to the cell.

4. Continue this process of moving to completed cells and alternating + and signs until you complete a closed path back
to the original cell. Make only horizontal and vertical moves.

Note: Y ou may find it helpful to place a small dot or checkmark in cells that have been evaluated to help keep track of
them.

EXAMPLE 7

We will start with the northwest corner rule'sinitial feasible solution and attempt to improve with the stepping-stone
method:

A B C D Supply
2 4 1 3 T
I 200 100 g~ # 300
8 Y 6 5
2 100 o 200 300
4 ] 4 2
3 100 100 200
Demand | 200 200 300 100 800

Evaluation of the closed path corresponding to the unoccupied cell 1C shows the following:

1C +1
1B —i
2C -6
2B +2

-7

The cost will decrease by $7 for every unit added to cell 1C.
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A B C D Supply
2 4 1 3 300
1 200 100
8 2 6 5 300
2 200 100
6 1 4 2 200
3 100 100
200 200 300 100 800

Demand

The solution is optimal. The cost of the final solutionis
200(2) + 200(2) + 100(1) + 100(6) + 100(4) + 100(2) = $2,100.
Special Problems
Two cases associated with the transportation problem need special attention.
The unbalanced problem.
(a) If demand isless than supply, create afictitious destination (or dummy destination).

(b) If demand is greater than supply, create adummy plant having a capacity exactly equal to the additional
demand.

Degeneracy.
In this situation, (&) there may be an excessive number of used cellsin a solution or (b) there may be an insufficient
number of unused cellsin a solution. When degeneracy exists, avery ssimple "patch-up” will solve the problem. We

simply place € (epsilon), an exceedingly small number, in some cells. The cells with thisin them can be used as stepping
stones but have no effect on the cost of a solution. Consequently, if epsilon is still in the final solution, it can be ignored.

YOU SHOULD REMEMBER
The steps to be followed in afacility location decision follow:

1. Define the location goals and associated factors.
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2. ldentify the decision criteriaguantitative (e.g., cost) or qualitative (intangible).
3. Choose a decision model (e.g., break-even or factor ratings).

4. Select the location that best meets the criteria.

Know the Concepts

Do You Know the Basics?

1. In what ways can the location decision have an impact on the productive system?
2. How do manufacturing and service location decisions differ?

3. List basic approaches to location decisions.

4. What is alocation factor rating and how does it work?

5. List the assumptions behind the center-of-gravity method. How does it work?

6. How do location problems for service facilities differ from those in manufacturing?
7. What information is needed to use the transportation method?

8. Why does a dummy row or a dummy column become necessary? Explain briefly.
9. How is the transportation method useful in location decisions?

10. Briefly explain the northwest corner rule.

Terms for Study

center-of-gravity method northwest corner rule

factor ratings stepping-stone method
locational break-even analysis transportation LP problem
modified distribution (MODI) Vogel's approximation method
method (VAM)
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Practical Application
1. Dry Sedl, Inc., istrying to decide between two location sites, A and B. The following data appliesto A and B.

Potential Revenue Variable Cost Fixed Cost
Location per Unit ($) per Unit ($) per Year ($)
50 32 60,000
A
B 48 29 80,000

Variable cost includes direct material, direct labor, and transportation cost.
a. Which site would yield the higher profit at an annual volume of 9,000 units?

b. At what volume would the company be indifferent between the two alternative sites in terms of annual
profits?

2. Angelais considering two location alternatives, A and B. The relevant data follow:

Potential Variable Cost Fixed Cost

L ocation per Unit ($) per Year ($)
A 63 300,000
B 32 800,000

Sales volume is estimated to be 25,000 units per year. Which location is most attractive?

3. Given the data on scores of three location sites:

Location
Factor Weight X Y Z
Raw Materials 04 80 70 80
Market 0.2 40 60 80
Transportation Cost 0.1 90 70 50
Labor Cost 0.2 70 70 60
Construction Cost 0.1 90 80 60

Which site would you choose? Why?
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4. Determine the optimum location for a distribution center to serve the following locations. Shipments to each
location will be about equal.

Destination x,y)
A 2,2
B 5,6
C 6,3
D 7,5

5. For the destinations and shipping quantities shown below, determine the center-of-gravity location:

Destination x,y) Quantity
A 3,5 600
B 51 400
C 6,7 300
D 8,4 500

6. Given the transportation program below, use MODI to determineif it is optimal. If not optimal, obtain the optimal
solution.

X Y Z Supply
4 7 1 10
1 10
3 8 4 40
2 20 20
5 6 2 50
3 30 20
30 50 20 100

Demand
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7. Given the following transportation program:

A B C D Supply
10 15 8 20 7
1
3 2 7 15 5
2
8 11 12 18 3
3
4 2 3 6 15
Demand

a. Determine the shipping program by the northwest corner rule. What is the total shipping cost for this solution?
b. Determine the shipping program by the VAM. What is the total shipping cost for this solution?
c. Seeif the VAM solution is optimal.

Answers
Do You Know the Basics?

1. Location decisions can have an impact on access to markets; costs of materials, 1abor, rent, and transportation; quality
of work life; and growth potential .

2. Manufacturing firms are more concerned with location of raw materials, transportation costs, availability of

infrastructure, and the like, whereas service operations focus more on convenience, access to markets, traffic flow, and
customer service.

3. Four popular methods used in location decisions are locational break-even analysis, factor ratings, center-of-gravity
method, and transportation L P method.

4. Factor rating is a qualitative technique used to develop an overall composite index for relative attractiveness. It
involves identifying relevant factors, assigning relative weights to these factors, and rating each alternative site with
respect to the factors.
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5. The assumptions are that shipping between locations costs are constant and that demands are constant. The method
aims at minimizing the weighted distance between the warehouse and its supply/distribution points.

6. In manufacturing, distribution costs and service times are the important factors, while for services the location
with respect to demand and competition as well as response time are the crucial factors.

7. Thefollowing information is needed: (a) supply available from each origin (plant), (b) demand at each destination
(market), and (c) transportation cost per unit for each origin/destination combination.

8. A dummy is added to supply or demand, whichever islower.

9. The transportation L P method can be used to compare the total cost of alternative locations in terms of their
shipping costs.

10. The northwest corner rule works as follows: (a) starting with the far left-hand side corner, set the level of this
route at either the requirements or the availability, which is smaller, and (b) proceed across the table in a general
northwest-to-southeast direction, exhausting the availabilities of one row before moving down to the next and
exhausting the requirements of one column before moving on to the next.
Practical Application
1

a. Total profit = Total revenue Total cost

For site A: $50(9,000 units) $32(9,000) $60,000 = $102,000.

For site B: $48(9,000 units) $29(9,000) $80,000 = $91,000.

The answer issite A.

b. $50Q $32Q $60,000 = $48Q $29Q $80,000, or

$18Q $60,000 = $19Q $80,000. Solving for Q we obtain Q = 20,000 units.
2. At the expected demand of 25,000 units, total costs for the aternatives are:

For site A: $63(25,000) + $300,000 = $1,875,000.
For site B: $32(25,000) + $800,000 = $1,600,000.

Location B is more attractive, although annual fixed costs are much higher than for A.

3. Compositescoresare: X =72, Y =69, and Z = 71, as shown in the following table. Choose X because it givesthe
highest composite.
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X
Factor Weight Score Weighted
Scores
Raw Material 0.4 80
32
Market 0.2 40 8
Transportation Cost 0.1 90 g
Labor Cost 0.2 70
14
Construction Cost 0.1 90 9
72
4.
Tm(Z+5+0+7)d=20/4=5
F=(2+0+3+514=16/4=4
The optimum location is at (5, 4) of x and y coordinates.
5.
5 = 3(600) + 5(400) + 6(300) +8500) _ 9600 _
600 + 400 + 300 + 500 1800 )
- S(600) + 10400) + T(300) +4(500) _ 7500 417
G600 + 400 + 300 + 500 1800 '
The center of gravity isat 5.33, 4.17.
6.
t + =4
i+ 14y =3
Wy + 1y =8
g+ vy = 6
s + 1y =2

Setting ul=0vyieldsvl=4, u2=1, v2=9, v3=5, and u3= 3.

Using these values, we compute cij ui vi for unoccupied cells:

Cla— h—t=7-0-9=-2
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70

60

70

70

80

Weighted
Scores

28

12

14

[os]

80

80

50

60

60
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Z
Weighted
Scores
32
16

5

12
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Ca=th—-y=1-0-5=-4
51_:_,—”-1—1-?}"4—(,“'1:’—5 = ()
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Thus, the initial solution isnot optimal. One improvement (moving 10 unitsto 1Z) gives an optimal solution.

Actualy, there are two optimal solutions to this problem:

a 17 =10, 2X =30, 2Y =10, 3Y =40, and 3Z = 10; total transportation cost = $440.

b. 17 =10, 2X = 30, 2Z = 10, and 3Y = 50 with the same total transportation cost.

7.
a
A B C
10 15
1 4 2 1
3 2
2 2
8 11
3
4 2 3
Demand
Total shipping cost is $191.
b.
A B C D
10 15 8
1
3 2 7
2
8 11 12
3
4 2 3 6
Demand

Row 5 @ 1 3

Penalty
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12

20

15

18

20
15

18

Supply

15

Supply

15

Column
Penalty
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A B C D Supply Column
Penalty
10 15 8 20 7 2
1
3 2 7 15 5 4
2 2
8 11 12 18 3 4
3
4 2 3 6 15
Demand
Row @ X 1 3
Penalty
A B C D Supply Column
Penalty
10 15 8 20 7 2
1
3 2 7 15 5 4
2 3 2
8 11 12 18 3 4
3
4 2 3 6 15
Demand
Row @ X 1 3
Penalty
A B C D Supply Column
Penalty
10 15 8 20 7 2
1
3 2 7 15 5 X
2 3 2
8 11 12 18 3 4
3
4 2 3 6 15
Demand
Row 2 X 4 2
Penalty
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1
2 3
3
4
Demand
Row 2
Penalty

Thefinal solution by VAM is:

Demand

10

page 177

B C D Supply

15 8 20 7

3
2 7 15 5

2

11 12 18 3
2 3 6 15
X X 2

B C D
10 15 8 20
3 3
3 2 7 15
2
8 11 12 18
2 3

The cost is 1(10) + 3(8) + 3(20) + 3(3) + 2(2) +3(18) = $161.
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Column
Penalty

Supply

15

c. Requiring that ui + vj = cij for al the occupied cells leads to a system of six equations and seven variables:

for 1A, ul+vl1 =10
for 1C,ul+ v3=8
for 1D, ul+ V4= 20
for 2A,u2+v1l =3
for2B,u2+ v2=2

for 3D, u3+v4=18

Setting ul= 0 and solving the value of the other variablesyields: vl=10,v3=8,v4=20,u2=7,v2=9, and u3= 2.
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The computation for net change, cij = ui vj for all other unoccupied cells follows:
for 1B, c12ulv2=1509=6
for 2C,c23u2v3=7(7)8=6
for 2D, c24u2v4=15(7)20=2
for 3A,c31u3vl=8(2)10=0
for 3B,c32u3v2=11(2) 9=4
for 3C, c33u3v3=12(2)8=6

Because they are all positive, the VAM solution is optimal.
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6
Design of the Work System and Work Measurement

KEY TERMS

job design
determination of specific job tasks and responsibilities, the work environment, and work methods.

learning curve effect
reduction in labor hours as the cumulative production doubles, ranging typically from 10% to 20%.

motion study
analysis of manual task in order to improve productivity.

MTM (methods time measurement)
system of predetermined motion-time data used to develop standards for highly repetitive tasks.

operation chart
often called right-handed, left-handed chart; chart used to describe simultaneous motions of hands when performing a
task.

time standard
amount of time required to perform atask by atrained operator working at a normal pace and using a prescribed
method.

time study
development of standards through stopwatch observation.

work measurement
process of estimating the amount of worker time required to generate one unit of output.

work sampling

work measurement technique involving the sampling of the nature of the activity in which the worker is involved;
used for the broader problem of determining production standards.
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One of the greatest assets a company hasis its human resources. Because the largest portion of a company's
employees often are found in the operation function, it isimportant to consider the jobs or work people perform
within operations. The changing nature of work has been influenced most significantly by the advancement of
technology. The majority of work now consists of some form of interface between people and machines. This
relationship has significantly changed the nature of workers tasks. Therefore, alarge part of the operations manager's
concern with the design of awork system will center around people, machines, and their relationship. Work design is
primarily concerned with examination and evaluation of existing or proposed methods of performing work. Job
design consists of developing the best way the individual tasks or jobs within the work system can be performed.

In this chapter, we examine some aspects of job and work design. In the latter part of the chapter, we address the
related subjects such as how to measure work and how to determine performance standards. Learning curve
phenomena can be incorporated into determining production standards.

Work and Job Design

One of the important aspects of the design of the physical system is the design of the jobs. Job design resultsin part
from the preceding phase of facility layout, and the layout configuration resultsin part from job design. As noted in
Chapter 7 on facility layout, the overall organization of work must be considered at the time of layout, and any given
organization of activities has a particular impact on the layout. Conversely, if the technology is considered dominant,
basic layout configurations are decided on, and job design is affected. Thus, there is an interaction between the
design of the technological system and the design of the social or man system to produce a unified sociotechnical
system design. Within this process, one particular dimension has received a great deal of attention since the days of
Adam Smith. That dimension is the degree to which division of labor will be used. Job enlargement represents an
opposing view of work organization, using job satisfaction as its major criterion. American business and industry,
however, regard job satisfaction as a very important subcriterion, with economic considerations being dominant.

ManMachine Systems

The entire spectrum of work from the purely manual to the completely automatic can be conceptualized within the
framework of manmachine
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systems. In fact, one of the important tasks of job design isto allocate to humans and machines the activities to which
they are each best suited. In performing work, human functions fall into three classifications:

Receiving information through the various sense organs.

Making decisions based on information received and stored in the human memory.

Taking action based on decisions.

Note how man's functions neatly fall within the general structure of a closed-loop automated system.

When humans and machines are viewed outside an economic basis for allocating tasks to them, it appears that the
kinds of tasks most appropriate for humans and machines fall within the following general guidelines:

Humans appear to surpass existing machines in their ability to
detect small amounts of light and sound,
receive and organize patterns of light and sound,
improvise and use flexible procedures,
store large amounts of information for long periods and recall relevant facts at the appropriate time,
reason inductively,
exercise jJudgment, and
devel op concepts and create methods.
Existing machines appear to surpass humansin their ability to
respond quickly to control signals,
apply great force smoothly and precisely,
perform repetitive and routine tasks,
store information briefly and then erase it completely,
perform rapid computations, and
perform many different functions simultaneously.
Concepts

People and machines perform similar functions in doing work, although they each have comparative advantages. The
functions they perform are divided
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into the four basic classes. sensing, information storage, information processing, and action. In completely manual
systems, all the functions are performed by humans. At the other end of the spectrum, in completely automatic
systems, all the functions are performed by machines. In the common situation between the two extremes, involving
teamwork between humans and machines, the functions are allocated and/or shared between men and machines, and
such systems may be semiautomatic. Thus, in conceptualizing manmachine systems, it is useful to establish the
classifications manual, semiautomatic, and automatic systems, noting that in all three classifications the basic closed-
loop feedback structure is operating.

Manual systems involve humans, commonly with mechanical aids or hand tools. Humans are the power source, and
they act as controllers of the process, using the tools to help multiply their efforts.

Semiautomatic systems involve men mainly as controllers of processes where they interact with the machine by
sensing information about the processes, interpreting it, and manipulating controls. The power sourceis usually
supplied by the machine or is shared in some combination between humans and machine.

Automatic systems combine all the functions of sensing, information storage and processing, and action within the
machine system. If the machineis truly automatic, then it must be fully programmed to sense and take required
action in al possible situations, and thisis not usually economically justified. Man, therefore, normally functions as a
monitor to assist with process control.

All three types of manmachine systems operate in some kind of working environment, which is a combination of
temperature, humidity, noxious gases, noise, vibration, and other factors.

In a sense, the semiautomatic kind of operation isfully representative of the general range of activities found in
manmachine systems. In such a situation, man is receiving and interpreting information about the process from
information displays, manipulating mechanisms for control, and maintaining a general surveillance. The machine
responds to these control actions to convert input to output. Thus, manipulative activity represents the dominant
features of manual systems; information input, sensing, and controlling activities are representative of both
semiautomatic and automatic systems; and information input and general monitoring activities are representative of
automatic systems. The environmental and physical relationships of man to the work flow and workplace
arrangement apply to all manmachine systems. Therefore, it is useful to divide the material dealing with manmachine
systems into the following main headings: information input, human manipulative and control activities, and the
work environment.
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Information Input

In manmachine systems, human sensing can be direct, but it is becoming increasingly indirect, placing emphasis on

encoding and information display systems. The design of these display systems for information input to humansis

important if operations are to be effective. Although input to the human eyes is most common, auditory and tactual

input is also used.

Visual Displays

A guideline for designing visual displays follows:

Dials should be about 2.753 inches in diameter for a reading distance of up to 30 inches.

Dial marks should be located at the O, 5, 10, 15, etc., positions. The marks at the O, 10, 20, etc., positions should be
longer than the others and should be the only ones numbered.

The distance between numbered markers on dials should be about 0.5 inch.

The separation between scale markers should be uniform around the dial.

There should be a gap between the beginning and the end of the scale.

Values on the scale should increase in a clockwise direction.

Banks of dials should be oriented in a pattern so that normal readings are in the 9 or 12 o'clock positions.

Auditory and Tactual Displays

Auditory displays have particular value as warning devices or as devices to attract attention. They are also used when
\l;inith (I:?] .i mpaired. Tactual displays are sometimes used to code control knobs by shape so that they can be identified
Human Manipulative and Control Activities

Given information input by direct or indirect means, the human operator of manmachine systems responds by

performing work in the physical sense. He may be assembling objects, manipulating controls, and in general using
his body to accomplish the required tasks within the objectives of the system.
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Analysis of Manual Activity

The analytical methods commonly used for manual activity are charts and graphs that display how the activity is
carried out. Flow charts have been developed for use in various specific situations.

The principles of motion economy are a set of general statements concerning the arrangement of work, the use of the
human hands and body, and the design and use of tools. These guides to job design have genera applicability, even
though they are not in fact principlesin the strict sense of the word.

Analysis of Control Activity

A great deal of research concerning manual control activity has been performed. It may be summarized under the
following headings:

A knowledge of the forces that humans can exert in various positions and with different parts of the body.

Data on the speed and accuracy of various kinds of positioning movements.

Data concerning positioning through settings of dials, cranks, and handwheels.

Coding of controls by color, size, shape, or location.

Work area limits.

Chair and table heights.

The Work Environment

Temperature, Humidity, and Airflow

The sensation of warmth is affected by each of these factors and has been combined into a single psychological scale
called effective temperature. Effective temperature is the temperature of still, saturated air that gives the same
sensation of warmth or cold as various combinations of air temperature, humidity, and air movement would. Elevated
effective temperature has a marked effect on both mental and physical work.

Noise

Research data show that hearing loss with age is characteristic of the general population, even of persons not exposed

to high-noise environments. However, the severity of hearing loss depends on the intensity of exposure. It appears
that the effects of noise on work performance are minimal.
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Light

Various lighting criteria have been used in research studies. However, critical illumination levels seem to be
preferable for performance types of criteria. The critical level of illumination for agiven task isthat level beyond
which there is practically no increase in performance for increases in illumination intensity. Lighting standards based
on critical illumination levels have been set for awide variety of generalized tasks.

Contaminants and Hazards
A large number of fumes, dusts, gases, liquids, and solids have proved harmful to workers. These, together with the

general mechanical hazards from machine moving parts, traffic from material transportation, falling objects, and the
like, form a part of the work environment.

Work Measurement and Production Standards

Standards are highly desirable for ailmost every kind of organized work. Managers need to have some idea of how
long work will take, how many employees will be needed, and what it will cost. Only with this information can they
make intelligent decisions about schedules, facilities, people needed, costs, and selling prices. Work measurement is
the methodology by which production standards are determined. Production standards, in turn, are the basis for
judging what represents a "fair day's work."

Production Standards

Uses of Standards

Production standards provide basic data for many decision-making problems as well as for many day-to-day
operating problems. They are particularly important where labor cost is a predominant factor. Some of their uses
follow:

Assessing the labor component for decision problems such as make versus buy, equipment replacement, and process
selection.

Conducting day-to-day operationsin the scheduling or loading of machines, giving promised delivery dates,
providing bid prices to customers, and the like.

Establishing the basis for labor cost control and incentive wage payment systems.
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The Essence of the Standards Determination Problem

Actually, in order to set production standards, it would be necessary to know the distribution of performance times (or
production rates) for the entire working population for each specific job. If we knew the distribution for each job, it
would be a ssimple matter to establish the standard at some particular point in the distribution, (e.g., either at the average
of the distribution or possibly at alevel that would accommodate perhaps 95% of the working population). Ordinarily,
however, there may be only one or two individuals on the job whose work can be measured. The problem, therefore, is
to estimate the nature of the entire distribution based on sample data from only one or two workers on the job. Thisis
done by measuring the time actually taken during work performance while rating that performance. The actual timeis
then adjusted by the performance rating to produce the so-called normal time. The normal time is then augmented by
allowances for personal time, delays, and fatigue to produce the standard time.

Performance Rating
The crucial element in the methodology is, then, the performance rating process because it enters standards
determination as a factor and is based on judgment and experience. The process follows: a pace or performance level is

selected as standard, and the analyst observes this pace, comparing it with other paces and learning to judge pace level
in percent of the standard pace.

EXAMPLE 1
If for acertain job normal pace were associated with a cycle time of 0.48 minutes, a pace of work 25% faster would
require proportionately less time per cycle, or 0.48/1.25 = 0.384 minutes. A skilled analyst observing the working
pace and measuring the cycle time, 0.384 minutes, would rate the performance at 125% of normal. By multiplying his
observed time by the performance rating in decimals, he would obtain the normal time for the job
(0.384 x 1.25 = 0.48 minutes).

All formal measurement systems require the input of the performance rating in some way.

Rating as a Measurement System

Two things are needed to be able to measure anything:
An accepted standard for comparison.

A scale or unit of measurement.

Performance rating meets these two requirements in the following ways.
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Standards for comparison have been developed for alarge number of different kinds of factory and clerical
operations in the form of motion-picture films. In each instance, various working paces are shown. The films have
been rated by thousands of experienced analysts, and their judgments concerning the selection of normal working
pace have been pooled. The films are then used as a basis for training time study of personnel and for retraining
them.

Two different scales have been adopted and are in common use. Both are calibrated in percent of normal, although
one of them selects normal performance to be at the mean of the distribution, whereas the other establishes normal
performance at alevel that can be exceeded by approximately 95% of the working population.

Commonly accepted figures for the accuracy of performance rating by experienced analysts are +5%. Controlled

studies in which films have been rated indicate a standard deviation of 710%. Given the strong element of judgment
in the process, these limits of accuracy are fairly good.

Work Measurement Systems

There are two major work measurement systems designed to determine normal time by somewhat different methods:
nonengineered and engineered standards. Nonengineered standards are less costly and more frequently used. They
include historical (statistical) data and technical estimate. Engineered time standards are determined scientifically,
with great precision. They include time study (stopwatch methods), work sampling, predetermined standards, and
standard data systems.

Time Sudy (Stopwatch) Methods

Time study methods are the most commonly used and employ a stopwatch coupled with a performance rating to
determine normal time. The general procedure follows:

1. Standardize methods of operation, and record the resulting standard practice.
2. Select an operator experienced and trained in the standard methods.

3. Compute cycle time (CT)time each task element over anumber of cycles (repetitions). The average time for each
task element isits cycle time.
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4. Determine a performance rating (PR), arating of the pace at which the employee performed each task element. For
example, if the pace was 10% faster than normal, a performance rating assigned is 1.1 or 110%.

5. Compute normal time (NT).

6. Determine alowances (A) for personal time, delays, and fatigue. If allowances as a percentage of total time come
out to be 10%, the A value is 0.10.

7. Compute standard time (ST).
The number of cyclestimesisafunction of the variability of observed times, the desired accuracy, and the desired

level of confidence for the estimated job time. The desired accuracy is often stated as a percentage of the average of
the observed time. The sample size needed to achieve a certain level of accuracy can be computed using the formula:

F
Zh
il = —

L

where s = sample standard deviation of representative observed times for awork element
a = desired accuracy as a proportion of the true value

X = sample mean of select time for awork element

z = number of normal standard deviations needed to achieve desired confidence

Typical values of zused in this computation are

Desired Confidence Percent zvalue
90 1.65
95 1.96
99 2.58

Of course, the value of zfor any desired confidence can be obtained from the normal distribution table.

An alternative formula used when the desired accuracy is expressed as n amount is

- (1)

where e = desired accuracy (e.g., within one minute of the true mean)
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EXAMPLE 2

A time study analyst wished to estimate the time required to perform acertain job. A preliminary work showed a
mean of 6 minutes and a standard deviation of 2 minutes. The desired confidence is 95%. What's the sample size
needed if the desired error is () + 10% and (b) 0.5 minute of the sample mean?

a Notethat s= 2, X = 6,z=1.96, and a = 10%.

2 2
z§ 1.96(2) L
=7 = | oaw | - 268
b.e=05
2 2
z5 1.96(2)
n=t=l=1"95 1" 61.47

Developing atime standard involves computing the observed time or cycle time (CT), the normal time (NT), and the
standard time (ST).

CT = E Times/n cycles
NT =CT =% PR

ST =NT X A4

Note: There are two cases for allowances. If alowances are a percentage of the work (job) time: A =1 + Awork. If
allowances are a percentage of the total (workday) time: A = 1/(1 Atotal).

EXAMPLE 3
A time study revealed the following observed times for ajob:
Observation 1 2 3 4 5
Time, x (minutes) 1.15 116 1.12 1.15 112

The analyst gave a performance rating of 1.2 for thisjob. Determine the appropriate standard time for this operation,
assuming allowances for personal needs, delays, and fatigue total 15%.
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n=5PR=12,A=02
a Thecycletime =2 Times/n cycles=5.7/5= 1.14.
b. The normal time = CT x PR = 1.14(1.2) = 1.37 minutes.

. The standard time (ST) = NT x A= NT(1 + Awork) = 1.37(1.15) = 1.58 minutes. In an eight-hour day, aworker
would produce 8 x 60/1.58, or 304 units. This implies 304 minutes working and 480 304 = 176 minutes for
allowances. Using the total work period, ST = NT[1/(1 Atotal)] = 1.37 [(2/(10.15)] = 1.61 minutes. In the same eight-
hour day, 8 x 60/1.61, or 298 units are produced with 298 working minutes and 182 minutes for allowances.
Depending on which equation is used, there is a difference of 6 minutes in the daily allowance time.

Work Sampling

Work sampling is a random sampling technique designed originally as a methodology for estimating delay allowances.
Later, it was applied to the determination of normal time as well. The technique involves observing the worker at many
randomly selected moments and observing the proportion of time the worker is actively working or idle. When the
worker is observed to beidle, the reason for idleness can be recorded in order to identify and eliminate problems. The
fundamental principle that alows the conversion of these kinds of observations to percentage delay allowances and
normal time is the fact that the number of observationsis proportional to the amount of time spent in the working or idle
state.

Determining Sample Size

Tables and charts are available for finding the proper size sample for the desired level of accuracy, with agiven
percentage of occurrences of the activity being studied, at the 95% confidence level. Such tables have been derived by
using the following formulas:

e =z p(l-p)n

where

- X Number observed in classification
p " Total number of observations

where p is the percentage of occurrence of any class of observations being studied (i.e., working, delay).

< previous page page 190 next page >



< previous page page 191 next page >
Page 191

For example, to maintain a precision in the estimate of P of +1.0 percentage point at 95% confidence, 10,000

observations are required if Pi isin the neighborhood of 50%. By contrast, if pi is only 10% and the tolerance on pi is
2 percentage points, then the sample size required for 95% confidenceis onIy approximately 900. Even though the
sample sizes seem large, the observation required is simply arecognition of whether the employee isworking or idle.

The appropriate sample size can be determined by solving the formulafor n:

- E_l_
n= (-] pi-p

EXAMPLE 4

To illustrate work sampling, assume that a study is made of an operation to determine the
percentage of time aworker or group of workers are working. The observations are made at
random, and asimple tally is made to indicate whether the operator was working or idle when
each observation was made. A sample of the resultant tally of 60 observations made in agiven
day is given below.

State Total Percent
Working 49
81.7
Idle 11
18.3
Total
60 100

Note that the operator was working during 49 observations, or 81.7% of thetime, and idle
during 11 observations, or 18.3%.

To determine the sample size with an accuracy of +2%, and a confidence level of 95%,
substitute into the formula, with # = 11/60 = 18% (rounded), as follows:

2 2
— _ 1.96
(%) pll=p) = (m) (0.18X1 =0.18) = 1,417.55 ohservations

Determination of Standards
If in the preceding procedure we had collected some additional data, we could also compute normal time. The

additional data are the number of units produced during the total time of the study and the performance rating for
each observation of the work time.
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(Total time of study in minutes) X (Work time % from work sampling study)
CT = -
Total number of units produced

Studies indicate that production standards determined by work sampling and stopwatch methods are approximately equivalent.

The normal time and standard time would then be computed as follows:

MNT = CT = PR
5T = NT(1 + A

EXAMPLE 5
A work-sampling of customer service representativesin atelephone company office revealed that a receptionist was
working 84% of the time at 1.05 performance rating. This receptionist handles 200 customers during a 8-hour study
period. Company policy isto give alowances of 10% of total on-the-job time. The CT, NT, and ST are

480 = (.84 .
=m0 - 2.02 minutes per customer

NT = 202 = 1.05 = 2,12 minutes per customer

ST = 2.12(1.1) = 2.33 minutes per cusiomer

Predeter mined Sandards

Tables of predetermined standards for micromotions are available from the Methods Time Measurement (MTM) Association. These tables
include micromotions such as reach, grasp, turn, release, and eye travel and focus. Tedious work is required by the analyst to select all the
motions and link them together to describe a specific task.

Sandard Data

Standard times for particular tasks have been developed in certain industries. There are two kinds of standard data systems: universal data based
on minute elements of motion (microdata) and standard data for job families (macrodata or element standard data).
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Universal Standard Data

Universal standard data give time values for motion elements, and cycle times are then synthesized by specifying the
motions required to perform a given task. The time values associated with given motion elements were built up by
measuring in conjunction with performance ratings the times taken for such elementsin awide variety of tasks.
Therefore, the performance rating enters the system in that it isused in originally constructing the data. On the other
hand, individual performance ratings are not required in order to estimate normal times for jobs. Universal standard data
systoclams are known by various trade names: Methods Time Measurement (MTM), Work Factor, and Basic Motion Time
Study.

Standard Data for Job Families

These data give normal time values for major elements of jobs and are often called macrostandard data. Unlike universal
standard data, these time values have been based on actual previous stopwatch studies within the job family. Recall that
one of the reasons for the elemental breakdown in a stopwatch study is to provide data concerning the job families.
Given alarge number of studies, we may find how the normal time for some particular element varies with size, depth
of cut, type of material, the way the workpiece is held in the machine, and the like.

Historical Standards and Technical Estimates

Much work is variable and nonstandard. Frequently, historical averages of times to do different jobs are used.
Sometimes, technical expertise is used to "guesstimate” task times.

YOU SHOULD REMEMBER

Work measurement systems designed to determine normal time include: time study (stopwatch) methods, work
sampling, predetermined standards, standard data systems, historical (statistical) data, and technical estimates.
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Learning Curve

The learning curve is based on the proposition that 1abor hours decrease in a definite pattern as labor operations are
repeated. More specifically, it isbased on the statistical findings that as the cumulative production doubles, the
cumulative average time required per unit will be reduced by some constant percentage, ranging typically from 10%
to 20%. By convention, learning curves are referred to in terms of the complements of their improvement rates.

For example, an 80% learning curve denotes a 20% decrease in unit time with each doubling of repetitions. Asan
illustration, a project is known to have an 80% learning curve. It has just taken alaborer 10 hours to produce the first
unit. Then each time the cumulative output doubles, the time per unit for that amount should be equal to the previous
time multiplied by the learning percentage. An 80% learning curve is shown in Figure 6.1.

Unit Unit Time (hours)
1 10
2 0.8(10) =8
4 0.8(8) =6.4
8 0.8(6.4) = 5.12
16 0.8(5.12) = 4.096

The learning curve model is

Vo= an-b

where yn = time for the nth unit
a=timefor thefirst unit (in this example, 10 hours)
b = the index of the rate of increase in productivity during learning (Log learning rate/log 2)

To be able to use linear regression, we need to convert this power (or exponential) function form into alinear form
by taking alog of both sides, which yields

Log y,=loga-blogn

The learning rate, which isindicated by b, is estimated using a least-squares regression, with the sasmple dataon 'y
and n Note that

log (learning rate)
b= I
og 2
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which means
log (learning rate) = b x log 2
The unit time (i.e., the number of labor hours required) for the nth can be computed using the estimated model:
Vu= an-b
10+
E =
E
: 41 -
=
-
&
£
"_Ll -
+ t } { } 4 t ; J ; } i
0 ] 2 3 4 5 b 7 8 0 12 14 16
Quantity {units)
Figure 6.1.

An 80% Learning Curve

YOU SHOULD REMEMBER

This learning phenomenon is observed in the behavior of labor and labor-driven overhead. Material costs per unit
may also be subject to this effect if less scrap and waste occur as aresult of learning.



EXAMPLE 6

For an 80% curve with a = 10 hours, the time for the third unit would be computed as

V3= 10 (3— log 0.8/ log 2) = 10 (30.3219) = 7.02
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Fortunately, it is not necessary to grid through this model each time alearning calculation is made; values (nb) can be
found using Table 4 of Appendix I1. The time for the nth unit can be quickly determined by multiplying the table
value by the time required for the first unit.

EXAMPLE 7
NB Contractors, Inc., is negotiating a contract involving the production of 20 jets. The initial jet required 200 labor-
days of direct labor. Assuming an 80% learning curve, we will determine the expected number of labor-days for (@)
the 20th jet and (b) all 20 jets. Using Table 4 in Appendix Il with n = 20 and an 80% learning rate, we find
Unit = 0.381 and Total = 10,485. Therefore,
a. Expected time for the 20th jet = 200(0.381) = 76.2 |abor-days.

b. Expected total timefor all 20 jets = 200(10.485) = 2,097 |abor-days.

YOU SHOULD REMEMBER

The learning curve theory has found useful applicationsin many areas, including
Budgeting, purchasing, and inventory planning

Scheduling labor requirements

Setting incentive wage rates

Pricing new products

Negotiating purchases

Evaluating suppliers price quotations

Example 8 illustrates the use of the learning curve theory for the pricing of a contract.
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EXAMPLE 8
Big Mac Electronics Products, Inc., finds that new product production is affected by an 80%

learning effect. The company has just produced 50 units of output at 100 hours per unit. Costs were
asfollows:

. ) $1,000
Materials 50 units @ $20
Labor and labor-related costs:
) 800
Direct labor100 hours @ $8
- 200
Variable overhead100 hours @ $2
$2,000

The company has just received a contract calling for another 50 units of production. It wants to add
a50% markup to the cost of materials and labor and labor-related costs. To determine the price for
thisjob, thefirst step isto build up the learning curve table.

Quantity Total Time (hours) Average Time (per unit)
50 100 2 hours
100 160 1.6 (0.8 x 2 hours)

Thus, for the new 50 unit job, it takes 60 hours in total. The contract priceis

Materials 50 units @ $20 $1,000
Labor and labor-related costs:
Direct labor60 hours @ $8 480
Variable overhead60 hours @ $2 120
$1,600
50% markup 800
Contract price $2,400
Know the Concepts

Do You Know the Basics?
1. Distinguish between job design and work design.

2. Why isjob design important? List the important factors that must be addressed in job design.
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3. What are some of the reasons that methods analyses are needed?

4. How are devices such as flow process charts and manmachine charts useful ?

5. List the various approaches to work measurement.

6. What is atime standard? What factors must be taken into account when devel oping standards?

7. What are some of the main uses of time study information?

8. What is the procedure for developing atime study?

9. Give some examples of learning curve applications.

10. Why might practicing managers and industrial engineers be skeptical about the job enrichment and sociotechnical
approaches to job design?

Terms for Sudy

flow process chart multiple-activity chart
job design operation chart
learning curve effect time standard

motion study time study

MTM (Methods Time Measurement) work sampling

Practical Application

1. An analyst observed 28-week cycles, for which the average cycle time was 5 minutes and the performance rating was
1.05. Allowance for the department is 25% of job time. Determine the appropriate standard time for this job.

2. Given the following time study data conducted by continuous time measurement, compute the standard time. Use an
allowance of 15%.

Cycle of Observation

Activity 1 2 3 4 5 Performance
Rating (PR)

Get casting 0.21 0.21 0.21 0.23 0.20 0.95

Fix into fixture 0.27 0.28 0.25 0.26 0.25 0.90

Drilling operation 1.04 1.05 1.00 1.04 1.04 1.00

Unload 0.21 1.19 0.25 0.20 0.22 0.95

I nspect 0.25 0.26 0.24 0.21 0.25 0.80

Replace 0.12 0.12 0.10 0.12 0.13 1.10
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3. Comfort Faucet Manufacturing wants to have a 90% probability that the value of the sample mean provides a
sampling error of 0.01 minute or less. The estimated standard deviation from historical experienceis 0.02. Determine
the sample size that will provide the required precision.

4. The manager of a small supermarket chain wishes to estimate the proportion of time store clerks spend making
price changes on previously marked merchandise. The manager wants a 95% confidence that the resulting estimate
will be within 5% of the true value. Based on her previous experience, she believes that the proportion will be
approximately 30%.

a. What sample size would the manager need in order to achieve her goal ?

b. If the manager uses a sample size of 400 observations, what is the maximum possible error that will be
associated with the estimate?

5. A work-sampling was made of a cargo-loading operation with the aim toward developing a standard time. During
the total 160 minutes of observation, the worker was working 85% of the time and loaded 60 pieces of cargo. The
performance was rated at 100%. The company wants to incorporate a 10% allowance factor for fatigue, delays, and
personal time. What is the standard time for this operation in minutes per piece?

6. The typed examinations have just arrived from the word processing center after being collated in the proper page
order. These sheets have to be stapled, a computer scoring sheet inserted in between, and a serial number has to be
written on both the test sheets and the computer scoring sheet. If the number is odd, the sheet hasto be placed in the
bin on the left; if it iseven, it has to be stored in abin on the right. The layout is given in Figure 6.2.

7.
|
[
Examination Computer
Sheets
Pen
Stapler
Odd Even
Number rf-‘ﬂ‘_:h'“ﬁ MNumher
Examinations Assistant Examinations
Figure 6.2.

The Layout for Midterm Exams Activity
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Construct an operation chart for the activity of preparing midterm examinations.

8. A worker is operating two semiautomatic machines matching similar components. The loading and unloading
times are 20 seconds and the operating time is 45 seconds.

a. Construct amultiple activity chart for this case.
b. Calculate the utilization of the operator and the total output per hour.

9. Assembly of atransistor unit has alearning curve of 80%. Estimated time to build the second unit is 64 hours.
Calculate about how much time will be required for:

a. the eighth unit.
b. the first ten units.

10. Thefirst PPOM problem Allison did in a set of similar problemstook her 1 hour, and the ninth problem took 24
minutes.

a. Determine Allison'slearning curve.

b. How long did it take Allison to do her set of ten problems?
11. Carson, Inc., uses alearning curve of 80% for all new products it develops. A trial run of 500 units of a new
product shows total labor-related costs (direct labor, indirect labor, and fringe benefits) of $120,000. Management
plans to produce 1,500 units of the new product during the next year.

a. Compute the expected labor-related costs for the year to produce the 1,500 units.

b. Find the unit cost of production for next year for labor-related costs.

Answers

Do You Know the Basics?

1. Work design is primarily concerned with examination and evaluation of existing or proposed methods of
performing work. Job design consists of developing the best way the individual tasks or jobs within the work system
can be performed.

2. Job design is important because it has a significant impact on the efficiency and productivity of workers. The
factors that need to be addressed in job design are design of work methods, work measurement,
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design of physical workplace, and design of the physical, social, and psychological environment.

3. The need for methods analysis can come from changes in tools and equipment, changes in product or service
design, introduction of new products, changes in methods and procedures, and changes in government regulations or
contractual agreements.

4. The approaches to work measurement include historical data, time study, predetermined data, standard data, and
work sampling.

5. Flow process charts and manmachine charts are useful in reviewing and analyzing operations in terms of sequence
and workflow. They provide a visual mode of the work.

6. A time standard reflects the length of time a given task should take a qualified worker who works at a sustainable
rate, using given methods and equipment, given material inputs, and a given workplace arrangement.

7. Theinformation provided by time study is useful for scheduling, budgeting, manpower planning, cost and time
estimation, designing incentive systems, and the like.

8. The procedure for developing atime study isto divide the task into smaller work elements, observe the time to
perform each element several times, rate the performance of each work element, determine the normal element time,
determine allowance, and determine the standard time.

9. Thelearning curve theory has found useful applicationsin many areas, including budgeting, purchasing, and
inventory planning; scheduling labor requirements; setting incentive wage rates; pricing new products; and
evaluating suppliers' price quotations.

10. Job enrichment by definition moves away from specialization, which, from a purely mechanical standpoint, isthe
most efficient way of work. Sociotechnical approaches include job enrichment as a design strategy and in addition
emphasize worker and work group autonomy. Thus, managers and industrial engineers have legitimate concerns
about the implications of these approaches on output, planning and control.

Practical Application

1. CT =5 minutes, PR = 1.05, A = 25%. So, NT =5 x 1.05 = 5.25 minutes; ST = 5.25(1.25) = 6.5625 minutes.
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2.
Cycle of Observation

Activity 1 2 3 4 5 Average Performance Normal

Rating (PR) Time

Get casting 021 021 021 023 020 0.21 0.95 0.201
Fix into fixture 027 028 025 026 025 0.26 0.90 0.236
Drilling operation 104 105 100 104 104 1.03 1.00 1.034
Unload 021 119 025 020 022 041 0.95 0.393
Inspect 025 026 024 021 025 0.24 0.80 0.194
Replace 012 012 010 012 013 0.12 1.10 0.130

Normal time=2.188
Plus allowance (15%) = 2.516

3. Notethat s=0.02, z= 1.645, and e = 0.01.

z 1.645(0.02) :
oo | - 108

A sample size of 11 (or more) will provide the required precision.

4.
a
z\'_ — 1.96 |’
n= |~ p(1-p) = 505 (0.3)0.7) = 322.69 or 323 observations
05
b.
e = z 4/ p(1 - p)/n =196 4/(0.3X0.7)/400 = 1.96(0.0327) = 0.064
5. TheNT is
160 x 0.85 % 1.0
Normal time = &0 = 2.27 minutes per piece
§T= 227 x 1/(1 = 0.01) = 2,50 minutes per piece
6. See Figure 6.3.
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Gel Stapler
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Right Hand

Count Off the Requisite
Mo. of Pages

Hold These Pages

Get Pen

Write the Number on the
Sheet and Examination Sheets

Replace Pen

::J\> Place in the Appropriate Right Bin
il Number Is Even

Figure 6.3.

Operation Chart for the Activity of
Preparing Midterm Examinations

7. See Figure 6.4.



Worker Machine 1 Machine 2

Load Operation
20 20 20
Unload
40 , 40
Operation
Load
60 60
g5 | Idie 65
Operation
Unload
85 85 85
Figure 6.4.

Multiple Activity Chart

< previous page page 203 next page >



< previous page page 204 next page >
Page 204
a. Operator utilization = 80/86 = 93.7%

b. Total output = 2 piecesin 85 seconds, or (3,600/85) x 2 = 84.7 pieces per hour
8. Thetimefor theinitial unit is64/.8 = 80 hours. Using Table 4 in Appendix Il we find:
a. Unit time for eighth unit: 80 x 0.512 = 40.96 hours

b. Total timefor ten units: 80 x 6.315 = 505.2 hours

0.
a. Before going to Table 4 in Appendix 11, we determine the factor 24 minutes/60 minutes = 0.4, which
corresponds to the 4.02 in the table. Thus, there is approximately a 75% learning percentage.
b. The total time for 10, using 75% is 60(5.589) = 335.34 minutes, or about 6 hours.
10.
a. The 80% learning theory says that as cumulative quantities double, average time per unit falls to only 80% of
the previoustime. Therefore, the following data can be constructed:
Quantity (units) Time Cost ($) Average Cost Per Unit ($)
500 120,000 240
1,000 192,000 192 (80% x $240)
2,000 308,000 154 (80% x $192)
Thus,
Quantity Total Cost ($)
2,000 308,000
500 120,000
1,500 188,000

Thus expected labor-related costs for the 1,500 units of output is $188,000.
b. $125.33 per unit ($188,000/1,500 units)
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-
Facilities Design and Layout

KEY TERMS

cycletime
time required to produce one item on an assembly line.

fixed-position layout
layout in which the construction of alarge product is accomplished in one place.

group layout
layout in which machine groups are arranged to process families of parts with similar characteristics.

group technology
concept for identifying and classifying part families to efficient mass-production-type layouts. It can be designed for
items usually manufactured by a process layout.

heuristic line balancing technique
technique involving the generation of a precedence diagram (technological sequencing requirements) in a particular
way, which indicates the flexibility available for shifting tasks from column to column to achieve the desired balance.

line balancing
process of distributing the workloads evenly.

process layout
layout in which machines or activities are arranged by function.

product layout
layout in which equipment is arranged based on the sequence of operations performed on a product or group of
products.

systematic layout planning

generalized approach to layout that indicates nearness priorities, taking into account factors other than transportation
Cost.
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Selection of a site does not complete al location considerations. After a site has been determined, the focus narrows

to the location of various functionsinside the work facility. Locating functions within afacility is called layout, plant

layout, facility design, or facility management. Layout refers to the efforts involved in selecting specific locations for

each department, process, machine, support functions, and other activity that will be a part of the operations at a

facility. The need for alayout may arise for one or more reasons such as the following:

A new process or method becomes available.

The volume of business changes.

A new product or serviceis offered.

A new facility isto be built, or an outdated one isto be remodeled.

The demanded mix of goods or services changes.

Existing products or services may be redesigned, changing operations at afacility.

Layout of Facilities
In planning any operations system, no matter what type (intermittent, continuous, or batch), the major concern of the
manager isto facilitate the flow of inputs. The layout of the processing facilities is a key to the achievement of this
goal. Thisinvolves determining the best location of the equipment within the physical facilities to make the flow as
close as optimal as possible.
The major goals of agood layout are to

Minimize materials-handling costs,

Reduce bottlenecks in moving material or people,

Provide flexibility,

Provide ease of supervision,

Utilize available space effectively and efficiently,

Reduce hazards to people, and

Facilitate ergonomics, coordination, and communications wherever appropriate.
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Material-Handling Methods

Because of the nature of product line layout, some direct means of transportation between operationsis required.
Thus, quite often, conveyors, industrial trucks, cranes and hoists, or gravity chutes can be used effectively. Where
possible, the functions of internal transportation, processing, and storage can be integrated, all being accomplished on
conveyor lines, asin many assembly operations.

Like the processing equipment itself, material-handling equipment in product layout tends to be special purpose,
often designed for the specific situation.

Classical Layout Types

The activities involved in production or service operations may be grouped and arranged in a variety of ways.
Several popular types of layout are product layout, process layout, and fixed-position layout or a combination of
them. In the product layout, the product and its flow dictate the design. In the process layout, the basic organization
of technology is around processes. In the fixed-position layout, the construction of alarge product is accomplished in
one place.

Product Layout

Product layout, also called mass production layout, line layout, and straight-line layout, is employed when the
product is produced through a continuous process. Here the raw material enters the production line, and operations
are performed on it in sequence until it goes out as a finished product. The product moves continuously, perhaps
down a conveyor line past successive workstations where men and machines perform the necessary operationsin
sequence. Automobile and home appliance lines are examples of this type of layout. A schematic illustration of the
nature of the product layout is shown in Figure 7.1.
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Prosduct A
Planing Milling Grinding Dwill Inspection
£ Press ¥
= =
o &
Product B
. 1] 1] [} —
Dirill Turning Milling Painting Inspection
Fress
Figure 7.1.

Schematic Representation of a Product Layout

When the conditions for product layout are met, we have alow-cost, highly specialized, very productive system. The
requirements follow:

An adequate volume that makes possible reasonabl e equipment use.
Stable product demand.

Product standardization.

Part interchangeability.

Continuous material supply.

The main advantage of product layout isitslow production cost per unit. Production control isrelatively simple,
because product designs are stable and routes through the system are standardized.

The disadvantages of product layout are that the investment in single-purpose equipment is high, and the system is
therefore open to obsolescence if product designs change. Also, if a machine in the sequence breaks down or men are
absent, not only is the processimmediately affected delayed but perhaps the entire line is delayed. Thus, seemingly
minor stoppages or material shortages could be very costly. Also, the highly repetitive nature of the work has
resulted in low job satisfaction and morale in many instances.

Product layout is most commonly used with assembly operations. Fabrication lines are less common because of the

difficulty in attaining balance between operations. A common combination is for fabrication operations to be
organized on a process basis and assembly on a product or fixed position basis.
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Process Layout

In process layout, often called functional and job lot layout, all machines or processes of the same generic type are
grouped together in what are commonly called machine centers or departments. The departments are technologically
specialized in such processes as turning, grinding, heat treating, painting, assembly, castings, accounts receivable,
and typing. This layout is suitable for batch or intermittent production. Workshops producing small quantities of
products or factories producing batches of made-to-order products are examples of thistype of plant layout.

The great advantages of process layout lie in the use of highly skilled workmen and/or very expensive equipment.
The machines themselves are usually general purpose so that awide variety of products, parts, sizes, and the like can
be accommodated. Also, the items being processed may follow diverse paths through the various departments. Thus,
flexibility is the watchword: flexibility of path, flexibility of product design, flexibility of lot size. If one machine
breaks down, work can be transferred to a nearby machine that can do similar work, and the delay will rarely
interfere with the progress of other orders through the plant. Process layout is particularly adaptable to parts and
products made in relatively small batches because the machines and men are flexible.

The disadvantages of process layout stem from the general-purpose nature of the equipment and the great flexibility
of the system. Orders moving through a process layout are likely to take considerable time. Work routing,
scheduling, material handling and transportation, and cost accounting are relatively expensive because each order is
treated as a unit. A schematic representation of a process layout is shown in Figure 7.2.

Turning Planing Grinding

Receiving
Shipping

Fainting

T — i (: }_+
Ll t] Drilt Press L

Process  Flow

Product A O

Product B —

Figure 7.2.
Schematic Representation of a Process Layout
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The major economic problem of process layout lies in determining the relative location of the departments. Ordinarily,

there are many possible combinations of relative arrangements; for example, for ten departments there would be 36,288

possible arrangements (10 factorial). Therefore, enumeration of each possibility isimpossible.

Group Layout

Group layout is a hybrid approach combining the features of product layout in a process layout context. It isused in
more structured job shops.

Cedlular Layout

Thisis also a product-oriented layout and is useful when volumes do not warrant a specialized line to produce one
product. Several operations are grouped together to produce one item or afamily of goods, which use the same
sequential set of operations. Cells are often formed by "stealing" equipment from various process-oriented areas, and
personnel are cross-trained for several jobs. Thisistypical of just-in-time (JT) manufacturing.

Fixed-Position Layout

In afixed-position layout, very large items such as large aircraft or residential construction product stay in afixed
location, and all the equipment and personnel are brought to it.

YOU SHOULD REMEMBER

Advantages Disadvantages
Product Layout High utilization of equipment Lack of process flexibility
Reduced material handling High-cost specialized equipment
Less in-process inventory Worker monotony
Simplified production Interdependent operations

planning and control

Process Layout Flexibility of equipment and Costly materia handling
worker
L ow-cost general -purpose Low equipment use
equipment
Higher job satisfaction Complex control and supervision
Low work breakdowns High-cost skilled labor
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Advantages Disadvantages
Fixed-Position Lower movement of the work Need of skilled and versatile
Layout item workers
More continuity of assigned Costly movement of equipment
work force Low equipment use

Minimization of Materia-Handling Cost

The magjor criterion for selecting good arrangements is material-handling cost. Because each product may take a
different route through the system, the relative location chosen can result in avery large material-handling cost or a
relatively small cost. Our objective, then, isto minimize the total incremental material handling cost C. In other words,

C=LXX A; X;= minimum

where Alij is the number of loads per unit of time transported between departmentsi and j, and Xij is the distance
between departmentsi and j. Thus, it is only the distance-related material-handling cost with which we are concerned.
The pickup and set-down costs are presumed to be the same for all alternative arrangements.

