


Jeffrey D. Camm
Wake Forest University

James J. Cochran
University of Alabama

Michael J. Fry
University of Cincinnati

Jeffrey W. Ohlmann
University of Iowa

David R. Anderson
University of Cincinnati

Dennis J. Sweeney
University of Cincinnati

Thomas A. Williams
Rochester Institute  

of Technology

An Introduction
     to Management Science
    Quantitative Approaches to Decision Making

Australia ● Brazil ● Canada ● Mexico ● Singapore ● United Kingdom ● United States

16e

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



This is an electronic version of the print textbook. Due to electronic rights restrictions,
some third party content may be suppressed. Editorial review has deemed that any suppressed 
content does not materially affect the overall learning experience. The publisher reserves the right 
to remove content from this title at any time if subsequent rights restrictions require it. For
valuable information on pricing, previous editions, changes to current editions, and alternate 
formats, please visit www.cengage.com/highered to search by ISBN#, author, title, or keyword for 
materials in your areas of interest.

Important Notice: Media content referenced within the product description or the product 
text may not be available in the eBook version.

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



© 2012, © 2016, © 2019

Copyright © 2023 Cengage Learning, Inc. ALL RIGHTS RESERVED. 

No part of this work covered by the copyright herein may be reproduced 
or distributed in any form or by any means, except as permitted by U.S. 
copyright law, without the prior written permission of the copyright owner.

Unless otherwise noted, all content is Copyright © Cengage Learning, Inc.

The names of all products mentioned herein are used for identification 
purposes only and may be trademarks or registered trademarks of their 
respective owners. Cengage Learning disclaims any affiliation, association, 
connection with, sponsorship, or endorsement by such owners.

Library of Congress Control Number: 2021919282

ISBN: 978-0-357-71546-8

Cengage  
200 Pier 4 Boulevard 
Boston, MA 02210 
USA

Cengage is a leading provider of customized learning solutions with 
employees residing in nearly 40 different countries and sales in more  
than 125 countries around the world. Find your local representative at  
www.cengage.com.

To learn more about Cengage platforms and services, register or access 
your online learning solution, or purchase materials for your course, visit 
www.cengage.com.

An Introduction to Management Science: 
Quantitative Approaches to Decision  
Making, 16e
Jeffrey D. Camm, James J. Cochran, Michael 
J. Fry, Jeffrey W. Ohlmann, David R. Anderson,  
Dennis J. Sweeney, Thomas A. Williams

SVP, Higher Education Product Management:  
Erin Joyner

VP, Product Management, Learning  
Experiences: Thais Alencar

Product Director: Joe Sabatino

Senior Product Manager: Aaron Arnsparger

Product Assistant: Flannery Cowan

Senior Learning Designer: Brandon Foltz

Senior Content Manager: Conor Allen

Associate Subject-Matter Expert: Nancy Marchant

Digital Delivery Quality Partner: Steven McMillian

Director, Product Marketing: Danae April

Product Marketing Manager: Colin Kramer

IP Analyst: Ashley Maynard

IP Project Manager: Prabhat Singh, MPS Limited

Production Service: MPS Limited

Designer: Chris Doughman 

Cover Image Source: IR Stone/ShutterStock.com

Interior image Source: cmillerdesign

For product information and technology assistance, contact us at 
Cengage Customer & Sales Support, 1-800-354-9706 or  

support.cengage.com.

For permission to use material from this text or product,  
submit all requests online at www.copyright.com.

Printed in the United States of America
Print Number: 01          Print Year: 2022

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

WCN: 02-300



Dedication

To My Parents 
Ray and Ilene Anderson 

DRA

To My Parents 
James and Gladys Sweeney 

DJS

To My Parents 
Phil and Ann Williams 

TAW

To My Parents 
Randall and Jeannine Camm 

JDC

To My Wife  
Teresa  

JJC

To My Parents  
Mike and Cynthia Fry  

MJF

To My Parents  
Willis and Phyllis Ohlmann  

JWO

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Brief Contents
Preface xvii
About the Authors xxi

