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Preface

This fifth edition explains how to use simulation to make better business decisions in application
domains from healthcare to mining, heavy manufacturing to supply chains, and everything in
between. It is written to help both technical and non-technical users better understand the
concepts and usefulness of simulation. It can be used in a classroom environment or in support
of independent study. Modern software makes simulation more useful and accessible than ever
and this book illustrates simulation concepts with Simio R©, a leader in simulation software.

This edition is written for Simio Version 10 or later, the latest in simulation technology.
We have incorporated many new features as well as reader suggestions. We have enhanced the
Monte Carlo, input analysis, and output analysis content, and added new coverage of data-
driven and data-generated modeling techniques. Finally, we significantly updated and renamed
the Simulation-based Scheduling chapter to Simulation-based Scheduling in Industry 4.0, adding
material that illustrates how simulation is contributing to the creation and effective operation
of digital twins and operational scheduling and control. End-of-chapter problems have been im-
proved and expanded, and we have incorporated many reader suggestions. We have reorganized
the material for an improved flow, and have updates throughout the book for many of the new
Simio features recently added.

This book can serve as the primary text in first and second courses in simulation at both the
undergraduate and beginning-graduate levels. It is written in an accessible tutorial-style writing
approach centered on specific examples rather than general concepts, and covers a variety of ap-
plications including an international flavor. Our experience has shown that these characteristics
make the text easier to read and absorb, as well as appealing to students from many different
cultural and applications backgrounds.

A first simulation course would probably cover Chapter 1 through Chapter 8 thoroughly, and
likely Chapters 9 and 11, particularly for upper class or graduate-level students. For a second
simulation course, it might work to skip or quickly review Chapters 1-3 and 6, thoroughly cover
all other chapters up to Chapter 11, and use Appendix A as reinforcing assignments.

The text or components of it could also support a simulation module of a few weeks within
a larger survey course in programs without a stand-alone simulation course (e.g., MBA). For
a simulation module that’s part of a larger survey course, we recommend concentrating on
Chapters 1, 4, and 5, and then perhaps lightly touch on Chapters 7 and 8.

The extensibility introduced in Chapter 11 could provide some interesting project work for
a graduate student with some programming background, as it could be easily linked to other
research topics. Likewise Chapter 12 could be used as the lead-in to some advanced study or
research in the latest techniques in simulation-based planning and scheduling. Appendix A could
be used as student assignments or challenge problems in an applications-focused or independent-
study course.

We assume basic familiarity with the Microsoft R© Windows R© operating system and common
applications like Microsoft Excel R© and Microsoft Word R©. This book also assumes prior course-
work in, and comfort with, probability and statistics. Readers don’t need to be experts, but do
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need command of the basics of probability and statistics; more specific topics are outlined at
the beginning of Chapters 2 and 6.

This textbook was written for use with the Simio simulation software. The following Simio
products are available for academic use:

• The Simio Personal Edition permits full modeling capability but supports saving and
experimentation on only small models (up to 30 objects and 30 steps). It can be down-
loaded without cost from www.simio.com/evaluate.php. While this is useful for personal
learning and short classes, the small-model limitation generally makes it inadequate for a
classroom environment where larger problems and projects will be involved.

• The Simio Academic Edition is full featured software equivalent to the commercially avail-
able Simio Design Edition. In many regions (including the USA) it has no model-size
limitations; in other areas it is limited to models up to 200 objects (fairly large). In all
cases it is limited to non-commercial use (the full details are available at
www.simio.com/academics/simio-academic-simulation-products.htm) and limited to
be used only on university and instructor’s computers. Instructors desiring a grant for
using Simio at no charge for their department and labs can apply at
www.simio.com/academics.

• The Simio Student Edition is identical to the Simio Academic Edition, but licensed for
use by students on their own computers. A one-year license is available for a nominal
fee to students who are registered in an accredited course. Note that students may use a
university-supplied Simio Academic Edition at no charge. Instructors who have obtained
a software grant should look to their activation letters for instructions on how to arrange
software availability for their students, or instructors may contact academic@simio.com.
Students should contact their instructors for availability.

Simio follows an agile development process — in addition to annual major releases there are
minor releases about every three weeks. This is good from the standpoint of having new features
and bug fixes available as soon as they’re created. It’s bad from the standpoint of “keeping up”
— downloading, learning, and documenting. This textbook edition was written for use with
Simio Version 10.174 or later. While new features will continue to be added, the concepts
presented in this edition should be accurate for any version 10 and beyond. The examples and
figures may look slightly different using different versions (see the explanation in Chapters 1
and 4).

Supplemental course material is also available on-line. On-line resources are available in
three categories. A web site containing general textbook information and resources available to
the public can be found at www.simio.com/publications/SASMAA. Information and resources
available only to students are available via links on that page: here you’ll find the model files and
other files used in the examples and end-of-chapter problems, additional problems, and other
useful resources. The username is student and the password is Reg!stered5tudent. This
student area of the web site will also contain post-publication updates, such as later version-
specific information. There are special restricted-access links also on that page that are available
to instructors, which contain slides and other helpful teaching resources. An instructor of record
must contact Simio (academic@simio.com) for the login information.

Many people helped us get to this point. First, as co-author on the first edition, Dr. Alexander
Verbraeck has provided immeasurable contributions to the structure, quality, and content. Dr.
C. Dennis Pegden provided important contributions to the scheduling chapter. The Simio LLC
technical staff — Cory Crooks, Glenn Drake, Glen Wirth, Dave Takus, Renee Thiesing, Katie
Prochaska, and Christine Watson — were great in helping us understand the features, find
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the best way to describe and illustrate them, and even provided proof-reading and help with
the case studies. Jan Burket and Alex Molnar helped us with proofreading. Eric Howard,
Erica Hedderick, and Molly Arthur of Simio LLC provided great support in helping get the
word out and working with early adopters. From Auburn University, Chris Bevelle and Josh
Kendrick worked on the new introductory case studies, James Christakos and Yingde Li worked
on material for the first edition, Ashkan Negahban provided much support during his years as a
PhD student, and Grant Romine and Samira Shirzaei provide assistance with the fifth edition.
While we appreciate the participation of all of the early adopters, we’d like to give special thanks
to Jim Grayson, Gary Kochenberger, Deb Medeiros, Barry Nelson, Leonard Perry, and Laurel
Travis (and her students at Virginia Tech) for providing feedback to help us improve.

Jeffrey S. Smith
Auburn University
jsmith@auburn.edu

David T. Sturrock
Simio LLC and the University of Pittsburgh
dsturrock@simio.com

W. David Kelton
University of Cincinnati
david.kelton@uc.edu

Please send feedback to any of the above authors or to textbook@simio.com
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Diana, Kathy, Melanie, and Victoria
Albert, Anna, Anne, Christie, and Molly



About the Authors

Jeffrey S. Smith is the Joe W. Forehand Professor of Industrial and Systems Engineering
at Auburn University and a founding partner of Conflexion, LLC. Prior to his position at
Auburn, he was an Associate Professor of Industrial Engineering at Texas A&M University.
In addition to his academic positions, Dr. Smith has held professional engineering positions
with Electronic Data Systems (EDS) and Philip Morris USA. Dr. Smith has a BS in Industrial
Engineering from Auburn University and MS and PhD degrees in Industrial Engineering from
The Pennsylvania State University. His primary research interests are in manufacturing systems
design and analysis, and discrete-event simulation.

Dr. Smith is on the editorial boards of the Journal of Manufacturing Systems and Sim-
ulation, and his research work has been funded by the Defense Advanced Research Projects
Agency (DARPA), NASA, the National Science Foundation (NSF), Sandia National Laborato-
ries, SEMATECH, the USDA, and the FHWA. His industrial partners on sponsored research
include Alcoa, BRP, DaimlerChrysler, Siemens VDO, Continental, Rockwell Software, Systems
Modeling Corporation, JC Penney, Fairchild Semiconductor, IBM, Nacom Industries, UPS, and
the United States Tennis Association (USTA). Dr. Smith has served as PI or Co-PI on over
$8 million of sponsored research and won the annual Senior Research Award of the College of
Engineering at Auburn University in 2004. In addition, he has been selected as the Outstanding
Faculty Member in the Industrial and Systems Engineering Department at Auburn four times.
He has served on several national conference committees, was the General Chair for the 2004
Winter Simulation Conference, and is currently on the Winter Simulation Conference board of
directors. Dr. Smith is a Fellow of the Institute of Industrial and Systems Engineers (IISE) and
senior member of INFORMS.