Systematic Layout Planning

Systematic layout planning is a generalized approach to layout that indicates nearness priorities, taking into account
factors other than transportation cost. Developed by Richard Muther, the method uses a half matrix or asimilar
equivalent grid to display the relative importance of the distance between |ocations such as departments (see Figure 7.3).
The diamond-shaped boxes on the right-hand side of the figure are used to indicate the desired relationships between the
two departments that intersect. A letter (a, g, i, 0, or X) is used to depict the desired relationship, and a number is used to
indicate a reason for the relationship.
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Department A
Department B
Department C
Department D
Department E
Department F
Figure 7.3.
Nearness Priorities in aMuther Grid
Nearness Degree of Reason Possible
Priority Importance Code Reasons
Code
a Absolutely necessary 1 Use same equipment
e Very important 2 Use same records or personnel
i Important 3 Work flow facilitated
o] OK, ordinary importance 4 Ease of communication or supervision
u Unimportant 5 Unsafe conditions
X Undesirable

Theainthe matrix indicates that it is absolutely necessary that departments E and A be near each other. The esindicate that department
F should be near department E and B and that department C should be near D. The xs indicate that department F should not be near D or
A. An example layout of afacility that meets these conditions is shown in Figure 7.4.
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Figure 7.4.
A Layout That Meets the Priorities of Figure 7.3

Computerized Plant Layouts

The number of possible layout designs, even with asmall number of departments, is so large that evaluating a
considerable number of possibilities requires the aid of a computer. Several computer software programs are available
for developing and analyzing process layouts, including the ALDEP (automated layout design program), CORELAP
(computerized relationship layout planning) and CRAFT (computerized relative allocation of facilities technique)
programs. The first two programs rank the desirability of closeness of departments to each other, whereas the CRAFT
program uses the quantitative measure of minimizing the total transportation costs between them and material-handling
costs.

YOU SHOULD REMEMBER
Computer-generated layout plans may not be implemented directly. Constraints such as the shape of departments,

existing ventilation and sewage systems, natural lighting requirements, and the like must be superimposed upon these
results.
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Product Layout and Line Balancing

Because al operations are geared to the flow of the product in product layout, the central problem in design isto
divide the necessary operations in such away that smooth flow results. We attempt to assign the work in a manner
that minimizes the number of work stations and labor and other resources to perform all the operations. This attempt
will therefore minimize idle time.

Balance refersto the equality of output at each stage in the sequence of aline. If the outputs are all equal, balanceis
assumed to be perfect, and if they are unequal, we know that the maximum possible output for the line as awhole
will be determined by the slowest operation in the line, the bottleneck operation. Thus, where imbalance exists, we
have idle capacity in all other operations except the bottleneck operation.

Given a solution to the line balance problem for a particular application, the necessary detailed layout of lines and
support areas, aisles, service area, and the like, must follow.

The Line Balance Problem

Line balancing is the process of distributing the work |oads evenly, that is to group and/or subdivide activities or
tasksin such away that all job stations have an equal amount of work to do in terms of the time required to perform
the tasks. The ideaisto obtain the desired level of output with the minimum input of labor and other resources.

In order to start with the greatest flexibility in alternatives to achieve balance for a specified rate of output, we need
to know the performance times for the smallest possible whole units of activity called tasks, (e.g., tightening a nut,
attaching awire, or soldering awire). We aso need to know the technological constraints that may require certain
sequences of these activities. Simple examples of these technological sequence constraints are a hole that must be
drilled before it can be reamed, before it can be tapped; a washer that must go on the bolt before the nut; and wheel
nuts that must be assembled and tightened before the hub cap can be placed. But not all tasks have restricted
sequences, and this represents the remaining flexibility.

Figure 7.5 shows a network drawing of a precedence relationship givenin Table 7.1.
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Table 7.1. Work Tasks Sequence

Task Immediate Predecessor Task Time
a 0.3
b 0.9
c a 10
d b,c 04
e d 0.8

Figure 7.5.
Network

The network suggests, for example, that task b cannot be started until a is completed; b must be done before d can be
started; and b can occur either before or after c. The numbers below the nodes give the average task performance timein
minutes. Consider now the assignment of the tasks to work stations. The total time available at each station depends on
the required output of the process, which in turn depends on the expected sales or usage rate of the output.

EXAMPLE 1

In Figure 7.5, suppose that a unit must be produced every 1 minute. A quick examination of the network reveal s that
no two tasks could be combined within a single station. Tasks a and d, if combined, would fall within the 1-minute
time limit. They cannot be assigned to the same station, however, because tasks b and ¢ must be performed between
tasks a and d. Thus, the job would require five separate work stations. This resultsin arather low labor utilization
level. The total amount of actual work accomplished is equal to the sum of the task times, or 3.4 minutes. However,
five workers are occupied for 1 minute each for atotal labor time of 5 minutes or alabor utilization rate of
3.5/5=0.7 = 70%.

Despite the problem of balancing the line, the continuous process has economic advantages, such as reduced materials
handling, smaller facility and tool investment, and lower skill requirements that can be achieved when sales volumeis
sufficiently large.
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For line balancing, two important pieces of information are required:

The sum of the task times, indicating the maximum cycle time of the line.

The length of the longest elemental task, indicating the minimum possible cycle time.

These are important because they can be used to determine the upper and lower bounds on a line's output potential.

We will need to compute the following:

Daily capacity:
Cutput o1
utpu T

where OT = operating time per day and CT = cycletime.
The minimum number of stations necessary to provide a specified rate of output:

Dy
T

N=

where N = minimum number of stations, D = desired output rate, = t = sum of task times, and OT = operating time.
The cycle time needed to obtain a desired level of output:

or . OF
- D

where OT = operating time per day and D = desired output rate.

Idle time per cycle per station:

Idle time per station = Cycle time — Station time

The percentage of idle time:

Percentage of idle time = Idle time per cycle/(Nx CT)
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EXAMPLE 2

Suppose that the work required to fabricate a certain product can be divided up into five elemental tasks, with the
task times (in minutes) and precedent rel ationships as shown here:

0.7 1.0 0.5

0.1 0.2

Assume that the line will operate for 8 hours per day (480 minutes). With a cycle time of 1 minute,

oT
Output = o " 480 minutes per day/1 minute per unit

= 480 units per day

Suppose that the desired rate of output is the maximum of 480 units per day. The minimum number of stations
required to achieve thisgoal is

DXt
T

i
&

= (480 units per day x 2.5 minutes per unit)/480 minutes per day per station
= 2.5 stations.
Because 2.5 stationsis not feasible, we usually round up to 3 stations.

Combining the five tasks into 3 workstations with a cycle time of 1 minute results in the following assignments:

Station 1 Station 2 Station 3
aand b p——yin c el ] and e

Theidle times follow:

Station Station Time Station Idle Time
1 0.8(0.1+0.7) 0.2(10.8)
2 1.0 0(11)
3 0.7 (0.5+0.2) 0.3(10.7)
Total

Percentage of idle time = Idle time per cycle/(N x CT) = 0.5/3(1.0) = 16.7%
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Balancing Techniques

Much work has been done to develop models that produce optimally balanced lines. There have been a large number of

proposals for theoretical and practical methods for solving the line balance problem. Some of the proposals have been

attempts to deal with large-scale balance problems, particularly those involving 75 to 100 tasks or more and line lengths

involving 10 to 15 stations or more. We will discuss first a method useful in handling problems of moderate size, called

heuristic line balancing and then amodel for handling very large problems, known as the COMSOAL technique, which

is a computer-based sampling methodol ogy.

The Heuristic Line-Balancing Technique

The heuristic line-balancing technigue involves the generation of a precedence diagram (technological sequencing

requirements) in a particular way, which indicates the flexibility available for shifting tasks from column to column to

achieve the desired balance. The heuristic rules are effective in reducing the number of alternatives that must be

considered, but they do not guarantee an optimal solution. The heuristic method has been applied to television assembly

line problems with 45 and 133 tasks and has achieved excellent results.

Some of the most widely used heuristic rules are:

Assign tasks to work stations, longest tasks first, and continue until al tasks have been assigned.

Assign tasksin order of most number of following tasks.

Assign tasksin order of most number of preceding tasks.

Assign tasks according to positional weights, which is the sum of atask’s time and the times of al the following tasks.

EXAMPLE 3

Consider the tasks in the following table. Management wishes to balance the line with the intent of minimizing idle
time. Assume an output rate of 275 units and 440 minutes available per day. Task times are in minutes.

Task Immediate Predecessor Task Time
0.3
b 0.6
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Task I mmediate Predecessor Task Time

0.4
1.2
0.2
0.6
0.1
0.5
0.3

-~ O Q O

= (o]
o Q O Q O T 9

The precedent diagram looks like this:

oY

0.3 0.4

()

0.3

0.6 12

The appropriate cycletimeis

0.6

OT
CT = o " 440 minutes per day/275 units per day = 1.0 minutes

The minimum number of stations required is

F s
oT

For illustrative purposes, we will assign tasks using the positional weight rule. That is, assign tasks with highest
following times (including its own time) first and, in case of atie, use the greatest number of the following tasks.

N -

= (275 units per day x 4.2)/ 440 minutes per day = 2.6 (rounded to 3)
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Station Task Time Remaining Feasible Next Task

1 b 3.2 a

a 18 C

C 15 None
2 d 2.6 c

C 11 g

g 0.9 None
3 f 14 h

h 0.8 [

[ 0.3 None

The resulting assignments are

Station 1 Station 2 Station 3
a,c b = e g d — b, i, f
(1.3 minutes) (1.5 minutes) (1.4 minutes)

Note that the time needed to produce 275 units will be 275 x 1.5 minutes = 412.5 minutes. With 440 minutes per day
available, thisleaves 27.5 minutes of "slack." Thistime could be used for work breaks, for equipment maintenance, or
to produce additiona units.

The COMSOAL Technique

COMSOAL uses acomputer routine, which generates afairly large number of feasible solutions through a biased
sampling method. The best solutions in the set become alternative solutions to the line-balancing problem. The universe
from which we are sampling is, of course, all the possible feasible solutions to the particular line-balancing problem.
Thereisafinite probability that we can turn up optimal solutionsin this fashion, adlightly large probability that we can
turn up the next best solutions, and so on. The probability of developing excellent solutionsis related to the size of the
sample. Obviously, thetrick is to generate feasible solutions rapidly and to bias the generation of these solutions toward
the better ones rather than to simply generate feasible solutions at random. The COMSOAL technique has been
implemented by Chrysler Corporation and other concerns. It has been applied to a hypothetical line with 1,000 tasks and
aknown
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optimum of 200 stations with zero idle time, and a sequence requiring 203 stations resulting in 1.48% idle time.
Auxiliary Balancing Techniques

If the bottleneck operation is substantially out of balance, careful motion studies and/or the design of special tools may
result in atime reduction. Also, when there are operations with large idle time, which cannot be combined into asingle
station, as is often true for machine operations, material banks before and after the fast operations may be required.
These operations may then be run for only a small portion of the day, and where the work is compatible, asingle
operator can man them all by a schedule. The material banks provide work for the subsequent operations when the fast
operations are shut down.

YOU SHOULD REMEMBER

Line-balancing solutions offered by the heuristic approach are abstract and for real problems. The grouping of tasks
reguires consideration of factors other than precedence relationships (e.g., space limitations, technical problems, and
incompatible operations) that complicate the problem and restrict aternatives.

A Plant Layout Decision

As discussed earlier, many plants use a combination of process and product layouts. The most common types of layouts
found in industry are process and product layouts. There is aless common but basic type of layout known as a fixed-
position layout. In this type of layout, the product being manufactured remainsin afixed position whereas machine,
employees, materials, and supporting services are brought to it.

Fixed-position layouts, process layouts, and product layouts can be compared in terms of fixed costs and variable costs.
Typically, fixed-position layouts have the lowest fixed costs, process layouts have higher fixed costs, and product
layouts have the highest fixed costs. Offsetting this situation is the fact that the situation is usually the opposite with
respect to variable costs.

Because of these cost relationships, the break-even point increases as one moves from fixed-position layouts to process
layouts to product layouts. Further, the volume at which a product layout becomes more eco-
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nomical than a process layout is higher than the volume at which a process layout becomes more economical than a
fixed-position layout.

EXAMPLE 4
The Levy Furniture Company is contemplating a new production facility for its Distressed Productsline. A fixed-
position layout involves afixed cost of $15,000 and a variable cost of $50 per unit. A process layout involves a higher
fixed cost of $24,000. However, variable costs are only $30 per unit. A product layout has the highest fixed cost at
$32,500, but variable costs are only $20 per unit. The selling price is $150 per unit. Using the break-even analysis
discussed in Chapter 4, the break-even point can be computed as follows:

Recall that

__fC
%= P-W)

where xbe = break-even point, P = price or average revenue per unit, V = unit variable cost, and FC = total fixed
costs.

For afixed-position layout, xbe = 15,000/(150 50) = 150 units.
For a process layout, xbe = 24,000/(150 30) = 200 units.
For a product layout, xbe = 32,500/(150 20) = 250 units.

The fixed-position layout is most economical. The process layout is best when production exceeds 450 units, and the
product layout is best when production exceeds 850 units. These production levels are derived as follows:

24,000 + 30X = 15,000 + 50X
X = 450
32,500 + 20X = 24 000 + 30X

X =850

These relationships are plotted and compared in Figure 7.6.
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Figure 7.6.

The Break-Even Chart
Know the Concepts

Do You Know the Basics?

next page =
Page 223

Fixed-position
layout

Product layoul
Process layout

1. Describe the goals of process design and layout. Give some of the reasons why such studies are initiated.

2. List the major types of facilities layouts used in production.

3. Discuss some of the problems associated with designing production lines.

4. Discuss the concept of group technology and its importance in production.

5. What kind of layout is used in a physical fitness center?

6. What is the objective of assembly line balancing? How would you dea with the situation where one worker, although
trying hard, is 20% slower than the other ten people on aline?

7. What information of particular importance do route sheets and process charts provide to the layout planner?

8. Discuss JIT in ajob-shop layout and in aline layout.
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fixed-position layout
flow process chart
group layout

group technology
layout
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line balancing
material handling
process layout
product layout

1. A small part can be made (1) on an ordinary general-purpose lathe, which is easy to set up but not very efficient in
production; (2) on aturret lathe, which is more costly but produces at lower unit cost onceit is set up; or (3) with
automatic screw machines where volume begins to count and where setup costs are much higher but operating costs
are much lower. It costs $2.50 to set up an ordinary lathe, after which operating, material, and scrap cost is $0.45 per
unit; turret lathes cost $5.00 to set up and $0.20 per unit; and automatic screw machines cost $15.00 to set up but
only $0.04 per unit. Determine the crossover point among lathes, turret lathes, and automatic screw machines.

2. Given the following data:

Station
1

2
3
4

Cycle time = 5.1 minutes.

4.2
4.7
4.4
4.8

Station Time (minutes)

a. Compute the station idle time and the total idle time per cycle.

b. Determine the percentage idle time.

3. Determine the minimum number of workstations needed for the following data:

Operating time = 480 minutes per day
Desired output = 80 units per day

The sum of task times (=t) = 56 minutes
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4. Consider the tasks in the following table. Management wishes to balance the line with the intent of minimizing
idle time. Assume an output rate of 400 unitsin an 8-hour work day. Task times are in minutes.

Task Immediate Predecessor Task Time
a 0.2
b a 0.2
c 0.8
d 0.6
e b 0.3
f de 1.0
g f 04
h g 0.3
>t=38

a. Draw the network.
b. Calculate the cycle time needed to obtain the desired output.
c. Find the minimum number of workstations required.

d. Assign tasks to workstations using the rule: (1) assign tasks according to the greatest number of the following
tasks and (2) in case of atie, use the longest task time first.

e. Can the solution obtained in part d be improved?

5. Departments A, C, D, and E should be 40 feet x 40 feet. Department B should be 40 feet x 80 feet. Arrange these
five departments in an 80-feet x 12-feet space so that the layout meets the conditions specified in the matrix.

Department A

Department B

Department C

Department D

Department E
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6. Given the following layout of six different departments and the frequency of movements among them along with
the distance between each department, determine if less material handling is achieved by switching Department D
and F. Assume the diagonal distance to be 2 units and the horizontal/vertical distances between adjacent departments
to be 1.

To A B C D E F
From
A 0 10 5 5 10
5 0 5 10 5
C 2 10 0 5 5 1
D 5 10 2 0 5 5
E 10 5 0 0 0 5
F 0 10 5 0 5 0
Present Layout Proposed Layout
A B A B
C C F
E F E
Answers

Do You Know the Basics?

1. The objectives of process design and layout are to improve the flow and control of work, reduce costs resulting
from handling and inventory, minimize facilities investment, improve space utilization, and improve worker morale.
Such studies are initiated when a new facility is built, a change in production volume arises, new products are
introduced, or new processes or equipment isinstalled.

2. They are product layout, process layout, fixed-position layout, and group layout.

3. There are anumber of design alternatives and several types of material-handling equipment to choose from.
Furthermore, the performance of a system design is often unpredictable because of the complex interaction of
equipment and parts in process.
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4. Group technology is designed to use mass production layout and production techniques for small batch systemsin
order to reduce setups and handling. Theideaisto group families of parts requiring similar operations and treats
them as a batch of similar parts.

5. In process layout similar equipment or functions are grouped together; for example, rowing machines arein one
area and weight machines in another. The exercise enthusiasts move through the fitness center, following an
established sequence of operations.

6. The goal isto create an efficient balance between the tasks and workstations to minimize idle time. If the
employee is deemed valuable, training may enhance his/her speed. It is also possible to place aworker in the
"choice" job (i.e., that workstation that has most idle time) to adjust for the slowness. Also faster workers may assist
the slowpoke if the balance and physical features of the line permit.

7. Route sheets and process charts tell the layout planner the sequence of steps and the processing times. Thisis
critical to planning effective use of plant facilities.

8. JIT can be applied in avariety of organizational process flows. Even though the pure JIT applications are often
thought of as aline improvement, J'T can work in services or in job shops. In ajob shop, any repetitive work can be
organized and arranged as aline flow. Thisvisibility of the process allows application of JIT.

Practical Application

1. The cost formulas for making this part on these three kinds of machines are (with x being the quantity to be made
each time the machine is set up):

Lathes $ 2.50 + $0.45x
Turret lathes $5.00 + $0.20x
Automatic screw machine $15.00 + $0.04x

To find the exact crossover points, it is necessary to set the equations for the two methods being compared and
solve for x. For example, the comparison of lathes to turret lathesis

£ 2.50 + $0.45x= §5.00 + $0.20x
$0.25x= $2.50

Xx= 10 units
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Similar calculations comparing lathes to automatic screw machines and turret lathes to automatic screw machine
yield the other two crossover points at 30 units and at 63 units, respectively.

So, for orders under 10 units, use alathe; for 10 to 63 units, use a turret lathe; and above 63, use an automatic
screw machine.

2.
a
Station Station Time Station

(minutes) Idle Time
(minutes)

1 4.2 0.9

2 4.7 0.4

3 4.4 0.7

4 48 0.3

Total 18.1 2.3

b. Percentage of idle time = Idle time per cycle/(N x CT) = 2.3 minutes/4(5.1 minutes) = 11.27%

3. The minimum number of stations required is

DE 4
OoT

= (80 units per day x 56 minutes per unit)/480 minutes per day per station

N =

= 9.33 (rounded to 10 stations)

a. The precedent diagram looks like this:

(D—)—(
0.2 0.2 0.3 o @_.,@
0.4 0.3

e 1.0

0.8 0.6
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b. The appropriate cycletime CT is
oT .
CT = o= 480 minutes per day/400 units per day = 1.2 minutes per cycle

¢. The minimum number of stationsrequiredis

N= :f'_]: = (400 units per day x 3.8)/ 480 minutes per day = 3.17
(rounded 1o 4)
Station Task Time Feasible Task with
Remaining Next Task Most
(Minutes) Followers
1 a 1 b,c Tie
0.2 b,d b
0 None
2 d 0.6 e e
e 0.3 None
3 f 0.2 None
4 g 0.8 h h
h 0.5 None
The resulting assignments follow
Station 1 Seation 2 Station 3 Station 4
d, br o = & o F b £ 1]
1.7 minutes) 0.9 rminwte) i1 minute) (0.7 minute)

< previous page

page 229

next page >



< previous page page 230 next page >
Page 230

e. Yes. It can be improved upon by moving task b to station 2. Thiswould reduce the idle time of the system.

5.
B
C E
D A
6.
Present L ayout
From A = (10)(2) + 5(2) +5(2) + 10(3) = 60
B=5+5+30+10= 50
C=2+20+5+5+2= 34
D=10+10+2+10+5= 37
E=20+15+5= 40
F=20+10+5= 35
256

Proposed L ayout




FromA =10+15+10+20= 55

B=5+10+30+5= 50
C=2+20+10+5+1= 38
D=15+20+4+5+5= 49
E=20+15+10= 45
F=10+5+10= 25

262

There are no savings in material handling. There will be an increase of 6 units for the proposed layout.
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8
Aggregate Planning and Master Scheduling

KEY TERMS

aggregate production planning
establishment of aggregate production and inventory levels over a medium range time horizon.

assignment problem
problem of determining how the assignments should be made in order to minimize total costs.

chase plan
aggregate production plan that adjusts capacity in response to seasonal demand.

due date
promised delivery date.

Johnson'srule
technique that can be used to minimize the completion time for a group of jobs that are to be processed on two
machines or at two successive work centers.

level plan
aggregate production plan that maintains a uniform output rate.

loading
allocating work loads to specific work.

master production schedule (MPS)
time-phased statement of how many finished items are to be manufactured. It is obtained by disaggregating the
production plan and is the primary input to material requirement planning (MRP).

priority rules
simple heuristics used to select the order in which the jobs will be processed.

rough-cut capacity planning

analysis of the master production schedule to determine the feasibility with respect to capacity limitations (e.g.,
warehouse facilities, equipment, labor).
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scheduling
assignment of work to afacility and the specification of the sequence and timing of the work.

sequencing
determination of the order in which afacility isto process a set of jobs.

SPT (shortest processing time)
scheduling rule that chooses jobs in order of shortest processing time first.

tardiness
amount by which completion time exceeds the due date.

Production planning and master scheduling involve the determination of future production levels over atime horizon of
several months to one year. The production plan sets an intermediate-range goal for the company's products and
capacity utilization in total, whereas the master schedule provides the input for detailed scheduling and control at the
operational level. Poor production planning can lead to excessive inventory levels or back orders and thus increase cost
or reduce customer service. Therefore, production planning isimportant in helping afirm to achieve its productivity
goals. In this chapter, we discuss basic concepts and tools used in aggregate production planning and master scheduling.
This provides the basis for materia requirements planning (MRP), which is discussed in Chapter 10.

The Production Planning Process

Aggregate production planning is the development of monthly or quarterly production requirements that will meet the
estimates of demand. Gross capacity considerations must be taken into account during production planning.

Once a production plan is made, it must be desegregated into time-phased requirements for individual products. This
plan is called the master production schedule (MPS). The MPS usually states weekly product requirements over a 6- to
12-month time horizon. The MPS is not aforecast but rather a schedule of when production should be completed.
Operating personnel make detailed plans for the procurement of materials, the production of components, and the final
assembly of the finished goods using the MPS.

The final element of the production planning process is called rough-cut capacity planning. Thisinvolves analyzing the
MPS to determine if sufficient capacity is available at critical pointsin the production process and
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any potential bottlenecks might occur. This provides arapid determination of the feasibility of the MPS. Rough-cut capacity planning

generally covers a 3-month time horizon. Figure 8.1 illustrates the essential elements of the production/operations planning and
scheduling process.

Forecasts

l / Orders
}Mmmd Estimation

Aggregate Production Planning (e——»| Capacity Planning

l

Master Production Schedule |«— 5| Rough-Cut Capacity
Planning

Operational Scheduling

Inventory Adjustments

Figure 8.1.
The Operations Planning and Scheduling Process

Aggregate Planning

Aggregate production planning and scheduling deals with the overall planning and scheduling of the use of various sources of capacity
in relation to demand. Stated dightly differently, it deals with the allocation of the various sources of capacity to demand over some
planning horizon. The various sources of capacity to which we refer are

Variationsin the size of the work force.

Variationsin the production rate, including the number of hours worked (overtime and undertime).
Variationsin inventory level, including the possibility of negative inventory (lost sales and/or back orders).
Variable use of subcontracting.

Combinations of two or more of the above.
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Thus, aggregate planning and scheduling is an expression of the policies and procedures by which the enterprise will
absorb fluctuations in demand.

A few methods of aggregate planning are listed next and are grouped in the four major categories.
Trial-and-error method
M ethods attempting to model cost and selecting the least-cost program
Transportation method of linear programming
Linear decision rule (LDR)
Heuristic decision rules
Management coefficients model
Search decision rule (sdr)
Rough-cut capacity planning
Trial-and-Error Method
A graphic development of a master production plan and schedule serves to illustrate the nature of the problem. Table
8.1 shows ayear's forecast of production requirements for a seasonal product. Figure 8.2 shows the production

requirements graphsin relation to available production days and illustrates schematically the impact of the seasonal
demand.

Table 8.1. Production Requirements

Month Monthly Cumulative Normal Cumulative
Demand Demand Production Normal
Forecast Forecast Daysin Production
(units) Month Days
April 1,600 21
1,600 21
M 3,000 43
Y 1,400 22
June 4,200 65
1,200 22
July 5,200 86
1,000 21
August 6,700 109
1,500 23
tember 8,700 130
=P 2,000 21
October 11,200 151
2,500 21
November 13,700 171
2,500 20
December 16,700 191
3,000 20
January 19,700 211

3,000 20



February 22,200 230

2,500 19
March 24,200 252
2,000 22
Totd
24,200 252
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Figure 8.2.
Cumulative Production Versus Cumulative Production Days

For planning purposes, plotting the requirements on a cumulative basis is simpler and more effective. Figure 8.2 also
shows the graph of cumulative production requirements and cumulative maximum requirements, together with three
feasible production programs.

We will use an example to discuss trial-and-error method of aggregate planning. This example considers three
alternative operating strategies:

Uniform output rate (level) plan

Variable output rate (chase) plan

A mixed strategy

We assume the following datafor Giant Sail Company, a maker of boat sails:
The typical sail requires 20 hours to make.

Each employee's working hoursis 8 per day.
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1,000 units of inventory will be on hand at the start of the planning horizon (i.e., April).

The costs of hire and layoff are $300 and $200, respectively.

The cost of holding an item in inventory is $6 per month for the average amount in inventory, including work-in-process.

The number of employees at the beginning of the planning year will be set equal to the number of employees at the end.

Plan 1Uniform Output Rate (Level) Plan (Varying the Inventory Level)

The uniform output rate (level) plan considers maintaining a uniform (level) production rate so that al the variation in demand is

accommodated by inventory that will be accumulated during part of the year. This strategy thus keeps constant labor force. This strategy is

indicated by the line with diamonds in Figure 8.2. Note that this plan is feasible if backordering is permitted or if inventory is held.

Because the company needs to make 24,200 unitsin 252 days, it must produce at an average rate of at least 96.03 units per day. A work

force of 241 employees will be required, which will provide a production rate of 96.4 units per day. The monthly inventory levels and the
resulting cost of $209,266 are developed in Table 8.2.

Table 8.2. Calculation of Cost to Use Inventory and a Uniform Production Rate

Month Monthly Cumulative Normal Cumulative Cumulative Ending Inventory
Demand Demand Production Normal Production Inventory Holding
Forecast Forecast Daysin Production (5) 6 Cost = $6
(units) (2 Month Days =(4)x 96.4 =(5) (2) + (Beginning +
(1) 3) 4) 1000* Ending)/2
Apr 1,600 1,600 21 21 2,024 1,424
$7,273
May 1,400 3,000 22 43 4,145 2,145
$10,709
June 1,200 4,200 22 65 6,266 3,066
$15,634
July 1,000 5,200 21 86 8,290 4,090
$21,469
Aug 1,500 6,700 23 109 10,508 4,808
$26,694
t 2,000 8,700 21 130 12,532 4,832
Sep $28,919
Oct 2,500 11,200 21 151 14,556 4,356
$27,565
Nov 2,500 13,700 20 171 16,484 3,784
$24,422
Dec 3,000 16,700 20 191 18,412 2,712
$19,490
Jan 3,000 19,700 20 211 20,340 1,640
$13,058
Feb 2,500 22,200 19 230 22,172 972
$7,837
Mar 2,000 24,200 22 252 24,293 1,093
$6,194
24,200 252 $209,266

*Note: 1,000 unitswill be on hand at the start of the planning horizon.
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Plan 2Variable Output Rate (Chase) Plan (Varying the Work Force)

The variable output rate (chase) plan is a plan that changes period-to-period output to match capacity with the demand fluctuation by hiring
additional employees in periods of high demand and cutting the labor force in low-demand periods. It assumes that employees with the
necessary skills can be employed when they are needed and that they will be hired or laid off to keep the direct labor hours that are available
equal to the demanded production hours. When graphed, the cumulative production curve coincides with the cumulative demand curve and is
indicated by the line with squares in Figure 8.2. The cost of implementing this plan is developed in Table 8.3 and is estimated to be
$199,976.

Table 8.3. Cost to Vary Work Force in Accordance with Monthly Production Requirementsa

Month Monthly Production Normal Production Direct Employees Employees Cost of
Demand Hours Production Hoursper Employee Addedat LaidOffa  Changing
Forecast Needed Daysin Employee  Needed Start of Start of Employment
(units) 2= Month During During Month Month Load
Q (1) x20 hrs 3 Month Month (6) @) (8) = $300
@ = Rounded x (6) +
(3) x8hrs (5) = $200 x (7)
/(4
Apr 1,600 32,000 21 168 190 37
7,359
May 1,400 28,000 22 176 159 31
6,277
June 1,200 24,000 22 176 136 23
4,545
July 1,000 20,000 21 168 119 17
3,463
Aug 1,500 30,000 23 184 163 44
13,199
Sept 2,000 40,000 21 168 238 75
22,516
Oct 2,500 50,000 21 168 298 60
17,857
Nov 2,500 50,000 20 160 313 15
4,464
Dec 3,000 60,000 20 160 375 63
18,750
Jan 3,000 60,000 20 160 375 0 :
Feb 2,500 50,000 19 152 329 46
9,211
Mar 2,000 40,000 22 176 227 102
20,335
24,200 252 26 256 127,976b
aNote: It is assumed that the firm would have 227 direct employees at the beginning of the planning if this strategy were used.
b Total costis:
Cost of changing employment level = $127,976
Cost of maintaining 1,000 units of inventory = 72,000

$199,976
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Plan 3A Mixed Strategy

A mixed strategy assumes a combined strategyto set arelatively low but uniform production rate for the first part of
the year and a higher but uniform rate for the latter part of the year. The first month demand of 1,600 units would
require a minimum production rate of 76 units per day (1,600/21 days). If the production rate were set at 80 units per
day for the early part of the planning horizon, it would require 200 employees (80 units x 20 hours per day, divided
by 8 hours per day per person). At the end of 109 days, the company would have produced 8,720 units (80

units x 109 days).

Note that at the end of production day 252, the company needs to have atotal production of 24,200 units. This means
that Giant will need to make 15,480 units during the last 143 days, or an average of about 108.3 units per day. The
work force required for this rate of production is about 272 employees, which will provide a production rate of 108.8
units per day. Thus, 72 employees should be hired at the beginning of September and laid off at the end of the year to
achieve these employment levels and end the year with the same employment level.

The cost of this mixed strategy, which is developed and presented in Table 8.4, is estimated to be $180,979. Notice

that the cost of this strategy is lower than using only inventory changes (Plan 1) or only work force changes (Plan 2).
This strategy isindicated by the line with trianglesin Figure 8.2.
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Month  Monthly  Cumulative Normal

Demand Demand Production
Forecast Forecast Daysin
(units) 2 Month
@ (©)
Apr 1,600 1,600 21
May 1,400 3,000 22
June 1,200 4,200 22
July 1,000 5,200 21
Aug 1,500 6,700 23
Sept 2,000 8,700 21
Oct 2,500 11,200 21
Nov 2,500 13,700 20
Dec 3,000 16,700 20
Jan 3,000 19,700 20
Feb 2,500 22,200 19
March 2,000 24,200 22
24,200 252

page 239

Table 8.4. Cost of Mixed Strategy to Change Work Force and Use Inventory

Cumulative
Norma
Production

Days
4

21
43
65
86
109
130
151
171
191
211
230

252

Production

Rate

(units/day)

®)a

80.0
80.0
80.0
80.0
80.0
108.8
108.8
108.8
108.8
108.8
108.8

108.8

Normal
Production

(6)=(3) x (5

1,680
1,760
1,760
1,680
1,840
2,285
2,285
2,176
2,176
2,176
2,067

2,394

Cumul ative Production

a80 units means 200 employees (80 units x 20 hours per unit divided by 8 hours per employee day)
108.8 units means 272 employees (108.8 x 20 hours per unit divided by 8 hours per employee day)

bNote: 1,000 unitswill be on hand at the start of the planning horizon.

Total cost is=$144,979 + $36,000 = $180,979.
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()

1,680
3,440
5,200
6,880
8,720
11,005
13,290
15,466
17,642
19,818
21,885

24,278

Ending
Inventory

(8)

= (7) (2) + 1000b

1,080
1,440
2,000
2,680
3,020
3,305
3,090
2,766
1,942
1,118
685

1,078
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Inventory Cost of
Holding Changing
Cost = $6 Work Force
(Beginning + (9)
Ending)/2
)

$6,240
$7,560
$10,320
$14,040
$17,100
$18974  $21600 (230
$19,183
$17,566
$14,122
$9,178
$5,407
(72 x $200)

$5,290 $ 14,400

$ 144,979 $ 36,000
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Choosing a Capacity StrategyLevel Plan versus Chase Plan

In devising a master plan (i.e., deciding on what capacity strategy is more appropriate, chase demand or level), five magjor considerations
need to be taken into account:

Demand variability
Training cost

Level of skillsrequired
Inventoriability of products
Concern for quality

With these criteriain mind, the following table presents a recommended capacity strategy for some selected businesses:

Business Recommended Demand Training Level of Inventoriable? Quality

Strategy Variability Cost Skilled Concern
Required

Burger King Chase Highly variable Low Low No High

(afast food restaurant)

Intel Level Predictable High High Yes High

(ahigh-tech chip maker)

School districts Leve Steady and stable High High No High

H&R Block Chase Highly seasonal Medium Medium No Medium

(atax preparation firm)
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YOU SHOULD REMEMBER

Advantages

Disadvantages

Level-Output Strategy

Lower hiring, layoff,
and training costs
Retain skilled employees

Must build costly
inventories and/or
backlog or refuse orders

next page =
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Chase-Output Strategy

No need to backlog
Low costs of carrying
inventory
Impossible to build
inventories of most
services

High costs of hiring and
layoffs

High training costs

Loss of skilled employees
Quality and productivity
problems.

Methods Attempting to Model Cost and Selecting the Least-Cost Program

Several methods attempt to model cost and select the least-cost program. These include the transportation L P method

and linear decision rule.

Trangportation LP Method

The goa hereisto minimize the sum of costs associated with regular labor time, overtime, subcontracting, inventory
carrying costs, and costs related to changing the size of the work force. Constraints involve capacities of work force,
inventories, and outsourcing. The problem can be formulated in terms of a transportation-type programming model as a
way to obtain aggregate plans that would match capacities with demand requirements and minimize costs.
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EXAMPLE 1
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Using the following data, we will show the formulation in atransportation format and the final solution.

January
Demand 550
Capacity
Regular 500
Overtime 50
Subcontracting 120
Costs:
Regular time: $60
Overtime: $80
Subcontracting: $90
Carrying: $1
Backorder: $3
Beginning inventory: 100 units

Period
February

700

500
50
120

March

750

500
50
120

Because supply (capacity) and demand must be equal, a "dummy"” (unused capacity in this example) column has been

added to satisfy this requirement. The costs associated with these columns are obviously zeros.

Supply from
January

Period Beginning

Inventory
100

January Regular

450

Overtime

Subcontract

O*

60

80

90

Demand for
February

1

61

50

81
50

91
30

March

62

82

92

Unused
Capacity
(Dummy)

90

0

Total
Capacity
Available
(Supply)

100

500

50

120
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Supply from Demand for Unused Totad
Capacity Cap??b%
January February March (Dummy) "E\é’l?pply)
February Regular 63 60 61 0 500
500
Overtime 83 80 81 0 50
50
Subcontract 93 90 91 0 120
20 100 %
March Regular 66 63 60 0 500
500
Overtime 86 83 80 0 50
Subcontract 96 93 90 0 100
100
Demand 550 700 750 90 2,090

*Costs are shown in the upper right-hand corner of each cell in thistable.

Thetotal cost is
(100 x $0) + (450 x 60) + (50 x 61) + (50 x 81) + (30 x 91) + (500 x 60) + (50 x 80) + (20 x 90) + (100 x 91) + (500 x 60) + (50 x 90) + (100 x 90) = $124,730

Linear Decision Rule

Another optimizing technique, the linear decision rule (LDR), was developed in 1955 and applied initially at the Pittsburgh Paint Company. The LDR would be
classed as a quadratic programming approach to the aggregate planning problem. The cost model for the company is the sum of four cost functions: (1) regular
payroll, (2) hiring and layoff, (3) overtime costs, and (4) inventory holding, back ordering, and machine setup costs. With the exception of the regular payroll,
these cost functions are idealized as quadratic in form. The equations for each of the cost functions state each cost function in terms of the size of the work force
and/or the production rate. The mathematical methodology is then based on the fact that the total incremental cost equation (which isthe sum of the four cost
functions) Is subjected to partial differentiation with respect to work force (W) and with respect to production rate (P), the resulting functions being set to 0 in
order to derive the minimum or optimum point. The result is two optimum linear decision rules, one to compute production rate. These two rules require as inputs
the forecast for each period of the planning horizon in aggregate terms, the ending size of the work force, and the inventory level in the last period. Once the two
rules have been devel oped for a specific sit-
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uation, the computations required to produce the decisions recommended by the model require only afew minutes by
manual methods.

The advantages of LDR are that it is optimizing and that the two decision rules, once derived, are ssimple to apply.
Also, the model is dynamic and represents the multistage decision system, which we outlined. The principal
disadvantage of LDR isthat the quadratic cost structure may not represent the actual cost structure very well. In
addition, there are no constraints on the size of the work force, overtime, inventory, and capital, and it is possible to
generate decisions that are not feasible from some points of view.

Heuristic Decision Rules

Two methodologies result in heuristic decision rules. the management coefficients model and the search decision
rule.

The Management Coefficients Model

The management coefficients methodology attempts to establish the form of decision rules for aggregate planning
through rigorous analysis. It establishes the coefficients for the decision rules through statistical analysis of
management's own past decisions. Thisisin contrast to the LDR, in which both the form and the coefficients are
determined by mathematical analysis. The rules are rooted in the assumption that management is actually sensitive to
the same criteria used in analytical models and that management's behavior tends to be highly variable rather than off
center. In theory, then, management's performance using the decision rules can be improved considerably by
applying the rules more consistently, because in terms of the usual dish-shaped criterion function, variability in
applying decision rules is much more costly than being slightly off center from optimum decisions, but it is
consistent in those decisions.

Search Decision Rule

The search decision rule (SDR) approach was an attempt to overcome the dilemma one faces in attempting to expand
the realism contained in mathematically optimum aggregate planning models. Small incremental improvementsin
model realism seem to require almost exponential increases in mathematical complexity. It appears that the lack of
realism exhibited by mathematically optimum modelsis an inevitable consequence of the limitation of the solution
methodologies. In order to use most of the common optimal solution techniques, the model builder isforced to
design his cost model so that it precisely matches the requirements of the particular solution technique. This forced
fit generally involves reducing the number of cost relationships and decision variables and/or assuming that they are
linear, quadratic, or some other specified shape.
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The net result is usually a mathematically optimum solution technique to a grossly oversimplified cost model. The SDR
programming system consists of a main program and two subroutines containing the search routine and the cost model.
The operating sequence of the system follows. The main program initializes all variables and reads in the sales forecast,
theinitia starting decision vector, and the initial state vector. The main program then calls the search routine, which, in
turn, systematically explores the response surface until the cost model evaluation is reached or a better point cannot be
found. At the conclusion of the search, control is returned to the main program for printing out the final decision vector
and other information relating to the operation of the cost model.

YOU SHOULD REMEMBER
Some Advantages and Limitations of Aggregate Planning Methods

Method Solution Advantages Limitations
Approach
Trial and error Alternative plansthrough Simple to develop and easy to  Nonoptimal
trial and error understand
Transportation LP method Optimizing Will find optimum solutionto  Actua problem may not fit
stated problem the linear model; assume
constant work force
Linear decision rule Optimizing Will find optimum solutionto  Actual problem may not fit
stated problem the quadratic cost model;

complex to use

Management coefficients  Heuristic Use multiple regression to Nonoptimal
incorporate past managerial
performance into a model

Search decision techniques Heuristic Does not constrain Search may be tricked into
mathematical form of problem selecting local instead of
global minimum;
complicated to develop;
nonoptimal
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Simulation of master schedule Trial and error "Scenario” or "what if" analysis,  Assume a computer-based
tests aggregate plansdeveloped  production system
by other methods

Rough-cut capacity planning  Tria and error Simpleto understand and apply;  Relies on judgment to determine
intuitively appealing the most desirable master
schedule; does not guarantee
optimum solution

Master Scheduling

Master scheduling involves planning the production of individual products or servicesto fill orders and meet forecasts
of other demand. A master schedule, often called a master production schedule (MPS), is a schedule of planned
completion of finished items. That meansthat it is concerned only with the final product (planning the production of
parts and components will be left for detailed plans to follow). In services, the appointment book serves as the master
schedule.

Rough-Cut Capacity Planning

The first step in master scheduling isto make atrial master schedule. Rough-cut capacity planning is the process of
testing whether certain key resources are adequate to produce this schedule. If not, the trial MPSisrevised until itis
feasible. The first choice would be to try to move some of the production to an earlier period, so as to not disappoint
customers. When aworkable plan is found, it becomes the final master schedule.

EXAMPLE 2

Zeller Wood Company produces severa types of furniture-grade plywood to stock. It wants to test its trial master
schedule to see whether it might overload the laminating machine, which has been an occasional bottleneck in the
plant. The laminating machine can laminate a high-density plastic surface to 4 x 8 sheets of particle board at a rate of
12 sheets per hour. Thetrial MPS for the next five weeks follows:
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Week 1 2 3 4 5
Sheets of 4 x 8 laminates 290 420 600 380 500

The number of sheets that can be run on five 8-hour shifts is 480 sheets per week (5 shifts x 8 hours x 12 sheets).
So we can shift production from weeks 3 and 5 to earlier weeks, so that no week exceeds 480 sheets. The
company's fina MPS follows:

Week 1 2 3 4 5
Sheets of 4 x 8 laminates 350 480 480 400 480

Computerized Scheduling Systems

In many cases computer software packages for master production scheduling are an integral part of alarge
manufacturing information systemcost analysis, inventory information, and scheduling. IBM's Communications
Oriented Production and Control System (COPICYS) is an example of such a system. The system integrates forecasting,
scheduling, inventory, and purchasing decisions into one large information system, planning and controlling all facets of
the production system. Many computer programs also perform "what-if " (or sensitivity) analysis, which alows a
production planner to determine how the production schedule would change with different assumptions concerning
demand forecasts or cost figures.

Some recent computerized scheduling systems are gaining in popularity. Noteworthy among those are Optimized
Production Technology (OPT), Disaster, and Q-Control, all of which concentrate their scheduling efforts on bottleneck
operations. Dr. Eli Goldratt in Isragl developed the first two and William E. Sandman devel oped the third one.

Operations Scheduling

Master scheduling is concerned only with end-items such as finished goods or sometimes major components and only
with completion dates. Operations scheduling, which is also called detailed scheduling, or simply
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scheduling, is concerned with starts and completion of each part or component through each operation.

A scheduleisatime table for performing activities, using resources, or allocating facilities. Examplesinclude a

physician's appointment schedules, class schedules at a university, hospital admission scheduling, surgery

scheduling, airline scheduling, or bus scheduling. The purpose of scheduling isto

Desegregate the general production plan into time-phased weekly, daily, or hourly activities.

Specify in precise terms the planned workload on the production system in the very short run.

Some of the goals that must be considered for scheduling the job shop areto

Minimize the average lateness.

Minimizeidle labor and facilities.

Minimize setup costs.

Deliver the maximum number of jobs before the due date.

All these criteriathat may conflict with each other can not be achieved at the same time. A tradeoff among these

conflicting goals exists. But scheduling and control must take place while keeping some goal or goalsin mind. In

genera, two steps are involved in scheduling: loading and sequencing.

Loading

Loading involves allocating work loads to specific work. A number of approaches are used for loading, especially
Gantt charts and the assignment method of linear programming.

Gantt Charts

Gantt charts are avisual aid. They are useful in organizing and classifying the actual or intended use of resourcesin a
time framework. In most cases, atime scale is represented horizontally and resources to be scheduled are listed
vertically. There are two kinds of Gantt charts: the load chart, which depicts the loading and idle times of a group of
machines or departments, and the schedule chart, which is used to monitor the progress of jobs.
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Assignment Method

The problem with the assignment method is to determine how the assignments should be made in order to minimize
total costs.

1. For each row, select the smallest number in that row and then subtract it from every element in that row. Repeat this
step for al rows, entering the resultsin a new matrix.

2. For each column, select the smallest number in that column and then subtract it from every element in that column.
Repeat this step for all columns, entering the results in a new matrix.

3. Search for a solution having all zero-cost assignments. If oneisfound, it isan optimal solution. Otherwise, draw a set
of lines through rows or columns (each line covering one row or one column) such that all zero elements are covered
using as few lines as possible. Let m = the minimum number of linesthat cover all zero elements at least once. If m<n,
then a solution with all zero-cost elementsis not yet present.

4. Select the smallest uncovered element, subtract it from all uncovered e ements, and add it to all twice-covered
elements. Do not change the singly covered elements. Return to step 3.

EXAMPLE 3

Consider an assignment problem having three jobs and three facilities. The costs of all possible assignments are given
in the following cost matrix.

Job
J 2
Facility F1
F2
F3

PN o &

Step 1 gives the following table, often called an opportunity cost matrix.

1 0
6 0
2 1
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Step 2 yields
2
0
In step 3, Wfound all zero-cost assignmentsin step 2:
o* 0 2
5 o* 4
1

The optimal solution is F1-J1; F2-J2, and F3-J3 with atotal cost of $9.

EXAMPLE 4

Consider the following assignment problem:

3 5 7 1
9 8 12 10
13 8 14

5 7 10

After doing step 1, row and column substations, we have the following opportunity cost matrix:

L

i
b

o| | &
+ || @
Ottt

M

1
i

The zero elements of this matrix can be covered by three lines but not by two. Hence, m= 3,

whereas n = 4. Step 3 concludes with the knowledge that a zero-cost solution is not yet present.

Hence, we must go to step 4 and select the smallest uncovered element. Subtract it from all
uncovered elements. Add it to all twice-covered elements. Do not change the singly covered
elements. Return to step 3.
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0 2 o* 0
O*
9 4 6 (0
o* 2 1 3

Now we found a zero-cost solution: F1-J3; F2-J2; F3-J4, and F4-J1 with atotal cost of $22.

Sequencing

Operations sequencing is the situation in which one or several products must go through one particular machine or
process. Sequencing involves determining the sequence in which operations are to be performed. It indicates the
order in which the jobs waiting at a given work center are to be processed. Here the objective is to decide on the

order in which several jobs should be scheduled on the same machine in an optimum manner. There are two basic
rules:

Priority rules
Johnson's rules
Priority Rules

Priority rules are simple heuristics used to select the order in which the jobs will be processed. Some common rules
follow:

First come, first served (FCFS): Jobs are processed in the order that they arrive at a machine or work center.

Shortest processing time (SPT): Jobs are processed according to processing time at a machine, (i.e., shortest jobs
first).

Due date (DD): Jobs are selected according to due date, that is, earliest due date first.

Least dack (LS): Defined as time until due date minus remaining time to process. The job with the least slack goes
first.

Rush: Emergency or preferred customersfirst.
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Performance measures that can be used to compare different priority rules are:
Average completion time (average flow time): the average time each job spends at the work center.
Average job lateness (tardiness)
Average number of jobsin the system
EXAMPLE 5
Consider the following jobs and their processing times and due dates:
Job Processing Time (days) Due Date (days)
A 2 7
B 8 16
C 4 4
D 10 17
E 5 15
F 12 18
Assume that job setup costs and times are independent of processing sequence.
a. The FCFS sequence is simply A-B-C-D-E-F. Assume jobs arrived in the alphabetical order.
Job Processing Flow Time Due Date DaysLate
Time (days) (days) (days) 2 (3
1) 2 ©)
A 7
2 2 0
B 16
8 10 0
C 4
4 14 10
D 17
10 24 7
E 15
5 29 14
F 18
12 41 23
Total
41 120 54

Average completion time: 120/6 jobs = 20 days
Average job lateness (tardiness): 54/6 jobs = 9 days
Average number of jobsin the system: 120/41 = 2.93 jobs
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b. Using the SPT rule, the sequence is A-C-E-B-D-F.

Job

D

=

Total

Average completion time: 108/6 = 18 days
Average job lateness (tardiness): 40/6 = 6.67 days

Processing

Time (days)
1)

2

4

page 253

Flow Time
(days)

11

19

29

2

108

Average number of jobs in the system: 108/41 = 2.63 jobs
c. Using the DD rule, the sequence is C-A-E-B-D-F.

Job

Total

Average completion time: 110/6 = 18.33 days
Average job lateness (tardiness): 38/6 = 6.33 days

Processing
Time (days)
1)

4

2

Flow Time
(days)

11

19

29

2

110

Average number of jobs in the system: 110/41 = 2.68 jobs
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Due Date
(days)
(©)

15
16
17

18

Due Date
(days)
(©)

15
16
17

18
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d. Using the LS, the sequence is C-A-F-D-B-E.

page 254

Job Processing Flow Time Due Date
Time (days) (days) (days)
1) @ 3
C
4 4 4
A
2 6 7
F
12 18 18
D
10 28 17
B
8 36 16
E
5 41 15
Tota
41 133

Average completion time: 133/6 = 22.17 days

Average job lateness (tardiness): 57/6 = 9.5 days

Average number of jobsin the system: 133/41 = 3.24 jobs

Johnson's Rule
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Slack Days Late
(days) 2
3) ()

0 0

5 0

6 0

7 11

8 20

10 26

57

Johnson's rule is atechnique that can be used to minimize the completion time for a group of jobs that are to be
processed on two machines or at two successive work centers. Using this rule saves time because it isimpractical to

enumerate all possible sequences.

Determination of the optimum sequence involves the following steps:

1. List al jobs with their corresponding times on both work centers.

2. Find the minimum time among all listed times.

3. If thistime belongs to the first work center, schedule the corresponding job first; if the timeis at the second center,
schedule the job last. Break ties arbitrarily. In either case, eliminate the job from further consideration.

4. Go to steps 2 and 3 and continue this process until al jobs are schedul ed.
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Example 6
Processing times for six jobsin two work centers follow:

Processing Time (hours)

Job WC1

A 5

B 4

C 8

D 2

E 6

F 12

Steps 1 and 2:

1st 2nd 3rd 4th 5th
D

Step 3: The remaining jobs and their times follow:

Processing Time (hours)
Job WC1

MmO >

12

Repeating steps 1, 2, and 3, we obtain:
1st 2nd 3rd 4th 5th
D E C F A

The following chart displays the throughput time and idle times at two work centers:

Time o B 1] 28 R iy

wite = [N

next page >
Page 255

WC2

00 N © w o

6th

WC2

15

6th

The group will take 51 hours to complete. The WC2 will wait 2 hours for itsfirst job. WC1 will be finished in 37

hours.
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Know the Concepts

Do You Know the Basics?

1. Briefly explain the production planning process.

2. Why is aggregate planning much more difficult with seasonal demand?

3. List the basic controllable variables (strategies) of a production planning problem. What are the four mgjor costs?

4. What is amaster production schedule? Why isit necessary?

5. Define level output strategy. How does it differ from the chase plan in aggregate production planning?

6. Briefly discuss the conditions under which you would be better off using the LP simplex method rather than the
period model in aggregate planning.

7. How important is forecast accuracy to the practical application of the aggregate planning models?
8. What are the objectives of scheduling?