Chapter 1 Introduction 1
Chapter 2 An Introduction to Linear Programming 29
Chapter 3  Linear Programming: Sensitivity Analysis  

and Interpretation of Solution 87
Chapter 4  Linear Programming Applications in Marketing,  

Finance, and Operations Management 143
Chapter 5 Advanced Linear Programming Applications 201
Chapter 6 Distribution and Network Models 239
Chapter 7 Integer Linear Programming 297
Chapter 8 Nonlinear Optimization Models 345
Chapter 9 Project Scheduling: PERT/CPM 389
Chapter 10 Inventory Models 427
Chapter 11 Waiting Line Models 473
Chapter 12 Simulation 511
Chapter 13 Decision Analysis 561
Chapter 14 Multicriteria Decisions 623
Chapter 15  Time Series Analysis and Forecasting 665
Chapter 16 Markov Processes 723
Appendices 749
Appendix A Building Spreadsheet Models 750
Appendix B Areas for the Standard Normal Distribution 779
Appendix C Values of e2l 781
Appendix D  References and Bibliography 782
Appendix E  Solutions to Even-Numbered Exercises (MindTap Reader)

Index 784

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Contents
Preface xvii
About the Authors xxi

Chapter 1 Introduction 1
1.1  Problem Solving and Decision Making 3
1.2  Quantitative Analysis and Decision Making 4
1.3  Quantitative Analysis 6

Model Development 7
Data Preparation 9
Model Solution 10
Report Generation 12
A Note Regarding Implementation 12

1.4  Models of Cost, Revenue, and Profit 13
Cost and Volume Models 13
Revenue and Volume Models 14
Profit and Volume Models 14
Breakeven Analysis 14

1.5  Management Science Techniques 15
Methods Used Most Frequently 16

Summary 18
Glossary 18
Problems 19
Case Problem: Scheduling a Youth Soccer League 24
Appendix 1.1: Using Excel for Breakeven Analysis 25

Chapter 2 An Introduction to Linear Programming 29
2.1 A Simple Maximization Problem 31

Problem Formulation 31
Mathematical Statement of the Par, Inc., Problem 34

2.2 Graphical Solution Procedure 35
A Note on Graphing Lines 43
Summary of the Graphical Solution Procedure  
for Maximization Problems 45
Slack Variables 46

2.3 Extreme Points and the Optimal Solution 47
2.4 Computer Solution of the Par, Inc., Problem 48

Interpretation of Computer Output 49
2.5 A Simple Minimization Problem 50

Summary of the Graphical Solution Procedure  
for Minimization Problems 52
Surplus Variables  53
Computer Solution of the M&D Chemicals Problem 54

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



viii Contents

2.6 Special Cases 55
Alternative Optimal Solutions 55
Infeasibility 56
Unboundedness 57

2.7 General Linear Programming Notation 59
Summary 61
Glossary 62
Problems 62
Case Problem 1: Workload Balancing 78
Case Problem 2: Production Strategy 79
Case Problem 3: Hart Venture Capital 80
Appendix 2.1: Solving Linear Programs with Excel Solver 82

Chapter 3  Linear Programming: Sensitivity Analysis and  
Interpretation of Solution 87

3.1 Introduction to Sensitivity Analysis 89
3.2 Graphical Sensitivity Analysis 89

Objective Function Coefficients 90
Right-Hand Sides 94

3.3 Sensitivity Analysis: Computer Solution 97
Interpretation of Computer Output 97
Cautionary Note on the Interpretation of Dual Values 99
The Modified Par, Inc., Problem 100

3.4 Limitations of Classical Sensitivity Analysis 104
Simultaneous Changes 104
Changes in Constraint Coefficients 104
Nonintuitive Dual Values 105

3.5 The Electronic Communications Problem 109
Problem Formulation 110
Computer Solution and Interpretation 111

Summary 114
Glossary 115
Problems 116
Case Problem 1: Product Mix 136
Case Problem 2: Investment Strategy 137
Appendix 3.1: Sensitivity Analysis with Excel Solver 139

Chapter 4  Linear Programming Applications in Marketing,  
Finance, and Operations Management 143