David T. Sturrock is Co-founder and Vice-President of Operations for Simio LLC. He is
responsible for development, support, and services for Simio LLC simulation and scheduling
products. In that role he manages new product development, teaches frequent commercial
courses, and manages a variety of consulting projects. He also teaches simulation classes as a
Field Faculty member at the University of Pittsburgh. With over 35 years of experience, he has
applied simulation techniques in the areas of manufacturing, transportation systems, scheduling,
high-speed processing, plant layout, business processes, call centers, capacity analysis, process
design, health care, plant commissioning, and real-time control. He received his bachelor’s
degree in industrial engineering from The Pennsylvania State University with concentrations in
manufacturing and automation.

David began his career at Inland Steel Company where he worked as a plant industrial
engineer, and later formed and led a simulation/scheduling group that solved a wide array of
modeling problems for the company, its suppliers and its customers. He subsequently joined
Systems Modeling where, as a Senior Consultant, then Development Lead, and ultimately Vice-
President of Development, he was instrumental in building SIMAN and Arena into a market-
leading position. When Systems Modeling was acquired by Rockwell Automation, he became

vii



viii

the Product Manager for Rockwell’s suite of simulation and emulation products. He is an
ardent promoter of simulation, having had speaking engagements in over 40 countries across six
continents. He was the General Chair for the international 1999 Winter Simulation Conference
(WSC). He co-authored the 3rd and 4th editions of Simulation with Arena (Kelton et al. 2004,
2007). He has participated in several funded research projects, written a fist full of papers,
and has been an active member of the Institute of Industrial and Systems Engineers (IISE),
INFORMS, PDMA, SME, AMA, and other professional groups.

W. David Kelton is Professor Emeritus in the Department of Operations, Business Analyt-
ics, and Information Systems at the University of Cincinnati. He received a BA in mathematics
from the University of Wisconsin-Madison, an MS in mathematics from Ohio University, and MS
and PhD degrees in industrial engineering from Wisconsin. He was formerly on the faculty at
Penn State, the University of Minnesota, The University of Michigan, and Kent State. Visiting
posts have included the Naval Postgraduate School, the University of Wisconsin-Madison, the
Institute for Advanced Studies in Vienna, and the Warsaw School of Economics. He is a Fellow
of INFORMS, IISE, and the University of Cincinnati Graduate School.

Dr. Kelton’s research interests and publications are in the probabilistic and statistical aspects
of simulation, applications of simulation, statistical quality control, and stochastic models. His
papers have appeared in Operations Research, Management Science, the INFORMS Journal on
Computing, IIE Transactions, Naval Research Logistics, the European Journal of Operational
Research, and the Journal of the American Statistical Association, among others. He is co-
author of Simulation with Arena, which received McGraw-Hill’s award for Most Successful New
Title in 1998. He was also coauthor, with Averill M. Law, of the first three editions of Simulation
Modeling and Analysis. He was Editor-in-Chief of the INFORMS Journal on Computing from
2000 to mid-2007; he has also served as Simulation Area Editor for Operations Research, the
INFORMS Journal on Computing, and IIE Transactions.

He has received the TIMS College on Simulation award for best simulation paper in Man-
agement Science, the IIE Operations Research Division Award, the INFORMS College on Sim-
ulation Distinguished Service Award, and the INFORMS College on Simulation Outstanding
Simulation Publication Award. He was President of the TIMS College on Simulation, and was
the INFORMS co-representative to the Winter Simulation Conference Board of Directors from
1991 through 1999, where he served as Board Chair for 1998. In 1987 he was Program Chair
for the WSC, and in 1991 was General Chair.



Contents

Contents ix

1 Introduction to Simulation 1
1.1 About the Book . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Systems and Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Randomness and the Simulation Process . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Randomness in Simulation and Random Variables . . . . . . . . . . . . 6
1.3.2 The Simulation Process . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.3 Conceptual Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.4 Input Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.5 Model Development, Verification, and Validation . . . . . . . . . . . . . 8
1.3.6 Output Analysis and Experimentation . . . . . . . . . . . . . . . . . . . 9

1.4 When to Simulate (and When Not To) . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Simulation Success Skills . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.5.1 Project Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5.2 Functional Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.5.3 Project Iterations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.5.4 Project Management and Agility . . . . . . . . . . . . . . . . . . . . . . 15
1.5.5 Stakeholder and Simulationist Bills of Rights . . . . . . . . . . . . . . . 16

2 Basics of Queueing Theory 19
2.1 Queueing-System Structure and Terminology . . . . . . . . . . . . . . . . . . . 21
2.2 Little’s Law and Other Relations . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3 Specific Results for Some Multiserver Queueing Stations . . . . . . . . . . . . . 24

2.3.1 M /M /1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3.2 M /M /c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3.3 M /G/1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.4 G/M /1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.4 Queueing Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5 Queueing Theory vs. Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.6 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3 Kinds of Simulation 34
3.1 Classifying Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.1.1 Static vs. Dynamic Models . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.1.2 Continuous-Change vs. Discrete-Change Dynamic Models . . . . . . . . 35
3.1.3 Deterministic vs. Stochastic Models . . . . . . . . . . . . . . . . . . . . 36

3.2 Static Stochastic Monte Carlo . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

ix



x CONTENTS

3.2.1 Model 3-1: Throwing Two Dice . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.2 Model 3-2: Monte-Carlo Integration . . . . . . . . . . . . . . . . . . . . 40
3.2.3 Model 3-3: Single-Period Inventory Profits . . . . . . . . . . . . . . . . 41
3.2.4 Model 3-4: New Product Decision Model . . . . . . . . . . . . . . . . . 47

3.3 Dynamic Simulation Without Special Software . . . . . . . . . . . . . . . . . . 50
3.3.1 Model 3-5: Manual Dynamic Simulation . . . . . . . . . . . . . . . . . . 50
3.3.2 Model 3-6: Single-Server Queueing Delays . . . . . . . . . . . . . . . . . 57

3.4 Software Options for Dynamic Simulation . . . . . . . . . . . . . . . . . . . . . 60
3.4.1 General-Purpose Programming Languages . . . . . . . . . . . . . . . . . 60
3.4.2 Special-Purpose Simulation Software . . . . . . . . . . . . . . . . . . . . 61

3.5 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4 First Simio Models 66
4.1 The Basic Simio User Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2 Model 4-1: First Project Using the Standard Library Objects . . . . . . . . . . 72

4.2.1 Building the Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.2.2 Initial Experimentation and Analysis . . . . . . . . . . . . . . . . . . . . 78
4.2.3 Replications and Statistical Analysis of Output . . . . . . . . . . . . . . 80
4.2.4 Steady-State vs. Terminating Simulations . . . . . . . . . . . . . . . . . 84
4.2.5 Model Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.3 Model 4-2: First Model Using Processes . . . . . . . . . . . . . . . . . . . . . . 87
4.4 Model 4-3: Automated Teller Machine (ATM) . . . . . . . . . . . . . . . . . . . 92
4.5 Beyond Means: Simio MORE (SMORE) Plots . . . . . . . . . . . . . . . . . . . 96
4.6 Exporting Output Data for Further Analysis . . . . . . . . . . . . . . . . . . . 102
4.7 Interactive Logs and Dashboard Reports . . . . . . . . . . . . . . . . . . . . . . 104
4.8 Basic Model Animation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4.9 Model Debugging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.9.1 Discovering Subtle Problems . . . . . . . . . . . . . . . . . . . . . . . . 111
4.9.2 The Debugging Process . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.9.3 Debugging Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.11 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5 Intermediate Modeling With Simio 117
5.1 Simio Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.1.1 Introduction to Objects . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.1.2 Properties and States . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.1.3 Tokens and Entities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.1.4 Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
5.1.5 Objects as Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
5.1.6 Data Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
5.1.7 Expression Builder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
5.1.8 Costing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.2 Model 5-1: PCB Assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.3 Model 5-2: Enhanced PCB Assembly . . . . . . . . . . . . . . . . . . . . . . . . 138

5.3.1 Adding a Rework Station . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.3.2 Using Expressions with Link Weights . . . . . . . . . . . . . . . . . . . 142
5.3.3 Resource Schedules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
5.3.4 Machine Failures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
5.3.5 Verification of Model 5-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 150



CONTENTS xi

5.4 Model 5-3: PCB Model With Process Selection . . . . . . . . . . . . . . . . . . 152
5.5 Model 5-4: Comparing Multiple Alternative Scenarios . . . . . . . . . . . . . . 157
5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
5.7 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

