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Forward

This textbook series is published at a very opportunity time when the discipline of
industrial engineering is experiencing a phenomenal growth in China academia and with its
increased interests in the utilization of the concepts, methods and tools of industrial
engineering in the workplace. Effective utilization of these industrial engineering
approaches in the workplace should result in increased productivity, quality of work,
satisfaction and profitability to the cooperation.

The books in this series should be most suitable to junior and senior undergraduate
students and first year graduate students, and to those in industry who need to solve

problems on the design, operation and management of industrial systems.

(ol Sadiaht

Gavriel Salvendy

Department of Industrial Engineering, Tsinghua University
School of Industrial Engineering, Purdue University

April, 2002
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Simulation is a modeling and analysis technique used to evaluate and improve
dynamic systems of all types. It has grown from a relatively obscure technology
used by only a few specialists to a widely accepted tool used by decision makers
at all levels in an organization. Imagine being in a highly competitive industry
and managing a manufacturing or service facility that is burdened by outdated
technologies and inefficient management practices. In order to stay competitive,
you know that changes must be made, but you are not exactly sure what changes
would work best, or if certain changes will work at all. You would like to be able
to try out a few different ideas, but you recognize that this would be very time-
consuming, expensive, and disruptive to the current operation. Now, suppose
that there was some magical way you could make a duplicate of your system and
have unlimited freedom to rearrange activities, reallocate resources, or change
any operating procedures. What if you could even try out completely new tech-
nologies and radical new innovations all within just a matter of minutes or hours?
Suppose, further, that all of this experimentation could be done in compressed
time with automatic tracking and reporting of key performance measures. Not
only would you discover ways to improve your operation, but it could all be
achieved risk free—without committing any capital, wasting any time, or dis-
rupting the current system. This is precisely the kind of capability that simulation
provides. Simulation lets you experiment with a computer model of your system
in compressed time, giving you decision-making capability that is unattainable
in any other way.

This text is geared toward simulation courses taught at either a graduate or an
undergraduate level. It contains an ideal blend of theory and practice and covers
the use of simulation in both manufacturing and service systems. This makes it
well suited for use in courses in either an engineering or a business curriculum.
It is also suitable for simulation courses taught in statistics and computer science
programs. The strong focus on the practical aspects of simulation also makes it a
book that any practitioner of simulation would want to have on hand.

This text is designed to be used in conjunction with ProModel simulation
software, which accompanies the book. ProModel is one of the most powerful
and popular simulation packages used today for its ease of use and flexibility.
ProModel was the first fully commercial, Windows-based simulation package and
the first to introduce simulation optimization. ProModel is already being used in
thousands of organizations and taught in hundreds of universities and colleges
throughout the world. While many teaching aids have been developed to train
individuals in the use of ProModel, this is the first full-fledged textbook written
for teaching simulation using ProModel.

Simulation is definitely a learn-by-doing activity. The goal of this text is not
simply to introduce students to the topic of simulation, but to actually develop
competence in the use of simulation. To this end, the book contains plenty of
real-life examples, case studies, and lab exercises to give students actual experi-
ence in the use of simulation. Simulation texts often place too much emphasis on
the theory behind simulation and not enough emphasis on how it is used in actual
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Foreword

problem-solving situations. In simulation courses we have taught over the years,
the strongest feedback we have received from students is that they wish they had
more hands-on time with simulation beginning from the very first week of the
semester.

This text is divided into two parts: a section on the general science and prac-
tice of simulation, and a lab section to train students in the use of ProModel.
While the book is intended for use with ProModel, the division of the book into
two parts permits a modular use of the book, allowing either part to be used inde-
pendently of any other part.

Part I consists of study chapters covering the science and technology of simu-
lation. The first four chapters introduce the topic of simulation, its application to
system design and improvement, and how simulation works. Chapters 5 through
10 present both the practical and theoretical aspects of conducting a simulation
project and applying simulation optimization. Chapters 11 through 13 cover spe-
cific applications of simulation to manufacturing, material handling, and service
systems.