9. How does ajob shop differ from aflow shop?

10. Discuss the importance of managing bottlenecks in job shop scheduling.

11. Describe the conditions under which the assignment method is appropriate.

Terms for Study

aggregate production planning operations scheduling

assignment problem planning horizon

chase plan priority rules

Johnson'srule rough-cut capacity planning

level plan trial-and-error method of aggregate planning
loading

master production schedule (MPS)

Practical Application

1. A firm producing one product is scheduling (allocating) its JanuaryMarch production capabilities. Part of the
decision involves scheduling overtime work. A unit produced on overtime costs an
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extra $300. Similarly, a unit made one month before it is needed incurred an inventory carrying cost of $100; two
months costs $200 per unit. The units delivered according to this schedule follows:

January 80 units
February 120 units
March 150 units

Production capacities follow:

Regular Time Overtime
January 100 50
February 100 40
March 100 30

Formulate the production scheduling problem as a transportation problem and solve it by the northwest corner
rule.

2. Given the following data, use the transportation method to develop an optimal aggregate plan.

Period
1 2 3
Demand 130 160 140
Capacity
Regular 100 100 100
Overtime 20 20 20
Subcontracting 30 30 30

Costs:

Regular time: $10
Overtime: 15
Subcontracting: 20

Carrying:



Backorder:

3. The production planner of Omega Research, a maker of industrial lenses, devised the following level output
aggregate plan for the next four periods.
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Period Demand Planned Beginning Ending
Forecast Production Inventory Inventory
1 40,000 48,000 9,000
2 70,000 48,000
3 30,000 48,000
4 55,000 48,000

Calculate the projected beginning and ending inventory for each period. Possible backorders may be shown by a
negative number.

4. Refer to problem 3.

a. Develop a chase demand strategy that gradually increases the inventory level to 14,000 units by the end of period
4. Show the effect of the plan on inventory level for each period.

b. Assume that the company currently has 10 employees and each employee, on average, can produce 4,000 units
per period. Develop a staffing plan showing the number of employees that should be hired or laid off at the
beginning period, using the following worksheet format.

Period Required Required Available Hire Layoff
Work Number of at the End
Force Employees of Previous
Period
1
2
3
4

5. Refer to problem 3. The company wishes to develop a master production schedule for the next four periods. The trial
MPS allocates the planned production (48,000 units) equally (12,000 units per week). Even though the company has
sufficient employee time to carry out the schedule, the capacity of an automatic machine that polishes the lenses may
not be adequate. The machine is scheduled for regular maintenance and has a maximum capacity of 13,200 units per
week.

a. Check the feasibility of the trial MPS.

b. If thistrial MPS exceeds the available capacity of the polishing machine in any week, devise afeasible MPS.

6. The costs to do each of the three jobs on three alternate pieces of equipment are given in the following table.
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Determine a jobequipment combination that will minimize total cost.

Equipment
Job A B C
7 4
6 9
12 5 8
7. Consider the following assignment problem:
Job
Facility X Y Z
A 25 31 35
B 15 20 24
C 22 19 17

Find an optimal assignment.

8. Consider the following jobs and their processing time and due dates:

Job Processing Flow Time Due Date
Time (days) (days) (days)
A 4 4 6
B 17 21 20
C 14 35 18
D 9 44 13
E 11 55 12

Assume that jobs arrived in alphabetical order.

a. Determine processing sequence using the FCFS and average completion time, average job lateness, and
average number of jobsin the system.

b. Determine the same using the SPT rule.
c. Determine the same using the DD rule.

d. Determine the same using the LS rule.
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9. For the following six jobs:

Processing Time (hours)

Job WC1 WC2
A 4 6
B 9 8
C 10 5
D 9
E 7
F 12 10

a. Determine the processing sequence using Johnson's rule.
b. Chart total throughput time.

c. Can total time be reduced by splitting any jobs? If so, how much?

Answers

Do You Know the Basics?

1. First, estimate demand including demand forecasts and customer orders. Next, develop monthly or quarterly
production plans on an aggregate basis and then desegregate into time-phase requirements for individual products
(the master production schedule MPS) over a 612 month planning horizon. Perform rough-cut capacity planning to
determine if sufficient capacity is available at critical pointsin the production process. The MPS may then have to be
adjusted.

2. With seasonal demand, it is more difficult to control inventory levels and shortage conditions.

3. Basic controllable variables are production rate, work force levels, and inventories. Major costs involved are
production costs (fixed and variable), production rate change costs, inventory holding costs, and backlogging costs.

4. An MPS states how many finished products are to be produced and when. Thisis necessary in order to make
specific plans and schedules at shop floor level, establish delivery dates, and plan short-term capacity adjustments.
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5. Level output strategy focuses on holding production constant over a period of time. It is more like a combination of

strategiesin that for the period it keeps the work force constant and inventory low and depends on a demand backlog to

pull products through.

6. The basic simplex model is needed if changesin work force size (hiring/firing) is an option over the planning horizon.

7. An accurate forecast encourages the use of deterministic techniques such as LP which in turn permits the development
of near optimal plans. Any reduction in uncertainty enhances the likely accuracy of any production planning method.

8. Operations scheduling is intended to meet due dates, minimize lead times, minimize setup times and cost, minimize
work-in-process inventory, and maximize machine use.

9. A job shop may have flow of products going in any direction between departments. A flow shop has aflow going in one
direction only between departments and work centers within each department.

10. The bottlenecks constrain capacity and limit throughput. Poor bottleneck management can lead to large works in
process.

11. The assignment method is appropriate when there are n "things" to be distributed to n "destinations,” each thing must
be assigned to one and only one destination, and only one evaluation criterion can be used.

Practical Application

1.
Supply from Demand for Unused Totdl
Bumm)  Avieble
January February March ( (Supply)
January Regular
80 20 100
Overtime
50 50
February Regular
50 50 100
Overtime
40 40
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Supply from

March Regular

Overtime

Demand

Supply from

1 Regular

Overtime

Subcontract

2 Regular

Overtime

Subcontract

3 Regular

Overtime

Subcontract

Demand

Total Costs = $5,360.
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January

80

10

100
15

20
20

10

15

20

25

20

25

30

130
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Demand for
February
120
Demand for
2 3
12 14
17 19
22 24
20
10 12
100
15 17
20
20 22
20 10
15 10
100
20 15
20
25 20
10
160 140
page 262

March

60

150

Unused
Capacity
(Dummy)

30
70

Unused
Capacity
(Dummy)

20
20
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Totd
Capacity
Available
(Supply)

100

30
420

Totd
Capacity
Available
(Supply)

100

20

30

20

30

100

20

30

450
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3.
Period Demand Planned Beginning Ending
Forecast Production Inventory Inventory
1 40,000 48,000 9,000 17,000
2 70,000 48,000 17,000 5,000
3 30,000 48,000 5,000 13,000
4 55,000 48,000 13,000 6,000
Note that Ending Inventory = Beginning inventory + Planned production Demand forecast.
4.
a. Inventory isincreased by 1250 units in each period, (14,000 9,000)/4.
Period Demand Planned Beginning Ending
Forecast Production Inventory Inventory
1 40,000 41,250 9,000 10,250
2 70,000 71,250 10,250 11,500
3 30,000 31,250 11,500 12,750
4 55,000 56,250 12,750 14,000
b.
Period Required Required Available at Hire Layoff
Work Force Number of the End of
Employees Previous Period
1 41,250/4,000 = 10.3 10 10
2 71.250/4,000 = 17.8 18 10 8
3 31,250/4,000 = 7.8 8 18 10
4 56,250/4,000 = 14.1 14 8 6
5.
a
Week 1 2 3 4
Triadl MPS 12,000 12,000 12,000 12,000
Capacity 13,200 13,200 11,000 13,200
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Thetrial MPS exceeds the capacity of the polishing machine, which is a bottleneck in week 3. The machine runs
only for 5 days and can produce 11,000 units (13,200 x 5/6).

b. The 1,000 units shortage in week 3 may be produced in an earlier week preferably in week 2. A revised MPS

may look like:
Week 1 2 3 4
Trial MPS 12,000 13,000 11,000 12,000
Capacity 13,200 13,200 11,000 13,200
6.
row reduction
12 5 8 r———

Using row and column reductions we obtain the following opportunity cost matrices.

column reduction

————
1 0*
0* 0 3
4 o* 3

So we found a zero-cost solution, which is optimal:
1toC; 2to A; 3to B with atotal cost of $18.

7. Using Step 1 we obtain the following opportunity cost matrix:

10

We cannot find a zero-cost solution, so we go to step 2, which gives



=] =

| e B
ey s

L
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Sincem=2<n= 3, wego to step 4.
o 1
o*
0 o

Note that m=n = 3, we find an optimal solution:

AtoX $25
BtoY 20
CtoZ 17
$62
8.

a. Using the FCFS rule, the sequenceis A-B-C-D-E.

Job Processing Flow Time Due Date Days Late
Time (days) (days) (days) 2 (3
1) 2 ©)
A 6
4 4 0
B 20
17 21 1
C 18
14 35 17
D 13
9 44 31
E 12
11 55 43
55 159 92

Average completion time: 159/5 jobs = 31.8 days
Average job lateness (tardiness): 92/5 jobs = 18.4 days
Average number of jobsin the system: 159/55 = 2.89 jobs

b. Using the SPT rule, the sequence is A-D-E-C-B.



Job Processing Flow Time Due Date Days Late

Time (days) (days) (days) NE)
1) ) ©)
A 6
4 4 0
D 13
9 13 0
E 12
11 24 12
C 18
14 38 20
B 20
17 55 35
55 134 67
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Average completion time: 134/5 jobs = 26.8 days

Average job lateness (tardiness): 67/5 jobs = 13.4 days

Average number of jobsin the system: 134/55 = 2.44 jobs

next page =
Page 266

c. Using the DD rule, the sequence is A-E-D-C-B, which is the same as the one by the SPT rule.

Job Processing
Time (days)
1)
A
4
E
11
D
9
C
14
B
17
55

Flow Time Due Date
(days) (days)
(2 (3
6
4
12
15
13
24
18
38
20
55
136

Average completion time: 136/5 jobs = 27.2 days

Average job lateness (tardiness): 69/5 jobs = 13.8 days

Average number of jobsin the system: 136/55 = 2.47 jobs

d. Using the LS rule the sequenceis. E-A-B-C-D (or E-A-B-D-C)

Job Processing
Time (days)
(1)
E
11
A
4
B
17
C
14
D
9
Total
55

Flow Time Due Date
(days) (days)
(2 3

12
11

6

15

20
32

18
46

13
55

15

Average completion time: 159/5 jobs = 31.8 days

Average job lateness (tardiness): 87/5 jobs = 17.4 days

Slack
(3) (1)

1

2

Days Late
BIE)

11

20

Days
Late

2 )

12

24



Average number of jobsin the system: 159/55 = 2.89 jobs
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a. The sequenceis A-D-F-B-E-C.

Steps 1 and 2:
1st 2nd 3rd 4th 5th 6th
A C

Step 3: The remaining jobs and their times follow:

Processing Time (hours)
Job WC1 WC2

m m O W

12 10

Repeating steps 1, 2, and 3, we obtain the following:

1st 2nd 3rd 4th 5th 6th
A D F B E C

b. The following chart displays the throughput time and idle times at two work centers.

Teme 0 4 10 22 1 40 50
W1 Al D | F B | E | C |
W2 A1 D F [ B ]FE _C |

idle = [

c. Yes, by splitting job C, total time can be reduced to 52.5 hours.
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9
Inventory Management

KEY TERMS

ABC analysis

inventory control system that divides the inventory into three classesA, B, and Cdepending on the value and
importance of the item.

cycletime
length of time between the placing of two consecutive orders.

economic order quantity (EOQ)
order quantity that minimizestotal annual inventory costs.

independent demand
demands for various items are unrelated to each other and therefore determined separately and independently.

lead time
time between the placing of an order and itsreceipt in the inventory system.

marginal approach
inventory marginal analysisto determine the optimal stock level.

quantity discount model
inventory model that takes into account the price varying with the order size.

reorder point
inventory level that triggers a new order.

safety stock
inventory carried to ensure that the desired service level is met.

service level
probability of no stockouts during the lead time.
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One of the most common problems facing operations managers isinventory planning. This is understandable because
inventory usually represents a sizable portion of afirm's total assets and, more specifically, on the average, more than
30% of total current assetsin U.S. industry. Excessive money tied up in inventory is adrag on profitability.
Inventories may contain materials that have either dependent demand or independent demand. Dependent demand
inventories consist of items whose demand depends on the demands for other items also held in inventory. Demand
(or usage) of subassemblies and component parts is derived from the number of finished units that will be assembled.
A classic exampleis demand for wheels for new automobiles. Independent demand items are the finished goods or
other end-items. Its demand is independent of the demand for any other item carried in inventory.

This chapter focuses on management of independent demand items. The next chapter deals with inventory systems
for dependent demand.

Economic Order Quantity and Reorder Point

The purpose of inventory planning is to develop policies that will achieve an optimal investment in inventory. This
objective is achieved by determining the optimal level of inventory necessary to minimize inventory related costs.

Inventory-related costs fall into three categories:
Ordering costs, which include all costs associated with preparing a purchase order.
Carrying (holding) costs, which include storage costs for inventory items plus the cost of money tied up in inventory.

Shortage (stockout) costs, which include those costs incurred when an item is out of stock. These include the lost
contribution margin on sales plus the lost customer goodwill.

Many inventory planning models are available. They all try to answer basically the following two questions:
How much to order?
When to order?

They include the economic order quantity model, the reorder point, and the determination of safety stock.
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Basic Economic Order Quantity Model

The economic order quantity (EOQ) determines the order quantity that resultsin the lowest sum of carrying and

ordering costs. The EOQ is computed as.

200
C

EOQ =

where C = carrying cost per unit, O = ordering cost per order, D = annual demand (reguirements) in units.

If the carrying cost is expressed as a percentage of average inventory value (say, 12 % per year to hold inventory), then
the denominator value in the EOQ formulawould be 12% times the price of an item.

EXAMPLE 1
Assume that the Los Alamitos Store buys sets of steel at $40 per set from an outside vendor. It will sell 6,400 sets

evenly throughout the year. The store's carrying cost is $8 per unit per year. The ordering cost is $100 per order.
Therefore,

EQQ = ‘/ 2{6‘%3?1% = +/ 160,000 = 400 sets

: D 6,400
Total b ; - = - =
otal number of orders per year E 16 orders
Total inventory costs = Carrying cost + Ordering cost
EOQ D
o + 0
2 EOQQ
400 (3,400

= (38.000 —— )+ (S100) —

. }( : ) ( :r( L )

= $1,600 + $1,600 = £3,200
Based on these calculations, the Los Alamitos Store's inventory policy should be the following:
The store should order 400 sets of steel each time it places an order and order 16 times during a year.

This policy will be most economical and cost the store $3,200 per year.
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YOU SHOULD REMEMBER

When an item is made instead of purchased, the EOQ model is used to determine the economic production run size
where O = setup cost per setup.

Reorder Point

The reorder point (ROP), which answers when to place a new order, requires a knowledge about the lead time, which is
the time interval between placing an order and receiving delivery. The reorder point can be calculated as follows:

ROP = (Average demand per unit of lead time x |ead time) + Safety stock

First, multiply the average daily (or weekly) demand by the lead time in days (or weeks) yielding the lead time demand.
Then add safety stock to this to provide for the variation in lead time demand to determine the reorder point. If average
demand and lead time are both certain, no safety stock is necessary and should be dropped from the formula.

EXAMPLE 2

Assume in Example 1 that the lead time is constant at one week, and that there are 50 working weeks in ayear. Then
the reorder point is 128 sets = (6,400 sets/50 weeks) x 1 week. Therefore, when the inventory level dropsto 128 sets,
the new order should be placed. Suppose, however, that the store is faced with variable demand for its steel and
requires a safety stock of 150 additional setsto carry. Then the reorder point will be 128 sets plus 150 sets, or 278
sets.

Figure 9.1 shows thisinventory system when the order quantity is 400 sets and the reorder point is 128 sets.

128
Sets |

!
|
_"'lw;ek -— Time (weeks)

Figure9.1.
Basic Inventory System with EOQ and ROP
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Assumptions and Applications

The EOQ model makes the following strong assumptions:

Demand is fixed and constant throughout the year.

Lead time is known with certainty.

No quantity discounts are allowed.

No shortages are permitted.

YOU SHOULD REMEMBER

The assumptions may be unrealistic; however, the model still proves useful in inventory planning for many firms. In
fact, many situations exist where a certain assumption holds or nearly holds. For example, subcontractors who must
supply parts on aregular basis to a primary contractor face a constant demand. Even where demand varies, the
assumption of uniform demand is not unrealistic. Demand for automobiles, for example, varies from week to week

over a season, but the weekly fluctuations tend to cancel out each other so that seasonal demand can be assumed
constant.

EOQ with Noninstantaneous Repl enishment

So far we have assumed that the inventory replenishment is instantaneously received. Now we consider the case where
the inventory is being manufactured while demands are being met. We make the following assumptions:

The product held in inventory is not purchased from an outside source but rather is manufactured.
Units are continuously being added to inventory during the production run.

When thisinventory is completely depleted, a new production run is started.
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Let S= setup cost, D = annual demand, p = production rate, u = usage rate, and p > ul.

The costs associated with operating this system are the carrying costs and the production setup costs (instead of ordering costs). Note

that during a production run, inventory accumulates at arate of (p u) units per period. Afterwardsit is depleted at arate of u units.
The situation is depicted in Figure 9.2.

Qm,“ L

Units
in Inventory

Time

Figure9.2.
EOQ with Noninstantaneous Replenishment

n
Setup costs = O —

¢
Maximum inventory level = Inventory buildup rate x Period of delivery
[
= (p— u (—
I

Minimum inventory level =0

Maximum inventory + Minimum inventory
2

(Dle-2)-4- (9252

Total annual inventory costs = C g [@; u)] + S(%)

Average inventory level =

Using calculusyields



EOQ -J 2?5‘

P ]_J 2DS
SRRy
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EXAMPLE 3

Jog Plumbing, Inc., developed the following estimates for the #123 valves. D = 800 valves per year, C = $.05 per
valve per year, S= $1.00 per order or setup, p = 100 valves per week, and u = 60 valves per week. Then

NE 2080061 100
FOQ ‘.f c p-w "\[ 005 (100-60) ~ 2 valves
Maximum inventory level = (fp - u}(%) = {100 - EU_]( ?fg ) = 113.2 valves

Total annual inventory costs

cSfo-or]-s(2)

. 283 \[ (100 — 60) 800
) $'G5( 2 )[ 100 +5I(133)

= $2 83 + $2.83 = £5.006 per year

The production run time (the production phase of the cycle) = EOQ/p = 283 valves/100 valves per week = 2.83
weeks. Thus, each run will require 2.83 weeks to complete. The cycle time (the time between orders or between the
beginnings of runs) = EOQ/u = 283 valves/60 valves per week = 4.72 weeks. Thus, arun of valves will be made
every 4.72 weeks.

EOQ with Quantity Discounts

The EOQ model does not take into account quantity discounts, which is not realistic in many real-world cases. Usually,
the more you order, the lower the unit price you pay. Quantity discounts are price reductions for large orders offered to
buyers to induce them to buy in large quantities. If quantity discounts are offered, the buyer must weigh the potential
benefits of reduced purchase price and fewer orders that will result from buying in large quantities against the increase
in carrying costs caused by higher average inventories. Hence, the buyer's goal in this case isto select the order quantity
that will minimize total costs, where total cost (TC) isthe sum of carrying cost, ordering cost, and product cost:

TC = Carrying cost + Ordering cost + Product cost

= C[E) + D{E) + PL
z o)
where P = unit price and Q = order quantity.
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There are two general cases:
Carrying costs are constant.
Carrying costs are stated as a percentage of purchase price.

When carrying costs are constant. there will be asingle EOQ that is the same for all the cost curves. When carrying
costs are stated as a percentage, each curve will have adifferent EOQ.

Constant Carrying Costs

A step-by-step approach for computing EOQ with quantity discounts follows:

1. Compute the common EOQ when price discounts are ignored.

2. Only one of the curves will have the EOQ in its feasible range. Identify that curve.
If the feasible EOQ is the lowest-price curve, thisisthe overall EOQ.

If the EOQ is on any other curve, compute the total cost for the EOQ and for the quantities for which price reductions
will occur.

3. Select the value of Q that will result in the lowest total cost.

EXAMPLE 4

In Example 1, assume that the ABC Store was offered the following price discount schedule:

Order Quantity, Q Unit Price, P

1to 499 $40.00
500 to 999 39.90
1000 or more 39.80

First, the EOQ with no discounts is computed as follows:

50 - Jz{ﬁ.mg:;rsmm - (TE000 - 400 sets

Total cost = $8(400/2) + $10006,400/400) + $40(6,400)

= 51,600 + 1,600 + 256,000 = $259,200
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We see that the value that minimized the sum of the carrying cost and the ordering cost but not the purchase cost was
EOQ =400 sets. The farther we move from the point 400, the greater will be the sum of the carrying and ordering
costs. Thus, 400 is obviously the only candidate for the minimum total cost value within the first price range. Q = 500
is the only candidate within the $39.90 price range, and Q = 1,000 is the only candidate within the $39.80 price
bracket. These three quantities are evaluated in Table 9.1 and illustrated in Figure 9.3.

Table 9.1. Annual Costs with Varying Order Quantities
Order Quantity, Q ($)

400 500 1,000
Purchase price (P) 40 39.90 39.80
Carrying cost (C x Q/2)
= $8 x (Order quantity/2) $1,600 $2,000 $4,000
Ordering cost (O x D/Q) =
$100 x (6,400/Order quantity) 1,600 1,280 640
Product cost (PD) Unit price x 6,400 256,000 255,360 254,720
Total cost 259,200

Note that C = $8, O = $100, and D = 6,400 for al possible orders.

#_.-
g g
€ $260,000 1 259,200 e
o -
= —
g
0
5 $259,000 + zsﬂ 635
= "-..
= ™. ""-.___ ;#f
8 ~. “ - 259 340
> H“""---_.__...--"'""'#
g $258,000 +
=
1 L [ 1 i |
] I I 1 I I
0 200 400 600 800 1000 1200
Order Quantity
Figure 9.3.
Inventory Cost and Quantity

The EOQ with price discounts is 500 sets. Hence, ABC store isjustified in going to the first price break but the extra
carrying cost of going to the second price break more than outweighs the savings in ordering and in the cost of the



product itself.
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Carrying Costs Sated as a Percentage of Purchase Price

The procedure for computing carrying costs stated as a percentage of purchase price follows:

1. Calculate EOQs for each price. Reject any EOQ that is not within the allowable quantity range for the price used.
2. Calculate total annual cost for feasible EOQs

If the feasible EOQ is the lowest price curve, thisisthe overal EOQ.

If the EOQ is not the lowest price range, compute the total cost for the EOQ and for the next quantities for which price reductions will
occur.

3. Select the value of Q that will result in the lowest total cost.

EXAMPLE 5

Discount Plumbing Industries, Inc., amaker of the No. 510 valve, has offered quantity discounts. The volumes and prices follow:

Order Quantity, Q Unit Price, P
1to 399 $2.20
400 to 699 2.00
700 or more 1.80

The company developed the following estimates: D = 10,000 valves per year, S= $5.50 per order, and C = 20% of unit price (P). First,
the EOQs are computed for each of the prices:

EOQ, ,, = V2[10,000(5.5)/0.2(2.20)] = 500 (reject—too large)

EOQ, ,, = \/2[10,000(5.5)/0.2(2.00)] = 524.4 (feasible)

EOQ, ,, = ¥ 2110,000(5.5)/0.2(1.80)] = 552.8 (reject—too small)

Therefore, the total annual cost at two quantitiesis investigated: 524.2 and 700 units per order:
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At Q= 524.4, total annual cost
= (0.2}32N524.4/2) + $5.5(10,000/524.4) + $2(10,000)
= $104.88 + §104.88 + $20,000
= $20,209.76.

At © =700, total annual cost
= (0. 2MFLENTO0/Z) + $5.5010,000,/700) + $1.8010,000
= $126 + §78.57 + $18,000
= $18,204.57.

700 valves are a more economical order quantity because the total annual cost islower that that associated with the EOQ. Thiscase is
depicted in Figure 9.4.

Investigate These Two -
A\ Order Quantities: 524.4 and 700 y
o)
v
B
| \
: N
S A
=B I
. |
| - _ e
I T=—————— I ;
I I | T T
Quantity | 500 Quantity | Cuanty
Range When | Range When | Range When ;
P=%$2.20 | 524.4 P=%$2.00 | P=%1.80
: 552.8 :
] | | | I ]
300 400 500 600 700 800 900

Order Quantity, Q



Figure 9.4.
Quantity Discount Curves
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YOU SHOULD REMEMBER

Buying in large quantities has some favorable and some unfavorable features. The advantages are lower unit costs,
lower ordering costs, fewer stockouts, and lower transportation costs. On the other hand, there are disadvantages such
as higher inventory carrying costs, greater capital requirement, and higher probability of obsolescence and
deterioration.

Determination of Safety Stock

When lead time and demand are not certain, the firm must carry extra units of inventory, called safety stock, as
protection against possible stockouts. To determine the appropriate level of safety stock size, you must consider the
service level or stockout costs.

Service level can be defined as the probability that demand will not exceed supply during the lead time. Thus, a service
level of 90% implies a probability of 90% that demand will not exceed supply during lead time. Figure 9.5 shows a
service level of 90%.

/‘ 0%

_
|

ROP

Figure 9.5.
Service Level of 90%

To determine the optimal level of safety stock size, you might also want to measure the costs of not having enough
inventory, or stockout costs.

Here are four cases for computing the safety stock. The first three do not recognize stockout costs; the fourth case does.
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Known Maximum Demand Rate, Constant Lead Time

A simple way to determine the size of safety stock isto deduct average demand from the maximum demand that can
reasonably be expected during a period and then multiply the difference by the lead time.

EXAMPLE 6

Assume that the economic order quantity is 500 units, that the lead time is 4 weeks, that the average weekly demand
IS 60 units, and that the maximum expected weekly demand is 70 units. The owner of a small manufacturing business
would compute a safety stock as follows:

Maximum expected demand 70 units
Average demand 60
10 uni
Excess O units
Lead time x 4 weeks
Safety stock 40 units

ROP = Expected demand during lead time + Safety stock

Lead time ® Average demand per unit of time + Safety stock

4 weeks x 60 + 40
= 240 + 40 = 280 unirts

Variable Demand Rate, Constant Lead Time

ROP = Expected demand during lead time + Safety stock

= dLT+ z VLT (g,)

where
d = average demand
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LT =lead time

od = standard deviation of demand rate

z = standard normal variate [See Table 3 (Normal Distribution Table) in Appendix 11]

EXAMPLE 7

Norman's Pizza uses large cases of tomatoes at an average rate of 50 cans per day. The demand can be approximated
by anormal distribution with a standard deviation of 5 cans per day. The lead timeis 4 days. Thus,

d = 50 can per day

LT =4 days

od =5cans

How much safety stock is necessary for a service level of 99%? And what is the ROP?

For aservice level of 99%, z=2.33 [from Table 3 (Normal Distribution Table) in Appendix I1]. Thus,
Safety stock = 2.33 4 (5) = 23.3 cans

ROP = 50(4) + 23.3 = 223.3 cans

Figure 9.6 shows aservice level of 99%.

1% S1ockoul
Risk
9%
/ 1%
T
1]

Figure 9.6.
Service Level of 99%
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Constant Demand, Variable Lead Time

ROP = Expected demand during lead time + Safety stock

=d LT + zd (o)

where

d = constant demand

LT = average lead time

oL T = standard deviation of lead time

EXAMPLE 8

SVL's Hamburger Shop uses 10 gallons of cola per day. The lead time is normally distributed with a mean of 6 days
and a standard deviation of 2 days. Thus,

d = 10 gallons per day

IT =6 days

oLT =2days

How much safety stock is necessary for a service level of 99%? And what is the ROP?

For a service level of 99%, z = 2.33. Thus,
Safety stock = 2.33 (10)2) = 46.6 gallons

ROP = 10(6) + 46.6 = 100.6 gallons

Incor poration of Stockout Costs

The case where stockout costs are incorporated specifically recognizes the cost of stockouts or shortages, which can be
quite expensive. Lost sales and disgruntled customers are examples of external costs. |dle machine and disrupted
production scheduling are examples of internal costs. We will illustrate the probability approach to show how the
optimal safety stock can be determined in the presence of stockout costs.
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EXAMPLE 9

In Examples 1 and 2, suppose that the total demand over a one-week period is expected to be;

Total Demand
78

128

178

228

278
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Probability

Suppose further that a stockout cost is estimated at $12 per set. Recall that the carrying cost is $8 per set.

Table 9.2 shows the computation of safety stock. The computation shows that the total costs are minimized at $1,200, when a

safety stock of 150 setsis maintained. Therefore, the reorder point is 128 sets + 150 sets = 278 sets.

The Single Period Inventory ProblemMarginal Analysis

Unlike the basic EOQ model, the marginal approach to inventory introduces the concept of uncertainty. The basic ruleisto add
inventory as long as the expected reduction in penalty cost for a shortage is greater than the expected cost of stocking the unit.

Define:

p = probability of selling an additional unit

Table 9.2. Computation of Safety Stock

Safety Stockout Average Average
Stock and Stockout Stockout
Levels Probability (units) Costs ($)
(units)
50 with 0.2
100 with 0.1
0 150 with 0.1 35a 420b
[ 50 with 0.1
50 10 wwith 0. 1 15 180
100 50with0.1 5 60
150 O 0 0

a50(0.2) + 100(0.1) + 150(0.1) = 10 + 10 + 15 = 35 units
b35 units x $12.00 = $420

c$420 x 16 times = $6,720

d50 units x $8.00 = $400
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Number of
Orders

16
16
16
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Tota
Annual
Stockout Costs (%)

6,720c

2,880
960

Carrying Total ($)
Costs (%)

0 7,140
400d 3,280
800 1,760
1,200 1,200
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MP = margina profit from selling a unit
(1 p) = probability of not selling a unit
ML = marginal loss from turning away a customer.

Aslong as the expected marginal (incremental) profit is greater than the expected marginal (incremental) loss, the order
quantity will be added. Net profits will be maximized when

pIMP) = (1 = pML)
for the last unit in order. Solving for p, we obtain

ML
P= i vip

The probability of selling aunit must be at least ML/(ML + MP) in order to justify the stocking of the unit.

EXAMPLE 10

Home Holiday Store wishes to stock Christmas wreaths for sale during the holiday season. Assume that the store
knows the probability distribution of demand to be as follows:

Demand Probability of Demand Probability of at Least
Equal to the Given Number the Given Number
6 1.00
0.05
7 0.95
0.15
8 0.80
0.20
9 0.60
0.40
10 0.20
0.10
11 0.10
0.10
1.00

The store pays $2 for each item and sellsit for $6. It must dispose of each item not sold by December 25 at a cost of
$0.50 per wreath. The ordering cost is fixed for all courses of action.

Note that MP = $6 $2 = $4, and ML = $2 + $.50 = $2.50.

ML $2.50
P™ ML +MP ~ $250 + $4.00

= (0.385
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From the demand distribution, p for unit 6 = 1.00, because demand will always be at least 6 units, p for unit 7 = 0.95,
p for unit 8 = 0.8, p for unit 9 = 0.6, p for unit 10 = 0.2. Thus, the best course of action is to order 9 wreaths.

YOU SHOULD REMEMBER

In the marginal analysis formula, p essentially represents the service level (i.e., the probability that demand will not
exceed the stocking level).

Computers and Inventory Planning

Computers routinely do inventory planning, control, and management. IBM's Inventory Management Program and
Control Techniques (IMPACT) and Communications Oriented Production and Control System (COPICS) are two prime
examples of management information systems with embedded inventory packages. IMPACT is based on independent

demand and, therefore, uses traditional or classical inventory analysis. The goal of IMPACT isto provide operating
rules to minimize cost. In order to do this, the following functions are performed:

Forecast demand using various forecasting models such as exponential smoothing, trend, and seasonal (or cyclical)
models. Forecasts are monitored based on the mean absolute deviation and the tracking signal, all of which were
discussed in Chapter 3.

Determine the safety stock required for a specified level of service.
Determine the order quantity and time for reorder, using the EOQ and quantity discount models.
Consider the effects of freight rates and quantity discounts.

Estimate the expected results of the inventory plan.
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Simulation

Many specific operations problems cannot be fitted into the various types of optimization models for many reasons.
These include the following explanations:

Many operations management problems may have too many variables.

The system being analyzed is so complex that mathematical formulas cannot be devel oped.
The variables differ extensively with respect to their linearity or nonlinearity.

The constraints involved in the model also limit the usable models.

Sometimes, no known programming technique is available to solve a model.

Fortunately, operations managers have available to them a technique that has been useful in overcoming the
problems. This technique, called simulation, enables managersto avoid atrial-and-error approach, but at the same
time to investigate the effects of aternative courses having to make afinal decision. Especially with the availability
of computers, simulation has emerged as a powerful tool for analyzing decision problems.

Through simulation, we can observe the behavior of systems under controlled conditions and run experiments to
predict system behavior. Simulation provides managers with alaboratory for analyzing decision problems that often
cannot be solved by other means and offers away in which the computer can be used to improve the process of
management decision making.

Simulation refers to the use of anumerical model that represents the dynamic relationships in a system to predict the
behavior of the system. In asimulation, values that describe initial conditions of a system are used with values that
describe changes in the system during atime interval to generate the behavior of the system during that time interval.
The results are values of variables that describe the state of the system at the end of the timeinterval. This processis
then repeated until the desired length of time has been represented. For example, in asimulation of an inventory
system, values of beginning inventory are used with receipts and disbursements during atime interval to calculate the
value of the ending inventory.

A simulation model, then, imitates reality. If the imitation is sufficiently realistic we can infer behavior of the system

from observations of behavior of the simulation model. We can easily alter conditionsin the model and infer what
the impact of those changes would be on the system. In this
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way, a manager may ask a series of "what-if" questions about the system. An advantage of this processis that we can
use simulation to analyze systems and problems that are too complex for other mathematical techniques. An example
isasystem in which we would like to explore the effect of the interactions of several probability distributions.
Simulation involves the following steps:

1. Determine the distribution that describes the statistical property of concern.
2. Convert the probability distribution to a cumulative probability distribution.

3. Sample at random (using the random number table) from the cumulative probability distribution to produce
outcomes.

4. Simul ate the process.
A simulation of an elementary inventory problem is used to illustrate how this one type of simulation model works.
Inventory Smulation

A company is faced with a problem of determining the size of orders and when to reorder, but in the face of sales that
vary randomly from day to day. The company studied sales records for 500 days and found that demand varied
between 17 and 26 units per day according to the frequency shown in Table 9.3. The number of days on which each
level of demand occurred was converted into relative frequencies in column 3, and because management felt that this
same pattern of demand would continue for the immediate future, these relative frequencies were taken to be the
probabilities of occurrence. From Table 9.3, we find that 0.15 is the probability for a demand of 19 units on any
given day.

Monte Carlo Process

We can simulate sales that vary randomly according to this pattern by the Monte Carlo process. The Monte Carlo
process is atechnique of selecting numbers randomly from a probability distribution. In the last column of Table 9.3,
we assigned sets of two-digit numbers to each demand. One number (01) is assigned to ademand of 17 because it
has a 0.01 probability of occurrence; thirteen numbers (0214) are assigned to a demand of 18 units because it has a
0.13 probability of occurrence; and so forth.
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Table 9.3. Probability Distribution F Daily Demand
Number Number of Probability of Cumulative Corresponding
of Units Occurrences Occurrence Probability of 2-Digit
Demanded Occurrence Numbers

17 0.01 01
5 0.01

18 0.14 0214
65 0.13

19 0.29 1529
75 0.15

20 0.57 3057
140 0.28

21 0.69 5869
60 0.12

22 0.79 7079
50 0.1

23 0.87 8087
40 0.08

24 0.95 8895
40 0.08

25 0.98 9698
15 0.03

26 1.00 9900
10 0.02

Total
500 1.00

Average demand = 20.1 units per day.

We now obtain two-digit random numbers by some means such asrolling dice, drawing numbers from a hat, generating
them on a computer, or selecting them from atable of uniformly distributed random numbers like the one in Appendix
I1. We use them to select demands from the distribution of demandsin the table. If the number selected is 60, the
demand would be 21 because 60 falls into the 5768 set of numbersin the last column of the table. In Table 9.4 we have
drawn five random numbers and use them to determine simulated demand for five days. If we repeat this process many
times, we would have arandomly varying pattern of demands which would occur with the relative frequencies shown in
Table 9.4.

Table 9.4. Smulated Demand for Five Days

Day Number Random Number Demand (units)
1 60 21
2 18 19
3 10 18
4 85 23
5 55 20

The company is concerned with another probability distribution. That is the distribution of lead times, or the time
between placing an order and receiving the goods, asindicated in Table 9.5. Mathematical analysis of thistype of
problem is difficult because of the interaction between the demand and lead time probability distributions, but we can
simulate the behavior of
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this system using the Monte Carlo method and determine the cost of various purchasing policies. We could simulate this
situation by hand using the method described earlier, but the amount of calculation required to simulate, say, ayear's
operation of the system would be rather tedious. Thisisthe type of calculation for which adigital computer is suited.

Table 9.5. Probability Distribution of Lead Times

Lead Time (days) Probability of Cumulative Probability
Occurrence of Occurrence
6 0.10 0.10
7 0.20 0.30
8 0.30 0.60
9 0.25 0.85
10 0.15 1.00

YOU SHOULD REMEMBER

Simulation has been applied to awide variety of operations management activities, such as maintenance operations,
service facilities scheduling, corporate planning, distribution systems, location of facilities, personnel planning, and
facilities investment decisions. Using a computer is often the only feasible way of performing simulation. Many
special-purpose simulation languages such as SIMSCRIPT, GPSS, and GA SP have been developed and are suitable
for queuing and scheduling problems.

Using the ABC System for Inventory Control

ABC analysis focuses on the most critical itemsgross profitability, sensitive price or demand patterns, and supply
excesses or shortages. The ABC method requires the classification of inventory into one of three groupsA, B, or
Caccording to the potential savings associated with a proper level of inventory control. Class A items, needing close
control, are the high-dollar-volume group. They may include 80% of total inventory cost but only 1% of total items
stocked. Class B is an intermediate-dollar-volume groupperhaps 15% of dollars and 30% of items. Class C is the rest5%
of dollars and 69% of items. Table 9.6 illustrates an ABC distribution.
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Table 9.6. ABC Inventory Distribution

Inventory Classification Population (%) Dollar usage (%)
A 1 80
B 30 15
C 69 5

To institute the ABC method:
1. Compute annual dollar volume by inventory type anticipated (annual demand times unit cost).
2. Segregate merchandise into components based on annual dollar value.

3. Rank inventory in terms of annual dollar volume, ranging from high to low (e.g., Asin the top 80%, Bsin the next
15%, and Csin the last 5%).

4. Tag inventory with the appropriate classification and record the classifications in the inventory records.

The following exampleillustrates the ABC system.

EXAMPLE 11

Garner Auto Supply Company has arranged its ten inventory itemsin order of annual dollar volume. Figure 9.7 shows
the ordered list, with dollar volume expressed in percentages. The ordered list is examined in order to arrive at an
ABC classification of the items.

Table 9.8 shows the same ten items grouped into classes A, B, and C. Thetwo A items account for over 80%al most
five times as much annual dollar-volume as the two B itemswhereas the two B items account for almost six times as
much as the five C items. Figure 9.7 graphically illustrates the ABC classification for this example.

Table 9.7. Inventory Itemsin Annual Dollar Volume Order

[tem Annual Dollar Percent of
Number Usage Total Dollar Usage

113 130,000 47.5

103 90,000 32.9

123 31,000 11.3

134 14,500 53

301 6,200 2.3
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[tem Annual Dollar Percent of
Number Usage Tota Dollar Usage
721
650 0.2
764
525 0.2
402
325 0.1
520
300 0.1
Total
273,500 100.0
Table 9.8. ABC Classification
Classifi- [tem Annud Percent of Number Percent of Cumulative
cation Number Dollar Total of Total Percent of
Usage Dollar Items Number Tota
Usage of Items Number
A 103, 113 220,000 22.2
80.5 2 22.2
B 123, 134 45,500 44.4
16.6 2 22.2
C 301, 721, 8,000 100.0
29 5 55.6
520, 402,
764
Total
1000

I- Percent of Total Dollar Usage

B0.0
&60.0
40.0
20.0

0.0

22.2 44,4 100.0

Cumulative Percent of Total Mumber ltems

Figure9.7.
ABC Classification Percent Versus Percent of ltems

Itisclear that A items should receive major attention, B items moderate attention, and C items little attention.
Perpetual inventory records should be maintained for class A items, which require accuracy and frequent, often daily,
attention. Class B items are less expensive than A items but are still important and require intermediate control. Class
C itemsinclude most of the inventory items. Because they are usually less expensive and less used, they require less
attention.
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Thereisusualy ahigh safety stock level for C items. Blanket purchase orders should exist for A items and only "spot
buys' for Bsand Cs.

Examples of inventory controls that may be based on ABC classification follow:

Purchasing. A purchase order for aclass A item might be signed by the president, for aclass B item by the head of the
purchasing department, and for a class C item by any purchasing agent.

Physical Inventory Check. Count A items monthly, B itemstwice ayear, and C items annually.

Forecasting. Forecast A items by severa methods with resolution by a prediction committee, B items by simple trend
projection, and C items by best guess of the responsible purchasing agent.

Safety Stock. No safety stock for A items, one month's supply for B items, and three months' supply for C items.

Know the Concepts

Do You Know the Basics?

1. List inventory-related costs. Explain each briefly.

2. What are two basic questions regarding inventory management?
3. Distinguish between independent demand and dependent demand.
4. What is the reorder point? How do you determine this?

5. Write down the economic order quantity formula.

6. Describe the basic steps to finding EOQ with quantity discounts in the case where the carrying cost is stated as a
percentage of the unit price.

7. List four cases of safety stock determination.

8. Explain how ABC analysis works. List some of the control strategies.
9. Discuss the marginal approach to determining the optimal stock size.
10. What is simulation?

11. List the steps involved in simulation.
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Terms for Study

ABC analysis Monte Carlo ssmulation
economic order quantity (EOQ) quantity discount model
independent demand reorder point

lead time safety stock

marginal approach to inventory

Practical Application

1. The following information relates to the Janie Company:

Units required per year 30,000
Cost of placing an order $400
Unit carrying cost per year $600

Assuming that the units will be required evenly throughout the year, what is the economic order quantity?

2. Pierce, Inc., has to manufacture 10,000 blades for its electric lawn mower division. The blades will be used evenly
throughout the year. The setup cost every time a production run is made is $80, and the cost to carry ablade in
inventory for the year is $0.40. Pierce's objective is to produce the blades at the lowest cost possible. Assuming that
each production run will be for the same number of blades, how many production runs should Pierce make?

3. Politan Company manufactures bookcases. Setup costs are $2. Politan manufactures 4,000 bookcases evenly
throughout the year. Using the EOQ approach, find the cost of carrying one bookcase in inventory for one year when
the optimal production runis 200.

4. No-nonsense Engineering, a maker of the No. 562 valve, has offered quantity discounts. The volumes and prices
follow:

Order quantity, Q Unit Price, P
199 $10.00
100499 $9.50
500 or more $9.00

The company developed the following estimates. D = 2,000 valves per year, S= $30 per order, and C = 35% of
unit price (P). Determine the company's true EOQ.
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5. The Robney Company is arestaurant supplier that sells a number of products to various restaurantsin the area.
One of their productsis aspecia meat cutter with a disposable blade. The blades are sold in packages of 12 blades
for $20 per package. After anumber of years, it has been determined that the demand for the replacement bladesis at
aconstant rate of 2,000 packages per month. The packages cost the Robney Company $10 each from the
manufacturer and require athree-day lead time from the date of order to date of delivery. The ordering cost is $1.20
per order and the carrying cost is 10% per annum.

a. Calculate the economic order quantity, the number of orders needed per year, and the total cost of buying and
carrying blades for the year.

b. Assuming there is no safety stock and that the present inventory level is 200 packages, when should the next
order be placed? (Use 360 daysin one year.)

c. Discuss the problems that most firms would have in attempting to apply this formulato their inventory
problems.

6. The Orpra Company buys raw materials from an outside supplier at $40 per unit; total annual needs are 6,400
units. The material is used evenly throughout the year. Order costs are $100 per order, and carrying costs for the year
are $8 per unit in stock. The firm carries a safety stock of 50 units, has alead time of one week, and works 50 weeks
per year. Determine the economic order quantity and the reorder point.

7. The purchasing agent responsible for ordering cotton underwear for Barr Retail Stores has come up the following
information:

Maximum daily demand 100 packages
Average daily demand 80 packages
Lead time 9 days
Economic order quantity 3,500 packages

a. Compute the safety stock.
b. Calculate the reorder point.

8. The Bolger Company has obtained the following costs and other data pertaining to one of its materials:

Working days per year 250
Average use per day 500 units
Maximum use per day 600 units
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Lead time 5 days
Cost of placing one order $36
Carrying cost per unit per year $1

a. Calculate the economic order quantity.

b. Determine the safety stock.

c. Compute the reorder point.
9. Harrington & Sons, Inc., would like to determine the safety stock to maintain for a product so that the lowest
combination of stockout cost and carrying cost would result. Each stockout will cost $75; the carrying cost for each

safety stock unit will be $1; the product will be ordered five times a year. The following probabilities of running out
of stock during an order period are associated with various safety stock levels:

Safety Stock Level (units) Probability of Stockout (%)
10 40
20 20
40 10
80 5

Using the expected value approach, determine the safety stock level.

10. McCormick Company, aregional supermarket chain, orders 480,000 cans of frozen orange juice per year from a
Californiadistributor. A 2-dozen-can case of frozen juice delivered to McCormick's central warehouse costs $4.80,
including freight charges. The company borrows funds at a 10% interest rate to finance its inventories. The
McCormick Company's purchasing agent has calculated that it costs $15 to place an order for frozen juice and that
the annual carrying expense (electricity, insurance, handling) is $0.08 for each can of juice.

a. What is the economic order quantity?

b. How would you change your answer in part aif the California distributor offered a 10% discount off the
delivery price for minimum orders of 72,000 cases?

11. DKT Electronics, Inc., makes part number 562 for one of its computers. The annual demand is 10,000 units. The

annual carrying cost is $10 per unit, and the cost of preparing an order and making production setup for the order is
$100. The firm operates 250 days per year. The machine used to make this part has a production rate of 200 units per

day.

a. Calculate the economic production run size.
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b. How many lots are to be produced in ayear?

c. What is the annual cost of setups?

d. What is the average inventory?

e. What isthe annual cost of carrying inventory of part 562?
12. Davidson's Restaurant uses cooking oil at an average rate of 15 gallons per day. The demand can be
approximated by a normal distribution with a standard deviation of 2 gallons per day. Lead timeis eight days. The
restaurant wants to achieve a service level that is seven times the risk of a stockout. If cooking oil can be ordered as
needed, what reorder point should be used if lead timeis eight days?
13. Constas Hamburger Shop uses 20 gallons of cola per day. The lead timeis normally distributed with a mean of
five days and a standard deviation of two days. Determine the level of safety stock and optimal reorder point.
Assume a service level of 99%.

14. XY Z Store wishes to stock refrigerators for sale. Assume that the store knows that the probability distribution of
demand is as follows:

Demand Probability of Demand Probability of at Least
Equal to the Given Number the Given Number
6 1.00
0.1
7 0.9
0.3
8 0.6
0.4
9 0.2
0.2
1.00

The store pays $650 for each item and sells it for $1,000. There is no disposal cost. The ordering cost is fixed for all
courses of action. How many items should the store stock?

15. The following data for an inventory item is given:

Demand Per Hour (units) Probability
0.2
04
0.3
0.1

w N O

Beginning inventory 5 units

- 4 unit
Order quantity units
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Lead time 2 hours

Reorder point (checked at the end of each hour) 3 units

Simulate 10 hours of operation for demand, beginning and ending inventories, and order placements and
arrivals, using the following random digits: 07 34 3523 17 20 72 59 05 68.

Answers

Do You Know the Basics?

1. Inventory-related costs fall into three categories: (a) ordering costs, which includes all costs associated with
preparing a purchase order, (b) carrying (holding) costs, which include storage costs for inventory items plus the cost
of money tied up in inventory, and (c) shortage (stockout) costs, which include those costs incurred when an item is
out of stock. These include the lost contribution margin on sales plus lost customer goodwill.

2. Many inventory planning models are available. They basically try to answer the following two questions: (a) how
much to order? and (b) when to order?

3. Dependent demand inventories consist of items whose demand depends on the demands for other items held in
inventory. Independent demand items are the finished goods or other end-items. Its demand is independent of the
demand for any other item carried in inventory.

4. The ROP answers when to place a new order, and requires a knowledge of the lead time, which is the time interval
between placing an order and receiving delivery. ROP can be calculated as follows:

= Average demand per unit of lead time x lead time + Safety stock
5. The EOQ is computed as:

200

EOQ = | ~&

where C = carrying cost per unit, O = ordering cost per order, and D = annual demand (requirements) in units.

6. The procedure is as follows: (a) calculate EOQs for each price; regjecting any EOQ that is not within the allowable
quantity range for the
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price used; (b) calculate total annual cost for feasible EOQs. (i) if the feasible EOQ is the lowest price curve, thisis
the overall EOQ and (ii) if the EOQ is not the lowest price range, compute the total cost for the EOQ and for the next
quantities for which price reductions will occur, and (c) select the value of Q that will result in the lowest total cost.

7. There are four cases. (a) known maximum demand rate, constant lead time, (b) variable demand rate, constant lead
time, (c) constant demand, variable lead time, and (d) incorporation of stockout costs.

8. ABC analysisinvolves the following steps: (a) compute annual dollar volume by inventory type anticipated
(annual demand times unit cost); (b) segregate merchandise into components based on annual dollar value; and ()
rank inventory in terms of annual dollar volume, ranging from high to low (e.g., Asin top 80%, Bsin next 15% and
Csin last 5%). Examples of inventory controls that may be based on ABC classification are purchasing (e.g., a
purchase order for aclass A item might be signed by the president, for a class B item by the head of the purchasing
department, and for a class C item by any purchasing agent), physical inventory check (e.g., Count A items monthly,
B itemstwice ayear, and C items annually), forecasting (e.g., forecast A items by several methods with resolution by
a prediction committee, B items by simple trend projection, and C items by best guess of the responsible purchasing
agent), and safety stock (e.g., no safety stock for A items, one month's supply for B items, and three months' supply
for C items).

9. Unlike the basic EOQ model, the marginal approach to inventory introduces the concept of uncertainty. The basic
ruleisto add inventory as long as the expected reduction in penalty cost for a shortage is greater than the expected
cost of stocking the unit.

10. Simulation refers to the use of a numerical model that represents the dynamic relationshipsin a system to predict
the behavior of the system.

11. Simulation involves the following steps: (a) determine the distribution that describes the statistical property of
concern; (b) convert the probability distribution to a cumulative probability distribution; (c) sample at random (using
the random number table) from the cumulative probability distribution to produce outcomes, and (d) simulate the
process.
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Practical Application

1

oo [2D0
(2 J =

where C = carrying cost per unit, O = ordering cost per order, and D = annual demand in units.

£00 - J 28400030000 es

S600

. . { 20D
Economic run size = T

2($80)(10,000) N
J 5040 = /4,000,000 = 2,000

where C = carrying cost per unit, O = setup cost per order, and D = annual requirements in units.

If each production run isto be 2,000 units and atotal of 10,000 units are needed, there will have to be 5 runs
(10,000/2,000).

[ 2052040000
5 } = 200
Carrying cost

Note that 200 x 200 = 40,000.

$16,000
Cost of carrying one unit for one period

40,000 =

The cost of carrying one unit for one period = $0.40.

4. Firgt, the EOQs are computed for each of the prices:

EOQm = "JII 202,00000300/0.35(10.00) = 185 (reject—too large)

EOQ, ., =/2(2,0000(30)/0.35(9.50) = 190 (feasible)
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EOQ, 4, = 2(2,000)(30)/0.35(9.00) = 195 (reject—too small)

Thetotal annual cost at two quantitiesis therefore investigated: 190 and 500 units per order.
At Q = 190,

total annual cost = (0.35)($9.50)(190/2) + $30(2,000/190) + $9.50(2,000)

= $315.88 + $315.79 + $19,000 = $19,631.67.

At Q =500,

total annual cost = (0.35)($9.00)(500/2) + $30(2,000/500) + $9.00(2,000)

= $787.50 + $120 + $18,000 = $18,907.50.