6 Input Analysis 165
6.1 Specifying Univariate Input Probability Distributions . . . . . . . . . . . . . . . 166

6.1.1 General Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
6.1.2 Options for Using Observed Real-World Data . . . . . . . . . . . . . . . 167
6.1.3 Choosing Probability Distributions . . . . . . . . . . . . . . . . . . . . . 168
6.1.4 Fitting Distributions to Observed Real-World Data . . . . . . . . . . . . 170
6.1.5 More on Assessing Goodness of Fit . . . . . . . . . . . . . . . . . . . . . 177
6.1.6 Distribution-Fitting Issues . . . . . . . . . . . . . . . . . . . . . . . . . . 181

6.2 Types of Inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
6.2.1 Deterministic vs. Stochastic . . . . . . . . . . . . . . . . . . . . . . . . . 187
6.2.2 Scalar vs. Multivariate vs. Stochastic Processes . . . . . . . . . . . . . . 188
6.2.3 Time-Varying Arrival Rate . . . . . . . . . . . . . . . . . . . . . . . . . 189

6.3 Random-Number Generators . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
6.4 Generating Random Variates and Processes . . . . . . . . . . . . . . . . . . . . 193
6.5 Using Simio Input Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

6.5.1 Response Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
6.5.2 Sample Size Error Estimation . . . . . . . . . . . . . . . . . . . . . . . . 203

6.6 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

7 Working With Model Data 207
7.1 Data Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

7.1.1 Basics of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
7.1.2 Model 7-1: An ED Using a Data Table . . . . . . . . . . . . . . . . . . . 209
7.1.3 Sequence Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
7.1.4 Model 7-2: Enhanced ED Using Sequence Tables . . . . . . . . . . . . . 214
7.1.5 Arrival Tables and Model 7-3 . . . . . . . . . . . . . . . . . . . . . . . . 218
7.1.6 Relational Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
7.1.7 Table Import/Export . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

7.2 Schedules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
7.2.1 Calendar Work Schedules . . . . . . . . . . . . . . . . . . . . . . . . . . 222
7.2.2 Manual Schedules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

7.3 Rate Tables and Model 7-4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
7.4 Lookup Tables and Model 7-5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
7.5 Lists and Changeovers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
7.6 State Arrays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
7.7 Data Driven Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

7.7.1 Tables and Repeat Groups . . . . . . . . . . . . . . . . . . . . . . . . . 232
7.8 Data Generated Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234
7.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
7.10 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

8 Animation and Entity Movement 239
8.1 Animation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

8.1.1 Why Animate? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
8.1.2 Navigation and Viewing Options . . . . . . . . . . . . . . . . . . . . . . 241



xii CONTENTS

8.1.3 Background Animation With the Drawing Ribbon . . . . . . . . . . . . 243
8.1.4 Status Animation With the Animation Ribbon . . . . . . . . . . . . . . 244
8.1.5 Editing Symbols with the Symbols Ribbon . . . . . . . . . . . . . . . . 246
8.1.6 Model 8-1: Animating the PCB Assembly . . . . . . . . . . . . . . . . . 248

8.2 Entity Movement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
8.2.1 Entity Movement Through Free Space . . . . . . . . . . . . . . . . . . . 253
8.2.2 Using Connectors, TimePaths, and Paths . . . . . . . . . . . . . . . . . 254
8.2.3 Using Conveyors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
8.2.4 Model 8-2: PCB Assembly with Conveyors . . . . . . . . . . . . . . . . 257
8.2.5 Using Workers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
8.2.6 Using Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262
8.2.7 Model 8-3: ED Enhanced with Hospital Staff . . . . . . . . . . . . . . . 262

8.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
8.4 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

9 Advanced Modeling With Simio 271
9.1 Model 9-1: ED Model Revisited . . . . . . . . . . . . . . . . . . . . . . . . . . . 271

9.1.1 Seeking Optimal Resource Levels in Model 9-1 With OptQuest . . . . . 280
9.1.2 Ranking and Selection of Alternate Scenarios in Model 9-1 With Subset

Selection and KN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
9.2 Model 9-2: Pizza Take-out Model . . . . . . . . . . . . . . . . . . . . . . . . . . 291

9.2.1 Experimentation With Model 9-2 . . . . . . . . . . . . . . . . . . . . . . 298
9.3 Model 9-3: Fixed-Capacity Buffers . . . . . . . . . . . . . . . . . . . . . . . . . 301
9.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306
9.5 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307

10 Miscellaneous Modeling Topics 309
10.1 Search Step . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

10.1.1 Model 10-1: Searching For and Removing Entities from a Station . . . . 309
10.1.2 Model 10-2: Accumulating a Total Process Time in a Batch . . . . . . . 311

10.2 Model 10-3: Balking and Reneging . . . . . . . . . . . . . . . . . . . . . . . . . 312
10.3 Task Sequences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314
10.4 Event-based Decision Logic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
10.5 Other Libraries and Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319

10.5.1 Flow Library . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
10.5.2 Extras Library . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320
10.5.3 Shared Items Forum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

10.6 Experimentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
10.6.1 Parallel Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
10.6.2 Cloud Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323

10.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
10.8 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323

11 Customizing and Extending Simio 325
11.1 Basic Concepts of Defining Objects . . . . . . . . . . . . . . . . . . . . . . . . . 326

11.1.1 Model Logic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327
11.1.2 External View . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327
11.1.3 Sub-classing an Object Definition . . . . . . . . . . . . . . . . . . . . . . 329
11.1.4 Properties, States, and Events . . . . . . . . . . . . . . . . . . . . . . . 330

11.2 Model 11-1: Building a Hierarchical Object . . . . . . . . . . . . . . . . . . . . 331



CONTENTS xiii

11.2.1 Model Logic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331
11.2.2 External View . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

11.3 Model 11-2: Building a Base Object . . . . . . . . . . . . . . . . . . . . . . . . 334
11.3.1 Model Logic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335
11.3.2 External View . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 337

11.4 Model 11-3: Sub-Classing an Object . . . . . . . . . . . . . . . . . . . . . . . . 338
11.4.1 Model Logic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339
11.4.2 External View . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 341

11.5 Working With User Extensions . . . . . . . . . . . . . . . . . . . . . . . . . . . 342
11.5.1 How to Create and Deploy a User Extension . . . . . . . . . . . . . . . 343

11.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 344
11.7 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 344

12 Simulation-based Scheduling in Industry 4.0 346
12.1 Industrial Revolutions through the Ages . . . . . . . . . . . . . . . . . . . . . . 346
12.2 The Fourth Industrial Revolution – The Smart Factory . . . . . . . . . . . . . . 347
12.3 The Need for a Digital Twin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
12.4 Role of Design Simulation in Industry 4.0 . . . . . . . . . . . . . . . . . . . . . 350
12.5 The Role of Simulation Based Scheduling . . . . . . . . . . . . . . . . . . . . . 352

12.5.1 Simulation as the Digital Twin . . . . . . . . . . . . . . . . . . . . . . . 354
12.6 Tough Problems in Planning and Scheduling . . . . . . . . . . . . . . . . . . . . 355
12.7 Simulation-based Scheduling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
12.8 Risk-based Planning and Scheduling . . . . . . . . . . . . . . . . . . . . . . . . 360
12.9 Planning and Scheduling With Simio Enterprise . . . . . . . . . . . . . . . . . . 361
12.10 The Scheduling Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
12.11 Model 12-1: Model First Approach to Scheduling . . . . . . . . . . . . . . . . . 365

12.11.1 Building a Simple Scheduling Model . . . . . . . . . . . . . . . . . . . . 365
12.11.2 Making a More Realistic Model . . . . . . . . . . . . . . . . . . . . . . . 366
12.11.3 Adding Performance Tracking and Targets . . . . . . . . . . . . . . . . 367
12.11.4 Additional Evaluation Tools . . . . . . . . . . . . . . . . . . . . . . . . . 369

12.12 Model 12-2: Data First Approach to Scheduling . . . . . . . . . . . . . . . . . . 371
12.12.1 Configuring the Model for Data Import . . . . . . . . . . . . . . . . . . 371
12.12.2 Data Import . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 372
12.12.3 Running and Analyzing the Model . . . . . . . . . . . . . . . . . . . . . 372

12.13 Additional Information and Examples . . . . . . . . . . . . . . . . . . . . . . . 373
12.13.1 Simio E-books on Planning and Scheduling . . . . . . . . . . . . . . . . 373
12.13.2 Scheduling Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374

12.14 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375
12.15 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375

APPENDICES 376

A Case Studies Using Simio 377
A.1 Machining-Inspection Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . 377