4.1 Marketing Applications 144
Media Selection 144
Marketing Research 147

4.2 Financial Applications 150
Portfolio Selection 150
Financial Planning 153

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



 Contents ix

4.3 Operations Management Applications 157
A Make-or-Buy Decision 157
Production Scheduling 161
Workforce Assignment 167
Blending Problems 170

Summary 175
Problems 175
Case Problem 1: Planning an Advertising Campaign 188
Case Problem 2: Schneider’s Sweet Shop 189
Case Problem 3: Textile Mill Planning 190
Case Problem 4: Workforce Scheduling 191
Case Problem 5: Duke Energy Coal Allocation 193
Appendix 4.1: Excel Solution of Hewlitt Corporation Financial Planning  
Problem 196

Chapter 5 Advanced Linear Programming Applications 201
5.1 Data Envelopment Analysis 202

Evaluating the Performance of Hospitals 202
Overview of the DEA Approach 203
DEA Linear Programming Model 204
Summary of the DEA Approach 208

5.2 Revenue Management 209
5.3 Portfolio Models and Asset Allocation 213

A Portfolio of Mutual Funds 214
Conservative Portfolio 215
Moderate Risk Portfolio 218

5.4 Game Theory 221
Competing for Market Share 221
Identifying a Pure Strategy Solution 224
Identifying a Mixed Strategy Solution 224

Summary 230
Glossary 231
Problems 231

Chapter 6 Distribution and Network Models 239
6.1 Supply Chain Models 240

Transportation Problem 240
Problem Variations 245
A General Linear Programming Model 246
Transshipment Problem 247
Problem Variations 250
A General Linear Programming Model 252

6.2 Assignment Problem 253
Problem Variations 256
A General Linear Programming Model 257

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



x Contents

6.3 Shortest-Route Problem 258
A General Linear Programming Model 261

6.4 Maximal Flow Problem 262
6.5 A Production and Inventory Application 265
Summary 268
Glossary 269
Problems 270
Case Problem 1:  Solutions Plus 286
Case Problem 2: Supply Chain Design 287
Appendix 6.1: Excel Solution of Transportation,  Transshipment,  
and Assignment Problems 290

Chapter 7 Integer Linear Programming 297
7.1 Types of Integer Linear Programming Models 299
7.2 Graphical and Computer Solutions for an All-Integer Linear  

Program 300
Graphical Solution of the LP Relaxation 300
Rounding to Obtain an Integer Solution 301
Graphical Solution of the All-Integer Problem 302
Using the LP Relaxation to Establish Bounds 303
Computer Solution 303

7.3 Applications Involving 0-1 Variables 304
Capital Budgeting 304
Fixed Cost 305
Distribution System Design 307
Bank Location 310
Product Design and Market Share Optimization 314

7.4 Modeling Flexibility Provided by 0-1 Integer Variables 318
Multiple-Choice and Mutually Exclusive Constraints 318
k out of n Alternatives Constraint 318
Conditional and Corequisite Constraints 319
A Cautionary Note About Sensitivity Analysis 321

Summary 322
Glossary 322
Problems 323
Case Problem 1:  Textbook Publishing 336
Case Problem 2:  Yeager National Bank 337
Case Problem 3: Production Scheduling with Changeover Costs 338
Case Problem 4: Applecore Children’s Clothing 339
Appendix 7.1:  Excel Solution of Integer Linear Programs 341

Chapter 8 Nonlinear Optimization Models 345
8.1 A Production Application—Par, Inc., Revisited 347

An Unconstrained Problem 347
A Constrained Problem 348

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



 Contents xi

Local and Global Optima 350
Sensitivity Analysis 353

8.2 Constructing an Index Fund 354
8.3 Markowitz Portfolio Model 358
8.4 Blending: The Pooling Problem 360
8.5 Forecasting Adoption of a New Product 365
Summary 370
Glossary 370
Problems 371
Case Problem 1:  Portfolio Optimization with Transaction Costs 379
Case Problem 2: CAFe Compliance in the Auto Industry 382
Appendix 8.1: Solving Nonlinear Optimization Problems  
with excel Solver 385

