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Origins of Factory Physics

In 1988 we were working as consultants at the IBM raw card plant in Austin, Texas,
helping to devise more effective production control procedures. Each time we suggested
a particular course of action, our clients would, quite reasonably, ask us to explain why
such a thing would work. Being professors, we responded by immediately launching
into theoretical lectures, replete with outlandish metaphors and impromptu graphs. After
several semicoherent presentations, our sponsor, Jack Fisher, suggested we organize the
essentials of what we were saying into a formal one-day course.

We did our best to put together a structured description of basic plant behavior. While
doing this, we realized that certain very fundamental relations—for example, the relation
between throughput and WIP, and several other basic results of Part IT of this book—were
not well known and were not covered in any standard operations management text. Our
six offerings of the course at IBM were well received by audiences ranging from machine
operators to mid-level managers. During one class, a participant observed, “Why, this
is like physics of the factory!” Since both of us have bachelor’s degrees in physics and
keep a soft spot in our hearts for the subject, the name stuck. Factory physics was born.

Buoyed by the success of the IBM course, we developed a two-day industry course on
short-cycle manufacturing, using factory physics as the organizing framework. Our focus
on cycle time reduction forced us to strengthen the link between fundamental relations
and practical improvement policies. Teaching to managers and engineers from a variety
of industries helped us extend our coverage to more general production environments.

In 1990, Northwestern University launched the Master of Management in Manufac-
turing (MMM) program, for which we were asked to design and teach courses in man-
agement science and operations management. By this time we had enough confidence
in factory physics to forgo traditional problem-based and anecdote-based approaches to
these subjects. Instead, we concentrated on building intuition about basic manufacturing
behavior as a means for identifying areas of leverage and comparing alternate control
policies. For completeness and historical perspective, we added coverage of conven-
tional topics, which became the basis for Part I of this book. We received enthusiastic
support from the MMM students for the factory physics approach. Also, because they
had substantial and varied industry experience, they constructively challenged our ideas
and helped us sharpen our presentation.

In 1993, after having taught the MMM courses and the industry short course several
times, we began writing out our approach in book form. This proved to be a slow process
because it revealed a number of gaps between our presentation of concepts and their
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implementation in practice. Several times we had to step back and draw upon our own
research and that of many others, to develop practical discussions of key manufacturing
management problem areas. This became Part III of this book.

Factory physics has grown a great deal since the days of our terse tutorials at IBM
and will undoubtedly continue to expand and mature. Indeed, this second edition con-
tains several new developments and changes of presentation from the first edition. But
while details will change, we are confident that the fundamental insight behind factory
physics—that there are principles governing the behavior of manufacturing systems, and
understanding them can improve management practice—will remain the same.

Intended Audience

Factory Physics is intended for three principal academic audiences:

1. Manufacturing management students in a core manufacturing operations course.

2. MBA students in a second operations management course following a general
survey course.

3. BS and MS industrial engineering students in a production control course.

We also hope that practicing manufacturing managers will find this book a useful
training reference and source of practical ideas.

How to Use this Book

After a brief introductory chapter, the book is organized into three parts: Part I, The
Lessons of History; Part II, Factory Physics; and Part III, Principles in Practice. In our
own teaching, we generally cover Parts I, II, and III in order, but vary the selection of
specific topics depending on the course. Regardless of the audience, we try to cover Part
II completely, as it represents the core of the factory physics approach. Because it makes
extensive use of pull production systems, we make sure to cover Chapter 4 on “The JIT
Revolution” prior to beginning Part II. Finally, to provide an integrated framework for
carrying the factory physics concepts into the real world, we regard Chapter 13, “A Pull
Planning Framework,” as extremely important. Beyond this, the individual instructor
can select historical topics from Part I, applied topics from Part III, or additional topics
from supplementary readings to meet the needs of a specific audience.

The instructor is also faced with the choice of how much mathematical depth to use.
To assist readers who want general concepts with minimal mathematics, we have set off
certain sections as Technical Notes. These sections, which are labeled and indented in the
text, present justification, examples, or methodologies that rely on mathematics (although
nothing higher than simple calculus). These sections can be skipped completely without
loss of continuity.