A.1.1 Problem Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377
A.1.2 Sample Model and Results . . . . . . . . . . . . . . . . . . . . . . . . . 380

A.2 Amusement Park . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 387
A.2.1 Problem Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 387
A.2.2 Sample Model and Results . . . . . . . . . . . . . . . . . . . . . . . . . 390

A.3 Simple Restaurant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 392



xiv CONTENTS

A.3.1 Problem Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 392
A.4 Small Branch Bank . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 394
A.5 Vacation City Airport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 397
A.6 Simply The Best Hospital . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 401

B Simio Student Competition Problems 404
B.1 Innovative Car Rentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404
B.2 Simio Drilling Logistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405
B.3 Urgent Care Centers of Simio . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405
B.4 Aerospace Manufacturing Problem . . . . . . . . . . . . . . . . . . . . . . . . . 405
B.5 Latin American Supply Chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . 406
B.6 Pulp and Paper Manufacturing Supply . . . . . . . . . . . . . . . . . . . . . . . 406
B.7 Global Currency Exchange . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 407
B.8 Sunrun Solar Panel Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . 407
B.9 Seed Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 407

Bibliography 408

Index 412



Chapter 1

Introduction to Simulation

Simulation has been in use for over 40 years, but it’s just moving into its prime. Gartner
(www.gartner.com) is a leading provider of technical research and advice for business. In 2010,
Gartner [13] identified Advanced Analytics, including simulation, as number two of the top ten
strategic technologies. In 2012 [56] and 2013 [14] Gartner reemphasized the value of analytics
and simulation:

“Because analytics is the ‘combustion engine of business,’ organizations invest in
business intelligence even when times are tough. Gartner predicts the next big phase
for business intelligence will be a move toward more simulation and extrapolation to
provide more informed decisions.”

“With the improvement of performance and costs, IT leaders can afford to perform
analytics and simulation for every action taken in the business. The mobile client
linked to cloud-based analytic engines and big data repositories potentially enables
use of optimization and simulation everywhere and every time. This new step pro-
vides simulation, prediction, optimization and other analytics, to empower even more
decision flexibility at the time and place of every business process action.”

Advancements in simulation-related hardware and software over the last decade have been
dramatic. Computers now provide processing power unheard of even a few years ago. Improved
user interfaces and product design have made software significantly easier to use, lowering the
expertise required to use simulation effectively. Breakthroughs in object-oriented technology
continue to improve modeling flexibility and allow accurate modeling of highly complex systems.
Hardware, software, and publicly available symbols make it possible for even novices to produce
simulations with compelling 3D animation to support communication between people of all
backgrounds. These innovations and others are working together to propel simulation into a
new position as a critical technology.

This book opens up the world of simulation to you by providing the basics of general simula-
tion technology, identifying the skills needed for successful simulation projects, and introducing
a state-of-the-art simulation package.

1.1 About the Book

We will start by introducing some general simulation concepts, to help understand the underlying
technology without yet getting into any software-specific concepts. Chapter 1, Introduction to
Simulation, covers typical simulation applications, how to identify an appropriate simulation

1
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application, and how to carry out a simulation project. Chapter 2, Basics of Queueing Theory,
introduces the concepts of queueing theory, its strengths and limitations, and in particular how
it can be used to help validate components of later simulation modeling. Chapter 3, Kinds of
Simulation, introduces some of the technical aspects and terminology of simulation, classifies the
different types of simulations along several dimensions, then illustrates this by working through
several specific examples.

Next we introduce more detailed simulation concepts illustrated with numerous examples
implemented in Simio. Rather than breaking up the technical components (like validation, and
output analysis) into separate chapters, we look at each example as a mini project and introduce
successively more concepts with each project. This approach provides the opportunity to learn
the best overall practices and skills at an early stage, and then reinforce those skills with each
successive project.

Chapter 4, First Simio Models, starts with a brief overview of Simio itself, and then directly
launches into building a single-server queueing model in Simio. The primary goal of this chapter
is to introduce the simulation model-building process using Simio. While the basic model-
building and analysis processes themselves aren’t specific to Simio, we’ll focus on Simio as an
implementation vehicle. This process not only introduces modeling skills, but also covers the
statistical analysis of simulation output results, experimentation, and model verification. That
same model is then reproduced using lower-level tools to illustrate another possible modeling
approach, as well as to provide greater insight into what’s happening “behind the curtain.” The
chapter continues with a third, more interesting model of an ATM machine, introduces additional
output analysis using Simio’s innovative SMORE plots, and discusses output analysis outside
of Simio. The chapter closes with a discussion of how to discover and track down those nasty
“bugs” that often infest models.

The goal of Chapter 5, Intermediate Modeling With Simio, is to build on the basic Simio
modeling-and-analysis concepts presented earlier so that we can start developing and experi-
menting with models of more realistic systems. We’ll start by discussing a bit more about how
Simio works and its general framework. Then we’ll build an electronics-assembly model and
successively add additional features, including modeling multiple processes, conditional branch-
ing and merging, etc. As we develop these models, we’ll continue to introduce and use new
Simio features. We’ll also resume our investigation of how to set up and analyze sound statis-
tical simulation experiments, this time by considering the common goal of comparing multiple
alternative scenarios. By the end of this chapter, you should have a good understanding of how
to model and analyze systems of intermediate complexity with Simio.

At this point we will have covered some interesting simulation applications, so we’ll then
discuss issues regarding the input distributions and processes that drive the models. Chap-
ter 6, Input Analysis, discusses different types of inputs to simulations, methods for converting
observed real-world data into something useful to a simulation project, and generating the ap-
propriate input random quantities needed in most simulations.

Chapter 7, Working With Model Data, takes a wider view and examines the many types
of data that are often required to represent a real system. We’ll start by building a simple
emergency-department (ED) model, and will show how to meet its input-data requirements using
Simio’s data-table construct. We’ll successively add more detail to the model to illustrate the
concepts of sequence tables, relational data tables, arrival tables, and importing and exporting
data tables. We’ll continue enhancing the ED model to illustrate work schedules, rate tables,
and function tables. The chapter ends with a brief introduction to lists, arrays, and changeover
matrices. After completing this chapter you should have a good command of the types of data
frequently encountered in models, and the Simio choices for representing those data.

Animation and Entity Movement, Chapter 8, discusses the enhanced validation, communi-
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cation, and credibility that 2D and 3D animation can bring to a simulation project. Then we
explore the various animation tools available, including background animation, custom symbols,
and status objects. We’ll revisit our previous electronics-assembly model to practice some new
animation skills, as well as to explore the different types of links available, and add conveyors
to handle the work flow. Finally, we’ll introduce the Simio Vehicle and Worker objects for as-
sisted entity movement, and revisit our earlier ED model to consider staffing and improve the
animation.

Chapter 9 is Advanced Modeling With Simio. We start with a simpler version of our ED
model, with the goal of demonstrating the use of models for decision-making, and in particular
simulation-based optimization. Then we’ll introduce a new pizza-shop example to illustrate a
few new modeling constructs, as well as bring together concepts that were previously introduced.
A third and final model, an assembly line, allows study of buffer-space allocation to maximize
throughput.

Chapter 10 is new in the fourth edition covering Miscellaneous Modeling Topics. This in-
troduces some powerful modeling concepts like the Search step, Balking and Reneging, Task
Sequences and Event-based Decision Logic. It also introduces the Flow Library for flow pro-
cessing, the Extras Library for cranes, elevators and other devices, and the Shared Items forum
– a source for other valuable tools. This chapter ends by discussing Experimentation and some
of the options available to effectively execute many replications and scenarios.

Chapter 11, Customizing and Extending Simio starts with some slightly more advanced ma-
terial — it builds on the prior experience using add-on processes to provide guidance in building
your own custom objects and libraries. It includes examples of building objects hierarchically
from base objects, and sub-classing standard library objects. This chapter ends with an intro-
duction to Simio’s extendability through programming your own rules, components, and add-ons
to Simio.

Chapter A, Case Studies Using Simio includes four introductory and two advanced case
studies involving the development and use of Simio models to analyze systems. These problems
are larger in scope and are not as well-defined as the homework problems in previous chap-
ters and provide an opportunity to use your skills on more realistic problems. In Chapter 12,
Simulation-based Scheduling we explore the use of simulation as a planning and scheduling tool.
While simulation-based planning and scheduling has been discussed and used for many years,
recent advances in simulation software tools have made these applications significantly easier to
implement and use. We conclude this chapter with a description of Simio’s Risk-based Planning
and Scheduling (RPS) technology.