500 valvesis amore economical order quantity because the total annual cost islower that that associated with the
EOQ.

a. The economic order quantity is

2($1.20)(24,000)  ——
Em'\/ GO -V 371600 = 240

The number of orders needed per year is

Annual requirements 24,000
EOQ 240

Thetotal cost of buying and carrying blades for the year is

= 100 orders per year

EOQ i :
5 (Holding cost per unit) + Annual ;Eﬂq:;rements {(Ordering cost per order)
240 24,000
- ($10.00 x 10%) + 340 ($1.20) = $240

b. The optimal reorder point is
Lead time X Average daily demand

= 3 days x (24,000 packages/360) = 200 packages
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Because the company has 200 packages now, it should place the next order immediately.

c. Applying the EOQ formulato inventory problems can cause some of the following problems:

Inventory is not always used at a constant rate, and the constant demand assumption isimplicit in the EOQ
formula.

The EOQ formula requires estimates of annual sales, ordering costs, purchase price per unit, and cost of
carrying inventories. These estimates may be extremely difficult to obtain.

6.
2051000(6,400) :
EOQ = = 4/160,000 = 400
$8.00
ROP = Average demand during lead time + Safety stock
= 1 week x (6,400/50 weeks) + 50 units
= 128 units + 50 units = 178 unils
7.
a. The safety stock is computed as follows:
Maximum daily demand 100 packages
Average daily demand 80
Excess 20
Lead time x 9 days
Safety stock 180 packages
b. ROP = Average demand during lead time + Safety stock
= 80 packages x 9 days + 180 packages = 720 + 180 = 900 packages
8.

9,000,000

EOQ = ‘/ 21:536:1(125 000)
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Maximum use per day
Average use per day

Safety stock

Average use per day (500) x Days of lead time (5)

The recommended level of safety stock is 40 units.

Safety stock
Reorder point
9.
Annua Probability
Number of
of Stockout =
Orders x
5 0.4
5 0.2
5 0.1
5 0.05
10.

a

EOQ = \/:{

2
1

600 units

500

page 302

100 units x 5 days of lead time = 500 units

Expected
Annual
Stockouts x

0.5
0.25

20515)(480,000)

$4.80/2410.1)] + §0.08

Cost
Per
Stockout (%)

75
75
75
75

Annua
Stockout
= Cost (%)

150.00
75.00
37.50
18.75

= "w.lllﬂiﬂi.ﬂiﬂi},m}ﬂ = 12,000 cans

or 12,000/24 = 500 cases

2,500 units

3,000 units

Annual
Safety
Stock

Carrying
Cost
+ ($L/unit)

10
20
40
80

next page >
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Total
= Cost (%)

160.00
95.00
77.50
98.75

b. McCormick should decide to order in quantities of 72,000 cans, based on the following computations:



Order size

Number of orders per year
Average inventory

Cost of placing orders @ $15

Cost of carrying inventory:
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12,000 cans

40

6,000 cans

$600

page 302

72,000 cans

6(2/3)

36,000 cans

$100

next page >
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$0.08 x 6,000 480

$0.08 x 36,000 2,880

[6,000 x ($4.80/24)] x 0.10 120

[36,000 x ($4.80/24)] x 0.10 720

Product cost:

($4.8/24) x 480,000 cases 96,000

($4.32/24) x 480,000 cases 86,400

Total cost including product cost 97,200 90,100

11. O = setup cost = $100 per setup, C = carrying cost = $10 per unit, D = annual demand = 10,000 units,

p:

12.

production rate = 200 units, and u = usage rate 40 units (10,000 units/250 working days).

a

208 2(10,000(100) 200 _
ECQ = ‘/ c (]r:r 0 .j 10 00 — 40y ~ 00 units

b. Number of lots per year = D/Q = 10,000/500 = 20 lots.
c. Annual setup costs = §(D/Q) = (100)(10,000/500) = $2,000.
d. Average inventory level = Q/2[(pu)p] = (500/2)[ (200 40)/200] = 200 units.

e. Annual cost of carrying thisinventory = 200 units x $10 per unit = $2,000.

ROP = Expected demand during lead time + Safety stock
= dLT + z4/LT (o,)

where d= 15 gallons per day, LT = 8 days, and od = 2 gallons per day. Service level is 7/8 = 0.875 [from
Table 3 (Normal Distribution Table) in the Appendix I, z= 1.15]

Safety stock = 1.15 "'Jrg{f] = 6.8 gallons
ROP = 15(8) + 6.8 = 126.8 gallons
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13.
ROP = Expected demand during lead time + Safety stock
=d LT + zd (oL T)
whered = 20 gallons per day, LT =5 days, and oL T = 2 days.
For aservice level of 99%, z=2.33. Thus,
Safety stock = 2.33 (20)(2) = 93.2 gallons
ROP = 200(5) + 93.2 = 193.2 gallons
14.
Note that MP = $1,000 $650 = $350, ML = $650 0 = $650.
a ML 8650 0.65
P~ ML+MP ~ 75650 + §350 O
The probability of selling aunit must be 0.65 in order to justify the stocking of the unit. From the demand
distribution, the best course of action is to stock 7 units.
15.
Demand per Probability Cumulative Corresponding
Hour (units) Probability Random 2-digits
0 0.2 0.2 119
1 04 0.6 2059
2 0.3 0.9 6089
3 0.1 1.0 9099

Based on the random digits assigned, we obtain demand units in the second column.

Hours Demand Beginning Ending Order Order
Inventory Inventory Pointa Arrivalsa

1 0 5 5

2 1 5 4

3 1 4 3 4

4 1 3 2

5 0 2 2 4

6 1 6 5

7 2 5 3 4

8 1 3 2

9 0 2 2 4
10 2 6 4



aend of hour
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10
Material Requirements Planning and Just-in-Time

KEY TERMS

bill of materials (BOM)
structured parts list that shows the manner in which the product is actually put together.

capacity regquirements planning (CRP)
system for determining if a planned production schedule can be accomplished with available capacity and, if not,
making adjustments as necessary.

inventory statusfile
file indicating how much inventory ison hand or on order.

just-in-time production
approach to manufacturing in which items are produced only when needed in production.

Kanban
Japanese information system for coordinating production orders and withdrawals from in-process inventory to realize
just-in-time production.

manufacturing resource planning (MRP 1)
integrated information system that steps beyond first-generation MRP to synchronize all aspects (not just
manufacturing) of the business.

material requirements planning (MRP)
computerized data processing system whose function is to schedule production and control the level of inventory for
components with dependent demand.

time bucket
atime period used in the master schedule.
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The previous chapter focused on independent-demand inventories, which enable a company to respond to demand
from outside the production system more quickly than it could if it had to buy or produce an item before selling it.
The extent of external demand is usually not known ahead of time; it must be forecast, and some uncertainty is
inherent in these forecasts. Quite often, safety stock is required to ensure that sufficient quantities of these items will
be available.

Many types of organizations such as make-to-stock manufacturers, hospitals, wholesale distributors, and retail
businesses must keep independent-demand items on hand. On the other hand, many manufacturers deal with
dependent-demand inventories. Dependent-demand items are those components that are assembled to become part of
some parent item or in some similar way become part of a set of components. Dependent-demand inventories
typically are consumed within the production system, not by some outside demand.

In this chapter, we present material requirements planning, a system that works backwards from the scheduled
quantities and need dates for end-items specified in a master production schedule to determine the requirements for
components needed to meet the MPS. In alatter part of the chapter we will discuss the just-in-time (JIT) system of
inventory, a Japanese contribution.

Material Requirements Planning

Materia requirements planning (MRP) is aflow-control system design to ensure that parts and components (items
with dependent demand) are available in the period when they are needed, with little or none present at other times.
The theme of MRP is "getting the right component parts and materials to the right place at the right time." Figure
10.1 depicts an MRP computer system.
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Aggregate Forecasts
[ Orders J F'Ianning_J of Demand]
Master
Production
Schedule
Bills of Item
Materials MR < Master File
*Design Changes *Receipts
*Materials Changes «Withdrawals
*Production Sequence Data s ead Time Changes
Report
Reports/
Inventory

Status Data

Figure 10.1.

An MRP Computer System

The overall objective of MRP isto provide a more effective, responsive, and disciplined approach to determining the
material requirements of the organization. Employed properly, MRP may serve as a communication device as well as
aplanning tool, allowing various subfunctions of the firm to operate with a common, integrated plan. Fundamentally,
MRP attempts to answer the following questions (given a master production schedule):

What material is needed?
When isthe material needed?
How much is needed?

When should orders be placed?

Correct answers to these questions are vital for effective operations in the manufacturing context.



System Logic

Fundamental is the concept of dependent demand. Demands for end-items (final products) create demands for
assemblies, which in turn create
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demands for components, and so on. Take telephone stands, for example. Demands for stands create demands for legs,
sills are then manufactured; these parts create demands for the basic raw material, wood, in several different forms.
Additionally, demand for the end-items or final products will occur as afunction of scheduled production and customer
demands. Therefore, it is not necessary to forecast independently the need for parts and components, because the
"exploding" of the end-item will provide thisinformation. Exploding simply means the breaking down of final items
into component parts that can be individually planned and scheduled. The amount of material available for usein the
production processis afunction of material on hand and material on order (pipeline inventory). MRP operates on a

perpetual inventory concept. The key to the use of MRP is an understanding of the netting process. The principleis
illustrated in Table 10.1.

Table 10.1. Netting Processa

Inventory Units

W: End-item 25
X: Assembly X 100
Y: Subassembly Y 50
Z: PartZ 10

aAssume 1:1 relationships.

EXAMPLE 1

If the demand for end-item W is 200 units and the current inventory equals 25 units, the netting process would
operate as follows:

Net requirement for W = Gross requirement (W) — Inventory (W)
= 200 — 25 = 175 units
If the net requirement for W is 175 units, then the gross requirement for assembly X would also be 175 units:

Net requirement for X = Gross requirement (X) — Inventory (X)

= 175 = 100 = 75 units
The net requirement for assembly X becomes the gross requirement for subassembly Y ; substituting:

Net requirement for Y = Gross requirement (Y) — Inventory (Y)

= 75 =50 = 25 units
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The net requirement for subassembly Y becomes the gross requirement for part Z; substituting:

Net requirement for Z = Gross requirement (£) - Inventory (Z£)

= 25— 10 = 15 units

The netting process is based on the fact that, for example, a subassembly contains all the parts or items that define it
as asubassembly. Therefore, if we have a stock of subassemblies on hand, we must also count (consider) the partsin
that subassembly, in effect, netting out these parts from the computations to avoid double counting. Double counting
would occur if the inventory levels of W, X, Y, and Z were simply subtracted from the gross requirement of W, as
shown in Table 10.2.

Table 10.2. Impact on Requirements With and Without Netting

With Netting Without Netting
w 175 175
X 75 100
Y 25 150
Z 15 190
System Components

The components of the MRP system in its simplest form are shown in Figure 10.1. Here, the MRP component parts feed
into the MRP processorthe computer program. Y et each component plays avital role.

The bill of materials (BOM))file tells what a finished product is composed of . It provides the basic relationships among
parts, assemblies, subassemblies, and end-items. Thus, each product has its own BOM. The listing is hierarchical. It
shows that the quantity of each item needed to complete one unit of the next-highest level of assembly. The product-
structure tree shows this relationship (see Figure 10.2). The final product is assigned a level O designation. Levels 1. ..
n indicate the relationship between items. For example, subassembly 1 is composed of parts 1 and 2. The bill of
materials al so specifies the quantities required to make each item. These values are shown in parentheses.

The master schedule tells how much afinished product is desired and when. It states (a) which end items are to be
produced, (b) when these end items are needed, and (c) what quantities are needed. Generally master
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production schedules are devel oped for periods ranging from 26 to 104 weeks, with revisions or updates on a weekly
or biweekly basis. Master schedules are set forth in standard planning periods called time buckets and are most
commonly specified in weeks.

Leweal

a X

) |

| | |
1 ALZ) B 13

| | | — | ] |
2 E3) D D2} Fi3) E(2) Di2)
E Chid)

Figure 10.2.

Product-Structure Tree

The inventory status file indicates how much inventory is on hand or on order. It contains such information as gross
requirements, scheduled receipts, expected amount on hand, and other information such as supplier, lot size, and lead
times for acquisition of purchased parts and internal operations on these parts plus the waiting time between
operations.

MRP Computer Program

The MRP processor itself performs the explosion process and the netting process and offsets the lead times to
provide reports on what to buy, when to buy, and when to expedite, deexpedite, cancel, and increase or decrease
orders. It involves taking the end-item requirements that are specified by the master schedule and "exploding” them
into time-phased requirements for the components using the bill of materials offset by lead times. The net
requirement of each material are computed as follows:

Net material requirement = Gross material requirements Inventory on hand (available at the beginning of the period)
Planned order receipts (or scheduled receipts)

Scheduled receipts, sometimes called open orders, are orders that have been placed but not yet completed. Planned
receipts are new orders not yet released to the shop or the supplier. Planning for receipt of these new orders will keep
the projected on-hand balance from dropping below the
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desired safety stock level. A planned receipt indicates the amount to order or to start producing in each period in order to
be available for the next level of production or assembly. This entire computer procedure results in inventory transaction

data (orders released, changes in orders, and so on), which are used to update the inventory status file, the primary
output reports, and secondary output reports. Note that normally,

Inventory on hand (available at the beginning of the next period)
= In stock — Safety stock — Inventory allocated to other uses

On hand, = On hand, , -~ Gross requirements, + Scheduled receipts, +
Planned order receipts,
EXAMPLE 2
Donnaisthe MRP manager for Gadgets, Inc. An MPS s given to her showing gross requirements for 250 units of the

Model A gadget in week 4 and 100 unitsin week 6. These are the only items on the MPS. The following is a product
structure diagram based on the bill of materials.

Lewel
0 A
I |
1 Bl 2y
|
i
| |
2 D3k Eil)

The Item Master File shows the inventory levels and other planning data for every item.
Iltem Master Filea

Scheduled Receipts
In Safety Allocated Lead Time Lot Amount Week
Stock Stock (weeks) Size
A 150 50 0 1 200
B 200 100 100 2 500
C 400 100 0 1 300
D 400 200 100 2 2,000 2,000 2
E 100 50 0 1 500

aNote: Safety stock isareserve and not available for planned use. Allocated is committed to another use and hence
not available for planned use. Lot size is the minimum order quantity; one may order more for the current period, but
not less. Scheduled receiptsis the order that has already been released.
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Donna adheres to the following routine:

1.

Inventory on hand = In stock Safety stock Inventory allocated to other uses

For example, beginning inventory on hand for item A: 150 50 0 = 100.

On handt = On handt1 Gross requirementst + Scheduled receiptst + Planned order recei ptst
For example, inventory on hand for item A in week 4: 100 250 + 0 + 200 = 50.

2.

Net materia requirement = Gross material requirements Inventory on hand Planned order receipts (or scheduled
receipts)

For example, net material requirement for item A in week 4: 250 100 0 = 150.
3. Planned order receipts. Plan to receive order of the amount of net requirement (more if required by lot size).

4. Planned order release. Thisis the same amount as the planned order receipt, except that it is offset by lead time. For
example, units of A (lead time = 1 week) required in week 4 must be ordered in week 3. Note also that a planned
order release for the parent generates gross requirements in the same week for the "children” (lower level). For
example, order releases for A in weeks 3 and 5 generate gross requirements for B and C in those weeks; order
releases for C in weeks 2 and 4 generate gross requirements for D and E in those weeks. Note also that gross
requirements for "children™ are dictated by the bill of materials amount. For example, gross requirements for D is 900
units (planned order release units of 300 for C x 3 units of D required for each unit of C).
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Week
llem Llevel lead On
Code Code Time Hond Stock Allocated 1 2 3 4 5 é

A 0 1 150 50 0 | Gross requirements 250 100
Scheduled receipts
Cn hand 100 | 100 100 100 100 50 150
Met requirements 150 50
Flanned order receipts y's 200 Vs 200
Planned order releases 200 200

B 1 2 200 100 100 | Gross requiremeants 200 200
Scheduled receipts
On hand 0 0 0 1] 300 | 100 100
MNat requirements 200
Planned order receipts — 500
Planned order releases | 500 4 |

C 1 1 400 100 0 | Gross requirements 400 400
Scheduled receipts
Cn hand 300 | 300 300 300 200 | 200 100
Met requirements 100 200
Planned order receipts 300 300
Flanned order releases 300 300

b 1 2 400 200 100 | Gross requirements 200 200
Scheduled receipts 2,000
Cn hand 100 [ 100 100 | 1,200 | 1,200 | 300 300
Met requirements
Planned order receipts
Planned order releases

E 1 1 100 50 0 | Gross requirements 300 300
Scheduled receipts
On hand 50 50 50 250 250 | 450 450
el requirements 250 30
Planned order receipts 500 500
Flanned order releases | 500 ‘1/ 500 (
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Donna has completed her MRP plan. She plans to release the following orders:

Week 1: 500 units of B and 500 units of E

Week 2: 300 unitsof C

Week 3: 200 units of A and 500 units of E

Week 4: 300 unitsof C

Week 5: 200 units of A

Week 6: None
YOU SHOULD REMEMBER

Questions Addressed in MRP Processing

Questions Remarks
(1) What do we want to produce and when? Input to the MRP program through the master schedule

(2) What components are required to make and how Provided by the bill of materials
many does it take?

(3) How many are already scheduled to be availablein ~ Obtained from the inventory statusfile
each future period?

(4) How many more do we need to obtain for each future Subtract (3) from (2), if (2) islarger
period?

(5) When do we need to order these amounts so that they Move earlier in time by the production or procurement lead
will be available when needed? time for each time

Outputs of MRP

The outputs of MRP systems dynamically provide the schedule of materials for the futureamount of each material
required in each time period to support the master planning schedule. Two primary outputs result:
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Planned order schedule. A plan of the quantity of each material to be ordered in each time period.

Changesin planned orders. Modification of previous planned orders.

The secondary MRP outputs provide the following information:

Exception reports. Reports that flag items requiring management attention in order to provide the right quantity of
materials in each time period, (e.g., reporting errors, out-of-bound situations, and excessive scrap).

Performance reports. Reports that indicate how well the system is operating, (e.g., inventory turns, percentage of
delivery promises kept, and stockout incidences).

Planning reports. Reportsto be used in future inventory planning activities, [e.g., inventory forecasts, purchase
commitments report, traces to demand sources (pegging), and long-range material requirements planning].

Inventory Decision Rules for MRP
Many decision rules (lot-sizing rules) can be employed for ot sizing under MRP.
Rule 1. Lot-size orderingminimum order quantity needed.

Rule 2. Lot-for-lot (LFL) orderingordering the exact quantity to satisfy the requirements of each time period
(usually aweek).

Rule 3. Period order quantities (POQ)selection of afixed timeinterval over which to purchase and determine
requirements.

Rule 4. Economic order quantityusing the standard EOQ formula, the annual usage is determined by
proportioning.

Rule 5. Least total cost methodattempts to select the quantity to order that balances the cost of possession and
the cost of acquisition.

Additional rules can be used, including least unit cost, period order quantity, and dynamic programming plus

variations on these. Which is best isimpossible to say because they all have the mgjor constraint of discontinuous
(lumpy) demand for items.
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Benefits and Limitations of MRP

The benefits of MRP include:

The reduction of inventory investment

The reduction of shortages

The achievement of more reliable delivery schedules

The improvement of work flow

But MRP is not without shortcomings. It may use outdated bills of materials, not incorporating design changes.
Further, MRP may lack accurate and up-to-date master schedules.

Manufacturing Resource Planning

Manufacturing resource planning (MRP Il or "closed loop" MRP) is an integrated information system that steps
beyond first-generation MRP to synchronize all aspects (not just manufacturing) of the business. The MRP |1 system
coordinates sales, purchasing, manufacturing, finance, and engineering by adopting afocal production plan and by
using one unified database to plan and update all systems.

MRP |1 enables managers to test what-if scenarios by using simulation. Management can project the dollar value of
shipments, product costs, overhead allocations, inventories, backlogs, and profits. The system reports can help
managers in production, purchasing, marketing, finance, and engineering develop and monitor the overall business
plan and recogni ze sales objectives, production capabilities, and cash flow limitations.

Just-1n-Time Manufacturing

The inventory control problem occursin almost every type of organization. It exists whenever products are held to
meet some expected future demand. In most industries, cost of inventory represents the largest liquid asset under the
control of management. Therefore, it isvery important to develop a production and inventory planning system that
will minimize both purchasing and carrying costs. During the 1960s and 1970s, material requirements planning
(MRP) was adopted by many U.S. manufacturing companies as the key component of their production and inventory
planning systems. Although success has not been universal, users typically agreed that the inventory
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approach inherent in an MRP system generally is more effective than the classical approach to inventory planning.
Aside from the manufacturing aspects, the purchasing function aso is of major importance to the overall success of
the system. Even though MRP has received a great deal of attention, effective purchasing and management of
materialsis still ahigh-priority activity in most manufacturing firms. Material cost, as a proportion of total product
cost, has continued to rise significantly during the last few years and, hence, is a primary concern of top
management.

Competing on the basis of both price and quality, the Japanese have demonstrated the ability to manage their
production systems effectively. Much of their success has been attributed to what is known as the just-in-time (JIT)
approach to production and inventory control, which has generated a great deal of interest among practitioners. The
Kanban systemas the Japanese call ithas been afocal point of interest, with its dramatic impact on the inventory
performance and productivity of the Japanese auto industry.

This section provides an overview of the J T approach. It also highlights the impact that JIT implementation might
have on inventory control, the purchasing function, and production costs.

What Is Just-In-Time?

JT isademand-pull system. Demand for customer output (not plans for using input resources) triggers production.
Production activities are pulled, not pushed, into action. J'T production, in its purest sense, is buying and producing
in very small quantitiesjust in time for use. The basic idea has its roots in Japan's densely populated industrial areas
and itslack of resources, both of which have produced frugal persona habits among the Japanese people. The idea
was devel oped into a formal management system by Toyotain order to meet the precise demands of customers for
various vehicle models and colors with minimum delivery delays.

Asaphilosophy, JIT targets inventory as an evil presence that obscures problems that should be solved. J' T suggests
that, by contributing significantly to costs, large inventories keep a company from being as competitive or profitable
asit otherwise might be. Practically speaking, JI T has asits principal goal the elimination of waste, and the principal
measure of success is how much or how little inventory thereis. Virtually anything that achieves this end can be
considered aJIT innovation.

Furthermore, the little inventory that existsin aJI'T system must be of good quality. Thisrequirement hasled to JIT
purchasing practices uniquely able to deliver high-quality materials. JT systems integrate five functions of the
production processsourcing, storage, transportation, operations, and quality controlinto one controlled manufacturing
process. In manufacturing, JIT means that a company produces only the quantity needed for
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delivery to dealers or customers. In purchasing, it means suppliers deliver subassemblies just in time to be assembled
into finished goods. In delivery, it requires selecting a transportation mode that will deliver purchased components
and materialsin small-lot sizes at the loading dock of the manufacturing facilities just in time to support the
manufacturing process.

The Japanese believe that human error, machine breakdowns, and defective parts can be prevented and that inventory
simply hides these problems and keeps companies from achieving their goals. During the 1950s, the Japanese
recognized that they needed to upgrade their manufacturing expertise significantly if they were to make additional
inroads in world markets. The targeted goals were quality and the elimination of waste. Development of new
technigues occurred, among which JIT isthe most publicized. It (Kanban) uses simple tags to track the flow of work-
in-process inventory. The word Kanban literally means signboard or ticket in Japanese. Tickets control the flow of
materials through the system. The goal in using Kanban is to have each material arrive just in time for its usein the
production operation. The ability of Kanban to achieve this goal depends upon the characteristics of the environment
in which it operates. These characteristics have been divided into major categoriesin Table 10.3.

The flow of materialsis always associated with the relationship between two work centers; thisinterrelationship is
crucia to the efficient flow of materials. The consuming work center isindependent of the producing department for
its necessary components. The notion of a producing work center likewise is extended to the distribution system for
the finished product. All communication is accomplished through the movement of Kanban tickets that identify
products, routing, and order quantity information. All activities dealing with materials flow or conversion are
associated with Kanbans. Thus, the total quantity of material is controlled by the number of Kanbans in the system.
A reduction in the number of Kanbans circulating in the system will result in areduction in the inventory. No
material-based activity is permitted without an attached Kanban card.
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Table 10.3. Mgjor Characteristics of the Japanese Just-in-Time System

Technical Factors Behaviora/Environmental
Factors
Group technology Factoryunions
Minimized setup times Focused factory
Smoothing of master production Quality at source
schedul e/aggregate plan
Flow-type shop employment Job security/lifetime
Visible contral, pull- Group decision making/bottom-up system with
up/management Kanban
Automation Supporting supplier network

Total preventive maintenance

Figure 10.3 illustrates the flow of materialsin a simple Kanban system. Material flows from work station Wh through an intermediate storage
areato work station Wn+1; all material is moved in standardized containers, with each holding approximately one-tenth of one day's usage
guantity. Each container has a Kanban attached and cannot be removed until a material handler arrives with a conveyance Kanban (used to
control the flow of material within the shop). Once this occurs, the production Kanban is removed and returned to the producing department.
This serves as an authorization to replace the material just removed.

Production Conveyance Production Conveyance or Withdrawal
Kanban Kanban Kanban Kanban
- "_‘_‘-\ .“'-_‘_-“\ 4 -_"__‘\ ".-—1——--,‘.
/ \ / L \ ’ \
L | ] |
|~ ~ |~ ~
P;',n—l P:',n
Fk,nv1 Pf,n
Storage
Pin
W, = work center n Storage

P; , = part i processed at work center n

Figure 10.3.
Flow of Materials with Kanbans

< previous page page 319 next page >



< previous page page 320 next page >
Page 320

The conveyance Kanban attached to the container moves to the consuming department. The conveyance Kanban
cannot be used to acquire additional stock until the material within the container is actually used. Hence, not only is
the total amount of inventory controlled by the Kanban cards, but the production of additional inventory isalso
delayed until current inventory is used. To make the Kanban system work, a smoothed daily production rateis
essential. This means that the aggregate production schedule and the master production schedule must be adjusted
smoothly on adaily basis. Because the production lot size is defined by a standardized container, atypical production
lot sizein the Kanban system isinherently smaller than ot sizes used in atypical MRP system, which uses a weekly
time bucket. This also means that more frequent production setups are required under the Kanban system and that
minimizing the setup time becomes a very important feature of the system.

Group technology employs the principal of grouping parts with common processing characteristics to reduce
processing variety and hence to increase manufacturing productivity. Application of group technology justifies the
use of flow-shop processing modes with increased automation because alarger volume of parts can use the common
processes. Preventive maintenance supports uninterrupted flow of material and parts through the manufacturing
system.

Behavioral and Environmental Factors

In what follows, the major behavioral characteristics listed in Table 10.3 will be briefly discussed. The fact that
Japanese labor unions are organized not by trade but by factory tends to foster cooperation between management and
union. Both parties can deal with specific problemsin a particular factory or company that affect both the worker and
the company.

The focused factory concept is part of alarger strategy designed to have alimited number of products or items
manufactured under the responsibility of a single profit center or cost center. This concept tends to reduce the
complexity in planning and controlling production and inventory management activities. It also tends to delineate
specific management responsibilities.

The Japanese system emphasizes the quality at source concept. This simply means that a worker who makes an item
also has the responsibility for the quality of the item. The same worker must check the quality and, if necessary, has
the authority to stop the production processiif it is malfunctioning. The result tends to be improved quality levels,
with an emphasis on preventive and corrective actions rather than on the identification of defective items after the
production process is completed. Many Japanese companies subscribe to the life-long employment concept.
Although the practice does not cover all employees, thislong-term relationship is generally extended to
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the core employees of the company. This culturally embedded practice stimulates management to think in terms of
long-term objectives and performance. It also helps the company secure loyal and committed employees. Even for
those employees who have not achieved lifetime status, it serves as a major motivating force.

A final important point is the fact that the Japanese emphasi ze group consensus in the decision making process.
Usually, this generates a bottom-up management style that encourages participation and commitment by all partiesin
any significant decision. An illustration of this practice is the much publicized Quality Circle concept. Although it
might take longer to reach agreement, execution of the decision typically is easier because much of the resistance to
change has already been dissipated.

Purchasing Aspects of JIT

The basic objectives of aJIT production control system is to minimize work-in-process and raw materials inventories
by providing each work center with the exact quantity of parts or materials at the precise time they are needed.
Therefore, the ideal state of JIT production would be a stockless production system in which each unit of output is
produced asit is needed at each succeeding work station.

Implementation of such a production system, however, requires heavy involvement of the purchasing function which,
inreality, isthe starting point for the materials flow cycle. The concept of JI T purchasing isvery similar to the JIT
production system previously described. Under the JIT purchasing system, suppliers are required to deliver a small
quantity of required parts of materials to the buyer's plant as they are needed. This can mean daily or sometimes
twice aday deliveries of purchased items. The critical elements of JIT purchasing are

Reduced order quantities

Frequent and reliable delivery schedules

Reduced and highly reliable lead times

Consistently high quality levels for purchased materials

On the surface, the JIT purchasing concept may appear to be a drastic departure from the conventional and traditional
inventory and purchasing management. Close examination of fundamental inventory and purchasing theories,
however, indicates that the JIT purchasing concept iswell founded in existing theory.

Traditional inventory theory states that the order quantity Q should be determined on the basis of relationships
between material usage rate u,
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inventory carrying costs C, and incremental ordering or setup costs O. The relationship is expressed as
Q=flu C O

All existing techniques to determine order quantity values represent variations of this generalization. The basic
objective of these techniquesisto find the economic order quantity that minimizes the total cost associated with
materials, with a given set of parameters. Under this condition, in order to reduce the order quantity, the unit ordering
cost must be relatively low compared with the unit inventory carrying cost.

Too often, application of traditional inventory theory treats the unit ordering cost as afixed value that is assumed to
be constant. In reality, however, thisis often an incorrect assumption. Under the JIT purchasing system, for example,
the ordering cost (or setup cost) can be and is reduced sufficiently for conventional EOQ analysis (discussed in
Chapter 9) to produce a smaller optimum order quantity. Figure 10.4 isanillustration of this phenomenon.

Tetal Cost

i 8
T
T3
;- Y Inventory
o \x \ Carrying Costs - C, 5 4

)
I + L Ordering Costs
S O,
| | I -._.__- — e — 0
} | I .--"-""--—._ C}I
L | 3
Q4 0, O
Oirder Quantity

Figure 10.4.
Impact of Reduced Ordering Cost on Order Quantity
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In atraditional reorder point system, the inventory reorder point is determined by three factors:

The usage rate u

The replenishment lead time "L T"

The safety stock level

Order frequency is determined by the usage rate u and the order quantity Q. These general expressions can be
expressed as

ROP = f(u, LT, and Safety stock)

and

Order frequency = f(u, J)

The reorder point typically is set at alevel that reflects the demand value during lead time (DDLT = u x LT) plusthe
safety stock value. At the sametime, the size of DDLT and safety stock are directly related to the length of lead time
and to variations in the lead time usage rate. Therefore, in order to reduce the reorder point under a given demand
condition, the replenishment lead time must be reduced.

Replenishment lead time typically is determined by the supplier's manufacturing lead time and the length of time

required for transportation. The supplier's manufacturing lead timeis afunction of that firm's avail able capacity and
work load commitments. These general relationships can be expressed as follows:

Replenishment LT = f(Supplier's manufacturing LT, Transit time)
and

Supplier's manufacturing LT = f(Available capacity, Work loads)
and

Work loads = Sum of orders () to be processed

The JIT purchasing concept attempts to reduce replenishment lead time by using suppliers close to the using plant
and by ordering in small quantities, which in turn reduces the supplier's work load per period.

From this simple analysis of basic theory, it is clear that, if implemented properly, the J T purchasing concept isin

substantial harmony with conventional purchasing and inventory theory. The important feature is that the JI'T
purchasing concept takes variables that are often considered uncontrollable
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in conventional applications and treats them as true decision variables. The major action focuses on attempts to
reduce the ordering cost and replenishment lead time values.

Reduction of Ordering Costs and Replenishment Lead Time

The costs associated with a purchase order can be divided into the following six components:
Negotiating cost

Costsincurred in converting a planned order to an open order

Expediting costs

Receiving count costs

Receiving inspection costs

Premium cost for transportation if the least cost transportation method is not used

Inthe JIT purchasing environment, a vendor who meetsthe JIT purchasing requirementsis set into a different
classification than the rest of the vendors. A JI'T vendor can be exempted from normal qualification processing
checks. Asaresult, four magjor components of ordering cost can be eliminated, and the negotiating transportation cost
components also can be reduced significantly so that the new total ordering cost is substantially lower than before. It
follows that the larger reduction in ordering cost makes it possible to order more often, perhaps even daily. These
reductions are made possible by introducing a fundamental change in purchasing practice asit is conducted in many
American companies today. The fundamental philosophical change requires the buying firm to emphasize the
development of long-term vendor relationships, rather than consistently seeking short-term price breaks. As vendors
capacity capabilities, process capabilities, and quality performance levels become known, the first five components
of the purchasing order costs can be reduced dramatically. The premium for transportation can be reduced by
ordering a"family" of parts from agiven vendor, such that truckload and carload can still be ordered. Costs can also
be minimized by giving preference to suppliers located within close geographical proximity to the using plant.

Replenishment lead time can be analyzed in a similar manner. The four major factors of the replenishment lead time
are:

< previous page page 324 next page >



< previous page page 325 next page >
Page 325

Paperwork time required to convert an order from a planned order to an open order

Manufacturing lead time for the vendor

Transportation time for the vendor

Average receiving time

Clearly, for avendor with whom along-term relationship has been estimated, the first three components can be
reduced dramatically; further, if preferenceis given to vendors within close geographical proximity, the
transportation time requirement can also be reduced.

JIT Compared with Traditional Manufacturing

JT manufacturing is a demandpull approach, rather than the traditional push approach. The philosophy underlying
JT manufacturing isto produce a product when it is needed and only in the quantities demanded by customers.
Demand pulls products through the manufacturing process. Each operation produces only what is necessary to satisfy
the demand of the succeeding operation. No production takes place until asignal from a succeeding process indicates
aneed to produce. Parts and materials arrive just in time to be used in production. To understand the differences
between pull and push systems of material control, consider the example of afast food restaurant.

"At McDonald's, the customer orders a hamburger, the server gets one from the rack, the hamburger maker keeps an
eye on the rack and makes new burgers when the number gets too low. The manager orders more ground beef when
the maker'sinventory getstoo low. In effect, the customer's purchase triggers the pull of materials through the
system. . . . In a push system, the caterer estimates how many steaks are likely to be ordered in any given week.
He/she reckons how long it takes to broil a steak: he/she can figure out roughly how many meals are needed in a
certain week. . . ."

Reduced Inventories

The primary goal of JT isto reduce inventoriesto insignificant or zero levels. In traditional manufacturing,
inventories result whenever production exceeds demand. Inventories are needed as a buffer when production does
not meet expected demand.
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Manufacturing Cells and Multifunction Labor

In traditional manufacturing, products are moved from one group of identical machines to another. Typically,
machines with identical functions are located together in an areareferred to as a department or process. Workers who
specialize in the operation of a specific machine are located in each department. JIT replaces thistraditional pattern
with a pattern of manufacturing cells or work centers. Robots supplement people to do many routine operations.

Manufacturing cells contain machines that are grouped in families, usually in a semicircle. The machines are
arranged so that they can be used to perform avariety of operations in sequence. Each cell is set up to produce a
particular product or product family. Products move from one machine to another from start to finish. Workers are
assigned to cells and are trained to operate all machines within the cell. Thus, labor ina JIT environment is
multifunction labor, not specialized labor. Each manufacturing cell is basically a minifactory or afactory within a
factory. A comparison of the physical layout of JIT with the traditional system is shown in Table 10.4.

Total Quality Control

JT has astronger emphasis on quality control. A defective part brings production to a grinding halt. Poor quality
simply cannot be tolerated in a stockless manufacturing environment. In other words, JI' T cannot be implemented
without a commitment to total quality control (TQC). TQC is essentially an endless quest for perfect quality. This
approach to quality is opposed to the traditional belief, called acceptable quality level (AQL). AQL allows defects to
occur provided they are within a predetermined level.

Decentralization of Services

JIT requires easy and quick access to support services, which means that centralized service departments must be
scaled down and their personnel assigned to work directly to support production. For example, with respect to raw
materials, JT calls for multiple stock points, each one near where the material will be used. Thereis no need for a
central warehouse location.

Suppliers as Outside Partners

The most important aspects of the JIT purchasing concept focus on new ways of dealing with suppliers and a clear-

cut recognition of the appropriate purchasing role in developing corporate strategy. Suppliers should be viewed as
"outside partners' who can contribute to the long-run welfare of the buying firm rather than as outside adversaries.
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Better Cost Management

Cost management differs from cost accounting in that it refers to the management of cost, whether or not the cost has
direct impact on inventory or the financial statements. The JIT philosophy simplifies the cost accounting procedure
and helps managers manage and control their costs, which will be discussed in detail later in the chapter.

JIT recognizes that with simplification comes better management, better quality, better service, and better cost
control. Traditional cost accounting systems have a tendency to be very complex, with many transactions and
involved data reporting. Simplification of this process will transform a cost accounting system into a cost
management system that can be used to support management's needs for better decisions about product design,
pricing, marketing, and mix and to encourage continual operating improvements.

Table 10.4. Physical LayoutTraditional versus JI'T Manufacturing
Traditional Manufacturinga

Department A Department B Department C
<P1>X X <P1>YY <P1>7Z7
<p2> <p2> <p2>

JT Manufacturingb

Product 1 (P1) Product 2 (P2)
Manufacturing Cell 1 Manufacturing Cell 2
Y Y
<P1>X Z <p2>XZ

Symbols: X = Machine A, Y = Machine B, Z = Machine C, P1 = Product 1, P2 = Product 2.
aEach product passes through departments that specialize in one process. Departments process
multiple products.

bEach product passes through its own cell. All machines necessary to process each product are
placed within the cell. Each cell is dedicated to the production of one product or one
subassembly.
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YOU SHOULD REMEMBER

Comparison of JT and Traditional Manufacturing

JIT Traditiona

Pull system Push system

Insignificant or zero inventories Significant inventories
Manufacturing cells "Process" structure
Multifunction labor Specialized labor

Total quality control (TQC) Acceptable quality level (AQL)
Decentralized services Centralized services

Complex cost accounting Simple cost accounting
Benefitsof JIT

The potential benefits of JT are numerous. First, JIT practice reduces inventory levels, which means lower investments
in inventories. Because the system requires only the smallest quantity of materials needed immediately, it reduces the
overal inventory level substantially. In many Japanese companies that use the JIT concept, inventory levels have been
reduced to the point that makes the annual working capital turnover ratio much higher than that experienced by U.S.
counterparts. For instance, Toyota reported inventory turnover ratios of 41 to 63, whereas comparable U.S. companies
reported inventory turnover ratios of 5 to 8.

Second, because purchasing under JIT requires asignificantly shorter delivery lead time, lead time reliability is greatly
improved. Reduced lead time and increased reliability also contribute to a significant reduction in the safety stock
requirements.

Third, reduced lead times and setup times increase scheduling flexibility. The cumulative lead time, which includes both
purchasing and production lead times, is reduced. Thus, the firm schedule within the production planning horizon is
reduced. Thisresultsin alonger "look-ahead" time that can be used to meet shifts in market demand. The smaller lot
size production, made possible by reduced setup time, also adds flexibility.

Fourth, improved quality levels have been reported by many companies. When the order quantity is small, sources of

quality problems are quickly identifiable and can be corrected immediately. In many cases, employee quality
consciousness also tends to improve, producing an improvement in quality at the production source.
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Fifth, the costs of purchased materials may be reduced through more extensive value analysis and cooperative
supplier development activities.

Sixth, other financial benefits reported include:

Lower investmentsin factory space for inventories and production
L ess obsolescence risk in inventories

Reduction in scrap and rework

Decline in paperwork

Reduction in direct material costs through quantity purchases

Table 10.5 liststypical performance measures under the traditional and JIT systems.

Table 10.5. Performance MeasuresTraditional Versus JIT

Traditiona JT
Direct labor efficiency Total head-count productivity
Direct labor use Return on assets
Direct labor productivity Days of inventory
Machine use Group incentives
Lead time by product

Response time to customer feedback
Number of customer complaints
Cost of quality

Setup reduction

MRP versus JI'T Systems

In general, although MRP (a push system) and JIT (apull system) work well in certain environments, they may not
work well in others. The nature of the production process determines the appropriate system. For line flows, order
releases don't change from week to week, so J T works well. In job shop environments, where material flows are
complex and demands are highly variable, MRP is the system of choice. The material flows are too complex for a
JT system, and pull techniques can't cope with the demand and lead time variability. MRP |1 systems are good at
overall materials planning and data management and can be used to support the informational needs of various
functional areasin the firm. MRP systems can be used effectively to understand the implications of lot-sizing
decisions and master scheduling changes on overall inventories and capacity. In contrast, J T systems are aless
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expensive, more effective way to control material flows on the shop floor. A Kanban system can be used to maintain
low levels of inventory and to adjust production rates over time.

Is a choice between the MRP and JI'T systems necessary? The choice of a system can affect inventory levels and
customer service. Actually, these methods aren't mutually exclusive, and the best solution often is a hybrid of the
strengths of both approaches.

Computerized JIT

Using electronic data exchange (EDI) can greatly enhance J T implementation, especially when internal business
partners are involved. Notable computer software for JIT includes:

HP Manufacturing Management I1, which supports multilocation tracking and J' T component ordering, extensive
MRP and inventory control, and interactions with budgeting, costing, and CDA/CAM applications.

Control Manufacturing by Cincom Systems, which supports multiple location J T inventory control, MRP, financial
management, and production scheduling.

Value Anaysis (or Vaue Engineering)

Vaue analysis (VA) or value engineering (VE) is asystematic effort to reduce the cost or improve the performance
of items either purchased or produced. This effort is used to rethink the design of a part, product, or service, to
eliminate anything that does not add value. VA attempts to define, as simply as possible, the purpose or function of
the item and then to search for the simplest way to accomplish that function. Good " partnership” suppliers often
initiate value analysis, suggesting ways to make an item better and cheaper, thereby benefiting both buyer and
supplier, and ultimately the final customer. This strategy is considered a major part of supply chain management as a
global competitive strategy, which was introduced in Chapter 1.
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Know the Concepts

Do You Know the Basics?
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1. Distinguish between independent and dependent demand.

2. When is MRP appropriate?

3. Briefly explain the requirements of effective MRP.

4. List some of the main advantages and limitations of MRP.

5. Define planned order release in MRP.

6. How important is the master production schedule in an MRP system?

7. Distinguish between advanced versions of MRP (MRP 1) and the basic system.

8. Compare MRP |l and a Kanban system.

9. Describe the roles of suppliers and customersina JIT system.

10. Discuss how cards are used in a Kanban system.

11. How does MRP relate to computer-integrated manufacturing?

12. What is the objective of value analysis (or value engineering)? What types of questions should be addressed?

Terms for Study

bill of materials (BOM)

capacity requirements planning (CRP)
dependent demand

gross requirements

inventory-statusfile

just-in-time (JIT)

Kanban

lot-for-lot ordering

manufacturing resource planning (MRP 11)
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material requirements planning (MRP)
net requirements

planned order releases

product structure file

scheduled receipts

time bucket

value analysis (or value engineering)
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Practical Application

1. Thefollowing isalist of the components required to produce one unit of end-item P:

P. 2 As, 3Bs, 3Cs
A:5Ms, 2Rs
B:1D,3Ns
C:1T,4Ns
M:1N

a. Draw the product-structure tree.

b. Determine the number of Nsthat will be needed to make 60 Psin each of these cases;

(1) There are currently 10 Ps on hand.
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(2) On-hand inventory consists of 15 Ps, 10 As, 20 Bs, 10 Cs, 100 Ns, 300 Tsand 200 Ms.

2. Consider the following product structure:

B2}

M1

Ll

F2

[0}

How many pieces of each item are required to make 100 units of L?

D)

EiT)

3. End-item P is composed of three subassembliesK, L, and W. K isassembled using 3 Gsand 4 Hs; L is made of 2
Msand 2 Ns, and W is made using 3 Zs. On-hand inventories are: K, 10; L, 20; and Z, 200. One hundred Ps are to be
shipped at the start of week seven. Lead times are two weeks for subassemblies and one week for components (e.g.,

G, H, M). Final assembly of P requires two weeks.
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a. Determine a product-structure tree.
b. Determine a master schedule for P.
c. Determine a material requirements plan for K, G, and H.
4. The product structures for end-items M and N follow. All items have a one-week lead time. Presently, there are 20
units of M available, 15 units of N, and 90 units of C. The standard lot sizesare 50 for M, 35 for N, and 100 for C.

The MPS callsfor 20 units of item M and 15 units of item Sfor each of the next five weeks. An open order for 100
units of item C is scheduled for receipt in week 1. Develop the MRP records for items M, N, and C.

i M

I l

BiZ) C D3 Ciz) T L

5. A product structure diagram based on the bill of materials for end-item A follows.

Emily, a product manager, wishes to determine the material requirements for ordered-part C that will be needed to
complete 120 units by the start of week 5. Lead times for items are: one week for level 0 items, one week for level 1
items, and two weeks for level 2 items. There is a scheduled receipt of 60 units of B in week 2 and 100 units of C in
week 1. The lot-for-lot ordering ruleis used.

[ eve!
0 A

1 B}

Ci2
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|

Gi1)

6. Haesoo is the MRP manager for Golf-Crazy, Inc. A MPS s given to him showing gross requirements for 350 units
of the golf cart in week 5. The following product structure diagram is based on the bill of materials.
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A
Level Golf Cart
0
1 Bi1) Ci1)
Engine Chassis
The item master file shows the inventory levels and other planning data for every item.
Item Master File
Scheduled Receipts
In Safety Allocated Lead Time Lot Amount Week
Stock Stock (weeks) Size
A 0 0 0 1 LFLa
B 50 0 0 1 LFLa 50 1
C 0 0 0 1 100

aLFL = lot-for-lot (as needed).

Prepare detailed MRP records.

7. Part of the item master file relating to a computer desk (model ABJ-510) aswell asthe bill of material follows.

Item Master File
Scheduled Recelpts
In Safety Allocated Lead Time Lot Amount Week
Stock Stock (weeks) Size
ABJ-510 30 20 0 1 LFLa
A 45 20 0 2 500
B 10 0 0 1 100 150 2

aLFL = lot-for-lot (as needed).

According to the MPS, 100 units of ABJ-510 in week 5 and 120 units in week 7 are required. Prepare MRP
records to determine planned order release.
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ABJ-510

BT Al

Answers
Do You Know the Basics?

1. Independent demand refers to demand for end-items and is thus often random and unpredictable, whereas
dependent demand is derived from demand for end-items and is somewhat predictable.

2. MRP is appropriate when inventory requirements planning must be accomplished for dependent demand.

3. Effective MRP requires accurate inputs (master schedule, bills of materials, and inventory status). It also requires a
computer to process information and generate material requirement plans and related reports.

4. Advantages of MRP include low levels of in-process inventories and the ability to track material requirements for
derived demand. Unfortunately, it takes much longer and costs much more than expected to implement MRP when
there are inaccurate or outdated records and/or personnel problems.

5. A planned order release is planning to meet the schedule. This does not mean that the order will actualy be
released that period. It may be released earlier or later; the order quantity may be rounded to some even number or
lot size. The planned order may be combined with net requirements in other periods to alarger order size.

6. The master production schedule drives the system. It states the planned due dates for end-items. MRP computer
runs, however, involve an iterative process. The master production schedule proposes or hypothesizes a tentative
schedule. After the MRP run with this schedule, the shop scheduler examines the MRP plan for impractical loads on
the productive systemeither by stating excessive demands on personnel or equipment or in excessive idle time. Then
the master production schedule is revised, and the program is run again.
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7. Many of the advanced versions such as manufacturing resources systems (MRP I1) and closed loop MRP are more
comprehensive in that they are used to plan and control all aspects of the manufacturing firm. This might include
design, CIM, financial, personnel, planning, and purchasing systems. Newer systems use EDI with MRP systems that
include client/server architecture, relational databases with structured query language, graphical user interfaces,
decision support systems, multiple platforms, and user-friendly programming interfaces.

8. The goals of MRP Il and Kanban are essentially the same (i.e., to improve customer service, reduce inventories,
and increase productivity). MRP 11 is basically a computerized system, handling complex planning and scheduling,
whereas Kanban is a manual system involving very small ot sizes, short lead times, and a high-quality output.

9. JIT involves customers and suppliers as integral parts of the process. Customers provide product enhancement,
modification, and usage data. Suppliers work with the manufacturing organization to coordinate delivery and raw
material or other input production. Both groups may sit on JIT teams and participate in improvement activities
because all groups will benefit from changes.

10. Cardsin a Kanban system represent avisual work order. As material is moved from the line to the customer, the
last operator in the process goes to the next work station up the line and pulls a bin of work for further processing.
This employee removes a card from the bin and leaves it at the previous station. This card represents awork order for
this station to make or process more products. This sequence continues in a backward fashion through the line and
back even to the supplier.

11. CIM replaces the conventional areas of product and process design, planning and control, and manufacturing
with six new areascomputer-aided design, group technology, manufacturing planning and control systems, automated
materials handing, computer-aided manufacturing, and robotics. MRP's position in the CIM scheme is primarily in
the manufacturing planning and control systems, which plan and schedule operations, compare alternatives, update
data, monitor operations, and project operating results. This can include order-entry, shop floor control, purchasing,
and cost accounting. Other effects on the MRP system occur because of other parts of CIM (e.g., group technology
affects the routing and sequencing for MRP); aspects of computer aided manufacturing change MRP (e.g., flexible
manufacturing systems simplify MRP because an FM S cell can do a variety of processes).

12. VA or VE is used to rethink the design of a part, product, or service, eliminating anything that does not add
value. It involves asking questions
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such as: What is the function of the item? I's the function necessary? Can alower-cost part that serves the purpose be
identified? Can the item be ssimplified to achieve alower price?

Practical Application
1

a. The product-structure tree follows:

| EY

i) Ri) D Pal3) T M|

(D)
Aleg: ZAsx5Ms =10 Ns
Bleg: 3Bsx3Ns = ONs
Cleg: 3 Csx 4 Ns 12 Ns
31 Ns = ( 60 As = 10 As on hand) = 1,550 Ns

(2) 45 Ps needed:
Aleg: A: 2x45=10=80. M: 80 x5 - 200
= 200. N: 200 = 100 on hand
= 100
Bleg: B3x45-20=115 N: 3 x 115 = 345
Cleg: C: 3 x45-10=125. N: 4 x 125 = 600
Thus, 100 + 345 + 600 = 1,045 Ns needed.

Item B: 100 x 2 = 200
[tem C: 100 x 1 = 100
Item E: 100 x 1 = 100
Iltem F: 200 x 2 =400
Item D: (100 x 2 x 2 x 2) + (100 x 1) + (100 x | x 3) = 1,200
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Gl

Master schedule for P

C.

Item: P, LT = 2 weeks

Gross requirements
Schedul e receipts
On-hand

Net requirements
Planned order receipts
Planned order release

Item: K, LT = 2 weeks

Gross requirements
Schedul e receipts
On-hand

Net requirements
Planned order receipts
Planned order release

Item: G, LT = 1 week

W

hALT] Mi2) FLE]]

1 2 3 4 5 6
100
1 2 3 4 5

100

10

90

90

90
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100

100

100



Gross requirements
Schedul e receipts
On-hand

Net requirements
Planned order receipts
Planned order release
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270
40
230
230
230
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Item: H, LT = 1 week

Gross requirements
Schedule receipts
On-hand

Net requirements
Planned order receipts
Planned order release

Item: M, LT =1 week

page 339

360

360
360
360
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Gross requirements
Schedule receipts
On-hand

Met requirements
Planned order receipts
Planned order release

20

I X
=T
o

& 3=

S

Item: N, LT = 1 week

Gross requirements
Schedule receipts

On-hand

Met requirements
Planned order receipts
Planned order release

15 15 15

15
a5 re

15

10

Item: C, LT = 1 week

Gross requirements
Schedule receipts
On-hand

MNet requirements
Planned order receipis
Planned order release

120

120 70

100
1004~




Master schedule for A 120
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Item: A, LT = 1 week
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Gross requirements
Schedule receipts
On-hand

Met requirements
Planned order receipts
Planned order release

Item: B, LT = 1 week

Gross requirements
Schedule receipts
On-hand

Met requireaments
Planned order receipts
Planned order release

33

*360 = 120 % 3 units of B.