Part II is the lab portion of the book containing exercises for developing sim-
ulation skills using ProModel. The labs are correlated with the reading chapters
in Part I so that Lab 1 should be completed along with Chapter | and so on. There
are 13 chapters and 13 labs. The labs are designed to be self-teaching. Students
are walked through the steps of modeling a particular situation and then are given
exercises to complete on their own.

This text focuses on the use of simulation to solve problems in the two
most common types of systems today: manufacturing and service systems.
Nearly 15 percent of the U.S. workforce is employed in manufacturing. In 1955,
about one-half of the U.S. workforce worked in the service sector. Today nearly
80 percent of the American workforce can be found in service-related occupa-
tions. Manufacturing and service systems share much in common. They both
consist of activities, resources, and controls for processing incoming entities.
The performance objectives in both instances relate to quality, efficiency, cost
reduction, process time reduction, and customer satisfaction. In addition to having
common elements and objectives, they are also often interrelated. Manufacturing
systems are supported by service activities such as product design, order manage-
ment, or maintenance. Service systems receive support from production activities
such as food production, check processing, or printing. Regardless of the industry
in which one ends up, an understanding of the modeling issues underlying both
systems will be helpful.

Electronic Textbook Options

XX

Etextbooks are an innovative way for students to save money and create a greener
environment at the same time. An ebook can save students about half the cost of
a traditional textbook and offers unique features like a powerful search engine,
highlighting, and the ability to share notes with classmates using ebooks.
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McGraw-Hill offers this text as an ebook. To talk about the ebook options,
contact your McGraw-Hill sales rep or visit the site www.coursesmart.com to
learn more.

Online Supplements

In addition to the printed text, numerous supplemental materials are available
on the McGraw-Hill Web site at www.mhhe.com/harrell3e. These include case
studies, PowerPoint slides and ProModel software downloads. The case studies
are taken mostly from actual scenarios that can be assigned as simulation proj-
ects. They are intended as capstone experiences to give students an opportunity to
bring together what they have learned in the course to solve a real-life problem.

McGraw-Hill Create™

Craft your teaching resources to match the way you teach! With McGraw-Hill
Create™, www.mcgrawhillcreate.com, you can easily rearrange chapters, com-
bine material from other content sources, and quickly upload content you have
written like your course syllabus or teaching notes. Find the content you need
in Create by searching through thousands of leading McGraw-Hill textbooks.
Arrange your book to fit your teaching style. Create even allows you to personal-
ize your book’s appearance by selecting the cover and adding your name, school,
and course information. Order a Create book and you’ll receive a complimentary
print review copy in 3-5 business days or a complimentary electronic review
copy (eComp) via email in minutes. Go to www.mcgrawhillcreate.com today and
register to experience how McGraw-Hill Create™ empowers you to teach your
students your way.

McGraw-Hill Higher Education and
Blackboard Have Teamed Up

Blackboard

Do More

Blackboard, the Web-based course-management system, has partnered with
McGraw-Hill to better allow students and faculty to use online materials and
activities to complement face-to-face teaching. Blackboard features exciting
social learning and teaching tools that foster more logical, visually impactful
and active learning opportunities for students. You’ll transform your closed-door
classrooms into communities where students remain connected to their educa-
tional experience 24 hours a day.

This partnership allows you and your students access to McGraw-Hill’s
Create™ right from within your Blackboard course—all with one single sign-on.
McGraw-Hill and Blackboard can now offer you easy access to industry leading
technology and content, whether your campus hosts it, or we do. Be sure to ask
your local McGraw-Hill representative for details.

XXi



o w Lt E D G M E N T S

No work of this magnitude is performed in a vacuum, independently of the help
and assistance of others. We are indebted to many colleagues, associates, and
other individuals who had a hand in this project. John Mauer (Geer Mountain
Software) provided valuable information on input modeling and the use of
Stat::Fit. Dr. John D. Hall (APT Research, Inc.) and Dr. Allen G. Greenwood
(Mississippi State University) helped to develop and refine the ANOV A material
in Chapter 9. Kerim Tumay provided valuable input on the issues associated with
service system simulation.