In teaching this material to both engineering and management students, we have
found, not surprisingly, that management students are less interested in the mathematical
aspects of factory physics than are engineering students. However, we have not found
management students to be averse to mathematics; it is math without a concrete purpose
to which they object. When faced with quantitative developments of core manufacturing
ideas, these students not only are capable of grasping the math, but also are able to
appreciate the practical consequences of the theory.



Preface vii

New to the Second Edition

The basic structure of the second edition is the same as that of the first. Aside from
moving Chapter 12 on Total Quality Manufacturing from Part III to Part II, where it has
been adapted to highlight the importance of quality to the science of factory physics,
the basic content and placement of the chapters are unchanged. However, a number of
enhancements have been made, including the following:

« More problems. The number of exercises at the end of each chapter has been
increased to offer the reader a wider range of practice problems.

More examples. Almost all models are motivated with a practical application
before the development of any mathematics. Frequently, these applications are
then used as examples to illustrate how the model is used.

« Web support. Powerpoint presentations, case materials, spreadsheets,
derivations, and a solutions manual are now available on the Web. These are
constantly being updated as more material becomes available. Go to
http://www.mhhe.com/pom under Text Support for our web site.

« Inventory management. The development of inventory models in Chapter 2 has
been enhanced to frame historical results in terms of modern theory and to
provide the reader with the most sophisticated tools available. Excel
spreadsheets and inventory function add-ins are available over the Web to
facilitate the more complex inventory calculations.

« Enterprise resources planning. Chapters 3 and 5 describe how materials
requirements planning (MRP) has evolved into enterprise resources planning
(ERP) and gives an outline of a typical ERP structure. We also describe why
ERP is not the final solution to the production planning problem.

« People in production systems. Chapter 7 now includes some laws concerning the
behavior of production lines in which personnel capacity is an important
constraint along with equipment capacity.

« Variability pooling. Chapter 8 introduces the fundamental idea that variability
from independent sources can be reduced by combining the sources. This basic
idea is used throughout the book to understand disparate practices, such as how
safety stock can be reduced by stocking generic parts, how finished goods
inventories can be reduced by “assembling to order,” and how elements of push
and pull can be combined in the same system.

« Systems with blocking. Chapter 8 now includes analytic models for evaluating
performance of lines with finite, as well as infinite, buffers between stations.
Such models can be used to represent kanban systems or systems with physical
limitations of interstation inventory. A spreadsheet for examining the tradeoffs
of additional WIP buffers, decreasing variability, and increasing capacity is
available on the Web.

Sharper variability results. Several of the laws in Chapter 9, The Corrupting
Influence of Variability, have been restated in clearer terms; and some important
new laws, corollaries, and definitions have been introduced. The result is a more
complete science of how variability degrades performance in a production
system.

Optimal batch sizes. Chapters 9 and 15 extend the factory physics analysis of
the effects of batching to a normative method for setting batch sizes to minimize
cycle times in multiproduct systems with setups and discuss implications for
production scheduling.
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General CONWIP line models. Chapter 10 now includes an analytic procedure
for computing the throughput of a CONWIP line with general processing times.
Previously, only the case with balanced exponential stations (the practical worst
case) was analyzed explicitly. These new models are easy to implement in a
spreadsheet (available on the Web) and are useful for examining inventory,
capacity, and variability tradeoffs in CONWIP lines.

Quality control charts. The quality discussion of Chapter 12 now includes an
overview of statistical process control (SPC).

Forecasting. The section on forecasting has been expanded into a separate
section of Chapter 13. The treatment of time series models has been moved into
this section from an appendix and now includes discussion of forecasting under
conditions of seasonal demand.

Capacitated material requirements planning. The MRP-C methodology for
scheduling production releases with explicit consideration of capacity constraints
has been extended to consider material availability constraints as well.

Supply chain management. The treatment of inventory management is extended
to the contemporary subject of supply chain management. Chapter 17 now deals
with this important subject from the perspective of multiechelon inventory
systems. It also discusses the “bullwhip effect” as a means for understanding
some of the complexities involved in managing and designing supply chains.

W.J.H.
ML.L.S.



Since our thinking has been influenced by too many people to allow us to mention them
all by name, we offer our gratitude (and apologies) to all those with whom we have
discussed factory physics over the years. In addition, we acknowledge the following
specific contributions.