Itern: C, LT = 1 week

(ross requirements
Schedule receipts
On-hand

Met requirements
Planned order receipts
Planned order release

400"
100
100 100 100

500
5
Eﬂﬂf'““f 00

"G00 = 300 % 2 units of C.

ltem On

Safety
Code LT Hand Stock Allocated

2 3 4 5

A 1 o

0

Gross requirements
Scheduled receipts

On hand 0
Met requirements
Planned arder receipis
Planned order releases

350

350

3
350‘50
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llem On Sa

Code LT Hond Stock Allocated 1 2 3 4 5

B 1 50 0 0 Gross requirements A50
Scheduled receipts 50
On hand 50 100 100 100
Met requirements 250
Planned order receipts 250
Planned order releases 250

C 1 0 0 0 (3ross requirements 350
Scheduled receipts
On hand 0 30 350
MNat requirements 450
Planned order receipts 400
Plonned order releases 40(}‘"

Item On Safety Alloc-

Code LTHand Stock ated 1 2 3 4 5 67
ABL 1 30 20 0 Gross requirements 100 120
510 Scheduled receipts

On hand 10 10 10 10 10 10 0 0

et requirements 120

Planned order receipts

Planned order releases D"" TED}O
A 2 45 20 Q Gross requirements 360 480

Scheduled receipts

Cn hand 25 25 25 25 165 165165185

Met requirements 335 315

Planned arder receipts 00 00
5004 500 a7

Planned order releasas

B 1 10 o] 0 Gross requirements 20 120
Scheduled receipts 150
On hand 10 10 160 180 70 70 70 50
Met requirements 100 50
Planned order receipts 300 100
Planned order releasas 100
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11
Facilities Investment Decisions

KEY TERMS

capital budgeting
process of making long-term planning decisions and evaluating capital expenditures decisions.

discounted cash flow (DCF) techniques
methods of selecting and ranking investment proposals such as the net present value and internal rate of return
methods where time value of money is taken into account.

equivalent uniform annual cost
annualized sum of al relevant costs (e.g., an installment loan payment).

internal rate of return (IRR)
rate earned on a proposal; the rate of interest that equates the initial investment with the present value of future cash
inflows.

net present value (NPV) method
method widely used for evaluating investment projects, the present value of al cash inflows from the project is
compared against the initial investment.

payback period
length of time required to recover the amount of aninitial investment.
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Operations managers frequently have discretionary power over certain expenditures from their capital budgets.
Higher investments for operations equipment may require the approval of top management. Facilities investment
decisions, more often called capital budgeting, is the process of planning for and evaluating long-term capital
expenditure decisions. In addition to facilities investment decisions, the firm must make many other investment
decisions in order to grow. Examples of capital budgeting applications are selecting a product line, deciding whether
to keep or sell abusiness segment or to lease or buy an auto, and evaluating which asset to invest in.

What Are the Features of Investment Projects?
L ong-term investments have three important features:

They typically involve alarge amount of initial cash outlays which tend to have along-term impact on the firm's
future profitability. Therefore, thisinitial cash outlay needs to be justified on a costbenefit basis.

There are expected recurring cash inflows (e.g., increased revenues, savings in cash operating expenses) over thelife
of the investment project. This frequently requires considering the time value of money.

Income taxes could make a difference in the accept or reject decision. Therefore, income tax factors must be taken
into account in every capital budgeting decision.

Understanding the Concept of Time Vaue of Money

A dollar now isworth more than a dollar to be received later. This statement sums up an important principle: money
has atime value. The truth of this principle is not that inflation might make the dollar received at alater time worth
lessin buying power. The reason isthat you could invest the dollar now and have more than adollar at the specified
later date.

Time value of money is an important consideration in making facilities investment decisions. Discounted cash flow
methods require discounting
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future cash flows. Discounting (present value) is the opposite of compounding.

What Is Present ValueHow Much Money |s Worth Now?

Present value is the value today of future cash flows. The computation of present values (discounting) is the opposite of determining the
compounded future value. The interest rate i isreferred to as the discount rate. The discount rate we use is more commonly called the cost
of capital, which is the minimum rate of return required by the investor.

F, =P+ D"

Therefore,

F
P= -—-—~;r= (—rr =F « T.(i, m

where T1(i, n) represents the present value of $1 and isgiven in Table 1 (Present Value of $1) in Appendix I1.

EXAMPLE 1

Y ou have the option of receiving $60,000 6 years from now. If you earn 15% on your money, how much should you pay for this
investment? To answer this query, you need to compute the present value of $60,000 to be received 6 years from now at a 10% rate of
discount. F6is $60,000, i is 15%, and nis 6 years. T1(15%, 6) from Table 1 in Appendix Il is 0.432.

= $60 {1{}0( T 015° ) $60,000 T;(15%, 6) = $60,000(0.432) = $25,920

This means that you can earn 15% on your money, and you would be indifferent to receiving $25,920 now or $60,000 6 years from
today because the amounts are time equivalent. Stated another way, you could invest $25,920 today at 15% and have $60,000 in 6 years.
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Present Value of an Annuity

Interest received from notes, bonds, pension funds, and insurance contracts involve annuities. To compare these
financial instruments, the present value of each must be determined. The present value of an annuity (Pn) is solved as
follows:

A= ] "
(1+ 1)

P=A+A- .

+ . *

a+o VA

= .-i( ! + ! + ...+ —1-)
1+ a+d 7 Q+d"

H 1 1
AT 7(1

- (1+ I}) = A th{f.l ﬂ'.--.J

where T2(i, n) represents the present value of an annuity of $1 discounted at i percent for n yearsand isfound in Table 2
(Present Value of an Annuity of $1) in Appendix I1.

EXAMPLE 2
Assume an annuity of $10,000 for 3 years. Then the present valueis

P, =A-T2i n)

P, = $10,000 T2(10%, 3 years) = $10,000 (2.487) = $24,870

YOU SHOULD REMEMBER

Many financial calculators contain preprogrammed formulas to perform many present value and future value
applications. Furthermore, spreadsheet software such as Microsoft's Excel and Lotus 1-2-3 have built-in financial
functions to perform many such applications.

< previous page page 345 next page >



< previous page page 346 next page >
Page 346

How Do Y ou Evaluate Facilities Investment Projects?

Severa popular methods of evaluating investment projects follow:

Payback period

Net present value

Internal rate of return

Equivalent uniform annual cost

Payback Period

The payback period measures the length of time required to recover the amount of initial investment. It is computed by
dividing the initial investment by the cash inflows through increased revenues or cost savings.

EXAMPLE 3
Assume that
Cost of investment $18,000
Annual after-tax cash savings $ 3,000

Then, the payback period is

Initial investment _ $18,000
Cost savings $3,000

Payback period = = (3 years

Decision rule. Choose the project with the shorter payback period. The rationale behind this choice is: The shorter the
payback period, the less risky the project, and the greater the liquidity.

The advantages of using the payback period method of evaluating an investment project are that it is simple to compute
and easy to understand and that it handles investment risk effectively.

The shortcomings of this method are that it does not recognize the time value of money and that it ignores the impact of

cash inflows received after the payback period. Note that, essentially, cash flows after the payback period determine
profitability of an investment.
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Net present value (NPV) equals the present value (PV) of cash inflows from a proposal less the initial investment (1):

MNPV = PV = [

The present value of future cash flows is determined using the cost of capital (or minimum required rate of return) asthe

discount rate. When cash inflows are equal, the present value would be
PV =A-T, (i n
where A isthe amount of the annuity.

Decisionrule. If NPV is positive, accept the project; otherwise, reject it.

EXAMPLE 4

Consider the following investment:
Initial investment $37,910
Estimated life 5years
Annual cash inflows after taxes $10,000
Cost of capital (minimum required rate of return) 8%
Present value of the cash inflowsis:
PV = AT2(i, n)

= $10,000 T2(8%, 5 years)

= $10,000 (3.993) $39,930
Initial investment (1) 37,910
Net present value (NPV =PV I) $2.020

Because the NPV of the investment is positive, the investment should be accepted.

The advantages of the NPV method are that it obviously recognizes the time value of money and that it is easy to

compute whether the cash flows form an annuity or vary from period to period.
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YOU SHOULD REMEMBER

If cash inflows are different from year to year, you should compute the present value separately year by year using
Table1lin Appendix II.
Internal Rate of Return

Internal rate of return (IRR), aproject'syield or real return, is defined as the rate of interest that equates | with the PV of
future cash inflows. In other words, at IRR

I=PV or NPV =90

Decision rule. Accept the project if the IRR exceeds the cost of capital; otherwise, reject it.

EXAMPLES

Assume the same data given in Example 4, and set the following equality (I = PV):

$37,910 = $10,000 « T,(i, 5 years)

$37.910
$10,000

which isright on 10% in the 5-year line of Table 2 in Appendix 11. Because the IRR of the investment is greater than
the cost of capital (8%), accept the project.

T(i, 5 years) = = 3.791

The advantage of using the IRR method is that it does consider the time value of money and, therefore, it givesa
more exact and realistic yield on the project. The shortcomings of this method are that it is time-consuming to
compute and that it fails to recognize the varying sizes of investment in competing projects.

YOU SHOULD REMEMBER

It is extremely tedious to compute the IRR, especially when the cash inflows are not even. Most financial calculators
and PCs have a key to calculate IRR.
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Equivalent Uniform Annual Cost

A replacement decision typically involves two mutually exclusive projects. When these two mutually exclusive projects
have significantly different lives, an adjustment would be necessary. It may require a comparison of annual costs, which
means the conversion of cash flows into an equivalent uniform annual series. This procedure may be thought of asthe
inverse of finding present values. The so-called capital recovery factor, which isthe reciprocal of the present value of an
annuity factor (T2), is used for this purpose. We calculate uniform annual cost (UAC) by using the following formula:

where SN = salvage value at terminal period N
CRT(i, N) = capital recovery factor = 1/T2
¢ = uniform operating cost

EXAMPLE 6

A company considers two equipment modules: Plan A and Plan B. Plan A, which requires an initial investment of
$44,000, has expected annual operating costs of $24,400 and no terminal salvage value. Plan B, which requires an
initial investment of $70,000, is expected to reduce operating costs to $20,900 per year and has a salvage value of
$9,500. Both equipment modules have a useful life of ten years. We assume that the firm has determined a cost of
capital of 22%.

Using the UAC formula gives the following results:
UAC, = [$44,000 — 0 [T, (22%, 100]} CRF(22%, 10) + $24,400
= $44,000 (1/T,(22%, 100 + $24,400
= 544,000 (1/3.923) + $24,400
= 544,000 (0.255) + §24,400 = $35,620
UAC, = (§70,000 - $9,500 [T, (22%, 100} CRF(22%, 10) + $20,900
= [§70,000 - $9,500 (.137)] (1/T,(22%, 10) + $20,900
= ($70,000 - $1,302) (1/3.293) + §20,900
= 868,608 (0.255) + $20,900 = §38,418

Based on an equivalent uniform annual cost comparison, Plan A is more economical than Plan B.
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YOU SHOULD REMEMBER
Equivalent uniform annual cost is the annualized sum of all relevant costs. It islike the amount of an installment loan

payment. Uniform annual cost is also called equivalent annual cost (EAC) in some production/operations
management texts.

How Do Income Taxes Affect Investment Decisions?

Income taxes have to be considered when making capital budgeting decisions. The project that looks good on a before-
tax basis may have to be rejected on an after-tax basis and vice versa. Income taxes usually have an impact on both the
amount and the timing of cash flows. Because net income, not cash inflows, is subject to tax, after-tax cash inflows are

different from after-tax net income. To calculate after-tax cash flows, depreciation, which is not a cash outlay, must be
added to net income after taxes. That is,

After-tax cash inflows = After-tax net income + Depreciation

EXAMPLE 7

The Navistar Company estimates that it can generate sales of $67,000 and incur annual cost of operations of $52,000
for the next ten yearsif it buys a special-purpose machine at a cost of $100,000. No residua value is expected.
Depreciation is by straight-line. (Note that depreciation by straight-line is $100,000/10 = $10,000 per year.) Assume
that the income tax rate is 30%, and the after-tax cost of capital (minimum required rate of return) is 10%. After-tax
cash inflows can be calculated as follows:

After-tax cash inflows = After-tax net income + Depreciation
= ($07,000 — $52,0000(1 = 0.3) + $10,000
= £15,000 (0.7) + £10,000

= 510,500 + 510,000 = 20,500
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To seeif this machine should be purchased, calculate the net present value:
PV = $20,500 T,(10%, 10 years) = $20,500 (6.145) = $125,972.50

Thus,

NPV = PV — I'= §125,972.50 — $100,000 = $25,972.50

Because NPV is positive, the machine should be bought.

EXAMPLE 8

The treasurer of asmall appliance maker estimates the cash inflows, outflows, and net cash flows before taxes shown in columns 1, 2, and 3
of the following table, if it buys a high-tech machine at a cost of $1,000,000. No residual value is expected. Lifeis5 years. Depreciation is
by straight-line. Assume that the income tax rate is 35% and that the after-tax cost of capital (minimum required rate of return) is 10%. The
process of arriving at net cash flow after taxesis shown in columns 48.

Year Cash Cash Net Cash Depreciation ~ Net Income Income Net Income Net
Inflow ($)  Outflow ($) Flow (Noncash Before Taxes ($) After Cash Flow
Q) 2 Before Expense) ($) Taxes () (6) = 0.35 x Taxes ($) After
Taxes ($) (#=02x  (5=(3 (4 ®) (7)=(5) (6) Taxes ($)
3)=01) (2 1,000,000 or (7) + (4)
1 1,000,000 625,000 375,000 200,000 175,000 61,250 113,750 313,750
2 900,000 610,000 290,000 200,000 90,000 31,500 58,500 258,500
3 925,000 635,000 290,000 200,000 90,000 31,500 58,500 258,500
4 930,000 605,000 325,000 200,000 125,000 43,750 81,250 281,250
5 825,000 557,000 268,000 200,000 68,000 23,800 44,200 244,200
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EXAMPLE 9
The NPV of the machine can be calculated using Table 1 in Appendix |1 as shown here.
Y ear Net T1 at 10% Present
Cash Flow Table Value (%) Vaue ($)
After
Taxes ($)
0  (1,000,000) 1.000
(1,000,000)
1 313,750 0.909
285,199
2 258,500 0.826
213,521
3 258,500 0.751
194,134
4 281,250 0.683
192,094
5 244,200 0.621
151,648
NPV =
36,596
Know the Concepts

Do You Know the Basics?

1. Define capital budgeting.

2. What is the payback period? Give two advantages of this method.

3. How would you define the internal rate of return of a capital project?

4. What is the definition of the net present value of a project? What is the decision rule under the NPV method?
5. What role does the cost of capital play in the IRR method and in the NPV method?

6. What is uniform annual equivalent cost? What is the major use of this concept.

7. How do you compute after-tax cash flows?
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Terms for Study

after-tax cash inflows internal rate of return
after-tax net income net present value
capital budgeting payback period
equivalent uniform annual cost time value of money

Practical Application
1. Thefollowing data are given for Barron's Aluminum Company:
Initial cost of proposed equipment

Estimated useful life

Estimated annual savings in cash operating expenses (after taxes)

Cost of capital after taxes

a. Compute the payback period.
b. Compute the present value of estimated annual savings.
c. Compute the net present value.

d. Compute the internal rate of return.

next page >
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$80,000

7 years

$20,000

12%

2. The Travis Company is considering a capital outlay of $75,000. Net annual cash inflows after taxes are estimated
at $15,000 for 10 years. Straight-line depreciation is to be used, with no residual value.

a. Compute the net present value, assuming a cost of capital after tax of

b. Compute the internal rate of return.

12%.

3. Horn Corporation invested in afour-year project. Horn's cost of capital after taxesis 8%. Additional data about the

project follows:

Y ear Cash Inflow from Operations Present Value of
After Taxes () $1 at 8%
1 3,000 0.926
2 3,500 0.857
3 2,400 0.794
4 2,600 0.735

Assuming a positive net present value of $500, what was the amount of the original investment?
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4. Gene, Inc., bought equipment with auseful life of eight years and no residual value. Straight-line depreciation is
used. It was anticipated to result in cash inflow from operations, net of income taxes, of $4,000. The present value of
an ordinary annuity of $1 for eight periods at 10% is 5.335. The present value of $1 for eight periods at 10% is 0.467.
Assume that Gene used an internal rate of return of 10%. How much was the amount of theinitia investment?

5. Two new machines are being evaluated for possible purchase. Forecasts relating to the two machines follow:

Machine 1 Machine 2

Purchase price $50,000 $60,000
Estimated life (straight-line depreciation) 4 years 4 years
Estimated scrap value None None
Annual cash benefits before income tax:

Vear 1 $25,000 $45,000

Yeer 2 25,000 19,000

Vear 3 25,000 25,000

Vear 4 25,000 25,000

40% 40%

Income tax rate

Compute the net present value of each machine. Assume a cost of capital after taxes of 8%.

6. The Nomo Company estimates that it can generate sales of $70,000 and incur annual cost of operations of $50,000
for the next ten years if it buys a special-purpose machine at a cost of $90,000. No residual value is expected.
Depreciation is by straight-line. Assume that the income tax rate is 30% and that the after-tax cost of capital
(minimum required rate of return) is 10%. Should the company buy the machine? Use the NPV method.

7. The JS Company is considering buying a machine at a cost of $800,000, which has the following cash flow
pattern. No residual value is expected. Depreciation is by straight-line. Assume that the income tax rate is 40% and
that the after-tax cost of capital (minimum required rate of return) is 10%. Should the company buy the machine?
Use the NPV method.
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Y ear Cash Cash
Inflow ($) Outflow ($)
(1) 2
1 800,000 550,000
2 790,000 590,000
3 920,000 600,000
4 870,000 610,000
5 650,000 390,000

8. A piece of equipment has an installed cost of $32,000, estimated annual operating cost of $4,500 over its expected
life of seven years, and an estimated salvage value of $3,000. Compute the equivalent uniform annual cost of this
equipment of 12%.

9. A popular material for roofing a building has an estimated life of eight years and an initial cost of $2,500. A

heavier grade of roof costs $825 more but has an estimated life of twelve years. The installed cost for either roof is
$1,200. If the cost of capital is 10%, which roof is cheaper on a uniform equivalent annual cost basis?

Answers
Do You Know the Basics?

1. Capital budgeting is the process of evaluating alternative capital projects and selecting alternatives that provide the
most profitable return on available funds.

2. The payback period is the length of time required to pay back the amount of initial investment. The advantages of
using the payback period method of evaluating an investment project are that it is ssmple to compute and easy to
understand and it handles investment risk effectively.

3. Theinternal rate of return isthe rate of return that equates the present value of future expected cash inflows from
an investment with the cost of the investment; it is the rate at which the net present value of the project is zero.

4. The NPV of aproject is given by the present value of the expected cash inflows that it will generate minus the
initial cost. Projects are acceptable if their NPV's are greater than zero.
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5. Under the IRR method, the cost of capital is a cut-off point for deciding which projects are acceptable for further

consideration. Under the NPV method, the cost of capital is the discount rate used to calculate the present value of
the cash inflows.

6. The uniform annual equivalent cost method is used to compare mutually exclusive projects with significantly
different lives. It may require a comparison of annual costs, which means the conversion of cash flowsinto an
equivaent uniform annual series.

7. To calculate after-tax cash flows, depreciation, which is not a cash outlay, must be added to net income after taxes;
that is, after-tax cash inflows = after-tax net income + depreciation.

Practical Application

1.
a Payback period = Initial investment ($80,000) / Annual savings ($20,000) = 4 years.
b. $20,000 x T2(12%, 7 years) = $20,000 x 4.564 = $91,280.
c. NPV =PV | =$91,280 $80,000 = $11,280.
d. At IRR, | = PV. Thus, $80,000 = $20,000 x T2(i, 7 years). T2(i, 7 years) = $80,000 / $20,000 = 4.00, which
is, in the seven-year line, somewhere between 16% and 18% in Table 2 in Appendix 1.
2.

a. NPV = PV of cash inflows after taxes
[discounted at the cost of capital (12%) ] - Initial investment = PV — 1
= $15,000 x T,(12%, 10 years) = §75,000 = $15,000 (5.650) -
$75,000 = $§9,750

b. IRR isthe rate that equates the amount invested with the present value of cash inflows generated by the
project. Therefore, we set the following equation:

$75,000 = $15,000 T4, 10 years)
T4, 10 years) = $75,000 / $15,000 = 5

which stands between 14% and 16%.
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Table Vaue
14%
5.216 5.216
Truerate
5,000
16%
4.833
Difference
0.383 0.216

Using interpolation,

IRR = 14% + [(5.216 — 5.0000) / (5.216 — 4.833)) (16% — 14%)
= 14% + [(0.216) / (0.383)] (2%)

= 14% + (0.564)(2%) = 14% + 1.13% = 15.13%

3. Because NPV =PV I, | =PV NPV:

Y ear Cash Inflow ($) Present Value of $1 Total PV (%)
1 3,000 0.926
2,778
2 3,500 0.857
3,000
3 2,400 0.794
1,906
4 2,600 0.735
1911
PV of futureinflows
9,595
NPV
500
Initial outl 1
& (1) 9,095

4. By definition, at IRR, PV =1 or NPV = 0. To determine the amount of initial investment, all that is needed isto
compute the present value of $4,000 ayear for eight periods.

PV = $4,000 x 5.335 = $21,340
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5. After-tax cash benefit follows:

Y ear Cash
Benefit ($)
@

25,000
25,000
25,000
25,000

A W DN P

45,000
19,000
25,000
25,000

A W DN P

Net present value:

Year Cash (Outflow)

Inflow ($)
0 (50,000)
14 20,000
(60,000)
33,000
2 17,400
3 21,000
4 21,000

page 358

Depreciation ($) Taxable
Income (%)
Machine 1
12,500 12,500
12,500 12,500
12,500 12,500
12,500 12,500
Machine 2
15,000 30,000
15,000 4,000
15,000 10,000
15,000 10,000
Present Value of $1
at 8%
Machine 1

1.000

3.312

NPV

Machine 2

1.000

0.926

0.857

0.794

0.735

NPV
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Income Net
Tax ($) After-Tax
(b) Cash Inflow ($)
(@ (b)
5,000 20,000
5,000 20,000
5,000 20,000
5,000 20,000
12,000 33,000
1,600 17,400
4,000 21,000
4,000 21,000
Net Present Value
of Cash Flow ($)
(50,000)
66,240
16,240
(60,000)
30,558
14,912
16,674
15,435
17,579

6. After-tax cash inflows can be calculated as shown here. Note that depreciation by straight-line is $90,000/10 = $9,000 per year.

Thus,

After-tax cash inflows = After-tax net income + depreciation
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= $20,000 (0.7) + $9,000

= ($70,000 = §50,00011 = 0.3) + $9,000
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= £14,000 + $9,000 = $23,000
To seeif this machine should be purchased, calculate NPV.
PV = $23,000 T,(10%, 10 years) = $23,000 (6.145) = $141,335
Thus,
NPV = PV = I'= §141,335 - 590,000 = $51,335
Because NPV is positive, the machine should be bought.
7.
Net Cash Flow After Taxes Calculation
Year Cash Cash Net Cash Depreciation Net Income Income Net Income Net
Inflow ($)  Outflow ($) Flow (Noncash Before Taxes ($) After Cash Flow
@) @) Before Expense) ($) Taxes ($) (6) = 0.4 x Taxes ($) After
Taxes ($) (4)=0.2x G =04 ©) (71)=(5) (6) Taxes ($)
B)=1 @ 8,000,000 or (7) + (4)
1 800,000 550,000 250,000 160,000 90,000 36,000 54,000 214,000
2 790,000 590,000 200,000 160,000 40,000 16,000 24,000 184,000
3 920,000 600,000 320,000 160,000 160,000 64,000 96,000 256,000
4 870,000 610,000 260,000 160,000 100,000 40,000 60,000 220,000
5 650,000 390,000 260,000 160,000 100,000 40,000 60,000 220,000

NPV is computed as follows:

Year Net T1 at 10% Present
Cash Flow Table Value ($) Value ($)
After
Taxes ($)
0 (800,000) 1.000
(800,000)
1 214,000 0.909
194,526
2 184,000 0.826
151,984
3 256,000 0.751
192,256
4 220,000 0.683
150,260
5 220,000 0.621
136,620
NPV =
25,646
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The company should buy the machine because NPV is positive ($25,646).

UAC = I- 5,17, (i, TN CRF(, N) + ¢

UAC = {$32,000 — $3,000 [T, (12%, 7))} CRF(12%, 7) + $4,500
= [$32,000 — $3,000 (0.452)] (1/T,(12%, 7) + $4,500
= ($32,000 — $1,350) (1/4.564) + $4,500

= $30,644 (0.219) + §4,500 = $6,711.04 + $4.500 = $11,211.04

UAC = [I- §,IT; (i, T)]l CRF(i, N) + ¢

The popular roof has atotal initial cost of $2,500 + $1,200 = $3,700.

UAC, = [$3,700 — 0 [T, (10%, 8]} CRF(10%, 8) + 0
= $3,700 (1/T,(10%, 8) + 0
~ $3,700(1/5.335) + 0
~ $3,700(0.187) + 0 = $691.90

The heavier grade has atotal initial cost of $2,500 + $825 + $1,200 = $4,525.

UAC, = {$4,525 — 0 [T; (10%, 12)Il CRF(10%, 12) + $3,325
= $4,525 (1/T,(10%, 12) + 0
= §4,525(1/6.814) + 0
= $4,525(0.147) + 0 = $0665.18

The heavier grade at $665.18 per year is cheaper than the lighter grade at $691.90 per year.
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12
Project Management

KEY TERMS

backward pass
calculation procedure that moves backward through the network determining the latest start and latest finish times for
each activity.

beta distribution
probability distribution often used to describe activity times.

crashing
process of reducing an activity time by adding resources and hence usually cost.

critical path
longest sequence of activities in a project management network.

dummy activity
fictitious activity with zero activity time used to represent precedence or used whenever two or more activities have
the same starting and ending nodes.

earliest finish time
earliest time at which an activity may be compl eted.

earliest start time
earliest time at which an activity may begin.

Gantt chart
graphical representation of a schedule used to plan or monitor progress.

latest finish time
latest time at which an activity must be completed without holding up the complete project.

latest start time
latest time at which an activity must begin without holding up the complete project.

nodes
intersection or junction points of a network.

PERT/cost
also known as the Critical Path Method (CPM); technigque designed to assist in the planning, scheduling, and
controlling of project costs.

slack
length of time an activity can be delayed without affecting the project completion date.
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Project management involves planning and scheduling. Project planning includes all activities that result in a course
of action for a project. Goals for the project must be set and their priorities established. Goals include resources to be
committed, completion times, and activities. Areas of responsibility must be identified and assigned. Time and
resource requirements to perform the work activities must be projected and budgeted. Compared to project planning,
project scheduling is more specific. Scheduling establishes time and sequences of the various phases of the project.

Project Scheduling Models

There are various methods for scheduling projects. Presented in this chapter are two popular scheduling model sGantt
charting and the Program Evaluation and Review Technigue. Both are schematic models, but PERT asoisa
mathematical model.

Gantt Charts

A Gantt chart isabar chart that depicts the relationship of activities over time. Table 12.1 provides the symbols
frequently used in a Gantt chart. An open bracket indicates the scheduled start of the activity, and a closing bracket
indicates the scheduled completion. The symbol [] indicates the currently completed portion of the activity. A caret at
the top of the chart indicates current time.

Table 12.2 shows a Gantt chart of a business student preparing for final exams. Project activities are listed down the
page and time appears across the top of the page. The project activities are studying for exams in Human Resource
Management (HRM), Marketing, Operations Management (OM), and Information Systems (1S). OM is broken into
two subactivitiesstudying concepts new since the last exam and studying concepts covered on previous exams for
review. By examining the horizontal time axis, we see that all activities must be completed in three and one-half
weeks.

Studying HRM, for example, is scheduled to start at the beginning of week 1 and end after one and one-half weeks.
The check mark at the top indicates that one and one-half weeks have already passed. The heavy lines show how
much of each activity has already been done. Students can use this chart to visualize their progress and to adjust their
study activities. Asyou can see, one of the strengths of project scheduling with Gantt chartsis the smplicity of the
schematic model.
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Table 12.1. Gantt Chart Symbols

Symbol Meaning
[ Start of an activity
] End of an activity
(] Actual progress of the activity
Y Point in time where the project is now

Table 12.2. Gantt Chart for Project Scheduling

v
Project Activity Week 1 Week 2 Week 3 Week 4

Study HRM [ ]

Study Marketing [ ]

Study OM

Study concepts new [ ]

since last exam

Study concepts covered] []

on previous exams

Study IS []

Program Evaluation and Review Technique

Program Evaluation and Review Technique (PERT) is a useful management tool for planning, scheduling, costing,
coordinating, and controlling complex projects such as the construction of buildings, installation of computers,
assembly of amachine, research and development activities, and development of anew product.

Questions to be answered by PERT include:

When will the project be finished?

What is the probability that the project will be completed by any given time?

PERT involves the diagrammatic representation of the sequence of activities comprising a project by means of a
network. The network visualizes
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al theindividua tasks (activities) to complete a given job or program; points out interrelationships; and consists of
activities (represented by arrows) and events (represented by circles).

Arrows. Arrows represent tasks or activities, which are distinct segments of the project, consuming time and resources.
Nodes (circles). Nodes symbolizes events or milestone points in the project representing the completion of one or more
activities and/or the initiation of one or more subsequent activities. An event isapoint in time and does not consume
any timein itself as does an activity.

Rules of Network Construction

Fundamental to PERT is the construction of a network. The rulesfor its construction follow:

Rule 1. Each arrow should represent only one activity.

Rule 2. The length of the arrow is determined only by convenience and clarity, and is not related to the time needed for
that activity.

Rule 3. Each activity, except the first, must have an activity preceding it.
Rule 4. Each activity, except the last, must have an activity following it.

Rule 5. For any activity to begin, all preceding activities must be completed.

EXAMPLE 1
Consider the activities, A, B, C, D, E, F, and G. The following network

¥
¥
v

isinterpreted as:

1. Perform activity A.

2. Start B and C after A is performed. B and C can be performed concurrently.
3. Start D and E after B is completed.
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4. Start F only after C and D are completed.

5. Start G only after E and F are compl eted.

YOU SHOULD REMEMBER
It is evident that a network can represent the most complex relationship of activities conceivable and yet permit the
tracking of all activitieswith little trouble.

An additional important rule must be noted:

Rule 6. No two activities can have the same origin and ending.

EXAMPLE 2
Assume that we are to perform A and B concurrently. Because of Rule 6, the following network isillegal:

A

f‘___—‘“'x\

N

B

Because of Rule 4, the following network isillegal asit stands:
<'
B

However, the problem can be resolved by a dummy activity in the following way:

A T
—
e
>

B

A

A dummy activity represents no work but permits observance of Rules 4 and 6.
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In areal-world situation, the estimates of completion times of activities will seldom be certain. To cope with the
uncertainty in activity time estimates, the PERT proceeds by estimating three possible duration times for each
activity. Asshown in Figure 12.1, the numbers appearing on the arrows represent these three time estimates for
activities needed to compl ete the various events. These time estimates are:

the most optimistic time, labeled a
the most likely time, labeled m

the most pessimistic time, labeled b

3
2-2.2

Figure 12.1.
Network Diagram

For example, the optimistic time for completing activity H is 2 days, the most likely timeis 4 days, but the pessimistic
timeis 12 days. The next step is to calculate an expected time, which is determined as follows:

t_(expected time) = (a + 4m + b) / 6
For example, for activity H, the expected timeis

(2+4(4)+12) /6= 30/ 6 =75 days

Note that this formulais based on the assumption that the uncertain activity times are best described by a beta
probability distribution. This distribution assumption, which was judged to be reasonable by the developers of PERT,

provides the time distribution for activity H as shown in Figure 12.2.
Asameasure of variation (uncertainty) about the expected time, the standard deviation is calcul ated as follows:
g=(b-a /6
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For example, the standard deviation of completion time for activity H is
c=(12-2)/6=10/6 = 1.67 days

Note: Thisformulais based on the notion that a standard deviation is approximately 1/6 of the difference between the
extreme values of the distribution.

Expected activity times and their standard deviations are computed in this manner for all the activities of the network
and arranged in the tabular format as shown in Table 12.3.

Table 12.3. Computations of Expected Time and Standard Deviation

Activity Predecessors a m b te o
A None 1 3 5 3.0 0.67
B None 1 2 3 2.0 0.33
C A 1 1 7 2.0 1.00
D B 7 9 17 10.0 1.67
E B 2 2 2.0 0.00
F E 2 5 5.0 0.67
G C,D,F 3 7 17 8.0 2.33
H E 2 4 12 5.0 1.67

To answer the first question, we need to determine the network's critical path. A path is a sequence of connected
activities. In Figure 12.1, 1-2-4-6 would be an example of a path. The critical path for a project is the path that takes
the longest amount of time. The sum of the estimated times for al activities on the critical path isthe total time
required to complete the project. These activities are critical because any delay in their completion will cause a delay
in the project.

Thetimeto do all the activities on the critical path represents the minimum amount of time needed for the
completion of the project. Thus, to speed up the project, the activities along this path must be shortened. Activities

not on the critical path are not critical because they will be worked on simultaneously with critical path activities and
their completion could be delayed up to a point without delaying the project as awhole.

An easy way to find the critical path involves the following two steps:
1. Identify all possible paths of a project and calculate their completion times.

2. Pick the one with the longest amount of completion time, which is the critical path.
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In the example, we have the following paths and completion times:

Path Completion Time
A-C-G 13 days(3+2+8)
B-D-G 20 days (2 + 10+ 8)

B-E-F-G 17 days(2+2+5+8)
B-E-H 9days(2+2+5)

The critical path is B-D-G, which means that it takes 20 days to complete the project.
Sepsto Be Followed in Determining the Critical Path

When the network is large and comple, it istediousto find the critical path by listing all the paths and picking the
longest one. We need a more systematic and efficient approach, which is explained next.

1. Find the earliest start (ES) and earliest finish (EF) times for the activities. (See Figure 12.3.) Thisis done by
assigning a start time (usually zero) for theinitial job(s) and determining the earliest possible start time for each of
the activitiesin the network. Theruleis. since ajob cannot be started until all preceding jobs have been finished, the
earliest start time of an activity is the maximum of the earliest finish times of the immediate predecessors. The
earliest finish time for an activity isits earliest start time plus the activity duration timet. EF = ES + t.

Mosi  —— b—— Expected Time ()
Likily (rm)

et

|
I
I
|
I
|
|
Ciptirnistic {ab |

Pelist
Pessimistic (b

T e

Activity Tenma

Figure 12.2.
Activity Time Distribution for Activity H
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Figure 12.3.
Earliest Start and Finish Times

2. Compute the latest start (LS) and latest finish (LF) times for the activities. (See Figure 12.4.) Thisisdone by a
backward pass. We begin this time at the completion point. The latest finish time is the latest time at which an
activity can be completed without extending the completion time of the network. The ruleis: the latest finish time for
an activity isthe minimum of the latest start time of the immediately succeeding activities. The latest start time isthe
latest at which an activity can begin without extending the completion time of the project. It isthe latest finish time
minus the activity duration, LS=LFt.

Figure 12.4.
Latest Start and Finish Times
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3. Compute slack times for the activities. The critical path of the project is made up of those activities with zero slack, as

shown in Figure 12.5 by the dark line. The slack is the length of the time we can delay an activity without interfering

with the project completion. Any delay in completing activities on the critical path will result in alengthening of the
project duration:

Slack = ES - LS or EF — LF

In other words, we compare the earliest start time with the latest start time for any activity (i.e., we look at when it can
be started and when it must be started to see how much free time, or slack, that activity has).

C
(3.5 (10,12)

(2,41 {5,7)

Figure 12.5.
Critical Path

Table 12.4 illustrates how the critical path is determined using this approach.

Table 12.4. Determination of the Critical Path

Activity ES EF LS LF Slack Activity on
=ESLSorEFLF Critical Path
A 0 10 7
B 0 2 0 Yes
C 3 10 12 7
D 2 12 2 12 0 Yes
E 2 7 3
F 4 9 7 12 3
G 12 20 12 20 0 Yes
H 4 9 15 20 11
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The next important information we want to obtain is the chance that the project will be completed within a contract
time, say, 21 days. To secure this information, we introduce the standard deviation of total project time around the
expected time, which is determined as follows:

Standard deviation (project) = | Sum of the squares of the standard
deviations of all critical path activities

Using this formula, the standard deviation of completion time (the path B-D-G) for the project is as follows:

J(0.33° + (167 + (233 = +/0.1080 + 2.7880 + 5.4289

= A 8.32067 = 2.885 days

Using the standard deviation and table of areas under the normal distribution curve (Table 3 in Appendix 11), the
probability of completing the project within any given time period can be determined. Assume that the expected

delivery timeis, say, 21 days. Thefirst step isto compute z, which is the number of standard deviations from the
mean represented by our given time of 21 days. The formulafor zis

{Delivery time — Expected time)
standard deviation

Therefore,

(21 days — 20 days)
Z= T"3.885 days = 0.35

The next step isto find the probability associated with the calculated value of z by referring to atable of areas under
anormal curve.

From Table 3in Appendix I, we see the probability is 0.6368, which means that there is close to a 64% chance that
the project will be completed in less than 21 days.

To summarize, we have determined that
The expected completion time of the project is 20 days.
There is abetter than 60% chance of finishing before 21 days.

Note: We can also obtain the chances of meeting any other deadline if we wish. All we need to do is change the
delivery time and recalculate the z value.
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Activities B-D-G are on the critical path; they must be watched more closely than the others because the whole
project will fall behind if they fall behind.

If extra effort is needed to finish the project on time or before the deadline, we must borrow resources (e.g., money
and labor) from any activity not on the critical path.

It is possible to reduce the completion time of one or more activities, which will require an extra expenditure of cost.
The benefit from reducing the total completion time of a project by accelerated efforts on certain activities must be
balanced against the extra cost of doing so. A related problem is to determine which activities must be accelerated to
reduce the total project completion time. The Critical Path Method (CPM), also known as PERT/COST, iswidely
used to deal with this subject.

Summary of PERT Procedure

In analyzing any project using PERT, we perform the following steps:

1. Develop alist of activities that make up the project, including immediate predecessors and draw a network
corresponding to the activity list devel oped.

2. Estimate the expected activity time and the variance for each activity.

3. Using the expected activity time estimates, determine the earliest start time and the earliest finish time for each
activity. The earliest finish time for the compl ete project corresponds to the earliest finish time for the last activity.
Thisis the expected project completion time.

4. Using the project completion time as the latest finishing time for the last activity, work backward through the
network to compute the latest start and latest finish time for each activity.

5. Compute the slack associated with each activity. The critical path activities are the activities with zero slack.

6. Use the variahility in the activity times to estimate the variability of the project completion date; then, using this
estimate, compute the probability of meeting a specified completion date.
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YOU SHOULD REMEMBER

Note that PERT is atechnique for project management and control. It is not an optimizing decision model because the
decision to undertake a project isinitially assumed. It will not evaluate an investment project according to its
attractiveness or time specifications. This topic was taken up in Chapter 11.

The Critical Path Method Moddl:
PERT/COST

If the project duration (Iength of critical path) exceeds the allowable deadline, options include changing the deadline or
"crashing” the project. Crashing means speeding up one or more activities along the critical path. This may involve
shifting more resources (money) to those activities or perhaps outsourcing some of the work.

The critical path method (CPM) model, also known as PERT/COST, argues that most activities can be reduced in
duration if extraresources (e.g., men, machines, money) are assigned to them. The cost for getting the job done may
increase, but if other advantages outweigh this added cost, the job should be expedited or crashed. The CPM model
attempts to determine which jobs to crash and by how much.

The normal time is similar to the most likely time estimate in PERT. This could be viewed as the most efficient time to
complete the project. The crash timeis the time required when extra resources are added to compl ete the project in the
minimum possible time. Using the crash time results in added costs for the project. A simplified view of the relationship
between the normal and the crash timesis seen in Figure 12.6. This represents a linear cost-time relationship. A
nonlinear relationship is aso possible and may be more realistic. However, to illustrate the model, only the smplified
linear relationship will be used. The slope of the costtime line for any activity can be determined by the following:

Crash cost = Normal cost
Mormal time = Crash time

Slope = Cost per day =
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Crash

Cost

Tirrm=

Figure 12.6.
Linear CostTime Relationship

The slope of these lines actually measures the increase in cost per unit increase in time. Therefore, all such slopes are
negative. The minus sign can be ignored and only absolute values considered, however.

To illustrate the CPM model, assume a simple project, as represented by the network diagram in Figure 12.7. The
time, cost, and cost slope data for this project are shown in Table 12.5.

Figure 12.7.
Network Diagram for
CPM lllustration

Normal Solution

From the foregoing information, the normal time solution can be developed. This solution is shown in Figure 12.8,
with the appropriate normal time estimates indicated on the activity arrows. The critical path for this solution, as
indicated by the heavy arrows, is a-c-e = 15 days. The total cost of the normal time solution is $3,900.

Table 12.5. CPM Project Time and Cost Data

Time/Days Cost ($)
Activity Normal Crash Normal Crash Slope

a 4 3 400
400 800

b 8 5 600
600 2,400

c 6 5 200
1,000 1,200

d 9 8 700
700 1,400

e 5 2 500



Total cost

< previous page page 374 next page >



< previous page page 375 next page >
Page 375

Figure 12.8.
Norma Time Solution
CPM Network

Crash Solution

The crash time solution can also be determined from the information in the same way. This solution isfound in
Figure 12.9. The critical path can be determined as a-d = 11 days, with a cost of $8,500.

Figure 12.9.
Crash Time Solution
CPM Network

Determination of Minimum-Cost Crash Solution

The crash solution already set forth indicated that this project can be completed in 11 days at a cost of $8,500. The
next question for management to answer is whether the project can be completed in this same period of time for a
lower cost.

The CPM (PERT/COST) model involves the following steps:

1. Find the critical path.

2. Look at all the slopes (crash costs per unit of time) for all activities on the critical path.

3. Pick the activity on the critical path with the lowest cost increase per unit of time. If thereis atie, pick one of the
ties activities at random.

4. Using crash time on this activity, compute the expected total time and the total cost, and determine the new critical
path.
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5. Repeat the process until either the expected total timeis equal to or less than the required time, there are no more
possible time savings, or the total cost exceeds available funds.

Now we apply these steps to the example. First, welist all paths:

Path Length

sce 15 % critical path
b-e 13
ad 13

Next, we determine the critical path activitiesin the order of lowest crashing cost and the number of days that can be
crashed.

Activity Sope Available Days
C 200 1
a 400 1
e 500 3

Shorten ¢ and a one day apiece at a cost of $600 ($200 + $400). The length of the path a-c-e becomes 13 days, which
isthe same as the length of paths b-e and a-d. Because al three paths are now critical, further improvements will
necessitate shorting one activity on each.

Path Length
ace 13 & critical path

bee 13 "% critical path
13 "% critical path

ad
Path Activity Sope
ac-e a No reduction possible
C No reduction possible
e $500
b-e b $600
e No reduction possible
ad a No reduction possible
d $700
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The following three activities can be crashed:

Activity Slope Available Days
e 500 3
b 600 3
d 700 1

Shortening activity e two days for $1,000 ($500 x 2) and d one day ($700) would lead to the critical paths a-c-e and a-d of
11 daysfor $6,200. Even though activity b can be crashed, their crashing does not reduce project duration. The minimum
time of the project is 11 days at a cost of $6,200. At this point, no additional improvement is possible.

To summarize, consult the following table:

Project Crashing Least Cost Project Critica
Time Options Option Cost ($) Paths
15 days 3,900 ac-e
13 1at c & a($200 + 400) c&a 4,500 ac-€ b-d; ad
11 2ate($500 x 2) & e&d 6,200 ac-e, ad
1 at d ($700)

Management Use of CPM

The CPM network has the primary goal of aiding management in the control of costs aswell as of time. In these models,
thisgoal is accomplished by providing management with a technique whereby the various timecost tradeoffs in a project can
be evaluated. The process involves the determination of the lowest cost, longest completion time solution; and the shortest
time, highest cost solution. From these two solutions, various aternatives can be established. For example, the lowest cost
possible for the shortest completion time can be found. In addition, avariety of aternatives involving reduction in
completion time and the added cost of each can be ascertained. Thus, the time and cost of completing the project under
normal conditions and the amount of time that can be saved by the expenditure of more money on various activities are
determined. Management can then make a decision about the project after a consideration of all of the timecost options. The

lowest cost option, the shortest time option, and the interim alternatives with the appropriate cost and schedule data will be
available.
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Computer Software for Project Management
Most project management applications today use computers extensively. The management of projectsis enhanced by
tools such as Gantt charting, PERT, and CPM. These tools are easily computerized, and indeed there are dozens of
commercia packages on the market. The user inputs activity time estimates and procedure information, program
output slack for each activity, duration and variance for critical paths, and other useful project management
information. Some popular packages are listed next.

Harvard Project Manager by Harvard Software, Inc.

Pertmaster by Westminster Software, Inc.

PMSII/RMS Il by North AmericaMica, Inc.

Pimavera by Primavera Systems, Inc.

Project Scheduler 5000 by Scitor Corporation

Pro-Jet 6 by Soft-Corp, Inc.

Project Manager Workbench by Applied Business Tech Corporation

Project by Microsoft Corporation

MacProject & LisaProject by Apple Computer Corporation

VisiSchedule by Paladin Software Corporation

Know the Concepts

Do You Know the Basics?

1. Define project management.

2. What are the underlying assumptions of minimum cost scheduling? Are they equally realistic?
3. Describe the key elements of the project-planning process.

4. Why is a network diagram used in project management?

5. Differentiate between an event and an activity.

6. Discuss why Gantt charts are a useful aid to an operations manager.
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7. What options are available if the project duration (length of critical path) exceeds the allowable deadline?

8. What is the difference between the normal time and the crash time?

9. Briefly describe PERT/cost? What is it a'so known as?

Terms for Study

backward pass earliest start time
beta distribution Gantt chart
crashing latest finish time
critical path latest start time
critical path method (CPM) nodes

dummy activity PERT/cost

earliest finish time

Practical Application

1. Laurie, an operator at Charles Speedy printshop, has three jobs that she must get out today. Each job must be type
set, printed, and folded, and the jobs must be done in the order shown here.

Job Type Setting (hours) Printing (hours) Coallating (hours)
X 1 3 1.5
Y 4 3 0.5
z 2.5 2 1

Construct a Gantt chart of her day's work.

2. Jane isthe owner of a general contracting company that specializes in the construction of single-family homes and
small office buildings. She wants to construct a Gantt chart to monitor and control her home building project. The
following table summarizes the activities involved in the project along with the precedence rel ationships among the
activities.

Description Time Immediate
Required Predecessor
(days) Activity
Excavate 3
Lay foundation 4 A
Rough plumbing 3 B
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Description Time Immediate

Required Predecessor

(days) Activity

Frame 10 B
Exterior 8 D
Install HVYAC 4 D
Rough electric 6 D
Sheet rock 8 C,EFG
Carpentry 5 H
Paint 5 H
Final plumbing 4 Immediate
Final electric 2 J
Install flooring 4 K,L

3. Given the following project, what probability would you assign to a project duration of more than 8.5 weeks?

6810

4. Given the following network diagram, determine the probability that the project will finish within 18 weeks of its
start. Times on the diagram are in weeks.

12-14-16

(1)
A

5-5-8

5. Given the following network diagram, note that the numbers on each row refer to the expected time (te) and
standard deviation (o) in weeks for that activity. For example, 14,4 indicates an expected time of fourteen and a
standard deviation of four weeks.
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9.2

e

1,3

a. Determine the activities on the critical path.
b. Determine the expected project duration.
c. Determine the probability that the project will be completed in 29 weeks or less.

6. Consider the following:

Activity Immediate a m b
Predecessor (weeks) (weeks) (weeks)

A None 2 4 6

B None 6 8 10

C A 1 5 15

D C 1 5 9

E B 6 8 10

a. Compute the expected time and standard deviation of the time required to complete each activity.

b. Draw a network diagram and find the critical path by computing earliest start, latest start, and slack. What is
the expected length of the critical path?

c. Assume that the time required to complete the project is normally distributed. Compute the probability that
path ACD will be completed in less than 16 weeks.

d. What is the probability that the project will be completed in less than 16 weeks?

7. Given the following network of a project:
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a. Determine the critical path of the network by enumerating all paths.
b. Determine the critical path of the network by computing the slacks of the activities.

8. Refer to the network of problem 4 and the following table:

Normal Crash
Activity Time (day) Cost ($) Time (day) Cost ($)
A 3 70 1 300
1 250 1 250
C 4 80 3 130
D 2 220 1 420
E 7 700 3 1,400
F 3 150 2 240
a. Compute the normal cost of the project.
b. Perform atimecost tradeoff analysis to reduce project duration.
9. Using the following information, develop an optimum timecost solution.
Activity Normal Time (day) Crash Time (day) Crash Cost per Day ($)
A 5 3 2.5
B 3 2 4
C 8 6 35
D 9 7 1

10. Given the following network diagram and related information, develop an optimum timecost solution.
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Activity Normal Cost ($) Crash Cost ($) Cost
Time (day) Time (day) Slope ($)
A 3 100
6 500 800
B 6 200
8 400 800
C 4 50
5 200 250
D 5 300
7 300 900
5 400 550
F 5 80
10 1,000 1,400
G 2 100
4 700 900
3,500 5,600

Answers
Do You Know the Basics?

1. Project management involves the planning, directing, and controlling of resources (people, equipment, material) to
meet the technical cost and time constraints of the project.

2. The assumptions underlying minimum cost scheduling are that it costs money to expedite a project activity and it
costs money to sustain or lengthen the completion time of the project. It is often possible, however, that there is little or
no cash expenditures associated with sustaining a project. Labor is often shifted between projects, and in the short run
there may be no incentive to complete a project in normal time.

3. Project planning involves project definition, resource definition, project scheduling, and project control.

4. The network diagram provides an easily understood graphical description of the project and how activities must be
sequenced.
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5. Events correspond to pointsin time at which activities begin or end. Activities consume time and resources.

6. Gantt charts allow an operations manager to schedul e activities over time in agraphical manner. A Gantt chart is readily understood and
updated, and it is useful in determining the status of a project at any point in time.

7. If the project duration (length of critical path) exceeds the allowable deadline, options include changing the deadline or crashing the
project.

8. The normal timeis similar to the most likely time estimate in PERT. This could be viewed as the most efficient time to complete the
project. The crash time is the time required when extra resources are added to complete the project in the minimum possible time. Use of the

crash time results in added costs for the project.

9. PERT/cost, aso known as CPM, is atechnique designed to assist in the planning, scheduling, and controlling project costs.

Practical Application

1
Hours
Activity 1 2 3 4 5 6 7 8 9 10 11 12
Type setting X1 Y 11 z ]
Printing [ X ] [ Y 11 Z ]
Collating [ X ] [Y] [ z ]
2.
Cantt Chart
Install Flecring 5 [T 1T e
Final Plumbing
- Carpentry [
33 Reough Ebectric | p—
Extersor | | F—
Rough Plumbing 'l == 1 i
Excavate T | | | | ) i I | 1 ! !I
i} ‘Ii 1IU 1L5 20 I3 Al i5 40 45
Tirre Period
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3.
Path te S z P(<8.5)
1-2-3 7 0.972 +1.54 0.9382
1-3 8 0.667 +0.75 0.7734
The probability of both being less than 8.5 is (0.9382)(0.7734) = 0.7256. Thus, P(project >8.5) =1
0.7256 = 0.2744 = 27.44%.
4.
Path te s z P(<18)
1-2-5-7 19.67 1.00 0.33 0.3707
1-4-7 10.67 1.00 +7.33 1.0000
1-3-6-7 16.67 1.18 +1.13 0.8708
The probability that the project will finish in 18 weeksis (0.3707)(0.8708) = 0.3228 = 32.28%.
5.
Path te S z P(<29)
1-2-5-7 21 3 +2.67
1-4-7 14 2 +7.50
1-3-6-7 25 5 +0.80 0.788la

az= (29 25)/5 = + 0.80; P(<29) = 0.7881.

a. Thecritical path is 1-3-6-7.
b. Expected project duration is 25 weeks.
c. Except for the critical path, the project will easily finish on time dueto their large z values.

The probability of critical path completion by week 29 is0.7881 = 78.81%.

6.
a
Activity te S ES LS Slack

A 4 0.67 1

8 0.67 0
C 6 2.33 1
D 5 1.33 10 11 1
E 8 0.67 8 8 0
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The critical path is B-E and the expected length is 8 + 8 = 16 days.
c. Thepah A-C-D =4+ 6+5=15days.

Opepy = V0.67) + (233 + (133 =v/7.6467 = 2.76

To find the probability that path A-C-D will be completed in less than 16 weeks, define Z = (16 15)/2.76 = 0.36.
From the normal distribution in Appendix I, we get 0.6406 or 64.06%.

d.

Oy =\ (0.67) + (0.67) = +[0.8978 = 0.947

Define Z = (16 16)/0.947 = 0. From Table 3 (Normal Distribution) in Appendix |1, we get 0.50 or 50%, which is
the probability the project will be completed in less than 16 weeks.