Finally, Appendix B, Simio Student Competition Problems provides summaries of recent
problems featured in what has quickly become the largest student simulation competition. This
is an ideal place to explore a challenging project or get ideas for creating your own project.

1.2 Systems and Models

A system is any set of related components that together work toward some purpose. A system
might be as simple as a waiting line at an automated teller machine (ATM), or as complex
as a complete airport or a worldwide distribution network. For any system, whether existing
or merely contemplated, it’s necessary and sometimes even essential to understand how it will
behave and perform under various configurations and circumstances.

In an existing system, you can sometimes gain the necessary understanding by careful ob-
servation. One drawback of this approach is that you may need to watch the real system a
long time in order to observe the particular conditions of interest even once, let alone making
enough observations to reach reliable conclusions. And of course, for some systems (such as a
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worldwide distribution network), it may not be possible to find a vantage point from which you
can observe the entire system at an adequate level of detail.

Additional problems arise when you want to study changes to the system. In some cases it
may be easy to make a change in the real system — for example, add a temporary second person
to a work shift to observe the impact. But in many cases, this is just not practical: consider the
investment required to evaluate whether you should use a standard machine that costs $300,000
or a high-performance machine that costs $400,000. Finally, if the real system doesn’t yet exist,
no observation is possible at all.

For these reasons among others, we use models to gain understanding. There are many types
of models, each with its own advantages and limitations. Physical models, such as a model of
a car or airplane, can provide both a sense of reality as well as interaction with the physical
environment, as in wind-tunnel testing. Analytical models use mathematical representations
which can be quite useful in specific problem domains, but applicable domains are often limited.
Simulation is a modeling approach with much broader applicability.

Computer simulation imitates the operation of a system and its internal processes, usually
over time, and in appropriate detail to draw conclusions about the system’s behavior. Simulation
models are created using software designed to represent common system components, and record
how they behave over time. Simulation is used for predicting both the effect of changes to existing
systems, and the performance of new systems. Simulations are frequently used in the design,
emulation, and operation of systems.

Simulations may be stochastic or deterministic. In a stochastic simulation (the most com-
mon), randomness is introduced to represent the variation found in most systems. Activities
involving people always vary (for example in time taken to complete a task or quality of perfor-
mance); external inputs (such as customers and materials) vary; and exceptions (failures) occur.
Deterministic models have no variation. These are rare in design applications, but more common
in model-based decision support such as scheduling and emulation applications. Section 3.1.3
discusses this further.

There are two main types of simulation, discrete and continuous. The terms discrete and
continuous refer to the changing nature of the states within the system. Some states (e.g., the
length of a queue, status of a worker) can change only at discrete points in time (called event
times). Other states (e.g., pressure in a tank or temperature in an oven) can change continuously
over time. Some systems are purely discrete or continuous, while others have both types of states
present. Section 3.1.2 discusses this further, and gives an example of a continuous simulation.

Continuous systems are defined by differential equations that specify the rate of change. Sim-
ulation software uses numerical integration to generate a solution for the differential equations
over time. System dynamics is a graphical approach for creating simple models using the same
underlying concept, and is often used to model population dynamics, market growth/decay, and
other relationships based on equations.

Four discrete modeling paradigms have evolved in simulation. Events model the points
in time when the system state changes (a customer arrives or departs). Processes model
a sequence of actions that take place over time (a part in a manufacturing system seizes a
worker, delays by a service time, then releases the worker). Objects allow more intuitive
modeling by representing complete objects found in the facility. Agent-based modeling (ABM) is
a special case of the object paradigm in which the system behavior emerges from the interaction
of a large number of autonomous intelligent objects (such as soldiers, firms in a market, or
infected individuals in an epidemic). The distinction between these paradigms is somewhat
blurred because modern packages incorporate multiple paradigms. Simio is a multi-paradigm
modeling tool that incorporates all these paradigms into a single framework. You can use a
single paradigm, or combine multiple paradigms in the same model. Simio combines the ease
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and rapid modeling of objects with the flexibility of processes.

Simulation has been applied to a huge variety of settings. The following are just a few samples
of areas where simulation has been used to understand and improve the system effectiveness:

Airports: Parking-lot shuttles, ticketing, security, terminal transportation, food court traffic,
baggage handling, gate assignments, airplane de-icing.

Hospitals: Emergency department operation, disaster planning, ambulance dispatching, re-
gional service strategies, resource allocation.

Ports: Truck and train traffic, vessel traffic, port management, container storage, capital in-
vestments, crane operations.

Mining: Material transfer, labor transportation, equipment allocation, bulk material mixing.

Amusement parks: Guest transportation, ride design/startup, waiting line management, ride
staffing, crowd management.

Call centers: Staffing, skill-level assessment, service improvement, training plans, scheduling
algorithms.

Supply chains: Risk reduction, reorder points, production allocation, inventory positioning,
transportation, growth management, contingency planning.

Manufacturing: Capital-investment analysis, line optimization, product-mix changes, produc-
tivity improvement, transportation, labor reduction.

Military: Logistics, maintenance, combat, counterinsurgency, search and detection, humani-
tarian relief.

Telecommunications: Message transfer, routing, reliability, network security against outages
or attacks.

Criminal-justice system: Probation and parole operations, prison utilization and capacity.

Emergency-response system: Response time, station location, equipment levels, staffing.

Public sector: Allocation of voting machines to precincts.

Customer service: Direct-service improvement, back-office operations, resource allocation,
capacity planning.

Far from being a tool for manufacturing only, the domains and applications of simulation are
wide-ranging and virtually limitless.

1.3 Randomness and the Simulation Process

In this section we discuss the typical steps involved in the simulation process. We also describe
the important roles that uncertainty and randomness play in both the inputs to and outputs
from simulation models.
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Table 1.1: Probability mass (PMF) and density (PDF) functions for random variables.

Discrete Random Variables Continuous Random Variables

p(xi) = Pr(X = xi)

F (x) =
∑
∀i3
xi≤x

p(xi)

f(x) has the following properties:

1. f(x) ≥ 0 ∀ real values, x

2.
∫∞
−∞ f(x)dx = 1

3. Pr(a ≤ x ≤ b) =
∫ b
a
f(x)dx

1.3.1 Randomness in Simulation and Random Variables

Although some examples of simulation modeling use only deterministic values, the vast majority
of simulation models incorporate some form of randomness because it is inherent in the systems
being modeled. Typical random components include processing times, service times, customer
or entity arrival times, transportation times, machine/resource failures and repairs, and similar
occurrences. For example, if you head to the drive-through window at a local fast-food restaurant
for a late-night snack, you cannot know exactly how long it will take you to get there, how many
other customers may be in front of you when you arrive, or how long it will take to be served, to
name just a few variables. We may be able to estimate these values based on prior experience or
other knowledge, but we cannot predict them with certainty. Using deterministic estimates of
these stochastic values in models can result in invalid (generally overly optimistic) performance
predictions. However, incorporating these random components in standard analytical models
can be difficult or impossible. Using simulation, on the other hand, makes inclusion of random
components quite easy and, in fact, it is precisely its ability to easily incorporate stochastic
behavior that makes simulation such a popular modeling and analysis tool. This will be a
fundamental theme throughout this book.

Because randomness in simulation models is expressed using random variables, understanding
and using random variables is fundamental to simulation modeling and analysis (see [57], [47]
to review). At its most basic, a random variable is a function whose value is determined by
the outcome of an experiment; that is, we do not know the value until after we perform the
experiment. In the simulation context, an experiment involves running the simulation model
with a given set of inputs. The probabilistic behavior of a random variable, X, is described by
its distribution function (or cumulative distribution function, CDF), F (x) = Pr(X ≤ x), where
the right hand side represents the probability that the random variable X takes on a value less
than or equal to the value x. For discrete random variables, the probability mass function,
p(xi) must be considered, and for continuous random variables, we evaluate the probability
density function, f(x) (see Table 1.1). Once we’ve characterized a random variable X, we
measure metrics such as the expected value (E[X]), the variance (Var[X]), and various other
characteristics of the distribution such as quantiles, symmetry/skewness, etc. In many cases, we
must rely on the sample statistics such as the sample mean, X, and sample variance, S2(X),
because we cannot feasibly characterize the corresponding population parameters. Determining
the appropriate sample sizes for these estimates is important. Unlike many other experimental
methods, in simulation analysis, we can often control the sample sizes to meet our needs.