Chapter 9 Project Scheduling: PERT/CPM 389
9.1 Project Scheduling Based on expected Activity Times 390

The Concept of a Critical Path 391
Determining the Critical Path 393
Contributions of PERT/CPM 397
Summary of the PERT/CPM Critical Path Procedure 398

9.2  Project Scheduling Considering Uncertain Activity Times 399
The Daugherty Porta-Vac Project 399
Uncertain Activity Times 399
The Critical Path 402
Variability in Project Completion Time 403

9.3 Considering Time–Cost Trade-Offs 407
Crashing Activity Times 408
Linear Programming Model for Crashing 410

Summary 412
Glossary 412
Problems 413
Case Problem 1: R. C. Coleman 423
Appendix 9.1: Finding Cumulative Probabilities for  Normally Distributed  
Random Variables 425

Chapter 10 Inventory Models 427
10.1  economic Order Quantity (eOQ) Model 428

The How-Much-to-Order Decision 432
The When-to-Order Decision 433
Sensitivity Analysis for the EOQ Model 434
Excel Solution of the EOQ Model 435
Summary of the EOQ Model Assumptions 436

10.2  economic Production Lot Size Model 437
Total Cost Model 437
Economic Production Lot Size 439

10.3  Inventory Model with Planned Shortages 440
10.4  Quantity Discounts for the eOQ Model 444

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



xii Contents

10.5   Single-Period Inventory Model with Probabilistic Demand 447
Neiman Marcus 447
Nationwide Car Rental 450

10.6   Order-Quantity, Reorder Point Model with Probabilistic Demand 451
The How-Much-to-Order Decision 453
The When-to-Order Decision 453

10.7   Periodic Review Model with Probabilistic Demand 455
More Complex Periodic Review Models 458

Summary 459
Glossary 459
Problems 460
Case Problem 1: Wagner Fabricating Company 468
Case Problem 2: River City Fire Department 469
Appendix 10.1: Development of the Optimal Order Quantity (Q)  
Formula for the EOQ Model 471
Appendix 10.2: Development of the Optimal Lot Size (Q*) Formula for  
the Production Lot Size Model 471

Chapter 11 Waiting Line Models 473
11.1  Structure of a Waiting Line System 475

Single-Server Waiting Line 475
Distribution of Arrivals 475
Distribution of Service Times 477
Queue Discipline 477
Steady-State Operation 478

11.2  Single-Server Waiting Line Model with Poisson Arrivals and  
Exponential Service Times 478

Operating Characteristics 478
Operating Characteristics for the Burger Dome Problem 479
Managers’ Use of Waiting Line Models 480
Improving the Waiting Line Operation 480
Excel Solution of Waiting Line Model 481

11.3  Multiple-Server Waiting Line Model with Poisson Arrivals and  
Exponential Service Times 482

Operating Characteristics 483
Operating Characteristics for the Burger Dome Problem 484

11.4  Some General Relationships for Waiting Line Models 487
11.5  Economic Analysis of Waiting Lines 488
11.6  Kendall’s Notation for Classifying Queueing Models 490
11.7  Single-Server Waiting Line Model with Poisson Arrivals and General 

Service Times 491
Operating Characteristics for the M/G/1 Model 491
Constant Service Times 492

11.8  Multiple-Server Model with Poisson Arrivals, General Service Times, 
and No Waiting Line 493

Operating Characteristics for the M/G/k Model with Blocked  
Customers Cleared 493

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



 Contents xiii

11.9  Waiting Line Models with Finite Calling Populations 495
Operating Characteristics for the M/M/1 Model with a  
Finite Calling Population 495

Summary 498
Glossary 499
Problems 499
Case Problem 1: Regional Airlines 508
Case Problem 2: Olympus Equipment, Inc. 509

Chapter 12 Simulation 511
12.1   What-If Analysis 513

Sanotronics 513
Base-Case Scenario 513
Worst-Case Scenario 514
Best-Case Scenario 514