7.
a
Path Duration Remark
A-D 3+2=5
B-E 1+7=8 Critica Path
C-F 4+3=7
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b.
Activity Duration Immediate ES EF Predecessor LS LF Slack
Predecessor of (LFEF)
A 3 None 0 3 D 3 6 3
B 1 None 0 1 E 0 1 0
C 4 None 0 3 F 1 5 1
D 2 A 3 5 None 6 8 3
E 7 B 1 8 None 1 8 0
F 3 C 4 7 None 5 8 1
The critical path is B-E with zero slacks.
8.
a. The normal cost is $1,470.
b. Daily crash costs are as follows:
Activity Slope = Daily Crash Cost ($)
A (30090)/(31) =105
B Cannot be crashed
C (130 80)/(4 3) =50
D (420 220)/(21) = 200
E (1400 700)/(7 3) = 175
F (240 150)/(32) =90
Project Time Crashing Least Cost Project Critical
(days) Options Option Cost ($) Paths
8 1,470 B-E
7 1 at E($175) E 1,665 B-E; C-F
6 lat E& C($175 + $50) E&C 1,890 B-E; C-F
latE& F($175 + $90)
5 lat E& F($175 + $90) E&F 2,155 A-D; B-E; C-F
Even though activitiesE, A, and D can be crashed, their crashing does not reduce project duration. The minimum time
of the project is 5 days at a cost of $2,155.
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Activity

A

B
C
D

Project Time
(days)

13
12
11
10
9

Normal Time (day)
5

3
8
9

Crashing
Options

2at A($2.5 % 2)
2 at D($1 % 2)
2at C($3.5 x 2)
1at B($4)

10. The critical path is B-F-G for 22 days.

Y ou cannot crash C because its crashing does not reduce project duration.

Path
A-C-E
B-D-E
B-F-G

Length

16

20

20 — critical path

($80 x 2). We get the following results:

A-C-E
B-D-E
B-F-G

Path

Length

16

20 =®— critical path

00 - critical path

page 388

Crash Time (day)

~N OO N W

Least Cost
Option

@ O O »
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Crash Cost per Day (%)
2.5
4
35
1
Crash Critica
Cost ($) Paths
A-C
B-D
A-C
14 B-D
18 A-C

Crash activity F for 2 days for $160

Now crash activity B for 2 days for $400 ($200 x 2) because it is on both critical paths. To summarize:
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Project Time
(days)
22
20

18

Crashing
Options

2 at F($160)
2 at B($400)
2aG,lakE, and
1 at B($200 + 150 + 200)

page 389

Least Cost
Option
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Project Critica
Cost ($) Paths
3,500 B-F-G
3,660 B-D-E; B-F-G
4,060 B-D-E; B-F-G

Total cost of completion of the project in 18 days = normal cost + additional crashing cost = $3,500 + 560 = $4,060.
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13
Waiting Lines and Queuing

KEY TERMS

arrival rate
number of customers or units arriving or entering the system in a given period of time.

channels
number of waiting linesin a service system.

exponential distribution
probability distribution used to describe the pattern or service times for some waiting lines.

GPSS, SIMSCRIPT
specially designed computer programming languages used for simulation.

Monte Carlo simulation
simulation using a random number procedure to create values for the probabilistic components.

multiple-channel line
waiting line with two or more parallel identical servers.

Poisson distribution
probability distribution used to describe the random arrival pattern for some waiting lines.

queue
waiting line.

gueue discipline
rules that determine the order in which arrivals are serviced.

queuing (or waiting line) theory
the study of waiting lines.

servicerate
number of customers or units that can be serviced by one server in agiven period of time.

simulation
technique to describe the behavior of areal-life system over time.

single-channel line
waiting line with only one server.

utilization factor
probability that the server is busy.
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Queuing (waiting line) theory investigates the everyday hassle of waiting in line. Operations managers may apply
thistool in performing their functions where waiting timeisinvolved. Retailers and manufacturers know that waiting
customers are often lost customers. However, improvements in this aspect of customer service are expensive in terms
of extra attendants hired, whose pay must continue during slack hours. Coupled with this tradeoff problem of quick
customer service versus expensive "standby” employees is the random nature of customer arrivals.
The analysis of waiting linesis of concern to operations managers because it affects design, capacity planning, layout
planning, inventory management, and scheduling. Results from queuing analysis can provide helpful process design
and layout information that will ensure proper operation when the new process is implemented.
In this chapter, we describe why waiting lines form, the uses of waiting line models in operations management, the

structure of waiting line models, and how waiting line models can provide information about the characteristics of a
process.

Queuing or Waiting Line
There are anumber of situations in which a customer of some sort arrive at a service facility of some sort. The only
reason that a customer ever needs to wait for serviceis that for the moment, at least, the ability to provide serviceis
not sufficient to satisfy the demand for that service.

Some examples of waiting for a service are:

Out-of-service industrial equipment waiting for a repairman.

Patients waiting in clinics.

Computer jobs waiting for processing

Airplanes waiting for arunway.

Carswaiting at toll booths.

More examples of waiting line (or queuing) situations are given in Table 13.
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Table 13.1. Waiting Line (or Queuing) Situations

Types of Customer Service

Problem

Teller windows Person Deposits and
withdrawals

Telephone exchange  Incoming calls Makes call connection

Machine repair Disabled machines Repair of machines

Tool crib Machinist Issues tools

Market checkout Customers with Ring up, collect, and

stand purchases wrap

Busterminal Buses Arriving & departing

Medical clinic Patients Medical treatment

Beauty shop Patrons Hair dressing

Using Queuing Analysis to Analyze Operations

Service
Facility

Teller and equipment

Operator and switchboard
Repair crew
Tool crib and attendants

Clerk, cash register, and
wrappings

Loading area, dispatcher,
driver

Receptionist, nurse,
doctor, equipment

Beauty operator
equipment

next page >
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Queue

Discipline

First-come, first-served
(FCFS)

Random

Priority

FCFS

FCFS

Schedule

FCFS or priority by
appointment

FCFS or priority by
appointment

The goal of queuing is essentially to balance the cost of providing alevel of service capacity and the customers waiting for
service. Capacity costs relate to maintaining the ability to provide service. Examples include the number of repairmen to handle
machine breakdowns, the number of checkoutsin aretail store, and the number of baysin an auto repair garage.

Thisnotionisillustrated in Figure 13.1. We expect a tradeoff between these two types of costs and total cost to be represented asa
U-shaped curve. The optimal level of service capacity isthe onein which total cost is minimized.
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Cost (3)

Tatal Cost
Ciost of Service Capacity

Cost of Customaers Waiting

Senice Capacity

Figure 13.1.
Optimal Service Capacity Determination

Many situations in productive systems are described conceptually by the general waiting line (queuing) model. How
many shipping docks and receiving docks should be built for incoming and outcoming shipments? How many lift trucks
should be provided to move products? How should machines be arranged to minimize waiting lines of productsin
process? How many teller windows should be open in a bank?

YOU SHOULD REMEMBER

Unlike in the case of the EOQ inventory model, the minimum cost is not usually obtained at the point where two cost
curves intersect.

Operations managers can use queuing models to balance the gains that might be made by increasing the efficiency of the
service system against the costs of doing so. Furthermore, managers should consider the costs of not making
improvements to the system: long waiting lines or long waiting times may cause customersto balk or renege. Managers
should therefore be concerned about the following characteristics of the system: line length, number of customersin the
system, waiting timein line, total timein system, and service facility use.

Managers should relate these characteristics and their alternatives to dollars. Queuing models attempt to determine these
operating characteristics.
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Structure of Queuing (Waiting Line) Problems

Four basic structures describe the general conditions at the service facility:

The single-channel, single-phase case is the one in which arrival units form awaiting line and are serviced by a
single service facility. The one-clerk parts department isillustrative.

—Q0O000 —

Waiting Line Service Facility

The multiple-channel, single-phase caseisillustrated by atwo-or-more-clerks parts department since customers can
be serviced by any of the clerks (channel).

oo

— OO OO —
Waiting Line

- —

Service Facility

The single-channel, multiple-phase caseis illustrated by a simple production line where there are a series of
operations (phases) and the unit to be processed goes through the series for complete processing.

— OO0 H 1

Waiting Line Service Facility

The multiple-channel, multiple phase case isillustrated by duplicate production linesin paralel.
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- e
Waiting Line Sendoe Factlity

Of course, acomplex network of waiting lines could involve combinations of any or all the four basic structures.

YOU SHOULD REMEMBER

The layout analysis can effectively use queuing theory to find answers to such questions as the following:
How many customers will be waiting in line?

How long will these customers have to wait for service?

How many service facilities should be provided to minimize the costs and time involved?

How much idle time will the service facilities have?

Analytical Models for Waiting Lines

Depending on the size of source population of the inputs, waiting line models are based on whether the waiting line can
theoretically become infinite or whether conditions limit the maximum waiting line to some finite value. Infinite waiting
lines might be illustrated by automobile flow on a freeway. Finite waiting lines might be illustrated by the problem of a
company with ten machines, such aslooms: a unit "arrives' for service when athread breaks, or the machine must be
stopped for some other reason. The operator gives the needed service and starts the machine again. However, if there are
only ten machines to be serviced, the maximum possible waiting line is ten.
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Queue discipline, which is the order in which the unitsin the waiting line are selected for service, can be first-come, first-
served (FCFS) or based on other priority rules. In amedical clinic, emergencies and patients with appointments are
taken ahead of walk-in patients.

YOU SHOULD REMEMBER

The first-come, first-served ruleis assumed in al four basic models. Because of the mathematical complexity
involved, the systems involving queue disciplines other than the FCFS rule are typically analyzed using Monte Carlo
simulation.

The most common waiting line analyses are based on the assumptions that arrival rates are represented by the Poisson
distribution and that service times are represented by the negative exponentia distribution. The formulafor the Poisson
distributionis

=A
e A"
!

P(x) =

where x = the number of units arriving in one unit of time, P(x) = probability of x arrivals, e = a constant equal to

2.71828, A = the mean arrival rate, and x! = x(x 1)(x 2) . . . 1. The Poisson is a discrete distribution. The example shown
in Figure 13.2 is smoothed.

Frequency

Bumber of Arrivals Per Mouwr

Figure 13.2.
Example of Typical Poisson
Distribution of Arrivals

The negative exponential distribution corresponds very closely to the Poisson. It is the distribution of the timeintervals
between arrivals where arrival times are the reciprocal of the arrival rates and indicates that the intervals of time are also
random. The formulafor the exponential distribution is
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P = e

wheret = the time between arrivals. An example of a negative exponentia distribution isindicated in Figure 13.3.

Froquency

Lergice Time in Hours

Figure 13.3.
Example of Typical Negative
Exponential Distribution

YOU SHOULD REMEMBER

There are afew other standard distributions for which analytical solutions have been developed. Again, when the
distribution assumptions are not valid, it is common to use simulation as the necessary mode of analysis.

Queuing Notations
Define the following variables for queuing theory as shown:
A = themean arrival rate

M = the mean service rate

= =

the mean time between arrivals

1
—_—
K the mean timefor service

A

p = utilization rate K the expected number being served
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PO = probability of nonein the system =1- -Ir

Pn = probability of n unitsin the system at any point in time

Lg = expected number in the waiting line = expected length of the waiting line

L = expected number in the system = expected number in the waiting line plus the expected number being served

= Lq' + E
1 L
= L (—) - T
W(Q = expected waiting time in the queue T\A L3
L
[ n-f - W" + l
W = expected waiting time in the system including service (i.e., total time in the system) S

The first three models are the case in which arrival units form awaiting line and are serviced by asingle service
facility. The population source being serviced is unlimited. Model 4 assumes multiple channels. The last model is
appropriate when there exists a limited number of customers.

Model 1
The Sngle-Channel Waiting Line Model with Poisson Arrivals and Exponential Service Times

Model 1 makes the following assumptions:
Single-channel, single-phase case.

Poisson arrival rates.

Negative exponential service times.

First-come, first-served queue discipline.

Mean service rate greater than mean arrival rate 1 > A.
Under these conditions, the following formulas apply.

The probability of none in the system = percentage of idle time:

A
Pﬂ'l—i
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The probability of n unitsin the system at any point in time:

() e (-3

The probability of having to wait = probability of more than zero unitsin the system:

Pw)=1-P,
The average number of unitsin the system, including the one being serviced:

A
-2

The average time a unit spends in the system (waiting time plus service time):

1 L

W-» A
The average number of unitsin the queue waiting for service:
L f L A
9 pu-»n U

The average time a unit spends in the queue waiting for service:

- AL - 1
TT(TIE S e W)

YOU SHOULD REMEMBER

I =

W

next page =
Page 399

Formulas used in operations management texts can be confusing. We aso note the following relationships between

Wg and Wand Lqg and L:
L
W, = Mean waiting time = -f
ber in waiting :
L = Mean number in waiting bnE=Iq+E
1 1
Wqu+E—I

These relationships are intuitively obvious, however.
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EXAMPLE 1

Downey Bank is contemplating opening a drive-in window for customer service. It is estimated that customers will
arrive for service at arate of 15 per hour. The teller at the service window can serve customers at the rate of one every
three minutes. Assuming Poisson arrivals and exponential service, the following can be computed:

Utilizationrate of thetler B 20

1 A 15 - 25%
T e T T\20) 7
PO = probability of nonein the system

Pn = probability of, say, 2 unitsin the system at any point in time

(1= 2)2Y - 025(BY
“U-ulh\g) =%\

=0.14=14% Lq

5 (1s)*
= Mean number inwaiting line ~ K(R=A) 20020 - 15)

= 2.25 customers

L = Mean number in system, including the one being serviced

A 15
Ww-n  @0-15 3 customers

A 15
Wq=Meanwaitingtime- pu=2A) 20020 - 15)

= 0.15 hour or 9 minutes
1 1
= =
W = Mean timein system, including service (p' - }‘) (20 - 15)

= 0.2 hours or 12 minutes




EXAMPLE 2

Assume patients for the medical office of avery large plant arrive randomly following a Poisson process. The office

can process patients at an average rate of 5 patients an hour and patients arrive at an average of 4 per hour. Assuming
exponential service we can determine:

The office will be idle 20% of the time and busy 80% of the time.
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E
:}.:l:g:aooj")

Utilization rate l'l'

= ] — & =]=f—
PO = Probability of nonein the system I'l' 5

There will be an average of 3.2 personsin line and being served.

ll (4)2

Lg= Mean numberinwaitingline- I'l‘(l‘l’ - ;L) ) 5(5 - ‘:1’) )

There will be an average of 4 patientsin line.

L = Mean number in system, including the one being serviced

A 4
-2 G-4

The average waiting time of a patient is 0.8 of an hour or 48 minutes
=
W(q = Mean waiting time ""(]"' o }‘)

4
5(5 = 4) 0.8 hour or 48 minutes

= 4 patients

The average time a patient spends in the system, including serviceis 1 hour

| |
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= 20%

3.2

patients

W = Mean timein system, including service (u'_ ?L) (5 - 4) =1 hour

If we assume a 24-hour work day, there will be an average of 96 patients arriving per day (4 patients per hour x 24
hours), and the expected total |ost time of patients waiting will be 76.8 hours (4 x 24 x 0.8). Assume that the cost of
lost time to the company is $15 for each hour lost by a patient waiting. Then the average cost per day from waiting is

$1,152 (76.8 hours x $15).

Model 2

The Sngle-Channel Waiting Line Model with Poisson Arrivals and Constant Service Times

Model 2 is appropriate for the case of an automobile car wash, an automatic coffee machine in an office building, or a

machine-controlled manufacturing operation.
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Model 2 makes the following assumptions:
Single-channel, single-phase case.

Poisson arrival rates.

Constant service times.

First-come, first-served queue discipline.

Mean service rate greater than mean arrival rate L > A.

Then the average number waiting in lineis as follows:
?qu
L =
7 2u(u-»)
I

-
Wg = Meanwaitingtime A

m

- L 4
L = Mean number in system, including the one being serviced 7
1 L
e W & — = I
W= Mean timein line and service L

Example 3

next page =
Page 402

Rossmore Car Wash is an automatic, five-minute wash operation with asingle bay. On atypical Sunday morning,
cars arrive at amean rate of 8 per hour, with arrivals to follow a Poisson distribution. Note that A = 8 cars per hour

and u = 12 cars per hour (1 per 5 minutes).
Then the average number waiting inlineis
.- :"LI . {8}2

7 2up-3A) 201212 -8)

L A2

= 1

= 0.667 cars

8

W = Mean waiting time A ) 2'-‘-(]-1 —A) B 2(12)(12 - 8)

= 0.083 hours or 4.98 minutes

L = Mean number in system, including the one being serviced

L+t 2 816
q+p-?.5+12-8. 7 cars



1
= Wq+ E = (.083 + 0.083

W = Mean timein system, including service

= 0.166 hours or 9.96 minutes
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Mode 3
The Sngle-Channel Waiting Line Model with Poisson Arrivals and Service Times Not Specified

Model 3 makes the following assumptions:
Single-channel, single-phase case.

Poisson arrival rates.

Service times not specified.

First-come, first-served queue discipline.

Mean service rate is greater than mean arrival rate i > A.

Then the average number waiting in line Lq is asfollows:

/- (Aa)’ + (M)’
a 201 -Ap)

L = Mean number in system, including the one being serviced = Lq + A/u

Wg = Mean waiting time=Lg/ A

W= Mean time in system, including service=Wq + 1/u = L/A
EXAMPLE 4

Trucks arrive at the truck dock of awholesale grocer at the rate of 8 per hour, and the distribution of arrivalsis Poisson. The
loading and/or unloading time averages 5 minutes, but the estimate of the standard deviation of service time (o) is 6 minutes.
Truckers are complaining that they must spend more time waiting than unloading, and the following information verifies their
claim:

A =8 per hour; p = 60/5 =12 per hour; o = 6/60 = 1/10 per hour

;- Qo)+ v’ B8 x 1/10)° + (8/12)°
a” 20 - M 2(1- 8/12)

L = Mean number in system, including the one being serviced

= 1.63 trucks in line

= Lq+Ap =163+ 8/12 = 2.3 trucks in the system
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Wg = Mean waiting time = Lg/A = 1.63/8
=0.204 hours, or 12.24 minutesin line waiting for service

W= Mean timein system, including service = L/A = 2.3/8 = 0.288 hours, or 17.28* minutesin the system. Note also that
W= Wq + 1/u = 0.204 hours + 1/12 hours = 12.24 minutes + 5 minutes = 17.24* minutes.

Note: The discrepancy between 17.28 and 17.24 is due to rounding errors.
Model 4
The Multiple-Channel Waiting Line Model with Poisson Arrivals and Exponential Service Times
The multiple-channel model is appropriate for the case of atoll road pay booth, bank teller window, and maintenance repair shop.
Model 4 makes the following assumptions:
Multiple-channel.
Poisson arrival rates and exponential service times.
Services al work at the same rate.
Customers form a single waiting line in order to maintain first-come, first-served processing.

Utilization rate is the expected number being served:
p=A/Mu
where M = number of servers (channels)
O apuw”
7 (M-DIMp-*°

The computation is very complicated. The procedureisto go to Table 13.2 with A/pL and M.
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EXAMPLES
Using the data from Example 2, consider the characteristics of the processif a second office is added. Each office can
process 5 patients per hour, on average. Note that M = 2 and A/ = 0.8. From the table we see Lg= 0.152 and
PO = 0.429. We can determine the following:
Wqg Mean waiting time = Lg/l = 0.152/4 = 0.038 hours
L =Mean number in system, including the one being serviced
= Lg + A = 0.152 + 0.8 = 0.952 patients
W = Mean timein system, including service=Wq + 1/u=L/A
=0.952/4 = 0.238 hours
In Example 2, the expected time lost waiting one day with one office was 76.8 hours. With two offices, it is 3.65
hours (4 x 24 x 0.038). Again assuming a cost of $15 for each hour, the average cost of waiting per day is $54.75,

which means a saving in expected cost of $1,097.25 ($1,152 $54.75). If the cost of adding the second officeisless
than $1,097.25, then the decision should be to go from one to two offices.
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Table 13.2. Infinite-Source Values for Lg and PO Given A/p and M
0.15 1 0.026 0.850 3 0.094 0.294 5 0.130 0.080
2 0.001 0.860 4 0.016 0.300 6 0.034 0.082
0.20 1 0.050 0.800 5 0.003 0.301 7 0.009 0.082
2 0.002 0.818 13 2 0.951 0.212 26 3 4.933 0.035
0.25 1 0.083 0.750 3 0.130 0.264 4 0.658 0.065
2 0.004 0.778 4 0.023 0.271 5 0.161 0.072
0.30 1 0.129 0.700 5 0.004 0.272 6 0.043 0.074
2 0.007 0.739 14 2 1.345 0.176 7 0.011 0.074
0.35 1 0.188 0.650 3 0.177 0.236 27 3 7.354 0.025
2 0.011 0.702 4 0.032 0.245 4 0.811 0.057
0.40 1 0.267 0.600 5 0.006 0.246 5 0.198 0.065
2 0.017 0.667 15 2 1.929 0.143 6 0.053 0.067
0.45 1 0.368 0.550 3 0.237 0.211 7 0.014 0.067
2 0.024 0.633 4 0.045 0.221 28 3 12.273 0.016
3 0.002 0.637 5 0.009 0.223 4 1.000 0.050
0.50 1 0.500 0.500 16 2 2.844 0.111 5 0.241 0.058
2 0.033 0.600 3 0.313 0.187 6 0.066 0.060
3 0.003 0.606 4 0.060 0.199 7 0.018 0.061
0.55 1 0.672 0.450 5 0.012 0.201 29 3 27.193 0.008
2 0.045 0.569 1.7 2 4.426 0.081 4 1.234 0.044
3 0.004 0.576 3 0.409 0.166 5 0.293 0.052
0.60 1 0.900 0.400 4 0.080 0.180 6 0.081 0.054
2 0.059 0.538 5 0.017 0.182 7 0.023 0.055
3 0.006 0.548 18 2 7.674 0.053 30 4 1.528 0.038
0.65 1 1.207 0.350 3 0.532 0.146 5 0.354 0.047
2 0.077 0.509 4 0.105 0.162 6 0.099 0.049
3 0.008 0.521 5 0.023 0.165 7 0.028 0.050
0.70 1 1.633 0.300 19 2 17587 0.026 8 0.008 0.050
2 0.098 0.481 3 0.688 0.128 31 4 1.902 0.032
3 0.011 0.495 4 0.136 0.145 5 0.427 0.042
0.75 1 2.250 0.250 5 0.030 0.149 6 0.120 0.044
2 0.123 0.455 6 0.007 0.149 7 0.035 0.045
3 0.015 0.471 20 3 0.889 0.111 8 0.010 0.045
0.80 1 3.200 0.200 4 0.174 0.130 32 4 2.386 0.027
2 0.152 0.429 5 0.040 0.134 5 0.513 0.037
3 0.019 0.447 6 0.009 0.135 6 0.145 0.040
0.85 1 4.817 0.150 21 3 1.149 0.096 7 0.043 0.040
2 0.187 0.404 4 0.220 0.117 8 0.012 0.041



2 0.024 0.425 5 0.052 0.121 33 4 3.027 0.023

4 0.003 0.427 6 0.012 0.122 5 0.615 0.033

0.90 1 8.100 0.100 22 3 1.491 0.081 6 0.174 0.036
2 0.229 0.379 4 0.277 0.105 7 0.052 0.037

3 0.030 0.403 5 0.066 0.109 8 0.015 0.037

4 0.004 0.406 6 0.016 0.111 34 4 3.906 0.019

0.95 1 18.050 0.050 23 3 1951 0.068 5 0.737 0.029
2 0.277 0.356 4 0.346 0.093 6 0.209 0.032

3 0.037 0.383 5 0.084 0.099 7 0.063 0.033

4 0.005 0.386 6 0.021 0.100 8 0.019 0.033

1.0 2 0.333 0.333 24 3 2.589 0.056 35 4 5.165 0.015
3 0.045 0.364 4 0431 0.083 5 0.882 0.026

11 4 0.007 0.367 5 0.105 0.089 6 0.248 0.029
2 0.477 0.290 6 0.027 0.090 7 0.076 0.030

3 0.066 0.327 7 0.007 0.091 8 0.023 0.030

4 0.011 0.367 25 3 3.511 0.045 9 0.007 0.030

12 2 0.675 0.250 4 0.533 0.074 36 4 7.090 0.011
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Model 5
Finite Source Modél

The fine-source model is appropriate when there exists alimited number of customers. An exampleisasituation
where one repairman is servicing m machines. Essentially, arrivals are not independent; if (N J) are down for repairs,
the set of potential arrivalsis reduced to J. Because the derivation of the formulas for the finite-source model is quite
complex and usually beyond the scope of the production and operations management course, finite queuing tables
(Table 13.3) are often used to analyze these systems. A list of the key formulas and definitions follows.

Let:

T
X = Servicefactor (I +L7)

T = Average service time

U = Average time between customer service requirements per customer
M = Number of service channels

D = Probability that a customer will have to wait in line

= Probability of a delay

F = Efficiency factor = (1 percentage waiting in line)

J = Average number of customersnot in line or in service
H = Average number of customers being served

Lg = Average number of customers waiting for service

N = Number in population = Number of potential customers
=J+Lg+H

W = Average time customerswait in line

Then

Average number waiting = Lg = N(1 F)

Average number running = J = NF(1X)

Average number being served = H = FNX

LT+U) T -F)
T (N- L) XF

Average waiting time
Probability of not waiting=1D

Downtime = Waiting time + Service time
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Table 13.3. Finite Queuing Tables

POPULATION 5 (N = 5) 1 D404 0945 0275 1 0713 0783 1.085
010 2 0065 09% 0020 0220 3 0036 0.997 0.015
oa12 n DB 0999 (.005 1 0421 04939 0305 z 0.229 099 0.155
0019 1 007 0998 0010 015 2 0071 0995 0.025 1 0735 0765 1.175
0025 1 0100 0997 0.015 1 0439 0933 0335 0230 3 0041 0997 005
0030 1 0140 (099 020 0020 2 0076 0995 0025 2 0247 0965 0175
0034 1 0135 0.995 0.025 1 0456 0927 0365 1 0756 0.747 1.265
0036 1 0143 0994 0030 0J25 2 0082 0994 0.030 0240 3 0046 0.99% 0020
ool 1 0159 09493 0035 1 0473 04520 0400 . 0265 0960 0200
0042 1 0167 0992 0.045 0430 2 0089 0993 0.035 1 0775 0730 1350
0.044 1 0175 0991 0.045 1 0489 0914 0430 0250 3 0052 0.995 0.025
0046 1 083 0990 0.050 0035 2 0095 0993 0.035 2 0.284 0955 0225
0050 1 0198 0.98% 0.055 1 0505 0907 0.465 1 0794 0712 1.440
nas2 1 0206 0988 06D 0040 2 0102 0992 0040 0260 3 0058 O.994 00030
oos4 1 0.4 0987 0.065 1 0521 0400 0500 2z 0303 0850 0250
0056 2 0018 0999 0005 0045 3 0011 0999 0.005 1 0811 0695 1,525
1 0222 0985 0.075 2 0009 0991 0045 0270 3 0.064 0994 0.030
0.058 2 0019 09939 0.005 1 0537 0892 0.540 2 0323 0.944 0280
1 023 0984 (080 0350 3 LOi2 D999 0005 1 0827 6?7 1615
0060 2 0.0 0999 0.005 2 0115 059 0050 0260 3 0.071 0993 0.035
1 0237 09831 (.045 1 L553 0O.BBS 0575 F 0.342 0.938 0310
0062 2 0022 0999 0005 0455 3 0013 0999 0005 1 0842 0661 1695
1 0.245% 0982 (.090 2 0L123 04989 0055 0290 4 0007 0,999 0.005
0064 2 0023 0999 0.005 1 0568 0877 0615 3 0079 0992 0.040
1 0253 0981 0095 0060 3 0015 0999 0.005 2 0362 0932 0340
.00k 2 24 D999 (.005 Fd L1300 0988 .00 i .85 Db4d 1.780
1 0260 0979 0105 1 0582 0669 0655 0300 4 0008 0999 0.005
0068 2 0026 0999 0005 0,65 3 0016 0999 0.005 3 0086 0990 0.050
1 0268 04978 0.0 2 (L1137 04587 0.0k5 . 0.382 092 0370
0070 2 0027 0999 0.005 1 0597 0.861 0695 1 0869 0628 1.860
1 0275 0977 015 0170 3 0017 0999 0005 0390 4 0009 0.999 0.005
0075 2 0031 0.999 0.005 2 0145 0985 0.075 3 0.094 0989 0.055
1 0294 0973 0135 1 0611 0853 0735 2 0402 0.919 0405
.oan 2 00315 0998 0010 0180 3 21 D499 .005 1 0881 OBe13 1935
1 033 0969 0155 2 0461 0983 0085 0320 4 0.010 0999 0.005
0.085 2 0.040 D998 0.010 1 0638 0.836 0820 i 0103 0.988 0.060
1 0332 095 0175 0190 3 0024 0998 0010 2 0.422 0912 0.440
0090 2 0044 0996 0.010 2 0177 0980 0,100 1 0892 0597 2015
1 0350 0960 0.200 1 (0665 0619 0905 0330 4 0012 0999 0.005
0095 2 0.049 0997 0015 0200 3 0028 099 0.010 3 0012 0986 0.070
1 D.36B 0955 0255 2 (L1194 D976 00210 z 0442 0904 0480
0100 2 0.054 0997 0.015 1 0689 0.801 0995 1 0902 0.583 2.085
1 3e6 0950 Q250 0210 3 032 0998 0.010 0340 4 0013 0999 0.005
0105 2 0059 0997 0.015 2021 08973 0135 1 04121 0985 DOTS
(table continued on next page)
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POPULATION 10, (N = 100

0080

0.045

0.0

.05

0,700

0105

0110

oIS

0.1.10

0.125

0.130

0.140

= b de = P e = R L e e R L = R e B o L B b o R G = R L R e = o B e B

0.031
0177
LBGD
0,037
0196
0692
(L0403
216
0722
(L049
0.237
0,750
L0586
0.258
0.7 76
LR
0275
(LB00
0072
0300
0.B22
0.081
0424
0843
0006
(.00
0346
(.86
0.019
DR
0,365
0.8748
.02
0110
0.392
0L.E93
0025
0N
0415
0.907
0028
132
0437
0919

0.5
0.9%0
0899
09599
D.96A
0883
0.0
0.586
0867
0998
0984
O E50
0.8
05981
0832
0997
0978
&4
0.59%7
0.974
0795
0.5%%6
a7
0.7 Th
(.%55
(995
0967
0.7 56
{599
0594
962
0737
(.90
05504
0.958
0718
. ety
0993
0952
06599
0. %50
0.9
0547
6ED

0.0
o
1.
0.1
12
17
0.02
014
1.3
0.0z
016
1.50
0.02
01%
.64
003
0.22

0.03
0,26
205
0.0
0249
2.24
o
0.05
0.33
244
001

0.06
n.ie

2.63
i1
0.06
0.42
.82
.01
o.0r

3
0.m
1.
0.53
320

0,145

0,150

0.155

0,160

0165

070

0180

0.14%0

0.2

0.210

=k et e L = b L e N = R L bl = Rl b = R e e e e = B R e = L B s P R e = Rl L

0032
(.144
(A6
0529
D06
0156
0483
0.939
L0400
0169
0505
0547
044
0182
0528
(L2354
(049
LR5
0550
961

054
0209
05T

(.966
ot

[Il 238
614
(975
0 h
0,078
0265
(Lb54
982
(L0200
0092
(. 30
(642
(.987
(L0235
(7048
(L3353
0.7 28
5590

0.9
0,990
.94
0.662
0908

o 9‘35
.64
0.998
0947
0926
0627
090
01.986
0.9
0.&10
0997
D.984
0.914
0,594
.99
0.9482
0.906
0579
0,959

0 ':'I'.'-’E
0850
0.54%
1.4
0.995
0973
LB73
0522
09949
0.994
0. %G8
0.B54
0497
05999
0992
0561
0835
a4

0.
0.0
.59
1348
.02
0.1
0.65
156
002
013
.72
a7
.03
.14
079

n.o3
.16
.86
4,0
.04
0.18
0.94
421
0,0

l:l 22
1.10
4,51
0.1
005
(.27
1.7
478
oinm
0.6
0.3z

5.-1]3
01
(108
039
1.65
5.20

0,220

0.230

1240

0250

0260

0270

(280

L2590

Pl by b bW O s b Gl ok G T e b b B L = b b B B =R B S =k e = kel el = ke

0030
0124
0.366
0761
(993
o7
42
40K
0.7
0.995
(044
0162
434
0819
1.996
[EREY I
0052
0.183
469
0.544
0997
o1
.0
0.205
0,503
(.86
0.998
0015
07
0.228
o337
0.886
1.9
0018
L0ET
0.252
0571
0903
0,999
n2:
0,093
0278
0.603
D916

0994
0,990
0.954
0E15
453
0994
09848
0547
0794
0434
0997
0.%86
0938
0774
0416
.999
0597
0985
09249
0.753
0400
09949
0506
CL980
0519
0732
0384
0.999
.995
0976
0,508
072
0,370
0.9949
0,954
0.972
0. 8%
D642
0357
0.9
0,993
0. 968
0.884
0672
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YOU SHOULD REMEMBER

To use the finite-source model, do the following:
T
=
1. Compute the service factor (T+U)

2. Locate the section of Table 13.3 listing data for the population size N and the service factor.

3. Find the values D and F for the number of services M.

EXAMPLE 6

An employee loads and unloads a bank of five machines. Servicetimeis exponential with a mean of 20 minutes per
cycle. Machines run for an average of 80 minutes between loading and unloading, and thistime is also exponentially
distributed. Notethat M =1, N =5, T = 20 minutes, and U = 80 minutes. Therefore,

X=T/(T+ U) =20/(20 + 80) = 0.200. From Table 13.3, we see that D = 0.689 and F = 0.801

Average number waiting = L = N(1 - F) = 5(1 - 0.801)
= (.995 machines

Average number running = J= NF(1 — X) = 5(0.801X1 - 0.2)
= 3.204 machines

Average number being served = H = FNX = (0.801X5X0.2)
= ().801 machines

LiT+U) T - F)

(N- 1) XF

Average waiting time =

L(T+U) 995(20 + 80)
(N-L) ~ (5-099%)

= 24 84 minutes

TA-F)  20(1 - 0.801)
XF  0.2(0.80D

Machine downtime = Waiting time + Service time
= 24.84 minutes + 20 minutes = 44.84 minutes

= 24 84 minutes

Probability of not waiting=1D =1 0.689 = 0.311

< previous page page 410 next page >



< previous page page 411 next page >
Page 411
Computer Simulation for Waiting Lines

Aswe simulated inventory situationsin Chapter 9, we can simulate waiting line situations that vary randomly according to this pattern by the Monte
Carlo process.

EXAMPLE 7

Los Alamitos Memoria Hospital discovered that the pattern of arrivals of patients to the emergency room can be described by a Poisson distribution
with amean of 4 per hour. Simulate the number of patient arrivals for an 8-hour shift. Use the following three-digit random numbers: 036, 433, 453,
626, 048, 859, 037, 101. Directly from Table 8 (Poisson Distribution) in Appendix I, we get:

No. of Patients 0 1 2 3 4 5 6 7 8 9 10 11 12
Cumulative 0.018 0.092 0.238 0.433 0.629 0.785 0.889 0.949 0.979 0.992 0.997 0.999 1.000
P(c)

Random 001 018 (092 238 433 629 785 839 949 979 992 997 999
Number 017 091 237 432 628 784 888 948 978 991 996 998 1,000
Assigned

Using the three-digit random numbers given previously generates the following:

Hour 1 2 3 4 5 6 7 8
Random Number 036 433 453 626 048 859 037 101
No. of Patient Arrivals 1 4 4 4 1 6 1

Know the Concepts

Do You Know the Basics?
1. How many waiting lines can be encountered during an airline flight?

2. List the most common measures of system performance in awaiting line analysis.
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3. Waiting lines can form even when a service system is underloaded. Do you agree?
4. Briefly describe the major cost tradeoff that must be made in managing queuing situations.

5. List the assumptions underlying Queuing Model 1Single-Channel Waiting Line Model with Poisson Arrivals and
Exponential Service Times.

6. Give an example where the first-come, first-service rule would be unfair.

7. Explain what is meant by an exponential service time. Provide an example of an exponential servicetime and a
constant service rate.

8. Give an example of Poisson arrival rates.
9. Distinguish between finite and infinite population sources.

Terms for Study

constant service Poisson distribution
exponential distribution gueue

finite source gueuing (or waiting line) theory
mean arrival rate single-channel line

mean service rate utilization factor

multiple-channel line

Practical Application

1. On the average 100 students arrive at the cashier's office each hour; on the average the cashier's office can process
120 students per hour. Assume that arrivals are Poisson-distributed and service times are exponentially distributed.

a. What is the probability that the system will be idle?
b. On the average, how many students will be waiting to be served?
c. On the average, how long will a student wait in line before meeting the cashier?
d. On the average, how much time will the student spend waiting and negotiating with the cashier?
2. A retailer is evaluating two alternative cash register systems. It is expected that the firm will have about 2,500

customers per hour to service, and that ill will caused by waiting costs is about $2 per hour per customer. The
following information is given:
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System | System 11
K= 2,800 per hour K= 3,500 per hour
Operating costs: $100 per hour Operating costs. $125 per hour

Which system should be recommended?

3. Demands on aforklift truck are considered to be Poisson, with an average time of 10 minutes between one arrival

and the next (/A = 10). The length of time atruck isused is assumed to be distributed exponentially, with a mean of
3 minutes (1/p = 3).

a. What is the probability that a person requiring atruck will have to wait?
b. What is the average length of the queues that form from time to time?

c. The company will buy a second truck when convinced that an arrival would expect to have to wait at least 3
minutes for the truck. By how much must the flow of arrivals be increased in order to justify a second truck?

4. A company wishes to hire arepairman to service its machines, which break down at an average rate of 3 per hour.
Breakdowns occur at random times, which are distributed Poisson. Downtime on any one machine costs the
company $30 per hour. The choice of arepairman has been narrowed to two menone slow but cheap and the other
fast but expensive. The slow, cheap repairman will repair the broken-down machines exponentially at an average rate
of 4 per hour; he asks for wages of $10 per hour. The fast, expensive repairman will repair broken-down machines
exponentially at an average rate of 6 per hour and demands $20 per hour. Which repairman should the company hire
to minimize the average costs of downtime and repair on the machines?

5. You are planning to construct an automatic car wash. The traffic count and market study suggest that a mean
arrival rate of 6 cars per hour can be expected. Y ou can buy either of two automatic washers: one with a constant
service time of 5 minutes (12 washes per hour) and a more expensive one with a constant service time of 4 minutes
(15 washes per hour). Y ou have established a criterion that the mean waiting time to get into the wash area should
not be more than 2 minutes and will buy the slower machine if it meets this criterion. Which machine should you
buy?

6. A community hospital is served by a single ambulance based at the hospital. During peak periods the call rate
averages 3 per hour (Poisson distribution) and the average service time is 15 minutes with a standard deviation of 5
minutes.
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a. Compute the average number of emergencies waiting during peak demand.
b. Compute the average number of emergenciesin the system.
c. Compute the average time waiting for service.
d. Compute the average waiting time, including service.
7. Customersfilter into Tour Records at an average of 1 per minute (Poisson) where the service rate is 15 per hour.
a. Determine the average number of customersin the system with 8 servers.
b. Determine the minimum number of servers needed to keep the average time in the system to under 6 minutes.

8. A group of ten machines needs setups every half hour, on the average. Each setup takes an average of 10 minutes,
both times being exponentially distributed. There are four mechanics.

a. Find the average number waiting.

b. Find the average number running.

c. Find the average number being served.
d. Find the average waiting time.

e. Find the probability of not waiting.

9. An assembly department has five automatic pieces of equipment which operate for an average of 79 minutes
before they must be reloaded. The reloading operation takes an average of 21 minutes per machine.

a. What is the minimum number of servers needed to keep the average downtime per cycle to less than 25
minutes.

b. If one server is used, what percentage of time will the machine be down?

10. The time (rounded to the nearest 10 minutes) between customer arrivals at a small appliance repair center are
distributed according to the following frequency distribution:

Time 10 20 30 40 50 60 70
Frequency 20 30 50 40 30 20 10

a. Construct arelative less-than-equal cumulative probability distribution suitable for use in Monte Carlo
simulation.

b. Make atable showing the range of two-digit random numbers that would result in the use of each of the seven
time values.

c. Simulate the times for a 1-week (7-day) period by using two-digit random numbers from a random-number
table, determine which
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time class they fall into, and record the corresponding number of times. (Use the following random numbers 03,
43, 45, 62, 04, 85, 03 for convenience.)

d. Compare the simulated values with the historical mean.
11. The number of machine breakdowns per day in alarge factory can be described by a Poisson distribution with a

mean of 2. Simulate the number of breakdowns over a 5-day period, using these random numbers: 728, 202, 205,
927, 589, 473.

Answers
Do You Know the Basics?

1. Waiting lines are possible at baggage check-in at the ticket counter, security check, check-in at gate, at boarding,
and baggage pickup.

2. Common system performance measures include the average number waiting (either in line or the system) and
system utilization rate. Furthermore, total cost of waiting time and facility expansion are important.

3. Yes. They may form because of variations in service and/or arrival rates that create situations in which demand
temporarily exceeds capacity.

4. The tradeoff is between the cost of waiting for service and the cost of providing additional service capacity.

5. The assumptions are Poisson arrival rates, exponential service rates, single-channel single-phase case, first-come
first-served, queue discipline, and mean service rate.

6. The first-come, first-served rule would be the exception rather than the rule in an emergency room at a hospital.
This rule would be unfair when a patient with a minor problem is treated before another experiencing severe pain or
wounds.

7. An exponential service time implies that most of the time the service requirements are of short duration with only
occasional long ones. It aso means that the chance that a service will be complete in the next instant of timeis not
dependent on the time at which it entered the system. Buying an airline ticket at the airport is an example of an
exponential service time. Riding a merry-go-round at a theme park is an example of a constant service rate because it
has afixed cycle.
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8. In amarathon, the arrival pattern typically shows afew runnersarriving " early," the mgjority arriving in a bunch, and the remainder
spreading out along the tail of the distribution.

9. A finite source exists when the system caters to a small, limited number of potential customers. An infinite source model applies when
system entry is unrestricted or when the potential number of arrivals exceeds the system capacity.

Practical Application

1
A 100
— wm= = o= — S=====—— T - ﬂ 1
aPﬁ 1 m 1 120 0.167 = 16.7% of the time
Al (100)° 10,000
b. L, = =) - 1200120 —100) ~ 2.400 " 4.17, or 4 students
W = A _ 100 1000 1 h 55 mi
YaT Ww—n) T 1200120 — 100) _ 2,400 24 |OUL Of 4> minutes
W = L. l - - h r 3 minut
) (u — ;L) (120 — 100) 20 our, O m €5
2. For System I:
A =2,500 and pL = 2,800 per hour
W’=——l—= l =—1—hr r 0.0033 hours
-2 (2,800 — 2,500) 300 —O4h of b
(0.2 minutes or 12 seconds)
The average hourly cost of ill will = 2,500 (0.0033) ($2) = 16.50
Operating cost = 100.00
Total System | cost $116.50

For System II: Thereis no need to calculate the cost of ill will because operating costs alone for System Il are aready greater than total
costs for System | ($130 vs. $116.50). So System | should be recommended.

3. A =6 per hour and 1= 20 per hour

a. The probability of having to wait = Probability of more than zero unitsin the system:

P(W)=1-Pﬂ=ﬁ=§6=ﬂ.3
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b. The average number of unitsin the system, including the one being serviced:

A6
-2 Q0-6)

c. Given average waiting time of at least 3 minutes or 1/20 hour, solve for A

o
W™ n-n

L= = (0.43 units

1/20 = 30030 —6)

A =10 arrivals per hour

The arrival rate must increase from 6 to 10.

A =3 per hour = Arrival (breakdown) rate

us = 4 per hour = Service (repair) rate, Slow repairman
uf = 6 per hour = Service (repair) rate, fast repairman
Wages, fast repairman = $15 per hour

Wages, slow repairman = $10 per hour

Downtime cost, machines = $20 per hour

The average number of unitsin the system, including the one being serviced:

. A 3
slow repairman: L = TN " TE -3

= 3 units

A3
B-0  6-3

= 1 unit

Fast repairman: L =

Average hourly cost = wages plus downtime
Slow repairman: $10 + 3($30) = $100
Fast repairman: $20 + 1($30) = $50

The fast repairman should be hired to minimize costs of downtime and repair on the machines.
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5. For the slower washer, the mean waiting time in the queue will be

Y A = 6 6 0.0417 h 2.5 mi
Wq'- % (TSN Y) = 2020126 = 2406) = (0.0417 hour or 2.5 minutes

For the faster washer, the waiting time in the queue will be

6
Y= 2055-6) ~ 3009

Therefore, you should buy the faster washing equipment.

= (0.0222 hour or 1.33 minutes

6. A = 3 per hour; p= 60/15 = 4 per hour; o = 5/60 = 1/12 per hour

a

;- Qe+ G/ 13 x A/12)F + 3/4°
q 2(1 = M) 2(1 - 3/4)

b. L = Mean number in waiting line=Lqg + A/p= 1.25 + 3/4 = 2 emergencies in the system

= 1.25 emergencies in line

¢. Wg = Mean waiting time = Lg/A = 1.25/3 hours, or 25 minutes in line waiting for service
d. W= Mean time in system, including service = L/A = 2/3 hours, or 40 minutes in the system

(Note also that W= Wqg + 1/u = 1.25/3 hours + 1/4 hours = 25 minutes + 15 minutes = 40 minutes.)

a A =60 per hour; p =15 per hour; A/u=60/15 = 4; and M = 8. From Table 13.2, we see Lq = 0.059.

L = Mean number in system, including the one being serviced = Lq + A/ =.059 + 4 = 4,059 customers.

b.

Average Timein System (minutes)
4.059
4.180
4,570 (6 servers needed)
6.216

o o N o Z

8. Notethat M =4, N = 10, T= 10 minutes, and U = 30 minutes. Therefore, X = T/(T + U) =10/(10 + 30) = 0.25. From Table 13.3, we see D = 0.183
and F = 0.983.
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a. Average number waiting = Lg = N(1 F) = 10(1 0.983) = 0.17 machines
b. Average number running = J = NF(1 X) = 10(0.983)(1 0.25) = 7.37 machines

c. Average number being served = H = FNX = (0.983)(10)(0.25) = 2.46 machines (Notethat N= Lq+ J +
H=0.17 + 7.37 + 2.46 = 10 machines.)

d.

T(1 = F) 1001 — 0.983)

Average waiting time = ——— = 02500983 0.692 minutes

e. Probability of not waiting=1D =10.183=0.817

9. Notethat T = 21 minutes and U = 79 minutes. Therefore, X = T/(T + U) = 21(21 + 79) = 0.21.

a. Based on the values of D and F obtained from Table 13.3, we determine W and downtime;

M D F wW Downtime = W + 21 minutes
1 0.713 0.783 27.21a 48.21
2 0.211 0.973 2.77 23.77

aForM =1,

T = F) 21(1 - 0.783)

Average waiting time = XF - 0.21(0.783) = 27.71 minutes

Downtimeis 27.71 + 21 minutes of service time = 48.71 minutes. Two servers are necessary to keep the average
downtime per cycle to less than 25 minutes.

b. Average number running = J = NF(1 X) = 5(0.783)(1 0.21)
= 3.093 machines

Percent of machine down = (N J)/N = (5 3.093)/5 = 0.3814

= 38.14%
10.
a
Time Frequency Probability Cumulative Probability
10 20 20/200 = 0.10 0.10
20 30 0.15 0.25
30 50 0.25 0.50
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Time Frequency Probability Cumulative Probability
40 0.70
40 0.20
50 0.85
30 0.15
60 0.95
20 0.10
70 1.00
10 0.05
200 1.00
b.
Time Frequency Probability Cumulative Random No.
Probability Assigned
10 20 20/200=0.10 0.10 0009
20 0.25 1024
30 0.15
30 0.50 2549
50 0.25
40 0.70 5069
40 0.20
50 0.85 7084
30 0.15
60 0.95 8594
20 0.10
70 1.00 9599
10 0.05
200 1.00

c. Using the random numbers 03, 43, 45, 62, 04, 85, 03 provided for convenience,

Day 1 2 3 4 5 6 7
Random number 03 43 45 62 04 85 03 Total
Time 10 30 30 40 10 60 10 190

d. Note that the mean time (in minutes) from the 7-day ssmulation is 190/7 = 27.14 minutes. This compares with
the mean of the historical data of

1000100 + 2000.15) + 3000.25) + 4000.20) + 5000.15) + 60(0.10) + 70(0.05)
= 34,5 minutes

11.



From Table 8 in Appendix I, we get the following information:

Number Cumulative Corresponding
Probability Random 3-digits
0 0.135 0134
0.406 135405
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Number Cumulative Corresponding
Probability Random 3-digits
2 0.677 406676
3 0.857 677856
4 0.947 857946
5 0.983 947982
6 0.995 983994
7 0.999 995998
Day Number Breakdowns
1 0.728 3
2 0.202 1
3 0.205 1
4 0.927 4
5 0.589 2
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14
Quality Assurance

KEY TERMS

acceptable outgoing quality (AOQ) level
average percentage of defectivesin lots leaving an inspection station.

assignable causes
causes of poor quality that are caused by problems with materials, machines, or operators and that can be remedied.

consumer's risk
probability of accepting a bad quality lot.

control chart
graphical means of depicting over time sample characteristics such as means, ranges, and attributes that are used for
process control.

operating characteristic (OC) curve
plot of the probability of acceptance of alot as afunction of the percent of defective items.

producer's risk
probability of rejecting a good quality lot.

quality assurance
all the activities necessary to ensure that the customer receives satisfactory performance.
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In Chapter 1 we discussed the importance of quality and outlined the role of quality assurancein
productions/operations management. Designing quality into products or servicesis an important strategic aspect in
OM. Quality assurance involves al the activities necessary to ensure that the customer receives satisfactory
performance, including assurance that the product or service is adequately designed and conforms to the design.

Inspection is the major means of determining quality of conformance. In general, sampling, either by variables or by
attributes, may be employed in situations that are less critical or where testing is expensive or destructive. Statistical
sampling or statistical quality control may be used for acceptance sampling or for process control. Acceptance
sampling is used to infer the acceptability of the particular lot or batch from which the sample was extracted. Process
control applications are employed to infer whether the process or operations are being performed adequately. In this
chapter, we discuss several quality-control techniques and address the operational aspect of quality control.

Pareto Analysis

Pareto analysisis used to differentiate between the vital few and the trial many. It is based on the concept that about
80% of the problems come from 20% of the items.

We would expect to find afew vital sources that primarily contribute to costs rather than the many trivial sources
that contribute much less to costs. Quality costs are not uniformly distributed. Almost without exception, only afew
of the sources account for the bulk of the costs. This"misdistribution” of quality costsis often referred to in quality
diagnosis as a Pareto analysis.

Under Pareto analysis, a bar chart is constructed, with bar height representing frequency as a percentage (see Figure

14.1). The bars are arranged in descending order by weight (importance). Pareto analysis shows where process
improvements should beginthose problem areas with the greater frequency.
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Figure 14.1.
Pareto Chart: Occurrence of Errors

Statistical Quality Control

The statistical control chart has been developed in the field of statistical quality control (SQC). The control charts use
samples as away of isolating operating situations that need managerial investigation. A control chart isillustrated in
Figure 14.2. Assume that average performance for assembling afinished unit is 10.5 minutes, that the upper control
limit (UCL) is 13 minutes, and that the lower control limit (LCL) is 8 minutes. The control chart helps distinguish
between chance variances (also called random causes) and variances that need to be investigated (often called
assignable causes). The analysis of the latter helps to obtain improvements in products and processes. The
identification of chance variances avoids unnecessary investigations of variances and eliminates frequent changes
(e.g., machine settings) that may tend to increase rather than decrease the variability of the process.
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Figure 14.2.

Control Chart

Statistical control charts can be used for any repetitive manufacturing or nonmanufacturing operations. Examples
include billing, filling containers, boring, turning, stamping, using materials and supplies, printing, examining
customer complaints, handling sales returns or orders received, tracking travel expenses, and the like.

Note that the control chart is very crude. The chart suggests that the manager do either something or nothing. It does
not tell the manager what to do about the nonrandom variances or how to investigate them.