Simulation requires inputs and outputs to evaluate a system. From the simulation input side,
we characterize random variables and generate samples from the corresponding distributions;
from the output side we analyze the characteristics of the distributions (i.e., mean, variance,
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Figure 1.1: Sample patient treatment times and the corresponding empirical CDF.

Figure 1.2: The simulation process.

percentiles, etc.) based on observations generated by the simulation. Consider a model of a
small walk-in healthcare clinic. System inputs include the patient arrival times and the care-
giver diagnosis and treatment times, all of which are random variables (see Figure 1.1 for an
example). In order to simulate the system, we need to understand and generate observations
of these random variables as inputs to the model. Often, but not always, we have data from
the “real” system that we use to characterize the input random variables. Typical outputs may
include the patient waiting time, time in the system, and the care-giver and space utilizations.
The simulation model will generate observations of these random variables. By controlling the
execution of the simulation model, we can use the generated observations to characterize the
outputs of interest. In the following section, we will discuss input and output analysis in the
context of the general simulation process.

1.3.2 The Simulation Process

The basic simulation process is shown in Figure 1.2. Note that the process is not strictly
sequential and will often turn out to be iterative. We will briefly discuss each of these components
in the following sections and will develop the topics in detail throughout the book.
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1.3.3 Conceptual Design

Conceptual design requires a detailed understanding of the system being modeled as well as
a basic modeling approach for creating the simulation model(s). Conceptual design can be
done with pen and paper or on a whiteboard or similar collaboration space that promotes free
thinking. It helps to be outside of the constraints of the simulation software package that you
happen to be using. Although a well-defined process or methodology for conceptual design
would be ideal, we do not know of one. Instead, planning the project is an informal process
involving “thinking about” and discussing the details of the problem and the potential modeling
approaches. Then the modelers can outline a systematic detailing of the modeling approach and
decide on the application of software-specific details. Note that simulation models are developed
for specific objectives and an important aspect of conceptual design is ensuring that the model
will answer the questions being asked. In general, new simulationists (as well as new model
builders in other domains) spend far too little time in the conceptual design phase. Instead,
they tend to jump in and start the model development process. Allocating too little time for
conceptual design almost always increases the overall time required to complete the project.

1.3.4 Input Analysis

Input analysis (which is covered in detail in Chapter 6) involves characterizing the system inputs,
and then developing the algorithms and computer code to generate observations on the input
random variables and processes. Virtually all commercial simulation software (including Simio)
has built-in features for generating the input observations. So the primary input-analysis task
involves characterizing the input random variables and specifying corresponding distributions
and processes to the simulation software. Often we have sample observations of the real-world
data, and a common approach is is to “fit” standard or empirical distributions to these data
that can then be used to generate the samples during the simulation (as show in Figure 1.1).
Another approach is to randomly sample from the actual observed data. If we don’t have real-
world data on inputs, we can use general rules-of-thumb and sensitivity analysis to help with the
input-analysis task. In any of these approaches it is important to analyze the sensitivity of your
model outputs to the selected inputs. Chapter 6 will also discuss the use of Input Parameters
and how to use them to complete that analysis.

1.3.5 Model Development, Verification, and Validation

Model development is the “coding” process by which the conceptual model is converted into an
“executable” simulation model. We don’t want to scare anybody off with the term “coding”
— most modern simulation packages provide sophisticated graphical user interfaces to support
modeling building/maintenance so the “coding” generally involves dragging and dropping model
components and filling in dialog boxes and property windows. However, effective model devel-
opment does require a detailed understanding of simulation methodology in general and how
the specific software being used works in particular. The verification and validation steps ensure
that the model is correct. Verification is the process that ensures that the model behaves as the
developer intended, and the validation component ensures that the model is accurate relative to
the actual system being modeled. Note that proving correctness in any but the simplest models
will not be possible. Instead, we focus on collecting evidence until we (or our customers) are
satisfied. Although this may disturb early simulationists, it is reality. Model development, ver-
ification, and validation topics are covered starting in Chapter 4 and throughout the remainder
of the book.
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1.3.6 Output Analysis and Experimentation

Once a model has been verified and validated, you then exercise the model to glean informa-
tion about the underlying system. In the above examples, you may be interested in assessing
performance metrics like the average time a patient waits before seeing a care-giver, the 90th
percentile of the number of patients in the waiting room, the average number of vehicles waiting
in the drive-through lane, etc. You may also be interested in making design decisions such as
the number of care-givers required to ensure that the average patient waits no more than 30
minutes, the number of kitchen personnel to ensure that the average order is ready in 5 minutes,
etc. Assessing performance metrics and making design decisions using a simulation model in-
volves output analysis and experimentation. Output analysis takes the individual observations
generated by the simulation, characterizes the underlying random variables (in a statistically
valid way), and draws inferences about the system being modeled. Experimentation involves
systematically varying the model inputs and model structure to investigate alternative system
configurations. Output analysis topics are spread throughout the modeling chapters (4, 5, and
9).

1.4 When to Simulate (and When Not To)

Simulation of complicated systems has become quite popular. One of the main reasons for this is
embodied in that word “complicated.” If the system of interest were actually simple enough to
be validly represented by an exact analytical model, simulation wouldn’t be needed, and indeed
shouldn’t be used. Instead, exact analytical methods like queueing theory, probability, or simple
algebra or calculus could do the job. Simulating a simple system for which we can find an exact
analytical solution only adds uncertainty to the results, making them less precise.

However, the world tends to be a complicated place, so we quickly get out of the realm of
such very “simple” models. A valid model of a complicated system is likely be fairly complicated
itself, and not amenable to a simple analytical analysis. If we go ahead and build a simple model
of a complicated system with the goal of preserving our ability to get an exact analytical solution,
the resulting model might be overly simple (simplistic, even), and we’d be uncertain whether
it validly represents the system. We may be able to obtain a nice, clean, exact, closed-form
analytical solution to our simple model, but we may have made a lot of simplifying assumptions
(some of which might be quite questionable in reality) to get to our analytically-tractable model.
We may end up with a solution to the model, but that model might not bear much resemblance
to reality so we may not have a solution to the problem.

It’s difficult to measure how unrealistic a model is; it’s not even clear whether that’s a
reasonable question. On the other hand, if we don’t concern ourselves with building a model
that will have an analytical solution in the end, we’re freed up to allow things in the model to
become as complicated and messy as they need to be in order to mimic the system in a valid
way. When a simple analytically tractable model is not available, we turn to simulation, where
we simply mimic the complicated system, via its complicated (but realistic) model, and study
what happens to the results. This allows some model inputs to be stochastic — that is, random
and represented by “draws” from probability distributions rather than by fixed constant input
values — to represent the way things are in reality. The results from our simulation model will
likewise be stochastic, and thus uncertain.

Clearly, this uncertainty or imprecision in simulation output is problematic. But, as we’ll,
see, it’s not hard to measure the degree of this imprecision. If the results are too imprecise
we have a remedy. Unlike most statistical sampling experiments, we’re in complete control of
the “randomness” and numbers of replications, and can use this control to gain any level of
precision desired. Computer time used to be a real barrier to simulation’s utility. But with
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modern software running on readily available fast, multi-processor computers and even cloud
computing, we can do enough simulating to get results with imprecision that’s measurable,
acceptably low, and perceptively valid.

In years gone by, simulation was sometimes dismissed as “the method of last resort,” or an
approach to be taken only “when all else fails” ([70], pp. 887, 890). As noted above, simulation
should not be used if a valid analytically-tractable model is available. But in many (perhaps
most) cases, the actual system is just too complicated, or does not obey the rules, to allow for
an analytically tractable model of any credible validity to be built and analyzed. In our opinion,
it’s better to simulate the right model and get an approximate answer whose imprecision can be
objectively measured and reduced, than to do an exact analytical analysis of the wrong model
and get an answer whose error cannot be even be quantified, a situation that’s worse than
imprecision.

While we’re talking about precise answers, the examples and figures in this text edition were
created with Simio Version 91. Because each version of Simio may contain changes that could
affect low-level behavior (like the processing order of simultaneous events), different versions
could produce different numerical output results for an interactive run. You may wonder “Which
results are correct?” Each one is as correct (or as incorrect) as the others! In this book you’ll
learn how to create statistically valid results, and how to recognize when you have (or don’t
have) them. With the possible exception of a rare bug fix between versions, every version
should generate statistically equivalent (and valid) results for the same model, even though they
may differ numerically across single interactive runs.