12.2  Simulation of Sanotronics Problem 515
Use of Probability Distributions to Represent Random Variables 515
Generating Values for Random Variables with Excel 516
Executing Simulation Trials with Excel 520
Measuring and Analyzing Simulation Output 522

12.3  Inventory Simulation 524
Simulation of the Butler Inventory Problem 526

12.4   Waiting Line Simulation 529
Black Sheep Scarves 530
Customer (Scarf) Arrival Times 530
Customer (Scarf) Service (Inspection) Times 531
Simulation Model 531
Simulation of Black Sheep Scarves 534
Simulation with Two Quality Inspectors 535
Simulation Results with Two Quality Inspectors 537

12.5   Simulation Considerations 538
Verification and Validation 538
Advantages and Disadvantages of Using Simulation 539

Summary 539
Summary of Steps for Conducting a Simulation Analysis 540
Glossary 540
Problems 541
Case Problem 1: Four Corners 549
Case Problem 2: Harbor Dunes Golf Course 550
Case Problem 3: County Beverage Drive-Thru 552
Appendix 12.1: Common Probability Distributions for Simulation 554

Chapter 13 Decision Analysis 561
13.1  Problem Formulation 563

Influence Diagrams 563
Payoff Tables 564
Decision Trees 564

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



xiv Contents

13.2  Decision Making Without Probabilities 565
Optimistic Approach 566
Conservative Approach 566
Minimax Regret Approach 567

13.3  Decision Making with Probabilities 568
Expected Value of Perfect Information 571

13.4  Risk Analysis and Sensitivity Analysis 572
Risk Analysis 572
Sensitivity Analysis 573

13.5  Decision Analysis with Sample Information 577
Influence Diagram 577
Decision Tree 578
Decision Strategy 580
Risk Profile 582
Expected Value of Sample Information 586
Efficiency of Sample Information 586

13.6  Computing Branch Probabilities with Bayes’ Theorem 586
13.7  Utility Theory 590

Utility and Decision Analysis 592
Utility Functions 595
Exponential Utility Function 598

Summary 600
Glossary 600
Problems 602
Case Problem 1:  Property Purchase Strategy 617
Case Problem 2:  Lawsuit Defense Strategy 618
Case Problem 3: Rob’s Market 619
Case Problem 4: College Softball Recruiting 620

Chapter 14 Multicriteria Decisions 623
14.1  Goal Programming: Formulation and Graphical Solution 624

Developing the Constraints and the Goal Equations 626
Developing an Objective Function with Preemptive Priorities 627
Graphical Solution Procedure 628
Goal Programming Model 631

14.2  Goal Programming: Solving More Complex Problems 632
Pérez Office Supplies Problem 632
Formulating the Goal Equations 633
Formulating the Objective Function 634
Computer Solution 635

14.3  Scoring Models 637
14.4  Analytic Hierarchy Process 640

Developing the Hierarchy 641
14.5  Establishing Priorities Using AHP 642

Pairwise Comparisons 642
Pairwise Comparison Matrix 644

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



 Contents xv

Synthesization 645
Consistency 646
Other Pairwise Comparisons for the Car Selection Problem 648

14.6  Using AHP to Develop an Overall Priority Ranking 649
Summary 651
Glossary 652
Problems 652
Case Problem 1:  Banh Trailers, Inc. 662
Appendix 14.1: Scoring Models with Excel 663

Chapter 15 Time Series Analysis and Forecasting 665
15.1  Time Series Patterns 667

Horizontal Pattern 667
Trend Pattern 668
Seasonal Pattern 671
Trend and Seasonal Pattern 671
Cyclical Pattern 672
Selecting a Forecasting Method 674

15.2  Forecast Accuracy 675
15.3  Moving Averages and Exponential Smoothing 679

Moving Averages 679
Weighted Moving Averages 682
Exponential Smoothing 683

15.4  Linear Trend Projection 686
15.5  Seasonality 690

Seasonality Without Trend  690
Seasonality with Trend 693
Models Based on Monthly Data 695