Sate of Satistical Control

The control chart helps to decide whether a process (operation) isin a state of statistical control. A processissaid to
be in a state of statistical control if the variation is such as would occur in random sampling from some stable
population. If thisisthe case, the variation among the items is attributable to chanceit is inherent in the nature of the
process. Thereisno point in seeking special causes for individual cases because random variations are beyond
management's ability to regulate or eliminate. With a given process and a given state of knowledge about the process,
this chance variation is either impossible or impracticable to reduce. If the performance of aprocessis considered to
be unsatisfactory even though it is statistically in control, the only remedy is some change in the process.

The probability that a point will fall outside the control limits from chance causes alone is small, so we conclude that

the process is out of control when this occurs. When the processis out of control, it is often possible to locate
specific causes for the variation. Removal of these causes improves the future performance of the process.
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Control Charts for Means

The sample mean can be an indicator of a shift in the pattern of variations. As long as the sample means remain
within the control limits, the process is assumed to be in control. The distribution is continuing to show only the
normal variations that result from chance causes.

It is necessary to select avariable to sample that will give the best indication of the effects of an out-of-control
condition. The variable selected (usually a specific dimension from among many for a product) is the one that
management believes will have the most direct cost relationship to the level of quality. The determination of the
frequency and size of the sample is also an important consideration. In constructing control charts for variables, the
initial samples used for setting the control limits should be selected at the outset of the run from items produced
consecutively. The following samples should be taken at random intervals from items produced consecutively just
prior to their selection.

The determination of the control limitsisasimple process. The UCL and the LCL can be computed from equations

that require little calculation. The equations for the mean or & (X bar) control chart follow:

UCL, =F +A4,R (1)
LCL, =X - A,k (2)

where

A = the grand mean; the mean of the means of the preliminary samples

A2= aconstant

& = the average range of the preliminary samples

The value of A2, and other applicable constants used for X and R charts are found in Table 14.1.

Table 14.1. Table of Constants for X and R Charts

n A2 D3 D4

2 1.880 0 3.268

3 1.023 0 2.574

4 0.729 0 2.282

5 0.577 0 2.114

6 0.483 0 2.004

7 0.419 1.924
0.076

8 0.373 1.864
0.136

9 0.337 1.816

0.184



10 0.308 1777
0.223
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Toillustrate, the datain Table 14.2 are from ten samples of three pieces each. The values are the deviations from a
selected dimension of 0.990 inches. From these data, the control limits for this process can be computed, and a
control chart can be constructed. The computations follow:

X = 103.00/10 = 10.30
and
R =88/10 = 8.80

Table 14.2. Results of Ten Samples of Three Each Taken from Output (Vauesin 0.001-
inch deviations from 0.990 inch)

Sample Values Mean Range

1 4 6 5

5.00 2
2 9 13 5

9.00 8
3 6 11 15

10.67 9
4 18 10 7

11.67 11
5 19 15 21

18.33 6
6 9 6 19

11.33 13
7 18 12 2

10.67 16
8 9 8 10

9.00 2
9 6 17 7

10.00 11
10 6 3 13

7.33 10

Totals
103.00 88

The control Iimitsforx arethen

UCLg=X + AR
= 10.30 + (1.023)(8.80)

= 19.30

and



LCL; =X - 4,R
= 10.30 - {1.023X8.80)
= 1.30
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Figure 14.3.

Control Chart for Sample Means

It is now possible to draw the control chart for the means of these samples. This control chart is shown in Figure
14.3. Ascan be seen, at this stage the process is under control. If one of the sample means was outside of the control
limits, thiswould not be true. Note that the control limitsin the chart are not the limits permitted by the designer's
specifications or tolerances. The control limits established for the mean are narrower than the tolerance limits.

Control Charts for Ranges

Control charts for ranges can be used to determine any shift in the amount of variation that may take place. The range
chart or R chart is used to plot the difference between the highest value and the lowest value in each sample. The plot

of the range is made at the same time as the sample mean is plotted on the X chart. If the sample ranges stay within
the control limits, the processis considered to be in control as far as the variability is concerned. The control limits
here are the upper range limit (URL) and the lower range limit (LRL). They are also identified as UCLR and LCLR.
The LRL is often identified as O (zero) because for sample sizes of six or fewer it is always zero. This value results
from the fact that the value of the constant used is zero for these sample sizes.
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The computation of the range chart control limitsis accomplished in asimilar fashion to that which was used for the
mean chart. The equations are

URL = D, R (3)
LRL = DR (4)

The symbols D3and D4are constants whose values are found in Table 14.1. Note the values for D3are zero for
sample sizes of six or fewer. This accounts for the zero value of the LRL in such instances.

The computation of the control limits for an R chart and the construction of such a chart can be illustrated with the
datafound in Table 14.2. The mean range was computed in the illustration for the X chart. Itis

R =88/10 = 8.80
The computations for the establishment of the control limits follow:
URL = D,R
= (2.574)8.80)
- 22,65
LRL = DR
= (0NB.80)
= ()

The sample ranges can now be plotted on the control chart in Figure 14.4. The process is also found to be in control
with respect to variability because none of the sample ranges is outside the control limits.

These types of process control charts supply instantaneous information about the expected pattern of variation. When
apoint is beyond the control limits, it isasignal that a problem may be present. Because all the pointsin the example

used were inside the limits for both the means and the ranges, it can be assumed that these limits are suitable for
control purposes.
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Figure 14.4.

Control Chart for Sample Ranges

Additional samples can be taken and plotted at the desired time intervals. If there is a change in the processing
methods, in the material, in the design specifications, or in some other variable in the system, it would be necessary
to compute new limits.

Had there been some points beyond the control limitsin these initial samples, it would have been necessary to find
the cause. Once found and eliminated (this assumes that they can be eliminated economically), proper new limits
would have to be established. Only then can management presume that the processisin control.

Acceptance Sampling for Attributes

Acceptance sampling for attributes deals with inspection for the purpose of determining whether a unit of output is
defective or nondefective. The unit selected may be anywhere from a single item, some portion or component of the
item of output, the entire order, the output of some period of time, or atotal shipment.

Design of Acceptance Sampling Plans

The prime purpose of an acceptance sampling plan isto determine the extent of nonconformity acceptable for the
unit of output of concern. This nonconformity is usually expressed as a proportion of defectives in the unit (most
frequently, the percent defectives), using the equation

Number of defectives
Number of units

Percent defectives =

A distinction is sometimes made between defectives and defects. A unit is defectiveif it has one or more defects.
When a sampling plan is designed
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to determine defects, the proportion of nonconformity is stated as the defects-per-hundred units, which is expressed
as

Number of defects

Defects-per-hundred units =
Number of units

Any acceptance sampling plan should be designed to avoid two basic errors. Thefirst error to be avoided isthe
acceptance of output as satisfactory when in fact it is unacceptable. The second error to avoid isthe rejection of alat,
which is of an acceptable quality, as unacceptable.

Operating Characteristic Curve

We may find the probability of acceptance for every possible value of the true percentage of defective items and plot
the curve. Thisis called an operating characteristic curve (OC curve). OC curves are unique for a specific sampling
plan and enable us to determine the producer's and consumer's risks. To do this, we need to specify an acceptable
guality level (AQL) and lot tolerance percent defective (LTPD). The AQL isthe maximum percent defective that is
considered acceptable. For example, a company may be willing to accept |ots with 2% defective. The LTPD isthe
percent defective associated with what is considered to be a bad lot. For example, 10% defective may be considered
"bad" for a particular application. Not al lots with AQL values will be accepted, nor will al lots with LTPD values
be rgjected every time. The producer would like good |ots accepted with a high probability. The consumer would like
to rglect bad lots most of the time; thus the consumer wishes to have alow probability of accepting bad lots.

Suppose a company specifies AQL = 2% and LTPD = 10%. From the OC curve in Figure 14.5, we see that if the
percent defective is actually 2%, the probability of acceptance is approximately 0.82. Thus the probability of
rejecting thisgood lot is 1 0.82 = 0.18. Thisisthe producer's risk. On the other hand, if the actual percent defectiveis
10% (LTPD), then the probability of acceptance is about 0.35. This represents the consumer's risk.
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Figure 14.5.
Operation Characteristic Curve

The producer'srisk (a) isidentified as the probability that output of the level of AQL will be rgjected. The
probability that a bad lot of the level of LTPD will be accepted isidentified as the consumer'srisk (3). These two
terms and general relationships between them can be seen in the operating characteristic curveillustrated in Figure
14.6.

As AQL decreases, so does athe probability of rejecting agood lot. Similarly, as LTPD increases, then [3the
probability of accepting a bad lotdecreases. The AQL is mutually agreed upon between the producer and the
consumer and is a useful negotiating tool in purchase contracts. A smaller AQL reduces the producer's risk but also
requirestighter control in manufacturing. Thus economic analysis isimportant in determining quality specifications
and contracts.

How is a sampling plan actually chosen? Note that there is a unique OC curve for every value of the size of the
sample (n) and the value of the acceptance number (c). Therefore, to determine an appropriate plan, the quality-
control supervisor must choose AQL, LTPD, a, and 3. For Figure 14.6, we see that these values specify two points
onthegraph[i.e, (AQL, 1 a) and (LTPD, B)]. Thereisaunique OC curve that passes through these two points. The
value of nand c for this curve determine the sampling plan.
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EXAMPLE 1

Operation Characteristic Curve for Sampling Plan
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Suppose that a quality-control manager specifies AQL = 3%, LTPD = 15%, a =0.25 (1 a =0.75), and 3 = 0.2.
Finding the two points (3%, 0.75) and (15%, 0.2) in Figure 14.7, we see that the OC curve corresponding to n = 10

and ¢ = 0 passes through these points. Thusn = 10, ¢ = 0 is the appropriate sampling plan to choose.

Note: Fortunately, there is no need to plot all possible OC curves to select a sampling plan. Published tables are
available to choose from. Refer to MIL-STD-105D, Sampling Procedures and Tables for Inspection by Attributes

published by the Office of the Assistant Secretary of Defense, 1963 for government contract work.
Portion of a Cumulative Binomial Distribution Table

Sample Size =10 Sample Size =15

p
0.000

0.050
0.100
0.150
0.200
0.250
0.300
0.350
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0
1.000
0.599
0.349
0.197
0.107
0.056
0.028
0.014

(Table 7 from Appendix I1)

Number of Defectives= ¢

1.000
0.914
0.736
0.544
0.376
0.244
0.149
0.086

1.000
0.050
0.100
0.150
0.200
0.250
0.300
0.350
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1.000
0.463
0.206
0.087
0.035
0.013
0.005
0.002

1.000
0.829
0.549
0.319
0.167
0.080
0.035
0.001
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Sample Size =10 Sample Size =15

0.400
0.450
0.500
0.550
0.600
0.650

Probability of Acceptance

0.006
0.003
0.001
0.000
0.000
0.000

1,200

1040000
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Number of Defectives=c

0.046 0.400 0.001
0.023 0.450 0.000
0.011 0.500 0.000
0.005 0.550 0.000
0.002 0.600 0.000
0.001

—— n=llc=0

—g— n=10,c=1 p——m—m

—tp— n=15 c=
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0,801
0.600

0,400

.10 0,200

0. 400 0500 0.0 0. 700

Percent Dhefective
Figure 14.7.

Alternate Sampling Plans
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0.005
0.002
0.001
0.000
0.000

The discrimination can be seen by comparing two operating characteristic curves for plans with an acceptance
number of two. Figure 14.8 shows one curve for a sample size of 75 and another of 110.

When the acceptance number increases and the sample size remains constant, the probability of acceptance of a given
lot percent defective increases. Thus, the curveisless steep and the plan is less discriminating, as can be seen by
comparing the family of OC curvesin Figure 14.9. In this example, the sample sizeis equal to 75. Increasing the
acceptance number ¢ moves the curve to the right and makes it less steep.
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YOU SHOULD REMEMBER
Four important definitions are the bases for specifying a given sampling plan. They are as follows:

AQL = Acceptable quality level. Lots at thislevel of quality are regarded as good, and we wish to have a high
probability of acceptance.

o = Producer's riskthe probability that lots of the quality level AQL will be rgjected. Usually, a = 15%. If agood lot
isrejected, werefer to thisasatypel error.

LTPD = Lot tolerance percent defectivethe dividing line selected between good and bad lots. Lots at this level of
quality are regarded as poor, and we wish to have alow probability for their acceptance.

3 = Consumer's riskthe probability that lots of the quality level LTPD will be accepted. Usually, 3 = 10%. If abad lot
is accepted, we refer to thisasatypell error.

The mechanics of actually finding specific plans that fit can be accomplished by using standard tables, charts, or

formulas, al of which result in the specification of acombination of sample size n and acceptance number ¢, which
closely approximate the requirements for AQL, a, LTPD, and 3.

Average Quality of Outgoing Lots

An important feature of acceptance sampling is that the level of inspection automatically adjusts to the quality of lots
being inspected, assuming rejected lots are subjected to 100% inspection. The OC curve shows that the greater the
fraction of defectivesin alot, the less likely the lot isto be accepted.

If al lots have some given percentage of defectives p, the average out-going quality (AOQ) of the lots can be computed
using the formula:

AOQ = .F‘xp(rT)

where P = probability of accepting the lot

p = percentage defective
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N =lot size

n=sample size

In practice, the last term is often dropped because it is typically close to 1. The formula then becomes

AOQ = Px p

By allowing p to vary, a curve for AOQ can be developed. The curve illustrates the point that if lots are very good or
very bad, the AOQ will be high.

EXAMPLE 2

We will develop the AOQ curve for N= 500, n = 10, and c = 1. From Table 7 in Appendix 11, we
tabulate the probabilities of acceptance P for various values of fraction defective p as follows:

Portion of a Cumulative Binomia Distribution Table
(Table 7 from Appendix 1)

n=10,c=1
p P AOQ AOQL
(1) ) =1 x*(2)

0.0 0.0 0.0
0.05 0.9139 0.046
0.1 0.7361 0.074
0.15 0.5443 0.082 = Maximum AOQ = AOQL
0.2 0.3758 0.075
0.25 0.244 0.061
0.3 0.1493 0.045
0.35 0.086 0.030
0.4 0.0464 0.019
0.45 0.0233 0.010
0.5 0.0107 0.005
0.55 0.0045 0.002
0.6 0.0017 0.001
0.65 0.0005 0.000
0.7 0.0001 0.000
0.75 0 0.000

The AOQ curve is shown in Figure 14.10.
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Figure 14.10.
AOQ Curve

The maximum point on the curve, often called the average outgoing quality limit (AOQL), is0.082 for p = 0.15. Figure
14.9 illustrates that as the percentage of defectives in lots coming into inspection increases, the percentage of defectives
in lots leaving inspection deteriorates at first, then peaks at the AOQL, and then improves. The improvement in quality
occurs because as the acceptance plan rejects lots, the rejected lots are 100% inspected, and the defectives are replaced
with nondefectives. The net effect of rejecting lotsis, therefore, an improvement in the quality of lots leaving inspection.

YOU SHOULD REMEMBER
AOQ isthe average outgoing quality. In agiven case, it depends on the sampling plan and the lot quality.

AOQL isthe average outgoing quality limit. It refers to the worst possible outgoing quality and occurs at an
intermediate quality level, which is neither very good or very bad.

Types of Sampling Plans

To this point, the examples regarding acceptance sampling plans have dealt with the taking of only asingle sample. This
isthe simplest type of sampling plan because the decision as to whether to accept or reject is made on the basis of what
the one sample indicates. When the number of defectives in the sampleislessthan or equal to the acceptance number,
the lot is accepted. If, on the other hand, the number of defectivesis greater than the rejection number, the lot must be
rejected. It is possible, however, to design sampling plans that use more than one sample. The mgjor objective of such
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plansisto get the same assurance of quality with areduction in the amount of inspection. Even though such plans
may result in areduction in inspection time and consequent cost, thisis not a certainty. A drawback of sampling
plans that require more than one sample is the increased difficulty in designing them. The most frequent types of
sampling plans are double, multiple, and sequential sampling plans.

Double Sampling

Double sampling plans provide for the use of a second sample when the first sample is not conclusive enough to
make a decision. If the number of defectivesin the first sampleislessthan or equal to the acceptance number
specified, the lot may be accepted. Asin single sampling plans, if the number of defectivesislarger than the rejection
number, the lot is rejected. In double sampling plans the range between the acceptance number and the rejection
number for the first sample is greater than one. Thus, when the number of defectivesin the first sample is between
the acceptance and rejection numbers, a second sample must be taken because the results of the first sasmplein this
case are not conclusive.

After the second sample is drawn, the cumulative number of defectives from both samplesis compared with the
second acceptance and rejection numbers. For the second sample, the range between these numbersis one, asin
single sampling plans. The decision to accept or reject is then made as in the case of asingle sampling plan.

Multiple Sampling

Multiple sampling plans are essentially the same as double sampling plans with the exception that the number of
samples required for a decision may be more than two.

Sequential Sampling

The sequential sampling plan provides for taking an unspecified number of samples. If the lot quality is either very
good or very bad, asmall sample will suffice. It is only when the quality is between these two levels that alarger
sampleisrequired. The range between the acceptance and rejection numbers remains constant and greater than one.
The sampling processis carried on until either the acceptance or the rejection level isreached. A sequential sampling
planisillustrated in Figure 14.11. The design of a sequential sampling plan can be accomplished by determining the
appropriate acceptance and rejection limits. Tables are available to determine the proper limits for specified values of

AQL, LTPD, a, and B.
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Double, multiple, and sequential sampling plans should typically result in less inspection than is required for single

sampling plansfor agiven level of protection. However, the amount of inspection required will vary widely from lot
tolot.

Continue Taking Sarmples

Mo, of Kejects

Accept

Sample Size Cumulative

Figure 14.11.
Sequential Sampling Plan

Control Chartsfor Attributes

Control Charts can be used in attribute inspection as well asin variable control. The major difference in the control
chartsisthat, in the case of attributes, the unit of measurement used is a distinct value whereas for variablesitisa
computed measure of central tendency (i.e., mean or range). Control charts are concerned with two types of
attributesthe percentage defective (p chart) or the defects per unit (c chart).

Percentage Defective Charts

When control is concerned with attributes, a determination is made as to the acceptance or rejection of the output
units. For each sample, the percentage of defective units can be determined. The p chart can be used to record the
variations in the percentage defective in the lots sampled. Control limits are computed in the same way they are
computed for variable control charts. Aslong as the points remain within the control limits, the quality is assumed to
be in control. The control limits for ap chart, based on three standard deviations, are computed as follows:
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LCL,= P -3 pAa-p) (6)

]

where P = the mean of the percentage defective in a series of initial samples.

EXAMPLE 3

ABC City's department of public works is concerned about public reaction to a sewer project that is currently in
progress. Each week, a sample of 100 residents are surveyed regarding the project. The department wishes to analyze
the survey data using an appropriate control chart to determine if the community sentiment is stable.

Week
1 2 3 4 56 7 8 Totd
Number Opposed 3 2 4 1 05 2 3 20
Fraction Defective 0.03 0.02 0.04 0.01 0 0.05 0.02 0.03 0.2

Because the sample size is 100, the fraction defective is 20/100 = 0.20. Thus, assuming that the average defective
percent ¥ is0.11, then # = 0.20/8 = 0.025.

‘/pil -F) _ ‘/m-azﬁm - 0025 _ 0
n 104

The control limits are

pll-p)
n

UCL,= P +3 = 0.025 + 3(0.0156) = 0.025 + 0.047 = 0.072

LCL,= P -3 -"{%E = 0.025 - 3(0.0156) = 0.025 — 0.047 = 0

It appears that the community sentiment is stable.
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Defects-per-Unit Charts

If output is such that defects can occur at avariety of points within the unit of output, the control of the number of
defects may be more useful. Examples of processes where this type of control might be valuable are:

Electronics equipment in which avariety of defects can occur.

Textiles that may contain numerous defects per yard.

The number of improper medications issued in a hospital for some unit of time.

The number of incorrect orders sent out by the audiovisua service of a school district.

The cases where this type of control is useful may be generalized as those where the possibility of defectsis high, but is
infact small. This condition is found to approximate the Poisson distribution for fluctuations in the number of defects.

Using ¢ asthe average number of defects per unit of output, again based on three standard deviations, the control limits
are determined by

UCL, =T +3yT @)

LCL, =€ -3< ®

Thevalueof € isan estimate, aswas ¥, based on past accumulated data. The ¢ chart has many uses other than for
quality purposes. Examples are found in the area of inventory control for controlling the number of stockouts, in
equipment maintenance for the number of breakdowns, and for accident statistics.

EXAMPLE 4

The OK City Transit Authority receives complaints from customers about the way drivers drive, their lack of
courtesy, and the like. The manager wants to construct a control chart for defects per unit, c. In this case, acomplaint
isadefect and a unit of work is 500 fares collected on the bus. The manager intends to post the ¢ chart and complaints
reported each week for each group of 500 fares that the driver collected. An average of 28.2 defects per unit occurred
before the chart is posted. Control limits on the chart are:
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UCL =T + 34T = 28.2 + 3 4[28.2 = 44,13
LCL, =T - 3VC = 282 - 34/282 = 12.3

Computer Software for Quality Control

Computer software can relieve most of the tedious calculations formerly required to install and maintain a quality-
control system. Some popular packages, developed by TIME/WARE Corporation are listed with abrief description.

ML105%. Determines sampling plan to fit combinations of AOPL, lot size, and the like, and randomly determines which
parts to sample according to military standard.

MLBIN$. Evaluates multiple-level sampling plans where users inspect a number of parts from alarge lot and accept,
reject, or resample based on the number of defectives found (binomial distribution).

OCBINS$. Plots the OC curve. The user supplies the sampling size and number of defectives required to reject the lot.

CONLMS$. Determines confidence limits and sample statistics on a process average.

Know the Concepts

Do You Know the Basics?

1. Describe the primary goal of quality assurance.

2. Define assignable causes in quality control.

3. Differentiate between variable and attribute measurement.

4. What is sampling plan, what is an operation characteristic (OC) curve, and how isan OC curve used in sampling?
5. Discuss the concept of in control.

6. Describe the various types of control charts and their applications.
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7. Explain the purposes and differences between p charts and X and R charts.

8. How does producer and consumer risk relate to errorsin statistics?

9. What is the objective of acceptance sampling?

10. Briefly explain AOQ and AOQL.

Terms for Sudy

acceptable quality level (AQL) means

acceptance sampling operating characteristic (OC) curve
average outgoing quality (AOQ) Pareto analysis

average outgoing quality limit (AOQL) producer'srisk (o risk)
consumer'srisk (3 risk) ranges

control chart sampling plan

lot tolerance percent defective (LTPD) statistical control analysis

Practical Application

1. A sample study was made of hand assembly operation on atransistor radio. Samples of the time spent to assemble one unit
were taken twice aday, in mid-morning and mid-afternoon. Four units are included in each sample. Observations were
continued for 2 weeks so that 20 samples were collected. The results are shown in the following table. Each figure in a sample
isthe actual time taken to assemble one unit.

Measurement of Time Spent Per Unit
(Two Samples Taken Daily for 10 Days)

Sample Time Spent on Each of Arithmetic Range
Number Four Items Within Samples Mean R
12 11 10 9 10.5 3
2 10 10 9 11 10 2
3 13 11 10 9 10.75 4
4 10 9 8 11 9.5 3
5 12 11 10 10 10.75 2
6 11 11 14 9 11.25 5
7 10 9 12 10 10.25 3
8 11 12 10 11 11 2
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Sample Time Spent on Each of Arithmetic Range
Number Four Items Within Samples Mean R
9 13 9 10 10 10.5 4
10 11 9 10 10 10 5
11 11 11 11 10 10.75 1
12 8 14 10 10 10.5 5
13 10 11 9 11 10.25 2
14 12 10 9 10 10.25 3
15 8 10 10 12 10 4
16 11 10 10 9 10 5
17 13 10 9 11 10.75 4
18 11 8 10 13 10.5 5
19 10 9 13 12 11 4
20 13 12 8 13 115 5
Totals 210 : 66
Grand Arithmetic Mean 10.5 33

a. Compute X and £ , and then determine the upper and lower control limits for X andR

b. Prepare a control chart for A andR.
c. Comment on the charts.

2. The following table shows the length of anew telephone connector, Model T310. Jeannie, an industrial engineer,
took a sample of four consecutive pieces each hour for 2 hours and measured their lengths with a micrometer. Based

on those eight samples, she wants to construct her control charts. Compute X and R , determine the upper and lower

control limits for each, and prepare a control chart for X and R.



Length of Telephone Connector

Sample Length of Each of Four Arithmetic Range
Number Items Within Samples Mean R
1 59.93 60.09 60.01 59.89
59.98 0.2
2 60.11 59.98 60.08 60.15
60.08 0.17
3 59.94 60.11 60.18 60.17
60.1 0.24
4 59.85 60.02 59.92 59.89
59.92 0.17
5 59.98 59.89 60.09 60.12
60.02 0.23
6 60.09 60.02 59.97 60.12
60.05 0.15
7 60.08 60.04 60.09 60.07
60.07 0.05
8 59.9 59.89 60.04 59.93
59.94 0.15
Totals
480.16 1.36

Grand Arithmetic Mean
60.02 0.17
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3. Jeannie wants to use a p chart to control the proportion of defective units coming from Final Assembly. She
samples 50 units each hour and tested each unit to seeif it works. The number of defective unitsin her first 8
samples and the proportion defective p follow:

Sample Number n Number Defective p

1 50

3 0.06
2 50

2 0.04
3 50

0 0
4 50

1 0.02
5 50

1 0.02
6 50

7 0.14
7 50

2 0.04
8 50

0 0

Totals
16 0.32

4. Steve Bono, the safety manager, recorded the number of injuries each week and uses a ¢ chart to detect changesin
theinjury rate. Over the next 8 weeks, injuries per week were6, 5, 3, 8, 2, 6, 9, and 5. Construct the c chart and
determine if the processisin control.
5. Shipments of bowling balls are sampled before delivery to awarehouse. Lots of 600 balls are checked, using ten
observations from each lot. Any ot with more than one defective is rejected. Determine values for the operating
characteristic (OC) curve for this sampling plan.
6. Ron Jaffe Industries, Inc., amaker of plastic wrapping material, takes a random sample of 50 items from each lot
before sending it to a customer. Lots contain 2,000 items each. Any lot with more than one defective is subjected to
100% inspection, and any defectives are replaced with good ones.

a. Develop the table for the OC curve for this sampling plan.

b. Construct the AOQ curve for this plan. What is the approximate average outgoing quality limit?

7. An automobile brake manufacturer buys brake linings in lots of 1,000. Samples of 15 linings are usually tested for
defectives.

a. How would the OC curves appear for acceptance numbers, c =0, 1, and 2?
b. If the sample size isincreased to 20, how do the OC curvesin part a appear?

c. Using asample size of 20 and AQL = 5% and LTPD = 10%, tabulate the values of a and [3 for three different
sampling planswithc =0, 1, and 2.

< previous page page 446 next page >



< previous page page 447 next page >
Page 447

Answers

Do You Know the Basics?

1. The primary objective of quality assurance is to ensure that products and services conform to specifications of
design and customer satisfaction by preventing defects, detecting them when they occur, and taking remedial action.

2. Assignabl e causes are causes that are not the result of chance and can be controlled, such as materials, equipment,
labor, and personnel.

3. Variables are measured on a continuous scale of measurement such as means and ranges; attributes assume only
two values such as good or bad.

4. A sampling plan is a plan that discriminates between lots of various qualities (i.e., percent defectives). An OC
curve isthe relationship between lot quality (or percent defective) and the probability of 1ot acceptance given a
sampling plan. It attempts to determine the producer's and consumer's risk for a given sampling plan. The curveis
used to select a plan having a specified risk profile.

5. In control means that any variation in quality is caused solely by chance; no assignable causes are present.

6. X charts are used for averages; R charts are used for ranges or spread; p charts are used for fraction defective; and
c charts are used for defectives.

7. p charts are used to monitor the process for attribute data. These are typically binomial "go, no-go" data. An
example of ap chart is percent of pieces nonconforming. X charts are used for charting population values for
continuous measurement. X charts are used when the process is too slow to produce enough measurements for an X
chart. An example of an X chart is average time to complete amile run for one person. R charts are used to compute
process ranges for variable data. R charts are used in concert with X charts,

8. Producer's risk (consumer's risk) is equivalent to the probability of aTypel (Typell) error.

9. The objective of acceptance sampling isto make a decision as to whether to accept or regject alot. It isnot to
estimate the quality of alot.
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10. AOQ isthe average outgoing quality. In a given case, it depends on the sampling plan and the lot quality. AOQL
is the average outgoing quality limit. It refers to the worst possible outgoing quality and occurs at an intermediate
quality level, which is neither very good or very bad.

Practical Application
1

a For X : Control limits are
UCL =X+ AR
= 10.5 + {0.729)(3.3)

=105+ 2.41 = 1291

and
LCL, =X - A,R
= 10.5 - (0.729)(3.3)
=130 =241 = 8.00
For R:
URL = D,R = 2.282 (0.17) = 7.524
LRL = D,R = 0(0.17) = 0

b. See Figures 14.12 and 14.13.
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Figure 14.12.

Control Chart for X
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Figure 14.13.
Control Chart for R

c. No observations are outside the control limits so the process is apparently in control as far as the sample
means are concerned. The process aso seems to be in control as far asthe range is concerned. Caution is needed
here. Given certain men, materials, machines, and methods, the process or operation may be statistically in
control. However, this does not mean that the process or operation is beyond change or improvement.

2. See Figures 14.14 and 14.15.

For X : Control limits are
UCL =X + AR

= 60.02 + (0.729)0.17)

= 60144

and

LCL, =X - AR
= (0,02 — (D.72900.17)
= 59.890

For R:

URL = [,F = 2.282 (0.17) = 0.388

LRL = D,R = 0(0.17) = 0
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Figure 14.14.
Control Chart for X
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Figure 14.15.

Control Chart for R

Every sampleisin control on both thef and R charts. Both the mean and variation of the process are stable and
predictable.

3. See Figure 14.16. The fraction defective is 16/50 = 0.32, so P = 0.32/8 = 0.4. The control limitsfor ap chart,
based on three standard deviations, are computed as follows:

UCL, =P + 3 fIE{—EEE-ﬂ.M«r} ,‘mmﬂ—;ﬂﬁ-u.u}
LCL,= P -3 #EU,;_F_?_&M_a fﬁw-—-ﬂ.ﬂaﬁ

= () (because LCL cannot be negative)
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Figure 14.16.

Control Chart for p

Page 451

The defective rate was out of control when sample 6 was taken. The problem must be investigated and the cause

eliminated. When the cause is determined and eliminated, she can recalcul ate £ and the control limits.

4. The average number of injuries per week is € =44/8=55

UCL, = € +34/C = 5.5 + 34[5.5 = 1254

LCL, =€ -3y € =55-3y55=-154 = 0

Sample Mumber
1 2 3 4 5 6 7 8
UCL, s 12.54
]
[
£ — ’ - 55
]
UCL, 0
Figure 14.17.

Control Chart for ©

All the samples arein control. See Figure 14.17.
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5.n=10,c=1.Using Table 7 in Appendix I, we obtain the following information:

Fraction Defective Cumulative Probability
0.05 0.9139
0.10 0.7361
0.15 0.5443
0.20 0.3758
0.25 0.2440
0.30 0.1493
0.35 0.0860
0.40 0.0464
0.45 0.0233

6. Note that n =50 and ¢ = 1. Using Table 8 in Appendix |1, we get the following information:

p A=np Cumulative AOQ
@) Probability (2) 1)  (2)

0002 0.0 0.995 0.00199

0004 020 0.982 0.00393

0.008  0.40 0.938 0.00750

0012 060 0.878 0.01054

0016  0.80 0.809 0.01294

0020 100 0.736 0.01472

0024 120 0.663 0.01591

0028 140 0.592 0.01658 |
0032 160 0.525 0.01680 a2 it = ACQL = maximum ACQ
0036 180 0.463 0.01667

a. and b. From binomial table, we get the following:



p0o12

0.0
0.1
0.1
0.2
0.3
0.4
0.5

1.000
0.463
0.206
0.035
0.005
0

0

Sample Size =15

1.000
0.829
0.549
0.167
0.035
0.005
0

< previous page

Number of Defectives=c

1.000
0.964
0.816
0.398
0.127
0.027
0.004

Sample Size=20

p012

0.0 1.000

0.05 0.358

0.1 0.122

0.2 0.012

0.3 0.001

0.4 0

0.5 0
page 452

1.000
0.736
0.392
0.069
0.008
0.001
0

1.000
0.925
0.677
0.206
0.035
0.004
0
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See Figures 14.18 and 14.19.
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Figure 14.18.
The OC Curvefor n=15
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Figure 14.19.
The OC Curvefor n=20
c. For the sample size of n = 20:
Number of Defectives, ¢
0 1 2
a 0.642a 0.264 0.075
B 0.122b 0.392 0.677

aWhen AQL = p = 5% = 0.05, the probability of acceptance for ¢ = 0 equals 0.358, whichis1 a, so

o =10.358 =0.642.

b When LTPD = p = 10% = 0.10, the probability of acceptance for ¢ = 0 equals 0.012, which isthe

value of 3.

< previous page

page 453

next page >



< previous page page 454 next page >
Page 454

Glossary

A

ABC analysis
inventory control system that divides the inventory into three classesA, B, and Cdepending on the value and
importance of the item.

acceptable outgoing quality level (AOQL)
average percentage of defectivesin lots leaving an inspection station.

acceptable quality level (AQL)
quality standard that allows for a prespecified number of defects.

aggregate production planning
establishment of aggregate production and inventory levels over a medium-range time horizon.

arrival rate
number of customers or units arriving or entering the system in a given period of time.

assembly chart
graphical method for visualizing how the various parts and subassemblies flow into the assembly process.

assignable causes
causes of poor quality that are the result of problems with materials, machines, or operators and that can be remedied.

assignment problem
problem of determining how the assignments should be made in order to minimize total costs.

B

backward pass
calculation procedure moving backward through the network that determines the latest start and latest finish times for
each activity.

benchmarking
searching for new and better procedures by comparing your own procedures to that of the very best.

beta distribution
probability distribution often used to describe activity times.

bill of materials (BOM)
structured parts list that shows the manner in which the product is actually put together.

break-even point
level of salesrevenue that equals the total of the variable and fixed costs for a given volume of output at a particular
capacity use rate.

business process reengineering (BPR)

approach aimed at making revolutionary changes as opposed to evolutionary changes by eliminating nonval ue-added
steps in a business process and computerizing the remaining steps to achieve desired outcomes.

C



capacity
rate at which work is capable of being produced.

capacity requirements planning (CRP)
system for determining whether a planned production schedul e can be accomplished with available capacity and, if
not, making adjustments as necessary.

capital budgeting
process of making long-term planning and capital expenditure decisions.

cellular manufacturing
groups of machinery that are closely associated with each family of parts.

center-of-gravity method

guantitative approach to locating afacility that minimizes the distance or cost of transportation weighted by the
volume of goods moved.
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channels
number of waiting lines in a service system.

chase plan
aggregate production plan that adjusts capacity in response to seasonal demand.

classical decomposition
approach to forecasting that seeks to decompose the underlying pattern of atime seriesinto cyclical, seasonal, trend,
and random subpatterns.

coefficient of determination
proportion of the total variation in the dependent variable that is explained by the regression equation.

computer-aided design (CAD)
use of acomputer to interact with a designer in developing and testing product ideas without actually building
prototypes.

computer-aided design and manufacturing (CAD/CAM)
computerized system to both integrate part design, as with CAD, and generate processing or manufacturing
instructions.

computer-aided manufacturing (CAM)
manufacturing system utilizing computer software that controls the actual machine on the shop floor.

computer-integrated manufacturing (CIM)
computer information systems utilizing a shared manufacturing database for engineering design, factory production,
and information management.

computer numerically controlled (CNC) machines
stand-alone machines controlled by a computer.

consumer surveys
method that involves interviewing potential customers to estimate demand relations.

consumer's risk
probability of accepting a bad lot.

continuous improvement (Cl)
also called Kaizen in Japanese, never-ending effort for improvement in every part of the firm relative to all its
deliverables to its customers.

control chart
graphical means of depicting sample characteristics, such as means, ranges, and attributes, over time used for process
control.

correlation coefficient
measure of the degree of correlation between two variables. The range of valuesit takes is between 1 and +1.

cost of capital
rate of return that investors expect to receive from the firm.

crashing
process of reducing an activity time by adding resources and hence usually cost.

critical path
longest sequence of activitiesin a project management network.

cycletime
time required to produce one item on an assembly line; length of time between the placing of two consecutive orders.



D

decision making under risk
decision made when the probability of occurrence of the different states of nature is known.

decision matrix
also called payoff table; matrix consisting of the decision alternatives, the states of nature, and the decision
outcomes.

decision theory
systematic approach to making decisions especially under uncertainty.

decision tree
graphical method of showing the sequence of possible decision alternatives.
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Delphi method
qualitative forecasting technique for arriving at group consensus in an anonymous fashion.

deseasonalized data
removal of the seasonal pattern in a data series. Deseasonalizing facilitates the comparison of month-to-month
changes.

discounted cash flow (DCF) techniques
methods of selecting and ranking investment proposals such as the net present value (NPV) and internal rate of return
(IRR) methods where time value of money is taken into account.

due date
promised delivery date.

dummy activity
fictitious activity with zero activity time used to represent precedence or used whenever two or more activities have
the same starting and ending nodes.

E

earliest finish time
earliest time at which an activity may be completed.

earliest start time
earliest time at which an activity may begin.

economic order quantity (EOQ)
amount that should be ordered to minimize the total ordering and carrying costs.

economic production run size
amount that should be produced each production run to minimize the total setup and carrying costs.

equivalent uniform annual cost
annualized sum of all relevant costs. It is like the amount of an installment loan payment.

exponential distribution
probability distribution used to describe the pattern or service times for some waiting lines.

exponential smoothing
forecasting technique that uses a weighted moving average of past data as the basis for aforecast.

F

factor ratings
procedure in which each alternative site is rated according to each factor relevant to the decision, and each factor is
rated according to importance.

fishbone diagrams
often called cause-and-effect diagrams; way of determining likely root causes of a problem.

fixed-position layout
layout in which the construction of alarge product is accomplished in one place.

flexible manufacturing system (FMYS)
computer-controlled process technology suitable for producing a moderate variety of products in moderate, flexible
volumes.



flow process chart
description of the sequence of operationsin a production process. These generally are operation, inspection,
movement, storage, and delay.

G

Gantt chart
graphical representation of a schedule used to plan or monitor progress.

goodness-of -fit
degree to which amodel fits the observed data.

GPSS, SIMSCRIPT
specialy designed computer programming languages used for simulation.

graphical method

graphical approach to solving alinear programming (LP) problem. It islimited to the LP problems involving two (or
at most three) decision variables.

group layout
layout in which machine groups are arranged to process families of parts with similar characteristics.
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group technology
concept for identifying and classifying part families to efficient mass-production-type layouts. It can be designed for
items usually manufactured by a process layout.

H

heuristic line-balancing technique

technigue involving the generation of a precedence diagram (technological sequencing requirements) in a particular
way, which indicates the flexibility available for shifting tasks from column to column to achieve the desired
balance.

independent demand
demands for various items are unrelated to each other and therefore determined separately and independently.

interna rate of return (IRR)
rate earned on a proposal; the rate of interest that equates the initial investment with the present value of future cash
inflows.

inventory statusfile
file indicating how much inventory is on hand or on order.

SO 9000
certification standards developed by the International Organization for Standardization (1SO) that serve as abasis for
quality standards for global manufacturers.

J

JT manufacturing
manufacturing approach that produces only what is necessary to satisfy the demand of the preceding process (a
demandpull system).

job design

determination of specific job tasks and responsibilities, the work environment, and work methods.

Johnson's rule

technigue that can be used to minimize the completion time for a group of jobs that are to be processed on two
machines or at two successive work centers.

just-in-time production
approach to manufacturing in which items are produced only when needed in production.

K
Kanban

Japanese information system for coordinating production orders and withdrawals from in-process inventory to realize
just-in-time production.

L

latest finish time
latest time at which an activity must be completed without holding up the compl ete project.

latest start time
latest time at which an activity must begin without holding up the complete project.



lead time
time between the placing of an order and its receipt in the inventory system.

learning curve effect
reduction in labor hours as the cumulative production doubles, ranging typically from 10% to 20%.

|east-squares method
statistical technique for fitting a straight line through a set of pointsin such away that the sum of the squared
distances from the data points to the line is minimized.

level plan
aggregate production plan that maintains a uniform output rate.

line balancing
process of distributing the workloads evenly.

linear programming (L P) mathematical technique designed to determine an optimal decision (or an optimal plan)
chosen from alarge number of possible decisions.

linear regression
regression that deals with a straight line relationship between variables.

loading
allocating workloads to specific work.
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locational break-even analysis
technique that compares potential locations on an economic basis by estimating the variable and fixed costs and then
graphing them for a representative sales or production volume at each location.

M

makebuy decision
decision as to whether a given item should be manufactured internally or purchased outside.

manufacturing resource planning (MRP 1)
integrated information system that steps beyond first-generation MRP to synchronize all aspects (not just
manufacturing) of the business.

marginal approach
method of inventory analysis that aims at determining the optimal stock level.

master production schedule (MPS)
time-phased statement of how many finished items are to be manufactured. It is obtained by disaggregating the
production plan and is the primary input to material requirements planning (MRP).

material requirements planning (MRP)
computerized data processing system whose function is to schedule production and control the level of inventory for
components with dependent demand.

mathematical models
quantitative representations of reality.

mean absolute deviation (MAD)
mean or average of the sum of all the forecast errors with regard to sign.

mean squared error (M SE)
average sum of the variations between the historical sales data and the forecast values for the corresponding periods.

model
representation of areal-life system.

modular design
design of components that can be assembled in avariety of ways to meet individual consumer needs.

Monte Carlo simulation
simulation using a random number procedure to create values for the probabilistic components.

motion study
analysis of amanual task in order to improve productivity.

moving average
in atime series, an average that is updated as new information is received.

MTM (methods-time measurement)
system of predetermined motion-time data used to develop standards for highly repetitive tasks.

multiple regression analysis
statistical procedure that attempts to assess the relationship between the dependent variable and two or more
independent variables.

multiple-channel line
waiting line with two or more parallel identical servers.



N

net present value (NPV) method
method widely used for evaluating investment projects. Under the net present value method, the present value of all
cash inflows from the project is compared against the initial investment.

nodes
intersection or junction points of a network.

O

operating characteristic (OC) curve
plot of the probability of acceptance of alot as afunction of the percent of defective items.

operation chart
often called right-handed, left-handed chart; chart used to describe simultaneous motions of hands when performing
atask.

operations
set of all activities associated with the production of goods and services.
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operations management (OM)
also called production/operations management; design, operation, and improvement of the productions/operations
system that creates the firm's primary products or services.

operations strategy
strategy specifying how the firm will employ its production capabilities to support its corporate strategy.

optimization models
prescriptive techniques for finding the best solutions to the problem at hand. Linear programming is an example.

P

payback period
length of time required to recover the amount of an initial investment.

PERT/cost
also known as the critical path method (CPM); technique designed to assist in the planning, scheduling, and
controlling of project costs.

Poisson distribution
probability distribution used to describe the random arrival pattern for some waiting lines.

present value analysis
technigue used widely to account for the timing of cash inflows and outflows.

priority rules
simple heuristics used to select the order in which the jobs will be processed.

process layout
layout in which machines or activities are arranged by function.

process planning
planning involving atotal analysis of the product and its processing requirements, decisions concerning the purchase
of items outside versus their internal manufacture, and techniques for selecting among competing processes.

process selection
an economic analysis to determine which process should be chosen when operations can be performed by more than
one process.

producer's risk
probability of rejecting agood quality lot.

product analysis
analysis of product assembly. The early phases of product analysis may produce diagrams which "explode” the
product into its various subassemblies and parts. These diagrams may be pictorial or schematic.

product layout
layout in which equipment is arranged based on the sequence of operations performed on a product or group of
products.

production and operations management
management of all activities directly related to the production of goods and services.

production design
the conscious effort to design for low manufacturing cost.



production system
collection of inputs, conversion/transformation processes, outputs, control mechanisms, and managers involved in
production and operations.

productivity
ratio of outputs to inputs.

Q

quality
measure of conformance of a product or service to certain specifications or standards.

quality assurance
all the activities necessary to ensure that the customer receives satisfactory performance.

quality function deployment (QFD)

system that uses interfunctional teams from marketing, design engineering, and manufacturing to translate the voice
of the customer into the design specification of a product.
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quantity discount model
inventory model that takes into account the price varying with the order size.

queue
waiting line that forms wherever there is more than one user of alimited resource.

queue discipline
rules that determine the order in which arrivals are serviced.

gueuing (or waiting line) theory
operations research term for the study of waiting lines.

R

regression analysis
statistical procedure for estimating mathematically the average relationship between the dependent variable (sales,
for example) and one or more independent variables (price and advertising, for example).

reliability
probability that a product or process will perform satisfactorily over a period of time under specified operating
conditions.

reorder point
inventory level that triggers a new order.

rough-cut capacity planning
analysis of the master production schedule to determine the feasibility with respect to capacity limitations
(warehouse facilities, equipment, labor, etc.).

r-squared
see coefficient of determination.

S

safety stock
inventory carried to ensure that the desired service level is met.

scheduling
assignment of work to afacility and the specification of the sequence and timing of the work.

sequencing
determination of the order in which afacility isto process a set of jobs.

service level
probability of no stockouts during the lead time.

service rate
number of customers or units that can be serviced by one server in agiven period of time.

shadow price
profit that would be lost by not adding an additional hour of capacity.

simple regression
regression analysis that involves one independent variable.

simplex method
linear programming agorithm, which is an iteration method of computation, to move from one corner point solution
to another until it reaches the best solution.



simulation
technique to describe the behavior of areal-life system over time.

single-channel line
waiting line with only one server.

slack
length of time an activity can be delayed without affecting the project completion date.

SPT (shortest processing time)
scheduling rule that chooses jobs in order of shortest processing time first.

supply chain management
management of the integration of the functions, information, and materials that flow across multiple firmsin a supply
chain (i.e., buying materias, transforming materials, and shipping to customers).

systematic layout planning

generalized approach to layout that indicates nearness priorities, taking into account factors other than transportation
cost.
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T

Taguchi method of quality control
method of controlling quality that stresses robust product design and the quality loss function.

tardiness
amount by which completion time exceeds the due date.

theory of constraints (TOC)
approach seeking to identify a company's constraints or bottlenecks and exploit them so that throughput is
maximized and inventories and operating costs are minimized.

THERBLIG
one of 17 elementary human motions such as grasp, select, assemble, and so on.

throughput
rate at which money is generated by the system through sales.

time bucket
term denoting atime period used in the master schedule.

time standard
amount of time required to perform atask by atrained operator working at a normal pace and using a prescribed
method.

time study
development of standards through stopwatch observation.

total fixed costs
costs that remain constant in total regardless of changesin activity.

total quality control (TQC)
philosophy that aggressively strives for a defect-free manufacturing process.

total quality management (TQM)
concept of using quality methods and techniques to strategic advantage within firms.

total variable costs
costs that vary in total in direct proportion to changesin activity.

transportation LP problem
problem of determining how much to ship from each origin to each destination in order to minimize total shipping
costs.

trend analysis
specia form of simple regression in which time is the independent variable.

U

unit contribution margin
selling price minus average variable cost.

Vv

value analysis (value engineering)
process of trying to reduce product costs by substituting less-costly materials, redesigning nonessential parts, and the
like.



wW

work measurement
process of estimating the amount of worker time required to generate one unit of output.

work sampling

work measurement technigue involving the sampling of the nature of the activity in which the worker isinvolved;
used for the broader problem of determining production standards.
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Appendix |
American Production and Inventory Control Society

Established in 1957, American Production and Inventory Control Society (APICS) is designed to meet the needs of
professionalsin all areas of resource management, including inventory, materials, information systems,
accounting/finance, supply chain, and all other functional areas that contribute to the overall efficiency and
productivity of an organization.

APICSis

an international, not-for-profit organization serving the manufacturing, materials management, resource
management, and service industries.

a source of knowledge and expertise for more than 70,000 professional members representing 20,000 diverse
companies worldwide. It isthe leading provider of high-quality, cutting-edge programs and materials that advance
organizational successin achanging, competitive market-place.

a clearinghouse for hundreds of business management publications and educational materials.

a successful developer of two internationally recognized certification programs, Certified in Production and
Inventory Management (CPIM) and Certified in Integrated Resource Management (CIRM), designed to enhance
industry professionals' specialized functional and broad-based business knowledge.

a source of solutions and support for members through local chapters and participation in the international
conference and exhibition.

Its goals follow:
The educational offerings, products, and services of APICS will be market-driven and accessible on demand.

APICS will be recognized as the source for state-of-the-art information (BOK) in all aspects of integrated resource
management.

Organizations and individuals will find certification of professional expertise available through APICS of value.

Members will recognize APICS as a provider of value-added services and benefits to support growth and continued
professional development.

APICSislocated at 500 West Annandale Road, Falls Church, VA 22046, its telephone numbers are (800) 444-2742
or (703) 237-8344, and its Web site is http://www.apics.org.
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Certification in Production and Inventory Management

The CPIM program was started by APICS in 1973 to provide acommon basis for individuals to assess their

knowledge of the evolving field of production and inventory management. Since then, APICS has administered more

than half amillion testsin 40 countries, and CPIM has become recognized as the worldwide standard for those

wishing to demonstrate their knowledge of production and inventory management. More than 52,000 people are now

certified in production and inventory management, 2,200 of these at the Fellow level.

The CPIM program is the recognized international standard for individual assessment in the field of production and

inventory management. The program is designed to test candidates for in-depth knowledge of a variety of subjects

specific to thisfield. The intent of the program isto provide a prospective employer with assistance in recruiting

qualified candidates to work in production and inventory management.

The CPIM body of knowledge is composed of the following modules.

Just-in-Time

Material Requirements/Capacity Requirements Planning

Master Planning

Inventory Management

Production Activity Control

Systems and Technology

Supply Chain Management

CPIM is appropriate for professionals working in or in close cooperation with the following functions:

Production and inventory management

Materials management

Integrated resource management

Purchasing

Supply chain management

Finance and cost accounting

Manufacturing information systems
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Profile of the CPIM Candidate

All professionals interested in expanding their knowledge of production and inventory management concepts can
benefit from the CPIM program.

Certification in Integrated Resource Management

The CIRM program was initiated by APICS in 1991, and more than 3,000 people sat for the first examinations. Since
then the program has evolved and is rapidly becoming a requirement for those who wish to be on the cutting edge of
management thinking. The intent of the CIRM program is to become the internationally recognized standard for
excellence in the field of integrated resource management.