We thank the key people who helped us shape our ideas on factory physics: Jack
Fisher of IBM, who originated this project by first suggesting that we organize our
thoughts on the laws of plant behavior into a consistent format; Joe Foster, former ad-
viser who got us started at IBM; Dave Woodruff, former student and lunch companion
extraordinaire, who played a key role in the original IBM study and the early discussions
(arguments) in which we developed the core concepts of factory physics; Souvik Baner-
jee, Sergio Chayet, Karen Donohue, 1zak Duenyas, Silke Krockel, Melanie Roof, Esma
Senturk-Gel, Valerie Tardif, and Rachel Zhang, former students and valued friends who
collaborated on our industry projects and upon whose research portions of this book are
based; Yehuda Bassok, John Buzacott, Eric Denardo, Bryan Deuermeyer, Steve Graves,
Uday Karmarkar, Steve Mitchell, George Shantikumar, Rajan Suri, Joe Thomas, Michael
Zazanis, and Paul Zipkin, colleagues whose wise counsel and stimulating conversation
produced important insights in this book. We also acknowledge the National Science
Foundation, whose consistent support made much of our own research possible.

We are grateful to those who patiently tested this book (or portions of it) in the
classroom and provided us with essential feedback that helped eliminate many errors
and rough spots: Karla Bourland (Dartmouth), Izak Duenyas (Michigan), Paul Grif-
fin (Georgia Tech), Steve Hackman (Georgia Tech), Michael Harrison (Stanford), Phil
Jones (Iowa), S. Rajagopalan (USC), Jeff Smith (Texas A&M), Marty Wortman (Texas).
We thank the many students who had to put up with typo-ridden drafts during the test-
ing process, especially our own students in Northwestern’s Master of Management in
Manufacturing program, in BS/MS-level industrial engineering courses at Northwestern
and Texas A&M, and in MBA courses in Northwestern’s Kellogg Graduate School of
Management.

We give special thanks to the reviewers of the original manuscript, Suleyman Tefekci
(University of Florida), Steve Nahmias (Santa Clara University), David Lewis (Univer-
sity of Massachusetts, Lowell), Jeffrey L. Rummel (University of Connecticut), Pankaj
Chandra (McGill University), Aleda Roth (University of North Carolina, Chapel Hill),
K. Roscoe Davis (University of Georgia), and especially Michael H. Rothkopf (Rutgers
University), whose thoughtful comments greatly improved the quality of our ideas and
presentation. We also thank Mark Bielak who assisted us in our first attempt to write
fiction.

ix



Acknowledgments

In addition to those who helped us produce the first edition, many of whom also
helped us on the second edition, we are grateful to individuals who had particular influ-
ence on the revision. We acknowledge the people whose ideas and suggestions helped
us deepen our understanding of factory physics: Jeff Alden (General Motors), John
Bartholdi (Georgia Tech), Corey Billington (Hewlett-Packard), Dennis E. Blumenfeld
(General Motors), Sunil Chopra (Northwestern University), Mark Daskin (Northwestern
University), Greg Diehl (Network Dynamics), John Fowler (Arizona State University),
Rob Herman (Alcoa), Jonathan M. Heuberger (DuPont Pharmaceuticals), Sayed Ira-
vani (Northwestern University), Tom Knight (Alcoa), Hau Lee (Stanford University),
Leon McGinnis (Georgia Tech), John Mittenthal (University of Alabama), Lee Schwarz
(Purdue University), Alexander Shapiro (Georgia Tech), Kalyan Singhal (University
of Baltimore), Tom Tirpak (Motorola), Mark Van Oyen (Loyola University), Jan Van
Mieghem (Northwestern University), Joe Velez (Alcoa), William White (Bell & Howell),
Eitan Zemel (New York University), and Paul Zipkin (Duke University).

We would like to thank particularly the reviewers of the first edition whose sug-
gestions helped shape this revision. Their comments on how the material was used
in the classroom and how specific parts of the book were perceived by their students
were extremely valuable to us in preparing this new edition: Diane Bailey (University
of Southern California), Charles Bartlett (Polytechnic University), Guillermo Gallego
(Columbia University), Marius Solomon (Northeastern University), M. M. Srinivasan
(University of Tennessee), Ronald S. Tibben-Lembke (University of Nevada, Reno), and
Rachel Zhang (University of Michigan).