Summary 696
Glossary 696
Problems 697
Case Problem 1: Forecasting Food and Beverage Sales 704
Case Problem 2: Forecasting Lost Sales 705
Appendix 15.1: Forecasting with Excel Data Analysis Tools 707
Appendix 15.2: Using the Excel Forecast Sheet 716

Chapter 16 Markov Processes 723
16.1  Market Share Analysis 724
16.2  Accounts Receivable Analysis 732

Fundamental Matrix and Associated Calculations 733
Establishing the Allowance for Doubtful Accounts 734

Summary 736
Glossary 737
Problems 737
Case Problem 1: Dealer’s Absorbing State Probabilities in  
Blackjack 742

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



xvi Contents

Appendix 16.1: Matrix Notation and Operations 744
Appendix 16.2: Matrix Inversion with Excel 747

Appendices  749

Appendix A  Building Spreadsheet Models 750

Appendix B  Areas for the Standard Normal Distribution 779

Appendix C  Values of e2l 781

Appendix D  References and Bibliography 782

Appendix E   Solutions to Even-Numbered Exercises (MindTap Reader)

Index 784

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



We are very excited to publish the sixteenth edition of a text that has been a leader in the 
field for over 30 years. The purpose of this sixteenth edition, as with previous editions, 

is to provide undergraduate and graduate students with a sound conceptual understanding of 
the role that management science plays in the decision-making process. The text describes 
many of the applications where management science is used successfully. Former users of 
this text have told us that the applications we describe have led them to find new ways to use 
management science in their organizations.

An Introduction to Management Science: Quantiative Approaches to Decision Making, 
16e is applications oriented and continues to use the problem-scenario approach that is a 
hallmark of every edition of the text. Using the problem-scenario approach, we describe a 
problem in conjunction with the management science model being introduced. The model is 
then solved to generate a solution and recommendation to management. We have found that 
this approach helps to motivate the student by demonstrating not only how the procedure 
works, but also how it contributes to the decision-making process.

From the first edition, we have been committed to the challenge of writing a textbook 
that would help make the mathematical and technical concepts of management science un-
derstandable and useful to students of business and economics. Judging from the responses 
from our teaching colleagues and thousands of students, we have successfully met the chal-
lenge. Indeed, it is the helpful comments and suggestions of many loyal users that have been 
a major reason why the text is so successful.

Throughout the text we have utilized generally accepted notation for the topic being cov-
ered, so those students who pursue study beyond the level of this text should be comfortable 
reading more advanced material. To assist in further study, a references and bibliography 
section is included at the back of the book.

Changes in the Sixteenth Edition
The sixteenth edition of this text has moved to a full-color internal design for improved 
aesthetics. Further, we’re excited about the following changes:

Content Changes 
We have responded to readers’ feedback and provided more elaborate discussions on several 
concepts throughout the book. One example of our responsiveness is the introduction of a 
new section on sensitivity analysis for nonlinear optimization. 

We maintain a software-agnostic approach when presenting concepts within the chapters. 
However, we have removed appendices covering LINGO and Analytic Solver from the text-
book. Instead of these two software packages (which require paid licensing), we strengthen 
our coverage of Excel Solver (which is included with Microsoft Excel).

Management Science in Action 
The Management Science in Action vignettes describe how the material covered in a chapter 
is used in practice. Some of these are provided by practitioners. Others are based on articles 
from practice-oriented research journals such as the INFORMS Journal on Applied Analytics 
(formerly known as Interfaces). We updated the text with six new Management Science in 
Action vignettes in this edition. 

Cases and Problems
The quality of the problems and case problems is an important feature of the text. In this 
edition we have added over 15 new problems and updated numerous others.

Preface
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xviii Preface

Learning Objectives 
At the beginning of each chapter, we have added a list of learning objectives that reflects 
Bloom’s taxonomy. For each end-of-chapter problem, a descriptive problem title has been 
added and the learning objectives addressed by the problem are listed.

Computer Software Integration 
To make it easy for new users of Excel Solver, we provide Excel files with the model formu-
lation for every optimization problem that appears in the body of the text. The model files are 
well-documented and should make it easy for the user to understand the model formulation. 
The text is updated for current versions of Microsoft Excel, but Excel 2010 and later versions 
allow all problems to be solved using the standard version of Excel Solver.