The CIRM body of knowledge is composed of the following modules:

Customers and Products

Logistics

Manufacturing Processes

Support Functions

Integrated Enterprise Management

Profile of the CIRM Candidate

Project managers, team leaders, aspiring managers, operations staff members, consultants, or other professionalsin
all industries who seek to improve their decision-making abilities can benefit from the CIRM program. Certification

is aso recommended for individuals who would benefit from a clearer understanding of horizontal management and
cross-functional operations within an organization.
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Appendix 11
Tables

Table 1Present Value of $1, 1/(1 +i)n=T1(i, n)

Table 2Present Value of an Annuity of $1, (/i) [L (1 +i)n=T2(i, n)]
Table 3Normal Distribution Table

Table 4L earning Curve Coefficients

Table 5Critical Vaues of Student's t-Distribution

Table 6Random Numbers

Table 7Binomial Distribution

Table 8Poisson Distribution
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Periods

o b~ WDN

© 00 N O

11
12
13
14
15

16
17
18
19
20

30

40

4%
0.962
0.925
0.889
0.855
0.822

0.790
0.760
0.731
0.703
0.676

0.650
0.625
0.601
0.577
0.555

0.534
0.513
0.494
0.475
0.456

0.308

0.208
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Table 1. Present Value of $1.00, {1 +#)”

6%
0.943
0.890
0.840
0.792
0.747

0.705
0.665
0.627
0.592
0.558

0.527
0.497
0.469
0.442
0.417

0.394
0.371
0.350
0.331
0.312

0.174

0.097

8%
0.926
0.857
0.794
0.735
0.681

0.630
0.583
0.540
0.500
0.463

0.429
0.397
0.368
0.340
0.315

0.292
0.270
0.250
0.232
0.215

0.099

0.046
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1

10%
0.909
0.826
0.751
0.683
0.621

0.564
0.513
0.467
0.424
0.386

0.350
0.319
0.290
0.263
0.239

0.218
0.198
0.180
0.164
0.149

0.057

0.022
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12%
0.893
0.797
0.712
0.636
0.567

0.507
0.452
0.404
0.361
0.322

0.287
0.257
0.229
0.205
0.183

0.163
0.146
0.130
0.116
0.104

0.033

0.011

14%
0.877
0.769
0.675
0.592
0.519

0.456
0.400
0.351
0.308
0.270

0.237
0.208
0.182
0.160
0.140

0.123
0.108
0.095
0.083
0.073

0.020

0.005
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20%
0.833
0.694
0.579
0.482
0.402

0.335
0.279
0.233
0.194
0.162

0.135
0.112
0.093
0.078
0.065

0.054
0.045
0.038
0.031
0.026

0.004

0.001
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s S
e 2. Present Value of an Annuity of $1.00%,

Periods 4% 6% 8% 10% 12% 14% 16% 18% 20% 22% 24% 25% 26% 28% 30% 40%
1 0.962 0.943 0.926 0909 0893 0877 082 0847 0833 080 086 080 0794 0781 0769 0714
2 1.886 1.833 1.783 1.736 1.690 1.647 1.605 1.566 1.528 1.492 1.457 1.440 1424 1.392 1.361 1.224
3 2.775 2.673 2.577 2487 2402 2322 2246 2174 2106 2042 1981 1952 1923 1.868 1.816 1.589
4 3.630 3.465 3.312 3170 3037 2914 2798 2690 2589 2494 2404 2362 2320 2241 2.166 1.849
5 4.452 4.212 3.993 3791 3605 3433 3274 3127 2991 2864 2745 2689 2635 2532 2436 2035
6 5.242 4917 4.623 4355 4111 3839 368 3498 3326 3167 3020 2951 288 2759 2643 2168
7 6.002 5.582 5.206 4868 4564 4288 4039 3812 3605 3416 3242 3161 3.083 2937 2802 2263
8 6.733 6.210 5.747 5335 4968 4639 4344 40/8 3837 3619 3421 3329 3241 3076 2925 2331
9 7.435 6.802 6.247 5759 5328 4946 4607 4303 4031 3786 3566 3463 3366 3184 3.019 2379

10 8.111 7.360 6.710 6.145 5650 5216 4833 4494 4192 3923 3682 3571 3465 3269 3.092 2414
11 8.760 7.887 7.139 6.495 5938 5453 5029 4.656 4327 4035 3776 3656 3544 3335 3147 2438
12 9.385 8.384 7.536 6.814 6.194 5660 5197 4793 4439 4127 3851 3725 3606 3387 3190 2456
13 9.986 8.853 7.904 7103 6424 5842 5342 4910 4533 4203 3912 3780 3656 3427 3223 2468
14 10.563 9.295 8.244 7.367 6.628 6.002 5.468 5.008 4611 4.265 3.962 3.824 3.695 3.459 3.249 2477
15 11.118 9.712 8.559 7.606 6.811 6.142 5575 5.092 4675 4315 4.001 3.859 3.726 3.483 3.268 2.484
16 11.652 10.106 8.851 7824 6974 6265 5669 5162 4730 4357 4.033 3887 3751 3503 3283 2489
17 12.166 10.477 9.122 8022 7120 6373 5749 5222 4775 4391 4059 3910 3771 3518 3295 3492
18 12.659 10.828 9.372 8201 7250 6467 5818 5273 4812 4419 4080 3928 3786 3529 3304 2494
19 13.134 11.158 9.604 8365 7366 6550 5877 5316 4844 4442 4.097 3942 3799 3539 3311 2496
20 13.590 11.470 9.818 8514 7469 6623 5929 5353 4870 4460 4110 3954 3808 3546 3316 2497
21 14.029 11.764 10.017 8649 7562 6.687 5973 5384 4891 4476 4121 3963 3816 3551 3320 2498

22 14.451 12.042 10201 8772 7645 6743 6.011 5410 4909 4488 4130 3970 3822 355 3323 2498



23 14.857 12.303 10371 8883 7.718 6.792 6.044 5432 4925 4499 4137 3976 3827 3559 3325 2499

24 15.247 12.550 10529 8985 7.784 6835 6.07/3 5451 4937 4507 4143 3981 3831 3562 3327 2499
25 15.622 12.783 10675 9.077 7843 6873 6.097 5467 4948 4514 4147 3985 3834 3564 3329 2499
26 15.983 13.003 10810 9161 789 6906 6118 5480 495 4520 4151 3988 3837 3566 3330 2500
27 16.330 13.211 10935 9237 7943 6935 6136 5492 4964 4524 4154 3990 3839 3567 3331 2500
28 16.663 13.406 11.051 9307 7984 6961 6152 5502 4970 4528 4157 3992 3840 3568 3331 2500
29 16.984 13.591 11.158 9370 8.022 6983 6.166 5510 4975 4531 4159 3994 3841 3569 3332 2500
30 17.292 13.765 11258 9427 8055 7003 6177 5517 4979 4534 4160 3995 3842 3569 3332 2500
40 19.793 15.046 11925 9779 8244 7105 6234 5548 4997 4544 4166 3999 3846 3571 3333 2500

* Payments (or receipts) at the end of each period.
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Table 3. Normal Distribution Table

Areas under the normal curve

z 0 1 2 3 4 5 6 7 8 9
0.0 0.5000 0.5040 0.5080 0.5120 0.5160 0.5199 0.5239 0.5279 0.5319 0.5359
0.1 0.5398 0.5438 0.5478 0.5517 0.5557 0.5596 0.5636 0.5675 0.5714 0.5753
0.2 0.5793 0.5832 0.5871 0.5910 0.5948 0.5987 0.6026 0.6064 0.6103 0.6141
0.3 0.6179 0.6217 0.6255 0.6293 0.6331 0.6368 0.6406 0.6443 0.6480 0.6517
0.4 0.6554 0.6591 0.6628 0.6664 0.6700 0.6736 0.6772 0.6808 0.6844 0.6879
0.5 0.6915 0.6950 0.6985 0.7019 0.7054 0.7088 0.7123 0.7157 0.7190 0.7224
0.6 0.7257 0.7291 0.7324 0.7357 0.7389 0.7422 0.7454 0.7486 0.7517 0.7549
0.7 0.7580 0.7611 0.7642 0.7673 0.7703 0.7734 0.7764 0.7794 0.7823 0.7852
0.8 0.7881 0.7910 0.7939 0.7967 0.7995 0.8023 0.8051 0.8078 0.8106 0.8133
0.9 0.8159 0.8186 0.8212 0.8238 0.8264 0.8289 0.8315 0.8340 0.8365 0.8389
1.0 0.8413 0.8438 0.8461 0.8485 0.8508 0.8531 0.8554 0.8577 0.8599 0.8621
11 0.8643 0.8665 0.8686 0.8708 0.8729 0.8749 0.8770 0.8790 0.8810 0.8830
12 0.8849 0.8869 0.8888 0.8907 0.8925 0.8944 0.8962 0.8980 0.8997 0.9015
13 0.9032 0.9049 0.9066 0.9082 0.9099 0.9115 0.9131 0.9147 0.9162 0.9177
14 0.9192 0.9207 0.9222 0.9236 0.9251 0.9265 0.9278 0.9292 0.9306 0.9319
15 0.9332 0.9345 0.9357 0.9370 0.9382 0.9394 0.9406 0.9418 0.9430 0.9441
16 0.9452 0.9463 0.9474 0.9484 0.9495 0.9505 0.9515 0.9525 0.9535 0.9545
17 0.9554 0.9564 0.9573 0.9582 0.9591 0.9599 0.9608 0.9616 0.9625 0.9633
18 0.9641 0.9648 0.9656 0.9664 0.9671 0.9678 0.9686 0.9693 0.9700 0.9706
19 0.9713 0.9719 0.9726 0.9732 0.9738 0.9744 0.9750 0.9756 0.9762 0.9767
2.0 0.9772 0.9778 0.9783 0.9788 0.9793 0.9798 0.9803 0.9808 0.9812 0.9817
2.1 0.9821 0.9826 0.9830 0.9834 0.9838 0.9842 0.9846 0.9850 0.9854 0.9857
2.2 0.9861 0.9864 0.9868 0.9871 0.9874 0.9878 0.9881 0.9884 0.9887 0.9890
2.3 0.9893 0.9896 0.9898 0.9901 0.9904 0.9906 0.9909 0.9911 0.9913 0.9916
2.4 0.9918 0.9920 0.9922 0.9925 0.9927 0.9929 0.9931 0.9932 0.9934 0.9936
25 0.9938 0.9940 0.9941 0.9943 0.9945 0.9946 0.9948 0.9949 0.9951 0.9952
2.6 0.9953 0.9955 0.9956 0.9957 0.9959 0.9960 0.9961 0.9962 0.9963 0.9964
2.7 0.9965 0.9966 0.9967 0.9968 0.9969 0.9970 0.9971 0.9972 0.9973 0.9974
2.8 0.9974 0.9975 0.9976 0.9977 0.9977 0.9978 0.9979 0.9979 0.9980 0.9981
29 0.9981 0.9982 0.9982 0.9983 0.9984 0.9984 0.9985 0.9985 0.9986 0.9986

3.0 0.9987 0.9990 0.9993 0.9995 0.9997 0.9998 0.9998 0.9999 0.9999 1.0000
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Table 4. Learning Curve Coefficients
70% 75% 80% 85% 90%
Unit Unit Total Unit Total Unit Total Unit Tota Unit Total
Number Time Time Time Time Time Time Time Time Time Time
1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
2 0.700 1.700 0.750 1.750 0.800 1.800 0.850 1.850 0.900 1.900
3 0.568 2.268 0.634 2.384 0.702 2.502 0.773 2.623 0.846 2.746
4 0.490 2.758 0.562 2.946 0.640 3.142 0.723 3.345 0.810 3.556
5 0.437 3.195 0.513 3.459 0.596 3.738 0.686 4.031 0.783 4.339
6 0.398 3.593 0.475 3934 0.562 4.299 0.657 4.688 0.762 5.101
7 0.367 3.960 0.446 4.380 0.534 4.834 0.634 5.322 0.744 5.845
8 0.343 4.303 0.422 4.802 0.512 5.346 0.614 5.936 0.729 6.574
9 0.323 4.626 0.402 5.204 0.493 5.839 0.597 6.533 0.716 7.290
10 0.306 4,932 0.385 5.589 0.477 6.315 0.583 7.116 0.705 7.994
11 0.291 5.223 0.370 5.958 0.462 6.777 0.570 7.686 0.695 8.689
12 0.278 5.501 0.357 6.315 0.449 7.227 0.558 8.244 0.685 9.374
13 0.267 5.769 0.345 6.660 0.438 7.665 0.548 8.792 0.677 10.052
14 0.257 6.026 0.334 6.994 0.428 8.092 0.539 9.331 0.670 10.721
15 0.248 6.274 0.325 7.319 0.418 8.511 0.530 9.861 0.663 11.384
16 0.240 6.514 0.316 7.635 0.410 8.920 0.522 10.383 0.656 12.040
17 0.233 6.747 0.309 7.944 0.402 9.322 0.515 10.898 0.650 12.690
18 0.226 6.973 0.301 8.245 0.394 9.716 0.508 11.405 0.644 13.334
19 0.220 7.192 0.295 8.540 0.338 10.104 0.501 11.907 0.639 13.974
20 0.214 7.407 0.288 8.828 0.381 10.485 0.495 12.402 0.634 14.608
21 0.209 7.615 0.283 9.111 0.375 10.860 0.490 12.892 0.630 15.237
22 0.204 7.819 0.277 9.388 0.370 11.230 0.484 13.376 0.625 15.862
23 0.199 8.018 0.272 9.660 0.364 11.594 0.479 13.856 0.621 16.483
24 0.195 8.213 0.267 9.928 0.359 11.954 0.475 14.331 0.617 17.100
25 0.191 8.404 0.263 10.191 0.355 12.309 0.470 14.801 0.613 17.713
26 0.187 8.591 0.259 10.449 0.350 12.659 0.466 15.267 0.609 18.323
27 0.183 8.774 0.255 10.704 0.346 13.005 0.462 15.728 0.606 18.929
28 0.180 8.954 0.251 10.955 0.342 13.347 0.458 16.186 0.603 19.531
29 0.177 9.131 0.247 11.202 0.338 13.685 0.454 16.640 0.599 20.131
30 0.174 9.305 0.244 11.446 0.335 14.020 0.450 17.091 0.596 20.727
31 0.171 9.476 0.240 11.686 0.331 14.351 0.447 17.538 0.593 21.320
32 0.168 9.644 0.237 11.924 0.328 14.679 0.444 17.981 0.590 21.911
33 0.165 9.809 0.234 12.158 0.324 15.003 0.441 18.422 0.588 22.498

34 0.163 9.972 0.231 12.389 0.321 15.324 0.437 18.859 0.585 23.084



35 0.160 10.133 0.229 12.618 0.318 15.643 0.434 19.294 0.583 23.666

36 0.158 10.291 0.226 12.844 0.315 15.958 0.432 19.725 0.580 24.246
37 0.156 10.447 0.223 13.067 0.313 16.271 0.429 20.154 0.578 24.824
38 0.154 10.601 0.221 13.288 0.310 16.581 0.426 20.580 0.575 25.399
39 0.152 10.753 0.219 13.507 0.307 16.888 0.424 21.004 0.573 25.972
40 0.150 10.902 0.216 13.723 0.305 17.193 0.421 21.425 0.571 26.543
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Table 5. Critical Vaues of Student's t-Distribution

t.100

3.078
1.886
1.638
1.533
1.476
1.440
1.415
1.397
1.383
1.372
1.363
1.356
1.350
1.345
1.341
1.337
1.333
1.330
1.328
1.325
1.323
1.321
1.319
1.318
1.316
1.315
1.314
1.313
1311
1.310
1.306
1.303
1.299

t.050

6.314
2.920
2.353
2.132
2.015
1.943
1.895
1.860
1.833
1.812
1.796
1.782
1.771
1.761
1.753
1.746
1.740
1.734
1.729
1.725
1.721
1.717
1.714
1.711
1.708
1.706
1.703
1.701
1.699
1.697
1.690
1.684
1.676

t.025

12.706
4.303
3.182
2.776
2.571
2447
2.365
2.306
2.262
2.228
2.201
2.179
2.160
2.145
2131
2.120
2.110
2.101
2.093
2.086
2.080
2.074
2.069
2.064
2.060
2.056
2.052
2.048
2.045
2.042
2.030
2.021
2.009

t.010

31.821
6.965
4.541
3.747
3.365
3.143
3.000
2.896
2.821
2.764
2.718
2.681
2.650
2.600
2.600
2.584
2.567
2.552
2.539
2.528
2.518
2.508
2.500
2.492
2.485
2.479
2.473
2.467
2.462
2.457
2.438
2.423
2.400

t.005

63.657
9.925
5.841
4.604
4.032
3.707
3.499
3.355
3.250
3.169
3.106
3.055
3.012
2977
2.947
2.921
2.898
2.878
2.861
2.845
2.831
2.819
2.807
2.797
2.787
2.779
2.771
2.763
2.756
2.750
2.724
2.704
2.678

next page =
Page 471



60 1.296 1.671 2.000 2.400 2.660
100 1.290 1.660 1.984 2.364 2.626
120 1.289 1.658 1.980 2.358 2.617
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Table 6. Random Numbers
03689 33090 43465 96789 56688 32389 77206 06534 10558 14478
43367 46409 44751 73410 35138 24910 70748 57336 56043 68550
45357 52080 62670 73877 20604 40408 98060 96733 65094 80335
62683 03171 77109 92515 78041 27590 42651 00254 73179 10159
04841 40918 69047 68986 08150 87984 08887 76083 37702 28523
85963 06992 65321 43521 46393 40491 06028 43865 58190 28142
03720 78942 61990 90812 98452 74098 69738 83272 39212 42817
10159 85560 35619 58248 65498 77977 02896 45198 10655 13973
80162 35686 57877 19552 63931 44171 40879 94532 17828 31848
74388 92906 65829 24572 79417 38460 96294 79201 47755 90980
12660 09571 29743 45447 64063 46295 44191 53957 62393 42229
81852 60620 87757 72165 23875 87844 84038 04994 03466 27418
03068 61317 65305 64944 27319 55263 84514 38374 11657 67723
29623 58530 17274 16908 39253 37595 57497 74780 88624 93333
30520 50588 51231 83816 01075 33098 81308 59036 49152 86262
93694 02984 91350 33929 41724 32403 42566 14232 55085 65628
86736 40641 37958 25415 19922 65966 98044 39583 26828 50919
28141 15630 37675 52545 24813 22075 05142 15374 84533 12933
79804 05165 21620 98400 55290 71877 60052 46320 79055 45913
63763 49985 88853 70681 52762 17670 62337 12199 44123 37993
49618 47068 63331 62675 51788 58283 04295 72904 05378 98085
26502 68980 26545 14204 34304 50284 47730 57299 73966 02566
13549 86048 27912 56733 14987 09850 72817 85168 09538 92347
89221 78076 40306 34045 52557 52383 67796 41382 50490 30117
97809 34056 76778 60417 05153 83827 67369 08602 56163 28793
65668 44694 34151 51741 11484 13226 49516 17391 39956 34839
53653 59804 59051 95074 38307 99546 32962 26962 86252 50704
34922 95041 17398 32789 26860 55536 82415 82911 42208 62725
74880 65198 61357 90209 71543 71114 94868 05645 44154 72254
66036 48794 30021 92601 21615 16952 18433 44903 51322 90379
39044 99503 11442 81344 57068 74662 90382 59433 48440 38146
87756 71151 68543 08358 10183 06432 97482 90301 76114 83778

47117 45575 29524 02522 08041 70698 80260 73588 86415 72523



71572
35609

73703
42979
12279

< previous page

02109
58072

70069
88161
42308

96722 21684
63209 48429

74981 12197
56531 46443
00380 17181

64331 71644
53108 59173

48426 77365
47148 42773
38757 09071
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18933 32801
55337 22445

26769 65078
18601 38532
89804 15232

11644 12364
85940 43707

27849 41311
22594 12395
99007 39495
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Table 7. Binomial Distribution (Cumulative binomial probabilities)

F
003 e ois 020 625 o3 33 040 045 050 055 LT .70 07§ 080  0.85 .50

09500 09000 08500 08000 07500 O0r000 06500 06000 0.5500 05000 04500 04000 03500 03000 02500 03000 0500 O.1000
LOOOD  1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 10003 1.0000 1.0000 1.0000 1.0000

05025 08100 07225 06400 05625 04900 047125 03600 03025 02500 0.2025 00600 01225 00900 00625 00400 L0225 0.0000
09975 Q9900 09775 09600 09375 05100 08775 08400 07975 07500 06975 06400 05775 05100 04375 03600 02775 0.13900
1.0000 1.0000 10000 1.0000 7.0000 1.0000 1.0000 1.0000 10000 1.0000 1.0000 10000 10000 1.0000 10000 1.0000 1.0000 1.0000

08574 07230 06147 05120 04119 0.3430 02746 02160 01664 09250 00910 00640 00429 00270 00156 00080 0.0034 0.0010
Ogurs 09710 09393 08960 08438 OF840 0718 06480 05748 05000 04253 03520 02818 02160 00563 000040 00608 00280
0999 0.9990 09966 09920 0.9844 05730 09571 0.9360 0.908% O0B750 08336 07840 O0.7254 06570 05781 O04BB0 0.3B5% 0.2710
1.0000 10000 10000 1.0000 1.0000 1.0000 1.0000 1.0000 10000 10000 70000 1.0000 1.0000 1.0003 1.0000 10000 1.0000 1.0000

08145 QeSR1 05220 04096 03764 024001 0785 0.92% 0095 00625 0.0410 00256 00150 O0081 00019 00016 00005 00000
05860 09477 08905 08192 07383 06517 05630 04751 0390 0325 02415 04792 0265 00837 0.0508 00272 00120 00037
0.9995 09963 09880 09726 09492 09163 06715 06208 07585 0687 06090 05248 04370 03483 02617 00808 00095 0.0523
1.0000 09999 09995 09984 0991 09919 09350 09744 09590 09375 09085 08704 08215 07599 068G 050904 Q47BO 03439
10000 10000 10000 10000 10000 1.0000 70000 1.0000 10000 10000 10000 70000 1000 10003 10000 1.0000  1.0000 10000

07738 0.5%05 04437 03277 02373 03681 OM60 00778 00503 00313 0085 00102 00053 00024 00010 00003 00D 0.0000
09974 09185 08351 07373 08318 05181 04284 03370 02581 00875 01312 00870 00540 0.0308 00156 00067 00022 0.0005
09988 09914 09734 09421 08959 08369 07648 06826 05931 05000 04069 03174 02352 00631 01035 00579 00266 0.0085
10000 (L9995 09978 09933 05544 09692 09460 09130 0.B688 O0.812F 07438 06630 05716 04718 03672 02627 00648 0.0815
10000 1.0000 09999 0.59997 09990 059976 09947 09898 09815 O0.96A8 09497 0921 00040 08119 07627 067213 05563 04005
10000 10000 10000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 10000 10000 70000 1.0000 10000 10000 1.0000 1.0000 1.0000

0.7351 05314 03771 0.2621 QI7E0 00176 007534 00467 00277 00156 00083 0001 Q0018 0.0007 002 00001 000000 0.0000
09672 08857 07765 06534 05339 04202 03191 02333 09636 010%4 00692 00410 00223 00003 00046 00016 00004 0.0001
09978 059842 09527 05011 08106 07343 06470 05443 04405 03428 02553 0792 0174 00M05 0.0376 00070 U005 00013
0999 09987 09941 09830 09624 09295 0.83526 08208 0.7447 06563 05585 04557 03529 02557 0.169%4 00989 00473 0.0159
L0000 0.9999 0.99% 09964 0.99534 0.9391 09777 09590 09308 O08%06 06364 07667 063809 05798 04661 03446 02235 01143
10000 10000 1.0000 ©59%3 09998 09933 059932 09959 0.9917 05844 09723 05533 09246 08824 08220 07379 062I5 04686
10000 10000 10000 1.0000 10000 1.0000 1.0000 1.0000 10000 10000 1.0000 10000 1.0000 1.0003 1.0000 1.0000 1.0000 1.0000

06983 04783 03206 02097 01335 00824 00490 00280 00152 00078 00037 OOME 00006 00002 00001 00000 L0000 0.0000
0953 08303 07166 03767 044459 03294 02338 0,586 001024 00615 00357 00188 0.0050 0.0038 00073 00004 00001  0.0000
09962 09743 09262 08520 07564 06471 05323 04199 03164 02266 01529 00963 00556 0.0288 00129 0.0047 00017 00002
09998 05573 09879 05667 0.91%4 08740 08002 07101 06083 05000 03917 02858 04598 00260 00006 00333 00121 00027
10000 09998 09988 009953 09871 00712 09444 08037 08471 07734 06EI6 OSB0T 04677 02529 02436 00480 00738 00257
10000 1.0000 09999 09996 09987 09962 09910 09812 0.9643 09375 08976 056414 07662 06706 0.5551 04233 02834 0.1497
1.0000 10000 1.0000 1.0000 09999 0.9998 09994 09984 09963 09922 Q9648 09720 09510 Q.97 08665 07903 06704 05217
10000 1.0000 1.0000 10000 10000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 10000 1.0000 10003 1.0000 10000 1L.0000 1.0000

SR e = T N R ke D WA R R =D k=D W= =0 =0 e

(table continued on next page)
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(continued)

Table 7. (Continued)

D634 04305 02725 OUGTA Q1001 0076 D039 00068 0008 00039 OOMT 00007 00002 o000 00 0000 000N QU0
09418 08131 06572 05033 0367 02553 00691 00064 00633 0035 Q018D QDS 00036 00013 (OH Q0000 QU000 0O
09941 09609 0A%48 0799 06785 05518 04278 03154 01200 00445 DOBES Q04% 00255 00013 0MI 00012 00003 000
Q.9906 09950 09786 09437 08862 08059 07064 05940 04470 03633 D604 Q1737 01061 Q080 00173 00104 00025 OO0
1.0000 Da%6 09971 09836 09717 05420 08919 08363 0739 06367 05230 04059 02936 00940 00138 00563 0004 Q0050
1.0000 10000 098 0.9%8 09958 09887 09747 05502 09115 08555 07759 ObH4H 05722 04482 03215 002001 01052 Q038
10000 1000 L0000 09999 0999 D9IAT D9%6d 09915 09819 05648 09588 D89 OBME 07447 06EF 04T 03428 01869
10000 10000 10000 1.0000 1.0000 0599 09930 05993 009983 09961 08916 09812 09681 05424 08F 0B322 0775 D695
10000 D000 10000 10000 10000 10000 0000 10000 10000 10000 BO0OD 000D 10000 10000 10000 000 10000 10000

a2 0.3B74 02306 0.1343 00751 00e0d4 00R0F 00100 000ds 0000 00008 00003 G000 00000 00000 0000 (.0000 (U000
G598 07748 05995 04362 03003 0960 Q1211 O0R05 QU03ES 00195 00091 00038 00014 00004 00000 00000 00000 U000
09916 09470 08591 07382 06007 04628 033FF 008 00495 0069 DO04%E 00250 002 00043 0000 00003 O000KND  DUOKKE)
G4 09917 09661 09044 08343 07T 06059 04826 03604 02539 D658 0094 00336 00253 00000 00031 (L0006 QuDDoT
1.0000 0999 09944 0954 DA51 08012 08383 07334 06214 0NN DETEE O26&66 01717 00983 004E DODSE  (LDOSE DKM
10000 09%9 0.9%4 09969 0.9%00 09747 094% 05006 08342 07461 DAISE 05174 OIS 02703 01657 00856 00319 00081
1.0000 1000) 10000 09997 0987 05657 09888 059750 DA502 09102 DA505 O.FRR2 OAA2F 05372 0% 0261R 01404 OU0530
10000 10000 L0030 1.0000 09999 099% 09986 09962 09909 03805 09615 09295 OAFAY 08040 0697 05638 04005 02252
10000 10000 1.0000 1.0000 1.0000 10000 09990 05997 09992 09980 09954 098%0 09793 09504 00923 O0BESE 7684 OUG1 DG
10000 10000 10000 1.0000 1.0000 10000 10000 1.0000 10000 10000 D0000 10000 10000 10000 10000 V000 10000 10000

D597 03487 0,199 01074 00563 00287 00035 00060 QU025 00000 00003 V0001 0000 00000 (U000 00000 0Uo00d QL0000
09119 07361 05443 0758 02440 00453 00860 00864 0U023Y 00107 00045 Q0017 00005 000N 0UD000 Q0000 DUODCD QL0000
OUpBES Q9298 080 06578 05256 03828 02606 ODU6FY 0099 00547 00274 00023 Q0048 00016 00004 00001 OC00  OUD000
00 09872 09500 0871 OFF5 06496 05138 03823 O0u26ED 00719 000N Q0548 Q0060 0.01046 003F  QU000F 00000 QL0
0959 09964 0991 09672 03219 [B4%TF 07515 6331 05044 03770 02616 01663 Q094F 00473 MST Q0064 (L0014 QLG0T
10000 D9%FT 05386 09936 09603 09517 09051 08338 07384 06230 04356 03669 02485 00501 DUOFE1 QU028 O.0099 0U0016
10000 L0 09999 0.9991 09965 0994 09740 (5452 DB9SD D281 07340 0617 04862 OOIS04 02241 00309 00500 001X
10000  1L.0000 0.999% 0.999% 09984 09952 05877 09726 09453 09004 08327 07384 06172 04T 03222 D798 00702
10000 100 10000 1.0000 09999 09995 009981 09955 09893 09767 09536 09140 08507 P50 06242 Q4557 0.2639
1

e

10000 0000 OO00 1.0000 10000 1000 UFESS 087 009l 0TS 0940 0058653 09718 DUD4ET 08926 0B0IT 06503

i 000D 10000 10000 10000 10000 10000 10000 §0000 §O000F 10000 10000 10000 10000 10000 1000 0 0000 100
15 4613 0.2059 0.035F 00134 000F 00016 00005 00001 00000 00000 00000 Q0000 PO0GD 00000 00000 00000 00000
A0 05490 6T OB DOFSY 00042 0O005D 0000T 00005 00007 OO0 0000 00000 QUDO0D  QUDO0D QL0000 00000
09945 09444 06482 04613 01963 01T 00905 00424 00076 00063 00019 00005 00000 000000 00000 00000 00000
e 093873 O.B358 OKBRS 05155 03519 0.7 00204 00592 0255 00093 00028 000007 00001 O.0000 OO0 00000

0.9389 0ASTE O7F216 05641 0032 02808 001509 00769 00338 00124 0007 00008 Q0000 000D 00000
05819 05434 0B6ES 07548 Q60498 04522 03036 00818 00950 00421 0015T QU00A2  O.00E GOMT 00000
09958 08827 09500 06568 07869 06335 05000 03465 O30 00133 Q0500 QUNTI AT D006 00000
09903 05958 09848 09576 05050 08181 06964 05478 03907 03453 01310 Q0566 OOBT DO0DI6 00003
0 05992 09963 OBETE DA66E 09131 08491 0531 05968 04357 DITE4 0.1484 DUOGSTT QUNGE  QU00ZZ
000 10000 0599 09993 09971 DS90T 09745 09408 OATIE OUTHIT O 0USSB1 0L4B45 03135 0Ukd42 0UDGEF 027
10000 10000 09999 0.539% 099381 099317 09824 09576 09045 0827 OLr0an 05387 03518 Q1373 00556
10000 10000 10000 0.99% 0T D999 09%3 09593 0971 09383 0E7iD OUFek 06020 0UFBSE 0184
10000 10000 10000 10000 10000 09999 09995 09383 0FHE 09858 0%64T 09198 06329 06814 04500
10000 10000 10000 10000 10000 10000 10000 0.999% 09995 09984 05953 09866 09648 09116 07941
10000 10000 § 00 0000 000§ 0000 10O 10000 10000 10000 10000 §0000 1000 10000 1 (00KE

2993 09978
10008 09997
10000 10000
UL e W]
1O0CE  1.0000
0 1000 1000 1
I VEr 1,000 1
12 10000 10000 1
1
1
1

EE W R W =S S EWNMTWMbWN =0 CE-WIHkEEE E AT e D

1000
1000
100y
100K
00874
031586 "
09638 08159 06042 03580 02360 QAME 00617 00270 00007 00037 0007 00007 00000 00000 QU000 00000 0000 00000
08227
0.5%383
05852
09964
09994
09999
1 GO

13 10000 1.0000
14 10000 10000
15 10000 10000
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Table 8. Poisson Distribution

Ax 0 7 2 I 4 5 [ 7 & g
{1005 0351 .599 1000

0.10 0905  0.995 1.000

0.15 OLBGT .99 0. 999 F000

0.20 0819 0982 0999  1.000

0.25 0.779 0974 0996  1.000

0,30 0741 (L9ES [ 1.0

0.35 0705 09851 0994 1,000

0,40 L&D 09318 0.992 0,994 1.00KD

.45 0638 0925 0989 0999 1,000

0,50 0.607 0910 0986 0998  1.000

(.55 0577 0694 0982 0998  1.000

.60 0 540 0L.EFE 0.977 D.og7 1.0

.65 0.522  (.B&1 0972  09% 0999  1.000

0.70 0497 0644 0966 09% 0999 1,000

.75 0472 L.BZ7 0360 09493 0,999 1.000

0.80 0.449 0808 0553  0.991 0999  1.000

0,85 0427 7o .94 5 0.9 .998 1.000

0.90 0.407 0772 0437 0587 0998  1.000

0,95 0367 (L7754 .9y . 9H4 [HRS L ol 1.000

1.0 O 36E 0.7316 D920 0,941 10,95 0999 1000

1.1 0333 0699 0900 0974 0995 0899 1.000

1.2 0301 0663 0880 0966 0992 098 1000

1.3 0.273 0627 0857 0957 0989 059 1000

1.4 0.247 0592 0833 0946 0986 0 0997 0999 1.000

1.5 0,223 0558 0809 0934 098 0896 0999  1.000

1.6 0202 LEZS 0.7E3 0,921 0,976 hoog 0.995 1.000

1.7 0183 0493 0757 0807 0970 0592 0998 1.000

1.8 0165 il 071 0,891 .94 0.990 0947 ] 1.0

1.9 0150 0434 0704 0875 095 0987 0997 0999 1,000
2.0 0.13% 006G 06T 0857 [ER=E e Oy Ll 0, [

2.2 0111 0355 0423 Q819 0924 0ers 0991 0998 1.000
24 0091 O030B 0570 0779 0904 0964 20988 0997 0999 000
26 0074 0267 0518 073 0877 0951 0983 0995 0999 1.000
2.8 .06 0.231 0470 m.6a92 .848 19315 0.976 0,902 0.994 1.5
(table continued on next page)
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(continued)

Table 8. (Continued)
Bk o 1 2 3 4 5 3 7 & L 1o r: 12 13 14 15 16 17 1a q 20
A0 0050 0099 0421 0647 0BS5S 0916 D966 0938 0996 0999 1.000
3.2 0T 0OOFT D380 0603 D.7A1 0BS5S 0955 0983 0994 05993 1.000
34 0033 0147 0340 0558 0744 0B71 D942 0977 00992 0997 0999 1.000
36 0027 0026 0303 0515 0706 D844 0927 096% 0938 0996 0999 1.000
g 00221 0007 0269 0474 D66E DATE 0909 0960 0984 0994 0998 0999 1 000
40 ME 0092 0238 0433 0629 0785 0BT 0949 0979 0992 0997 0999 1.o000
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A

ABC analysis, 268

Acceptable:
outgoing quality level, 422
quality level, 10

Acceptance sampling plans, 430431
for attributes, 430438

Actua output, 140

Aggregate planning, 39, 231267
capacity strategy, 240241
chase plan, 236, 240241
heuristic decision rules, 244246
least cost program, 241244
level plan, 236, 240241
linear decision rule, 243244
management coefficients model, 244
search decision rule, 244246
transportation linear programming method, 241243
trial and error method, 234239
uniform output rate plan, 236
variable output rate plan, 237

Airflow, 184

Analysis:

ABC, 268
break even, 142, 155, 159160
control activities, 184

economic, 129130
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flow diagrams, 129
make buy, 129130
manual activity, 184
marginal, 283285
pareto, 17
product, 115, 125129
queuing, 392393
regression, 65, 7881
time series, 8586
trend, 65, 86
value, 115, 330
Annuity, present value, 345
Appraisal costs, 1314
Arrival rate, 390, 396
Assembly:
charts, 114, 125126
processes, 120121
Assignable causes, 422
Assignment:
method, 249251
problem, 231
Auditory displays, 183
Automatic systems, 182
Automation, 122124
cell, 123124
computer integrated manufacturing, 124
flexible manufacturing system, 123124
numerical control, 122123
robotry, 123
Availability, 132

Average quality of outgoing lots, 436438



B

Backward pass, 361

Benchmarking, 1718

Beta distribution, 361

Bill of materials, 305, 309

Bottlenecks management, 144
Break-even analysis, 142, 155, 159160

Business process reengineering, 1, 20

C
Canada Awards for Business Excellence, 18
Capacities, aternative, evaluating, 142144
Capacity, 114
aternative, 142144
decision tree, 143144
measures, 141
planning, 114154
actual output, 140
alternative, evaluating, 142144
bottlenecks management, 144
break-even analysis, 142
constraints, theory of, 144
design capacity, 140
effective capacity, 140
efficiency, 140
rough cut, 231232, 246247
utilization, 140
requirements, 6
planning, 305
strategy, 240241
Capital budgeting, 342



Carrying costs, 269
constant, 275276

percentage of purchase price, 277279
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Cell, 123124
Cdlular layout, 210
Center of gravity method, 155, 160161
Certainty, 48
Channels, 390
Chase plan, 231, 236, 240241
Chemical processes, 120
Classical decomposition, 65, 8587
Clerical and information processes, 121
Coefficient of determination, 8183
Commitment to:
quality improvement, 12
training, 12
Communications, effective, 12
Computer:
aided:
design (CAD), 114
manufacturing (CAM), 114
integrated manufacturing, 124
simulation, waiting lines, 411
software:
forecasting, 94
inventory planning, 285
just-in-time manufacturing, 330
material requirements planning (MRP), 310313
plant layouts, 213
project management, 443
quality control, 443

regression, 8485
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scheduling systems, 247
COMSOAL line balancing technique, 220221
Concepts, 181182
Constraints, theory of, 144
Consumer:

risk, 422
surveys, 69
Contaminants, 185
Continuous improvement, 1, 1718
benchmarking, 1718
fishbone diagrams, 17
5W2H approach, 17
Ishikawa diagrams, 17
Pareto analysis, 17
PDCA cycle, 17
quality circles, 17
statistical process control, 17
Continuous systems, 4
Control activities, 183184
analysis, 184
charts, 9798, 422

attributes, 440443

means, 426428

ranges, 428430
Correlation coefficient, 65, 8182
Costs, 67

appraisal, 1314

carrying, 269, 275279
equivalent uniform, 342, 349350
failure, 1314

holding, 269



incremental, 129
inventory, 269
material handling, 211
opportunity, 4950
ordering, 269, 324325
prevention, 1314
production, 117
quality, 9, 1315
shortage, 269
stockout, 269
Crashing, 361, 373
Critical path, 361
method model, 373377
crash solution, 375377
minimum-cost, determination, 375377
management use, 377
normal solution, 374375
steps, 368372
Crosby, Phillip, 17
Customer, focus on, 12
Cycletime, 205, 216, 268

Cyclical components, 86

D
Decision:
making, 2664
under risk, 26
under uncertainty, 2728, 30
matrix, 26, 2829
theory, 2628
tree, 26, 3134

capacity decision, 143144



model, 32
nodes, 3133
outcome, 31
“"pruning,” 3233
state probability, 31
Decomposition of time series, 8794
Defects-per-unit charts, 442443
Degeneracy, 168
Delivery, speed of, 7
Delphi method, 65, 69
Demand rate:
maximum, 280

variable, 280282
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Deming Prize, 18

Descriptive models, 38
Deseasonalized data, 65

Design capacity, 140

Determination of safety stock, 279283
Discounted cash flow techniques, 342
Distribution, 39

Divisibility, 48

Double sampling, 439

Due date, 231

Dummy activity, 361

E
Earliest:
finish time, 361
start time, 361
Economic:
analysis, 129130
order quantity, 268279
applications, 272
assumption, 272
basic model, 270271
carrying costs:
constant, 275276
percentage of purchase price, 277279
noninstantaneous replenishment, 272274
quantity discounts, 274275
Effective capacity, 140
Efficiency, 8, 140

Electronic data exchange, 330
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Employee involvement in quality, 12
Environment, work, 184185
arflow, 184
contaminants, 185
hazards, 185
humidity, 184
light, 185
noise, 184
temperature, 184
Equipment, 121122
Equivalent uniform cost, 349350
annual, 342
Expected value of perfect information, 2931
Expert opinions, 6869
Exploding, 308
Exponential:
distribution, 390
smoothing, 65, 7378
with trend effects, 7678

External failure, 14

=
Facilities, 6
design, 205230
investment decisions, 342360
annuity, present value, 345
capital budgeting, 342
investment projects:
evaluation, 346350
equivaent uniform annual cost, 349350
internal rate of return, 348

net present value, 347348



payback period, 346

features, 343
income taxes, 350352

net present value, 347348

present value of money, 344

time value of money, 343344

layout, 205230

types, 207211
cellular, 210
fixed position, 205, 211
functional, 209210
group, 210
joblot, 209210
line, 207208
mass production, 207208
process, 209210
product, 207208, 210
straight line, 207208

location, 155178

breakeven analysis, 155

decisions, 158

factors, 156

multiplant, 157

site selection, 156157

special considerations, 157158

transportation linear programming, 161169
degeneracy, 168
modified distribution method, 166
northwest corner rule, 162163
stepping stone method, 166168

unbalanced problems, 168



Vogel's approximation method, 163165

Factor ratings, 155, 160

Failure:
costs, 1314
external, 14
internal, 14
rate, 132133

Fishbone diagrams, 1, 17

5W2H approach, 17

Fixed position layout, 205, 211
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Flexibility, 7
Flexible manufacturing system, 114, 123124
Flow diagrams, 126127
analysis, 129
Flow process chart, 114, 127128
Forecasting, 65113
computer software, 94
methods, 6768
qualitative approach, 6869
consumer surveys, 69
Delphi method, 69
expert opinions, 6869
salesforce polling, 69
quantitative approach, 67, 7078
exponential smoothing, 7378
with trend effects, 7678
moving averages, 7073
weighted moving average, 72
selecting, 6768
process, steps, 6970
Forecasts:
control of, 96
evaluation, 9596
tracking signals, 9697
Functional:
design, 116

layout, 209210

G

Gantt charts, 248, 361363
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Gozinto charts, 125
Graphical models, 3637

solving linear programming problems, 26
Group:

layout, 205, 210

technology, 205

H
Hazards, 185
Heuristic:

decision rules, 244246

line balancing technique, 205, 218220
Historical standards, 193
Holding costs, 269
Human manipulative activities, 183184

Humidity, 184

I
Income taxes, affect on decision making, 350352
Incremental costs, 129
Independent demand, 268
Information:

input, 183

perfect, expected value, 2931
Inputs, 2
Intangible factors, 130
Intermittent systems, 4
Internal:

falure, 14

rate of return, 342, 348
Inventory:

control, ABC system, 289292



costs, 269
management, 268304
economic order quantity, 268279
planning, computer aided, 285
simulation, 287289
single period, 283285
status file, 305, 310
Investment project features, 343
Irregular component, 86
Ishikawa diagrams, 17
I SO-9000 series standards, 18

J
Job design, 179185
concepts, 181182
automatic systems, 182
manual systems, 182
semiautomatic systems, 182
human manipulative activities, 183184
control activities, 183184
manual activity, 184
information input, 183
auditory displays, 183
tactual displays, 183
visual displays, 183
man machine systems, 180181
work environment, 184185
airflow, 184
contaminants, 185
hazards, 185
humidity, 184
light, 185



noise, 184
temperature, 184
Job lot layout, 209210
Johnson'srule, 231, 254255
Joining of parts, 118
Juran, Joseph, 16
Just-in-time manufacturing, 305341
behavioral factors, 320321
benefits, 328329
computerized, 330
cost management, 327
decentralization of services, 326
environmental factors, 320321

inventory reduction, 325

< previous page page 480 next page >



< previous page page 481 next page >
Page 481

manufacturing cells, 326

multifunction labor, 326

ordering costs, 324325

purchasing aspects, 321324

replenishment lead time, 324325

suppliers as partners, 326

total quality control, 326

traditional manufacturing, compared, 325328

versus MRP, 329330

K
Kaizen, 17

Kanban, 305, 318320

L

Latest:
finish time, 361
start time, 361

Layout, facilities, 205230
types, 207211
cellular, 210
fixed position, 211
functional, 209210
group, 210
job lot, 209210
line, 207208
mass production, 207208
process, 209210
product, 207208, 210
straight line, 207208
Lead time, 268



constant, 280281
variable, 282
Learning curve, 194197
effect, 179
L east:
cost program, 241244
squares:
method, 65, 7881
regression, 194
Level plan, 231, 236, 240241
Light, 185
Line balancing, 205, 214217
techniques, 218221
auxiliary, 221
COMSOAL, 220221
heuristic, 218220
Line layout, 207208
Linear decision rule, 243244
Linear Interactive and Discrete Optimization (LINDO), 4849
Linear programming, 26, 3850
applications, 39
aggregate planning, 39
distribution, 39
location, 39
scheduling, 39
assumptions, 48
computation methods, 4142
graphical method, 41
simplex method, 41, 4448
computer applications, 4849

formulation, 3940



simplex method, 4448
Linearity, 48
Loading, 231, 248251
assignment method, 249251
Gantt charts, 248
Location, 39
break-even analysis, 155, 159160
decisions, 158
facility, 155178
factors, 156
multiplant, 157

special considerations, 157158

M
Maintenance, 136139
economic trade offs, 137139
preventative, 137
Make buy analysis, 114, 129130
economic, 129130
incremental costs, 129
intangible factors, 130
policies, 130
Malcolm Baldrige National Quality Award, 18
Man machine systems, 180181
Management:
coefficients model, 244
models, 37
supply chain, 1,9
support, of quality, 12
total quality, 2, 93
Manual:

activity, analysis, 184



systems, 182
Manufacturing:
operations, 56
resource planning, 305
Marginal:
analysis, 283285
approach, 268
Mass production layout, 207208
Master:
production schedule (MPS), 231, 232
scheduling, 231267, 309310
Material Requirements Planning (MRP), 305341

benefits, 316
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closed loop, 316
computer program, 310313
inventory decision rules, 315
outputs, 314315
versus Just-in-time manufacturing, 329330
Materials, 118119
control, 6
handling:
costs, minimizing, 211
methods, 207
Mathematical models, 26, 3536
Maximum cycle time, 216
Maxmax, 30
Maxmin, 30
Mean:
absolute deviation, 65, 95
squared error, 95
time between failures, 132
timeto repair, 132
Measures, 12
performance, 8
productivity, 89
Minimum possible cycle time, 216
Models, 26, 3538
critical path method, 373377
decision trees, 32
descriptive, 38
graphical, 3637

management, 37
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coefficients, 244
mathematical, 3536
narrative, 35
optimization, 26, 37
physical, 35
prescriptive, 38
program evaluation and review technique (PERT), 37
project:
planning, 37
scheduling, 362
guantity discount, 268
gueuing notations, 407410
simulation, 3738
statistical, 37
Modified distribution method, 166
Modular design, 115, 117
Monte Carlo simulation, 287289, 390, 396
Motion study, 179
Moving average, 65, 7073, 8990
Multiplant location, 157
Multiple:
channel line, 390
multiple phase case, 394395
single phase case, 394
regression, 85

sampling, 439

N

Narrative models, 35

Net present value, 342, 347348
Network construction, rules, 364368

Nodes, 361



decision tree, 3133
Noise, 184
Nonnegativity, 48
Normal time, 373
Northwest corner rule, 162163

Numerical control, 122123

@)

Open orders, 310

Operating characteristic curve, 422, 431436

Operations:
manufacturing, 56
process charts, 127, 179
scheduling, 247255
loading, 248251

assignment method, 249251

Gantt charts, 248
sequencing, 251255
sequencing:
Johnson's rule, 254255
priority rules, 251254
scope, 125
service, 56
strategy, 6
Opportunity costs, 4950
Optimization models, 26, 37
Ordering costs, 269, 324325
Organization, 6
Outputs, 2
P

Parallel system, 135136
Pareto analysis, 17, 423424



Parts, joining, 118
Payback period, 342, 346
Payoff table, 2829
PDCA cycle, 17
Percentage defective charts, 440441
Perfect information, expected value, 2931
Performance:
measures, 8
rating, 186
Physical models, 35
Planned receipts, 310311

Plant layout decision, 221223
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Poisson distribution, 390, 396, 398406
Prediction confidence interval, 8384
Prescriptive models, 38
Present value of money, 344
Preventative maintenance, 137
Prevention costs, 1314
Prices, shadow, 4950
Priority rules, 231, 251254
Process:
business reengineering, 1, 20
forecasting, 6970
flow chart, 114, 127128
layout, 205, 209210
planning, 115, 124
reliability, 134135
selection, 114154
statistical control, 17
Processes, 118121
assembly, 120121
changing shape or form, 120
chemical, 120
clerical and information, 121
transport, 121
Producer's risk, 422
Product:
analysis, 115, 125129
assembly charts, 125126
flow diagrams, 126129

Gozinto charts, 125
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operation process charts, 127
design, 115117
aternatives, 118119
joining of parts, 118
materials, 118119
parts, joining, 118
processes, 118121
reduced processing, 119
simplified designs, 118119
tolerances, 118
functional design, 116
production design, 116117
modular design, 117
simplification, 117
standardization, 116
layout, 207208, 210, 214217
planning, 114154
automation, 122124
equipment, 121122
Production:
costs, 117
design, 116117
planning, 6, 232233
standards, 185187
determination, 186
uses, 185
systems, 1, 45
Productivity, 1
measures, 89
Program evaluation and review technique (PERT), 361, 363373

critical path steps, 368372



rules of network construction, 364368
summary, 372373
Project:
management, 361389
computer software, 378
planning models, 37
scheduling models, 362

Q
Quality, 1, 67
acceptable level, 10
assurance, 422453
acceptable outgoing quality level, 422
acceptance sampling, 430438
assignable causes, 422
average quality of outgoing lots, 436438
computer software, 443
consumer'srisk, 422
control chart, 422
attributes, 440443
means, 426428
ranges, 428430
defects-per-unit charts, 442443
double sampling, 439
multiple sampling, 439
operating characteristic curve, 422, 431436
Pareto analysis, 423424
percentage defective charts, 440441
producer's risk, 422
sampling plans, 438440
sequential sampling, 439440

state of statistical control, 425



statistical quality control, 424430
awards, 18
certifications, 18
circles, 17
control:
computer software, 443
Taguchi method, 2, 1820
costs, 9, 1315
optimal, 1416
definition, 10
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function deployment, 119
loss function, 1819
management, total, 2
Quantity discount model, 268
Queue, 390
discipline, 390, 396
Queuing, 390421
analysis, 392393
notations, 397410
finite source model, 407410
multiple channel waiting line,
Poisson arrivals and exponential service times, 404406
single channel waiting line, Poisson
arrivals:
constant service times, 401402
exponential service times, 398401
service times not specified, 403404
problems, structure, 394395
theory, 390

R
Random component, 86
Ratings:

as measurement, 186187

performance, 186
Recognition, importance of, 13
Reduced processing, 119
Regression:

analysis, 65, 7881

computer software, 8485
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multiple, 85
simple, 78
statistics, 8183
coefficient of determination, 8183
correlation coefficient, 8182
prediction confidence interval, 8384
standard error of the estimate, 8384
Reliability, 115, 131136
measures, 132136
Reorder point, 268, 271
Rewards, importance of, 13
Risk, decision making, 26
Robotry, 123

Rough cut capacity planning, 231232, 246247

S
Safety stock, 268
determination, 279281
Salesforce polling, 69
Sample size, determining, 190191
Sampling plans, 438440
Scheduled receipts, 310
Scheduling, 39, 232
Search decision rule, 244246
Seasona component, 86
Semiautomatic systems, 182
Sequencing, 232, 251255
Johnson's rule, 254255
priority rules, 251254
Sequential sampling, 439440
Series system, 135136
Service:



level, 268
operations, 56
rate, 390, 396
Shadow prices, 26, 4950
Shortage costs, 269
Shortest processing time (SPT), 232
Simple regression, 65, 78
Simplex method, 27, 4448
Simplification, 117
Simplified designs, 118119
SIMSCRIPT, 390
Simulation, 27, 286289, 390
models, 3738
Single channel, 390
multiple phase case, 394
single phase case, 394
Site selection, 156157
Slack, 361
Standard:
data, 192193
for job families, 193
error of the estimate, 8384
Standardization, 116
Standards, 12
determination, 186, 191192
predetermined, 192
uses, 185
State of statistical control, 425
Statistical:
models, 37

process control, 17



quality control, 424430
Stepping stone method, 166168
Stockout costs, 269

incorporation, 282283
Stopwatch methods, 187190
Straight line layout, 207208
Supplier certification, 18
Supply chain management, 1, 9
System:

components, 309310

logic, 307309

Systematic layout planning, 205, 211213
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Systems:
continuous, 4
intermittent, 4

production, 1, 45

-
Tactual displays, 183
Taguchi method of quality control, 2, 1820
Tardiness, 232
Technical estimates, 193
Technology, 6
Temperature, 184
Theory of constraints (TOC), 115
Time:

bucket, 305

series analysis, 8586

standard, 179

study, 179, 187190

value of money, 343344
Tolerances, 118
Total quality:

costs, 14

management, 2, 913

elements, 1213
principles, 11

Tracking signals, 9697
Training, commitment to, 1213
Transport processes, 121
Transportation linear programming, 155, 161169, 241243

degeneracy, 168
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modified distribution method, 166

northwest corner rule, 162163

stepping stone method, 166168

unbalanced problems, 168

V ogel's approximation method, 163165
Trend:

analysis, 65, 86

component, 86

Trial and error method, 234239

U

Unbalanced problems, 168
Uncertainty, decision making, 2728, 30
Uniform output rate plan, 236
Universal standard data, 193
Utilization, 140

factor, 390

\%
Value:
analysis, 115, 330
engineering, 330
Variable output rate plan, 237
Vertical integration, 6
Visual displays, 183
Vogédl's approximation method, 163165

W

Waiting lines, 390421
analytical models, 395397
computer simulation, 411
problems, 394395

Weighted moving average, 72



Work:
design, 180185
concepts, 181182
automatic systems, 182
manual systems, 182
semiautomatic systems, 182
human manipulative activities, 183184
control activities, 183184
manual activity, 184
information input, 183
auditory displays, 183
tactual displays, 183
visual displays, 183
man machine systems, 180181
environment, 184185
arflow, 184
contaminants, 185
hazards, 185
humidity, 184
light, 185
noise, 184
temperature, 184
force, 6
measurement, 179204
sampling, 179, 190192

system, design, 179204
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