We are grateful to all the reviewers of past editions not only for their helpful
feedback, but also for their generous contributions and insights. For their work in
preparation of this third edition, we particularly want to thank: Krishna Krishnan,
Wichita State University; Robert H. Seidman, Southern New Hampshire Univer-
sity; Lee Tichenor, Western Illinois University; Hongyi Chen, University of Min-
nesota, Duluth; Anne Henriksen, James Madison University; Leonid Shnayder,
Stevens Institute of Technology; Bob Kolvoord, James Madison University; Dave
Keranen, University of Minnesota, Duluth; Wade H Shaw, Florida Institute of
Technology; and Marwa Hassan, Louisiana State University.

Many individuals were motivational and even inspirational in taking on this
project: Peter Kalish, Rob Bateman, Lou Keller, Averill Law, Richard Wysk,
Dennis Pegden, and Joyce Kupsh, to name a few. We would especially like to
thank our families for their encouragement and for so generously tolerating the
disruption of normal life caused by this project.

Thanks to all of the students who provided valuable feedback on the first and
second editions of the text. It is for the primary purpose of making simulation
interesting and worthwhile for students that we have written this book.

We are especially indebted to all the wonderful people at PROMODEL Cor-
poration who have been so cooperative in providing software and documentation.
Were it not for the excellent software tools and accommodating support staff at
PROMODEL, this book would not have been written.

Finally, we thank the editorial and production staff at McGraw-Hill: Peter
Massar, Lora Neyens, Melissa Leick, and Brittney Corrigan-McElroy. They have
been great to work with.



E F C o N il E N T

PART |

Stupy CHAPTERS

1 Introduction to Simulation 3

2 System Dynamics 33

3 Simulation Basics 57

4 Discrete-Event Simulation 87

5 Data Collection and Analysis 115

6 Model Building 161

7 Model Verification and Validation 193
8 Simulation Output Analysis 211

9 Comparing Systems 243

10 Simulation Optimization 273

11 Modeling Manufacturing Systems 299
12 Modeling Material Handling Systems 323
13 Modeling Service Systems 345

PART I

LaBs

1 Introduction to ProModel 365

2 Building Your First Model 379

3 ProModel's Output Viewer 405

4 Basic Modeling Concepts 419

5 Fitting Statistical Distributions to Input Data 465
6 Intermediate Model Building 475

7 Model Verification and Validation 517

8 Simulation Output Analysis 527

9 Comparing Alternative Systems 549

10 Simulation Optimization with SimRunner 569
11 Modeling Manufacturing Systems 595

12 Material Handling Concepts 617

13 Modeling Service Systems 639

Appendix A Continuous and Discrete Distributions in ProModel 669

Appendix B Critical Values for Student's t Distribution and Standard
Normal Distribution 674

Appendix C F Distribution for« = 0.05 675

Appendix D Critical Values for Chi-Square Distribution 676

Index 677



Cc

PART |

StupYy CHAPTERS

1 Introduction to Simulation 3

1.1
152
1.3
1.4
1.5
1.6

1.7

1.8

1.9

1.10

111
1.12
113

.14

Introduction 3

What Is Simulation? 5

Why Simulate? 6

Doing Simulation 8

Use of Simulation 10

When Simulation Is Appropriate 11

Qualifications for Doing

Simulation 13

Conducting a Simulation Study 14
1.8.1 Defining the Objective 15
1.8.2 Planning the Study 18

Economic Justification of

Simulation 18

Sources of Information on

Simulation 22

How to Use This Book 22

Summary 23

Review Questions 24

Case Studies 25

References 30

2 System Dynamics 33

2.1
2.2
2.3

2.4

2.7

Introduction 33

System Definition 34

System Elements 35

2.3.1 Entities 36

2.3.2  Activities 36

2.3.3 Resources 36

234 Controls 37

System Complexity 37

2.4.1 Interdependencies 38
2.4.2 Variability 39
System Performance Metrics 41
System Variables 43

2.6.1 Decision Variables 43
2.6.2 Response Variables 44
2.6.3 State Variables 44
System Optimization 44

E N T S

2.8 The Systems Approach 46
2.8.1 Identifying Problems and
Opportunities 47
2.8.2 Developing Alternative
Solutions 47
2.8.3 Evaluating the
Solutions 48
2.8.4 Selecting and Implementing
the Best Solution 48
2.9 Systems Analysis Techniques 48
2.9.1 Hand Calculations 50
2.9.2 Spreadsheets 50
2.9.3" Operations Research
Techniques 51
2.9.4 Special Computerized
Tools 54
10 Summary 55
11 Review Questions 55
References 56