Finally, we thank the editorial staff at Irwin: Dick Hercher, Executive Editor, who
kept us going by believing in this project for years on the basis of all talk and no writing;
Gail Korosa, Senior Developmental Editor, who recruited the talented team of reviewers
and applied polite pressure for us to meet deadlines, and Kimberly Hooker, Project
Manager, who built a book from a manuscript.



0 Factory Physics? 1

0.1 The Short Answer 1
0.2 The Long Answer 1
0.2.1 Focus: Manufacturing Management 1
0.2.2 Scope: Operations 3
0.2.3 Method: Factory Physics 6
0.2.4 Perspective: Flow Lines 8
0.3 An Overview of the Book 10

PART I

THE LESSONS OF HISTORY

1 Manufacturing in America 14

1.1 Introduction 14
1.2 The American Experience 15
1.3 The First Industrial Revolution 17
1.3.1 The Industrial Revolution in America 18
132 The American System of Manufacturing 19
1.4 The Second Industrial Revolution 20
1.4.1 The Role of the Railroads 21
1.4.2 Mass Retailers 22
143 Andrew Carnegie and Scale 23
1.4.4 Henry Ford and Speed 24
1.5 Scientific Management 25
1.5.1 Frederick W. Taylor 27
1.5.2 Planning versus Doing 29
1.5.3 Other Pioneers of Scientific Management 31
15.4 The Science of Scientific Management 32
1.6 The Rise of the Modern Manufacturing Organization 32
1.6.1 Du Pont, Sloan, and Structure 33
1.62 Hawthorne and the Human Element 34
1.6.3 Management Education 36

xiii



Xiv

Contents

1.7 Peak, Decline, and Resurgence of American Manufacturing
1.7.1 The Golden Era 37
1.7.2 Accountants Count and Salesmen Sell 38
1.7.3 The Professional Manager 40
1.7.4 Recovery and Globalization of Manufacturing 42
1.8 The Future 43
Discussion Points 45
Study Questions 46

Inventory Control: From EOQ to ROP 48

2.1 Introduction 48

2.2 The Economic Order Quantity Model 49
2.2.1 Motivation 49
2.2.2 The Model 49
2.2.3 The Key Insight of EOQ 52
2.2.4 Sensitivity 54
2.2.5 EOQ Extensions 56

2.3 Dynamic Lot Sizing 56
2.3.1 Motivation 57
2.3.2  Problem Formulation 57
2.3.3 The Wagner-Whitin Procedure 59
2.3.4 Interpreting the Solution 62
2.3.5 Caveats 63

2.4 Statistical Inventory Models 64
2.4.1 The News Vendor Model 65
2.42 The Base Stock Model 69
2.4.3 The (Q,r) Model 75

2.5 Conclusions 88

Appendix 2A  Basic Probability 89

Appendix 2B Inventory Formulas 100

Study Questions 103

Problems 104

The MRP Crusade 109

3.1 Material Requirements Planning—MRP 109
3.1.1 The Key Insight of MRP 109
3.1.2 Overview of MRP 110
3.1.3 MRP Inputs and Outputs 114
3.1.4 The MRP Procedure 116
3.1.5 Special Topics in MRP 122
3.1.6 Lot Sizing in MRP 124
3.1.7 Safety Stock and Safety Lead Times 128
3.1.8 Accommodating Yield Losses 130
3.1.9 Problems in MRP 131
3.2 Manufacturing Resources Planning—MRP II 135
3.2.1 The MRP II Hierarchy 136
3.2.2 Long-Range Planning 136
3.2.3 Intermediate Planning 137
3.2.4 Short-Term Control 141

37



Contents

3.3 Beyond MRP II—Enterprise Resources Planning 143
3.3.1 History and Success of ERP 143
3.3.2 An Example: SAPR/3 144
3.3.3 Manufacturing Execution Systems 145
3.3.4 Advanced Planning Systems 145
3.4 Conclusions 145
Study Questions 146
Problems 147