1.5 Simulation Success Skills

Learning to use a simulation tool and understanding the underlying technology will not guar-
antee your success. Conducting successful simulation projects requires much more than that.
Newcomers to simulation often ask how they can be successful in simulation. The answer is
easy: “Work hard and do everything right.” But perhaps you want a bit more detail. Let’s
identify some of the more important issues that should be considered.

1.5.1 Project Objectives

Many projects start with a fixed deliverable date, but often only a rough idea of what will be
delivered and a vague idea of how it will be done. The first question that comes to mind when
presented with such a challenge is “What are the project objectives?” Although it may seem
like an obvious question with a simple answer, it often happens that stakeholders don’t know
the answer.

Before you can help with objectives, you need to get to know the stakeholders. A stakeholder
is someone who commissions, funds, uses, or is affected by the project. Some stakeholders
are obvious — your boss is likely to be stakeholder (if you’re a student, your instructor is
most certainly a stakeholder). But sometimes you have to work a bit to identify all the key
stakeholders. Why should you care? In part because stakeholders often have differing (and
sometimes conflicting) objectives.

Let’s say that you’re asked to model a specific manufacturing facility at a large corporation,
and evaluate whether a new $4 million crane will provide the desired results (increases in product
throughput, decreases in waiting time, reductions in maintenance, etc.). Here are some possible
stakeholders and what their objectives might be in a typical situation:

1If you are using a newer version of Simio, look to the student area of the textbook web site where supplemental
on-line content will be posted as it becomes available.
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• Manager of industrial engineering (IE) (your boss): She wants to prove that IE adds value
to the corporation, so she wants you to demonstrate dramatic cost savings or productivity
improvement. She also wants a nice 3D animation she can use to market your services
elsewhere in the corporation.

• Production Manager: He’s convinced that buying a new crane is the only way he can meet
his production targets, and has instructed his key people to provide you the information
to help you prove that.

• VP-Production: He’s been around a long time and is not convinced that this “simulation”
thing offers any real benefit. He’s marginally supporting this effort due to political pressure,
but fully expects (and secretly hopes) the project will fail.

• VP-Finance: She’s very concerned about spending the money for the crane, but is also
concerned about inadequate productivity. She’s actually the one who, in the last executive
meeting, insisted on commissioning a simulation study to get an objective analysis.

• Line Supervisor: She’s worked there 15 years and is responsible for material movement.
She knows that there are less-expensive and equally effective ways to increase productivity,
and would be happy to share that information if anyone bothered to ask her.

• Materials Laborer: Much of his time is currently spent moving materials, and he’s afraid
of getting laid off if a new crane is purchased. So he’ll do his best to convince you that a
new crane is a bad idea.

• Engineering Manager: His staff is already overwhelmed, so he doesn’t want to be involved
unless absolutely necessary. But if a new crane is going to be purchased, he has some very
specific ideas of how it should be configured and used.

This scenario is actually a composite of some real cases. Smaller projects and smaller companies
might have fewer stakeholders, but the underlying principles remain the same. Conflicting
objectives and motivations are not at all unusual. Each of the stakeholders has valuable project
input, but it’s important to take their biases and motivations into account when evaluating their
input.

So now that we’ve gotten to know the stakeholders a bit, we need to determine how each
one views or contributes to the project objectives and attempt to prioritize them appropriately.
In order to identify key objectives, you must ask questions like these:

• What do you want to evaluate, or hope to prove?

• What’s the model scope? How much detail is anticipated for each component of the
system?

• What components are critical? Which less-important components might be approximated?

• What input information can be made available, how good is it, who will provide it, and
when?

• How much experimentation will be required? Will optimum-seeking be required?

• How will any animation be used (animation for validation is quite different from animation
presented to a board of directors)?

• In what form do you want results (verbal presentation, detailed numbers, summaries,
graphs, text reports)?



12 CHAPTER 1. INTRODUCTION TO SIMULATION

One good way to help identify clear objectives is to design a mock-up of the final report.
You can say, “If I generate a report with the following information in a format like this, will
that address your needs?” Once you can get general agreement on the form and content of
the final report, you can often work backwards to determine the appropriate level of detail and
address other modeling concerns. This process can also help bring out unrecognized modeling
objectives.

Sometimes the necessary project clarity is not there. If so, and you go ahead anyway to
plan the entire project including deliverables, resources, and date, you’re setting yourself up for
failure. Lack of project clarity is a clear call to do the project in phases. Starting with a small
prototype will often help clarify the big issues. Based on those prototype experiences, you might
find that you can do a detailed plan for subsequent phases. We’ll talk more about that next.

1.5.2 Functional Specification

“If you don’t know where you’re going,
how will you know when you get there?”

Carpenter’s advice: “Measure twice. Cut once.”

If you’ve followed the advice from Section 1.5.1, you now have at least some basic project objec-
tives. You’re ready to start building the model, right? Wrong! In most cases your stakeholders
will be looking for some commitments.

• When will you get it done (is yesterday too soon)?

• How much will it cost (or how many resources will it require)?

• How comprehensive will the model be (or what specific system aspects will be included)?

• What will be the quality (or how will it be verified and validated)?

Are you ready to give reliable answers to those questions? Probably not.
Of course the worst possible, but quite common, situation is that the stakeholder will supply

answers to all of those questions and leave it to you to deliver. Picture a statement like “I’ll pay
you $5000 to provide a thorough, validated analysis of . . . to be delivered five days from now.”
If accepted, such a statement often results in a lot of overtime and produces an incomplete,
unvalidated model a week or two late. And as for the promised money . . . well, the customer
didn’t get what he asked for, now, did he?

It’s OK for the customer to specify answers to two of those questions, and in rare cases maybe
even three. But you must reserve the right to adjust at least one or two of those parameters.
You might cut the scope to meet a deadline. Or you might extend the deadline to achieve the
scope. Or, you might double both the resources and the cost to achieve the scope and meet the
date (adjusting the quality is seldom a good idea).

If you’re fortunate, the stakeholder will allow you to answer all four questions (of course,
reserving the right to reject your proposal). But how do you come up with good answers?
By creating a functional specification, which is a document describing exactly what will be
delivered, when, how, and by whom. While the details required in a functional specification
vary by application and project size, typical components may include the following:

1. Introduction

a) Simulation objectives: Discussion of high-level objectives. What’s the desired out-
come of this project?
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b) Identification of stakeholders: Who are the primary people concerned with the results
from this model? Which other people are also concerned? How will the model be
used and by whom? How will they learn it?

2. System description and modeling approach: Overview of system components and ap-
proaches for modeling them including, but not limited to, the following components:

a) Equipment: Each piece of equipment should be described in detail, including its
behavior, setups, schedules, reliability, and other aspects that might affect the model.
Include data tables and diagrams as needed. Where data do not yet exist, they should
be identified as such.

b) Product types: What products are involved? How do they differ? How do they relate
to each other? What level of detail is required for each product or product group?

c) Operations: Each operation should be described in detail including its behavior,
setups, schedules, reliability, and other aspects that might affect the model. Include
data tables and diagrams as needed. Where data do not yet exist, they should be
identified as such.

d) Transportation: Internal and external transportation should be described in adequate
detail.

3. Input data: What data should be considered for model input? Who will provide this
information? When? In what format?

4. Output data: What data should be produced by the model? In this section, a mock-up of
the final report will help clarify expectations for all parties.

5. Project deliverables: Discuss all agreed-upon project deliverables. When this list is ful-
filled, the project is deemed complete.

a) Documentation: What model documentation, instructions, or user manual will be
provided? At what level of detail?

b) Software and training: If it’s intended that the user will interact directly with the
model, discuss the software that’s required; what software, if any, will be included
in the project price quote; and what, if any, custom interface will be provided. Also
discuss what project or product training is recommended or will be supplied.

c) Animation: What are the animation deliverables and for what purposes will the
animations be used (model validation, stakeholder buy-in, marketing)? 2D or 3D?
Are existing layouts and symbols available, and in what form? What will be provided,
by whom, and when?

6. Project phases: Describe each project phase (if more than one) and the estimated effort,
delivery date, and charge for each phase.

7. Signoffs: Signature section for primary stakeholders.

At the beginning of a project there’s a natural inclination just to start modeling. There’s
time pressure. Ideas are flowing. There’s excitement. It’s very hard to stop and do a functional
specification. But trust us on this — doing a functional specification is worth the effort. Look
back at those quotations at the beginning of this section. Pausing to determine where you’re
going and how you’re going to get there can save misdirected effort and wasted time.
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We recommend that approximately the first 10% of the total estimated project time be spent
on creating a prototype and a functional specification. Do not consider this to be extra time.
Rather, like in report design, you are just shifting some specific tasks to early in the project —
when they can have the most planning benefit. Yes, that means if you expect the project may
take 20 days, you should spend about two days on this. As a result, you may well find that the
project will require 40 days to finish — certainly bad news, but much better to find out up front
while you still have time to consider alternatives (reprioritize the objectives, reduce the scope,
add resources, etc.).