[N

Simulation Basics 57

3.1 Introduction 57
3.2 Types of Simulation 57
3.2.1 Static versus Dynamic
Simulation 58
3.2.2 Stochastic versus
Deterministic
Simulation 58
3.2.3 Discrete-Event versus
Continuous Simulation 59
3.3 Random Behavior 61
3.4 Simulating Random Behavior 63
3.4.1 Generating Random
Numbers 63
3.4.2 Generating Random
Variates 68
3.4.3 Generating Random
Variates from
Common Continuous
Distributions 71
3.4.4 Generating Random
Variates from
Common Discrete
Distributions 73



Contents

3.5 Simple Spreadsheet Simulation 74
3.5.1 Simulating Random
Variates 75
3.5.2 Simulating Dynamic,

Stochastic Systems 79
3.5.3 Simulation Replications and
Output Analysis 82
3.6 Summary 83
3.7 Review Questions 83
References 85

4 Discrete-Event Simulation 87

4.1 Introduction 87
4.2 How Discrete-Event Simulation
Works 88
4.3 A Manual Discrete-Event Simulation
Example 89
4.3.1 Simulation Model
Assumptions 91
4.3.2 Setting Up the
Simulation 91
4.3.3 Running the
Simulation 94
4.3.4 Calculating Results 99
4.3.5 Issues 102
4.4 Commercial Simulation
Software 102
4.4.1 Modeling Interface
Module 102
4.42 Model Processor 103
4.4.3 Simulation Interface
Module 103
4.4.4 Simulation Processor 104
4.4.5 Animation Processor 104
4.4.6 Output Processor 105
4.4.7 Output Interface
Module 105
4.5 Simulation Using ProModel 106
4.5.1 Building a Model 106
4.5.2 Running the
Simulation 106
4.5.3 Output Analysis 107
4.6 Languages versus Simulators 109
4.7 Future of Simulation 111

vii

4.8 Summary 112
4.9 Review Questions 113
References 114

5 Data Collection and Analysis 115

5.1 Introduction 115
5.2 Guidelines for Data Gathering 116
5.3 Determining Data
Requirements 118
5.3.1 Structural Data 118
5.3.2 Operational Data 118
5.3.3 Numerical Data 119
5.3.4 Use of a Questionnaire 119
5.4 Identifying Data Sources 120
5.5 Collecting the Data 121
5.5.1 Defining the Entity
Flow 121
5.5.2 Developing a Description
of Operation 122
5.5.3 Defining Incidental
Details and Refining Data
Values 123
5.6 Making Assumptions 124
5.7 Statistical Analysis of Numerical
Data 125
5.7.1 Tests for
Independence 127
5.7.2 Tests for Identically
Distributed Data 132
5.8 Distribution Fitting 134
5.8.1 Frequency
Distributions 135
5.8.2 Theoretical
Distributions 138
5.8.3 Fitting Theoretical
Distributions to Data 142
5.9 Selecting a Distribution in the
Absence of Data 148
5.9.1 Most Likely or Mean
Value 149
5.9.2 Minimum and Maximum
Values 149
5.9.3 Minimum, Most Likely, and
Maximum Values 149

Xi



viii

Xii

Contents
5.10 Bounded versus Boundless
Distributions 151
Modeling Discrete Probabilities
Using Continuous Distributions
Data Documentation and
Approval 152
5.12.1 Data Documentation
Example 152
Summary 155
Review Questions
Case Study 158
References 159

5.11

512

5.13
5.14
5:15

155

Model Building 161

6.1 Introduction 161

151

6.2 Converting a Conceptual Model to a

Simulation Model 162
6.2.1 Modeling Paradigms
6.2.2 Model Definition
6.3 Structural Elements 165
6.3.1 Entities 165
6.3.2 Locations 167
6.3.3 Resources 169
6.3.4 Paths 171
6.4 Operational Elements 171
6.4.1 Routings 171
6.4.2 Entity Operations
6.4.3 Entity Arrivals 175
6.4.4 Entity and Resource
Movement 177
6.4.5
Resources 178
Resource Scheduling
Downtimes and Repairs
Use of Programming
Logic 185
6.5 Miscellaneous Modeling Issues
6.5.1 Modeling Rare
Occurrences 187
6.5.2 Large-Scale Modeling