WebAssign
Prepare for class with confidence using WebAssign from Cengage. This online learning 
platform fuels practice, so students can truly absorb what you learn – and are better prepared 
come test time. Videos, Problem Walk-Throughs, and End-of-Chapter problems with instant 
feedback help them understand the important concepts, while instant grading allows you and 
them to see where they stand in class. Class Insights allows students to see what topics they 
have mastered and which they are struggling with, helping them identify where to spend 
extra time. Study Smarter with WebAssign.

Features and Pedagogy
We have continued many of the features that appeared in previous editions. Some of the 
important ones are noted here.

Annotations
Annotations that highlight key points and provide additional insights for the student are 
a continuing feature of this edition. These annotations, which appear in the margins, are 
designed to provide emphasis and enhance understanding of the terms and concepts being 
presented in the text. 

Notes and Comments
At the end of many sections, we provide Notes and Comments designed to give the student 
additional insights about the methodology and its application. Notes and Comments include 
warnings about or limitations of the methodology, recommendations for application, brief 
descriptions of additional technical considerations, and other matters.

Instructor & Student Resources:
Additional instructor and student resources for this product are available online. Instructor 
assets include an Instructor’s Manual, Educator’s Guide, PowerPoint® slides, and a test bank 
powered by Cognero®. Students will find a download for all data sets. Sign up or sign in at 
www.cengage.com to search for and access this product and its online resources.
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Learning Objectives

After completing this chapter, you will be able to

LO 1 Define the terms management science and operations 
research.

LO 2 List the steps in the decision-making process and 
explain the roles of qualitative and quantitative 
approaches to managerial decision making.

LO 3  Explain the modelling process and its benefits to 
analyzing real situations.

LO 4 Formulate basic mathematical models of cost, revenue, 
and profit and compute the breakeven point.
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2 Chapter 1 Introduction

Management science, an approach to decision making based on the scientific method, 
makes extensive use of quantitative analysis. A variety of names exist for the body of 
knowledge involving quantitative approaches to decision making; in addition to manage-
ment science, two other widely known and accepted names are operations research and 
 decision science. Today, many use the terms management science, operations research,  
and decision science interchangeably.

The scientific management revolution of the early 1900s, initiated by Frederic 
W.  Taylor, provided the foundation for the use of quantitative methods in management. But 
modern management science research is generally considered to have originated during the 
World War II period, when teams were formed to deal with strategic and tactical problems 
faced by the military. These teams, which often consisted of people with diverse specialties 
(e.g., mathematicians, engineers, and behavioral scientists), were joined together to solve 
a common problem by utilizing the scientific method. After the war, many of these team 
members continued their research in the field of management science.

Two developments that occurred during the post–World War II period led to the growth 
and use of management science in nonmilitary applications. First, continued research 
 resulted in numerous methodological developments. Probably the most significant devel-
opment was the discovery by George Dantzig, in 1947, of the simplex method for solving 
linear programming problems. At the same time these methodological developments were 
taking place, digital computers prompted a virtual explosion in computing power. Com-
puters enabled practitioners to use the methodological advances to solve a large variety of 
problems. The computer technology explosion continues; smartphones, tablets, and other 
mobile-computing devices can now be used to solve problems larger than those solved on 
mainframe computers in the 1990s.

More recently, the explosive growth of data from sources such as smartphones and 
other personal-electronic devices provide access to much more data today than ever before. 
Additionally, the Internet allows for easy sharing and storage of data, providing extensive 
access to a variety of users to the necessary inputs to management-science models.

As stated in the Preface, the purpose of the text is to provide students with a sound con-
ceptual understanding of the role that management science plays in the decision-making 
process. We also said that the text is application oriented. To reinforce the applications 
 nature of the text and provide a better understanding of the variety of applications in which 
management science has been used successfully, Management Science in Action articles 
are presented throughout the text. Each Management Science in Action article summarizes 
an application of management science in practice. The first Management Science in Action 
in this chapter, Revenue Management at AT&T Park, describes one of the most important 
applications of management science in the sports and entertainment industry.