4 The JIT Revolution 151

4.1 The Origins of JIT 151
4.2 JIT Goals 153
4.3 The Environment as a Control 154
44 Implementing JIT 155
4.4.1 Production Smoothing 156
4.42 Capacity Buffers 157
4.43 Setup Reduction 158
4.4.4 Cross-Training and Plant Layout 159
4.4.5 Total Quality Management 160
4.5 Kanban 162
4.6 The Lessons of JIT 165
Discussion Point 166
Study Questions 166

5 What Went Wrong 168

5.1 Introduction 168

5.2 Trouble with Scientific Management 169
5.3 Trouble with MRP 173

5.4 Trouble with JIT 176

5.5 Where from Here? 181

Discussion Points 183

Study Questions 183

PART II

FACTORY PHYSICS

6 A Science of Manufacturing 186

6.1 The Seeds of Science 186
6.1.1 Why Science? 187
6.1.2 Defining a Manufacturing System 190
6.1.3 Prescriptive and Descriptive Models 190
6.2 Objectives, Measures, and Controls 192
6.2.1 The Systems Approach 192
6.2.2 The Fundamental Objective 195
6.2.3 Hierarchical Objectives 195
6.2.4 Control and Information Systems 197



xvi Contents

6.3 Models and Performance Measures 198
6.3.1 The Danger of Simple Models 198
6.3.2 Building Better Prescriptive Models 199
6.3.3 Accounting Models 200
6.3.4 Tactical and Strategic Modeling 204
6.3.5 Considering Risk 205

6.4 Conclusions 208

Appendix 6A Activity-Based Costing 208

Study Questions 209

Problems 210

7 Basic Factory Dynamics 213

7.1 Introduction 213
7.2 Definitions and Parameters 215
7.2.1 Definitions 215
7.2.2 Parameters 218
7.2.3 Examples 219
7.3 Simple Relationships 221
7.3.1 Best-Case Performance 221
7.3.2  Worst-Case Performance 226
7.3.3 Practical Worst-Case Performance 229
7.3.4 Bottleneck Rates and Cycle Time 233
7.3.5 Internal Benchmarking 235
7.4 Labor-Constrained Systems 238
7.4.1 Ample Capacity Case 238
7.4.2 Full Flexibility Case 239
743 CONWIP Lines with Flexible Labor 240
7.5 Conclusions 242
Study Questions 243
Problems 244
Intuition-Building Exercises 246

8 Variability Basics 248

8.1 Introduction 248
8.2 Variability and Randomness 249
8.2.1 The Roots of Randomness 249
8.2.2 Probabilistic Intuition 250
8.3 Process Time Variability 251
8.3.1 Measures and Classes of Variability 252
8.3.2 Low and Moderate Variability 252
8.3.3 Highly Variable Process Times 254
8.4 Causes of Variability 255
8.4.1 Natural Variability 255
8.4.2 Variability from Preemptive Outages (Breakdowns) 255
8.4.3 Variability from Nonpreemptive Outages 258
8.4.4 Variability from Recycle 260
8.4.5 Summary of Variability Formulas 260
8.5 Flow Variability 261
8.5.1 Characterizing Variability in Flows 261
8.5.2 Batch Arrivals and Departures 264



Contents Xvii

8.6 Variability Interactions—Queueing 264
8.6.1 Queueing Notation and Measures 265
8.6.2 Fundamental Relations 266
8.6.3 The M/M/1 Queue 267
8.6.4 Performance Measures 269
8.6.5 Systems with General Process and Interarrival Times 270
8.6.6 Parallel Machines 271
8.6.7 Parallel Machines and General Times 273
8.7 Effects of Blocking 273
8.7.1 The M/M/1/b Queue 273
8.7.2 General Blocking Models 277
8.8 Variability Pooling 279
8.8.1 Batch Processing 280
8.8.2 Safety Stock Aggregation 280
8.8.3 Queue Sharing 281
8.9 Conclusions 282
Study Questions 283
Problems 283