1.5.3 Project Iterations

Simulation projects are best done as an iterative process, even from the first steps. You might
think you could just define your objectives, create a functional specification, and then create a
prototype. But while you’re writing the functional specification, you’re likely to discover new
objectives. And while you’re doing the prototype, you’ll discover important new things to add
to the functional specification.

As you get further into the project, an iterative approach becomes even more important. A
simulation novice will often get an idea and start modeling it, then keep adding to the model
until it’s complete — and only then run the model. But even the best modeler, using the
best tools, will make mistakes. But when all you know is that your mistake is “somewhere in
the model,” it’s very hard to find it and fix it. Based on our collective experience in teaching
simulation, this is a huge problem for students new to the topic.

More experienced modelers will typically build a small piece of the model, then run it, test it,
debug it, and verify that it does what the modeler expected it to do. Then repeat that process
with another small piece of the model. As soon as enough of the model exists to compare to the
real world, then validate, as much as possible, that the entire section of the model matches the
intended system behavior. Keep repeating this iterative process until the model is complete. At
each step in the process, finding and fixing problems is much easier because it’s very likely a
problem in the small piece that was most recently added. And at each step you can save under
a different name (like MyModelV1, MyModelV2, or with full dates and even times appended to the
file names), to allow reverting to an earlier version if necessary.

Another benefit of this iterative approach, especially for novices, is that potentially-major
problems can be eliminated early. Let’s say that you built an entire model based on a faulty
assumption of how entity grouping worked, and only at the very end did you discover your
misunderstanding. At that point it might require extensive rework to change the basis of your
model. However, if you were building your model iteratively, you probably would have discovered
your misunderstanding the very first time you used the grouping construct, at which time it
would be relatively easy to take a better strategy.

A final, and extremely important benefit of the iterative approach is the ability to prioritize.
For each iteration, work on the most important small section of the model that’s remaining.
The one predictable thing about software development of all types is that it almost always takes
much longer than expected. Building simulation models often shares that same problem. If you
run out of project time when following a non-iterative approach and your model is not yet even
working, let alone verified or validated, you essentially have nothing useful to show for your
efforts. But if you run out of time when following an iterative approach, you have a portion of
the model that’s completed, verified, validated, and ready for use. And if you’ve been working on
the highest-priority task at each iteration, you may find that the portion completed is actually
enough to fulfill most of the project goals (look up the 80-20 rule or the Pareto principle to see
why).
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Although it may vary somewhat by project and application, the general steps in a simulation
study are:

1. Define high-level objectives and identify stakeholders.

2. Define the functional specification, including detailed goals, model boundaries, level of
detail, modeling approach, and output measures. Design the final report.

3. Build a prototype. Update steps 1 and 2 as necessary.

4. Model or enhance a high-priority piece of the system. Document and verify it. Iterate.

5. Collect and incorporate model input data.

6. Verify and validate the model. Involve stakeholders. Return to step 4 as necessary.

7. Design experiments. Make production runs. Involve stakeholders. Return to step 4 as
necessary.

8. Document the results and the model.

9. Present the results and collect your kudos.

As you’re iterating, don’t waste the opportunity to communicate regularly with the stakehold-
ers. Stakeholders don’t like surprises. If the project is producing results that differ from what
was expected, learn together why that’s happening. If the project is behind schedule, let stake-
holders know early so that serious problems can be avoided. Don’t think of stakeholders as just
clients, and certainly not as adversaries. Think of stakeholders as partners — you can help each
other to obtain the best possible results from this project. And those results often come from
the detailed system exploration that’s necessary to uncover the actual processes being modeled.
In fact, in many projects a large portion of the value occurs before any simulation “results” are
even generated — due to the knowledge gained from the early exploration by modelers, and
frequent collaboration with stakeholders.

1.5.4 Project Management and Agility

There are many aspects to a successful project, but one of the most obvious is meeting the
completion deadline. A project that produces results after the decision is made has little value.
Other, often-related, aspects are the cost, resources, and time consumed. A project that runs
over budget may be canceled before it gets close to completion. You must pay appropriate
attention to completion dates and project costs. But both of those are outcomes of how you
manage the day-to-day project details.

A well-managed project starts by having clear goals and a solid functional specification to
guide your decisions. Throughout the project, you’ll be making large and small decisions, like
the following:

• How much detail should be modeled in a particular section?

• How much input data do I need to collect?

• To which output data should I pay most attention?

• When is the model considered to be valid?

• How much time should I spend on animation? On analysis?
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• What should I do next?

In almost every case, the functional specification should directly or indirectly provide the an-
swers. You’ve already captured and prioritized the objectives of your key stakeholders. That
information should become the basis of most decisions.

One of the things you’ll have to prioritize is “evolving specifications” or new stakeholder
requests, sometimes called “scope creep.” One extreme is to take a hard line and say “If it’s not
in the functional specification, it’s not in the model.” While in some rare cases this response
may be appropriate and necessary, in most cases it’s not. Simulation is an exploratory and
learning process. As you explore new areas and learn more about the target system, it’s only
natural that new issues, approaches, and areas of study will evolve. Refusing to deal with these
severely limits the potential value of the simulation (and your value as a solution provider).

Another extreme is to take the approach that the stakeholders are always right, and if they
ask you to work on something new, it must be the right thing to do. While this response makes
the stakeholder happy in the short-term, the most likely longer-term outcome is a late or even
unfinished project — and a very unhappy stakeholder! If you’re always chasing the latest idea,
you may never have the time to finish the high-priority work necessary to produce any value at
all.

The key is to manage these opportunities — that management starts with open communi-
cation with the stakeholders and revisiting the items in the functional specification and their
relative priorities. When something is added to the project, something else needs to change.
Perhaps addressing the new item is important enough to postpone the project deadline a bit.
If not, perhaps this new item is more important than some other task that can be dropped (or
moved to the “wish list” that’s developed for when things go better than expected). Or perhaps
this new item itself should be moved to the “wish list.”

Our definition of agility is the ability to react quickly and appropriately to change. Your
ability to be agile will be a significant contributor to your success in simulation.

1.5.5 Stakeholder and Simulationist Bills of Rights

We’ll end this chapter with an acknowledgement that stakeholders have reasonable expectations
of what you will do for them (Figure 1.3). Give these expectations careful consideration to
improve the effectiveness and success of your next project. But along with those expectations,
stakeholders have some responsibilities to you as well (Figure 1.4). Discussing both sets of these
expectations ahead of time can enhance communications and help ensure that your project is
successful — a win-win situation that meets everyone’s needs. These “rights” were excerpted
from the Success in Simulation [67] blog at www.simio.com/blog and used with permission. We
urge you to peruse the early topics of this non-commercial blog for its many success tips and
short interesting topics.
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Figure 1.3: Simulation Stakeholder Bill of Rights.
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Figure 1.4: Simulationist Bill of Rights.



Chapter 2

Basics of Queueing Theory

Many (not all) simulation models are of queueing systems representing a wide variety of real
operations. For instance, patients arrive to an urgent-care clinic (i.e., they just show up randomly
without appointments), and they all must first sign in, possibly after waiting in a line (or a
queue) for a bit; see Figure 2.1. After signing in, patients go either to registration or, if they’re
seriously ill, go to a trauma room, and could have to wait in queue at either of those places
too before being seen. Patients going to the Exam room then either exit the system, or go to a
treatment room (maybe queueing there first) and then exit. The seriously ill patients that went
to a trauma room then all go to a treatment room (possibly after queueing there too), and then
they exit. Questions for designing and operating such a facility might include how many staff of
which type to have on duty during which time periods, how big the waiting room should be, how
patient waiting-room stays would be affected if the doctors and nurses decreased or increased
the time they tend to spend with patients, what would happen if 10% more patients arrived,
and what might be the impact of serving patients in an order according to some measure of
acuity of their presented condition instead of first-come, first served.

This short chapter will cover just the basics of queueing theory (not queueing simulation),
since familiarity with this material and the terminology is important for developing many sim-
ulation models. The relatively simple mathematical formulas from elementary queueing theory

Figure 2.1: A queueing system representing an urgent-care clinic.
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