6.4.6
6.4.7
6.4.8

6.5.3 Cost Modeling 189
6.6 Summary 190
6.7 Review Questions 190
References 192

164

172,

162

Accessing Locations and

180

181

187

188

7 Model Verification and
Validation 193

8

7.1
7.2

73

7.4

1.5
7.6

Introduction 193
Importance of Model Verification and
Validation 194
7.2.1 Reasons for Neglect 194
7.2.2 Practices That Facilitate
Verification and
Validation 195
Model Verification 196
7.3.1 Preventive Measures 197
7.3.2 Establishing a Standard for

Comparison 198
7.3.3 Verification
Techniques 198

Model Validation 202
7.4.1 Determining Model
Validity 203
7.4.2 Maintaining
Validation 205

7.4.3 Validation Examples 205
Summary 209

Review Questions 210
References 210

Simulation Output Analysis 211

8.1
8.2

8.3

8.4

Introduction 211
Statistical Analysis of Simulation
Output 212

8.2.1 Simulation
Replications
Performance
Estimation 214
Number of Replications
(Sample Size) 218
Real-World Experiments
versus Simulation
Experiments 221
Statistical Issues with Simulation
Output 222
Terminating and Nonterminating

213
8:2.2

823

8.24

Simulations 225
8.4.1 Terminating
Simulations 226



Contents
8.4.2 Nonterminating
Simulations 226
8.5 Experimenting with Terminating
Simulations 227

8.5.1 Selecting the Initial Model
State 228

8.5.2 Selecting a Terminating
Event to Control Run
Length 228

8.5.3 Determining the Number

of Replications 228
8.6 Experimenting with Nonterminating
Simulations 229
8.6.1 Determining the Warm-up
Period 229
Obtaining Sample
Observations 234
Determining Run
Length 239
8.7 Summary 240
8.8 Review Questions 241
References 242

8.6.2

8.6.3

9 Comparing Systems 243

9.1 Introduction 243
9.2 Hypothesis Testing 244
9.3 Comparing Two Alternative System
Designs 247
9.3.1 Welch Confidence Interval
for Comparing Two
Systems 248
Paired-r Confidence
Interval for Comparing Two
Systems 250
Welch versus the Paired-z
Confidence Interval .= 252
9.4 Comparing More Than Two
Alternative System Designs
94.1

9.3.2

933

253
The Bonferroni Approach
for Comparing More
Than Two Alternative
Systems < 253

Advanced Statistical
Models for Comparing

94.2

3 B 2 A AR B R I

10

ix

More Than Two Alternative
Systems 258
9.4.3 Factorial Design and
Optimization 264
9.5 Variance Reduction Techniques
9.5.1 Common Random
Numbers 266
9.5.2 Example Use of Common
Random Numbers 268
9.5.3 Why Common Random
Numbers Work 270
9.6 Summary 271
9.7 Review Questions
References 272

265

271

Simulation Optimization 273

10.1
10.2
10.3

Introduction 273
In Search of the Optimum 275
Combining Direct Search Techniques
with Simulation = 276
Evolutionary Algorithms 277
10.4.1 Combining Evolutionary
Algorithms with
Simulation 278
Illustration of an
Evolutionary Algorithm’s
Search of a Response
Surface 279
Strategic and Tactical Issues of
Simulation Optimization 281
10.5.1 Operational
Efficiency 281
10.5.2 Statistical Efficiency 282
10.5.3 General Optimization
Procedure 282
Formulating an Example
Optimization Problem 284
10.6.1 Problem Description 285
10.6.2 Demonstration of the
General Optimization
Procedure 286
Real-World Simulation Optimization
Project 289
10.7.1 Problem Description 289

10.4

10.4.2

10.5

10.6

10.7

xiii