9 The Corrupting Influence of Variability 287

9.1 Introduction 287
9.1.1 Can Variability Be Good? 287
9.1.2 Examples of Good and Bad Variability 288
9.2 Performance and Variability 289
9.2.1 Measures of Manufacturing Performance 289
9.2.2 Variability Laws 294
9.2.3 Buffering Examples 295
9.2.4 Pay Me Now or Pay Me Later 297
9.2.5 Flexibility 300
9.2.6 Organizational Learning 300
9.3 Flow Laws 301
9.3.1 Product Flows 301
9.3.2 Capacity 301
9.3.3 Utilization 303
9.3.4 Variability and Flow 304
9.4 Batching Laws 305
9.4.1 Types of Batches 305
9.4.2 Process Batching 306
9.4.3 Move Batching 311
9.5 Cycle Time 314
9.5.1 Cycle Time at a Single Station 315
9.5.2 Assembly Operations 315
9.5.3 Line Cycle Time 316
9.5.4 Cycle Time, Lead Time, and Service 321
9.6 Diagnostics and Improvement 324
9.6.1 Increasing Throughput 324
9.6.2 Reducing Cycle Time 327
9.6.3 Improving Customer Service 330
9.7 Conclusions 331
Study Questions 333



xviii

Contents

10

11

Intuition-Building Exercises 333
Problems 335

Push and Pull Production Systems 339

10.1 Introduction 339
10.2 Definitions 339
10.2.1 The Key Difference between Push and Pull 340
10.2.2 The Push-Pull Interface 341
10.3 The Magic of Pull 344
10.3.1 Reducing Manufacturing Costs 345
10.3.2 Reducing Variability 346
10.3.3 Improving Quality 347
10.3.4 Maintaining Flexibility 348
10.3.5 Facilitating Work Ahead 349
10.4 CONWIP 349
10.4.1 Basic Mechanics 349
10.4.2 Mean-Value Analysis Model 350
10.5 Comparisons of CONWIP with MRP 354
10.5.1 Observability 355
10.5.2 Efficiency 355
10.5.3 Variability 356
10.5.4 Robustness 357
10.6 Comparisons of CONWIP with Kanban 359
10.6.1 Card Count Issues 359
10.6.2 Product Mix Issues 360
10.6.3 People Issues 361
10.7 Conclusions 362
Study Questions 363
Problems 363

The Human Element in Operations Management

11.1 Introduction 365

11.2 Basic Human Laws 366
11.2.1 The Foundation of Self-interest 366
11.2.2 The Fact of Diversity 363
11.2.3 The Power of Zealotry 371
11.2.4 The Reality of Burnout 373

11.3 Planning versus Motivating 374

11.4 Responsibility and Authority 375

11.5 Summary 377

Discussion Points 378

Study Questions 379

12 Total Quality Manufacturing 380

12.1 Introduction 380
12.1.1 The Decade of Quality 380
12.1.2 A Quality Anecdote 381
12.1.3 The Status of Quality 382

365



Contents

12.2  Views of Quality 383
12.2.1 General Definitions 383
12.2.2 Internal versus External Quality 383
12.3  Statistical Quality Control 385
12.3.1 SQC Approaches 385
12.3.2 Statistical Process Control 385
12.3.3 SPC Extensions 388
12.4  Quality and Operations 389
12.4.1 Quality Supports Operations 390
12.4.2 Operations Supports Quality 396
12.5 Quality and the Supply Chain 398
12.5.1 A Safety Lead Time Example 399

12.5.2 Purchased Parts in an Assembly System 399

12.5.3  Vendor Selection and Management 401

12.6 Conclusions 402
Study Questions 402
Problems 403

PART III

Xix

PRINCIPLES IN PRACTICE

13

A Pull Planning Framework 408

13.1 Introduction 408
13.2 Disaggregation 409

13.2.1 Time Scales in Production Planning 409

13.2.2 Other Dimensions of Disaggregation
13.2.3 Coordination 413

13.3 Forecasting 414
13.3.1 Causal Forecasting 415
13.3.2 Time Series Forecasting 418
13.3.3 The Art of Forecasting 429

13.4 Planning for Pull 430

13.5 Hierarchical Production Planning 432
13.5.1 Capacity/Facility Planning 434
13.5.2 Workforce Planning 436
13.5.3 Aggregate Planning 438
13.5.4 WIP and Quota Setting 439
13.5.5 Demand Management 441
13.5.6 Sequencing and Scheduling 442
13.5.7 Shop Floor Control 443
13.5.8 Real-Time Simulation 443
13.5.9 Production Tracking 444

13.6 Conclusions 444

Appendix 13A A Quota-Setting Model 445

Study Questions 447

Problems 448

411