Revenue Management at AT&T Park*

Imagine the difficult position Russ Stanley, Vice President 
of Ticket Services for the San Francisco Giants, found 
himself facing late in the 2010 baseball season. Prior 
to the season, his organization adopted a dynamic 
approach to pricing its tickets similar to the model 

successfully pioneered by Thomas M. Cook and his 
operations research group at American Airlines. Stanley 
desperately wanted the Giants to clinch a playoff berth 
but he didn’t want the team to do so too quickly.

When dynamically pricing a good or service, an 
organization regularly reviews supply and demand of the 
product and uses operations research to determine if 
the price should be changed to reflect these conditions. 
As the scheduled takeoff date for a flight nears, the cost 
of a ticket increases if seats for the flight are relatively 
scarce. On the other hand, the airline discounts tickets 

Management Science in Action

*Based on Peter Horner, “The Sabre Story,” OR/MS Today (June 2000); 
Ken Belson, “Baseball Tickets Too Much? Check Back Tomorrow,” 
NewYorkTimes.com (May 18, 2009); and Rob Gloster, “Giants 
Quadruple Price of Cheap Seats as Playoffs Drive Demand,” Bloomberg 
Business-week (September 30, 2010).
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 1.1 Problem Solving and Decision Making 3

1.1 Problem Solving and Decision Making
Problem solving can be defined as the process of identifying a difference between the  
actual and the desired state of affairs and then taking action to resolve the difference. 
For problems important enough to justify the time and effort of careful analysis, the problem- 
solving process involves the following seven steps:

1. Identify and define the problem.
2. Determine the set of alternative solutions.
3. Determine the criterion or criteria that will be used to evaluate the alternatives.
4. Evaluate the alternatives.
5. Choose an alternative.
6. Implement the selected alternative.

 7. Evaluate the results to determine whether a satisfactory solution has been obtained.

Decision making is the term generally associated with the first five steps of the  
problem-solving process. Thus, the first step of decision making is to identify and define 
the problem. Decision making ends with the choosing of an alternative, which is the act of 
making the decision.

Let us consider the following example of the decision-making process. For the moment 
assume that you are currently unemployed and that you would like a position that will lead 
to a satisfying career. Suppose that your job search has resulted in offers from compan-
ies in Rochester, New York; Dallas, Texas; Greensboro, North Carolina; and Pittsburgh, 
 Pennsylvania. Thus, the alternatives for your decision problem can be stated as follows:

1. Accept the position in Rochester.
2. Accept the position in Dallas.
3. Accept the position in Greensboro.

 4. Accept the position in Pittsburgh.

The next step of the problem-solving process involves determining the criteria that will 
be used to evaluate the four alternatives. Obviously, the starting salary is a factor of some 

for an approaching flight with relatively few ticketed pas-
sengers. Through the use of optimization to dynamically 
set ticket prices, American Airlines generates nearly  
$1 billion annually in incremental revenue.

The management team of the San Francisco Giants 
recognized similarities between their primary product 
(tickets to home games) and the primary product sold by 
airlines (tickets for flights) and adopted a similar revenue 
management system. If a particular Giants’ game is 
appealing to fans, tickets sell quickly and demand far 
exceeds supply as the date of the game approaches; 
under these conditions fans will be willing to pay more 
and the Giants charge a premium for the ticket. Similarly, 
tickets for less attractive games are discounted to reflect 
relatively low demand by fans. This is why Stanley found 
himself in a quandary at the end of the 2010 base-
ball season. The Giants were in the middle of a tight 
pennant race with the San Diego Padres that effectively 
increased demand for tickets to Giants’ games, and 
the team was actually scheduled to play the Padres in 
San Francisco for the last three games of the season. 

While Stanley certainly wanted his club to win its division 
and reach the Major League Baseball playoffs, he also 
recognized that his team’s revenues would be greatly 
enhanced if it didn’t qualify for the playoffs until the last 
day of the season. “I guess financially it is better to go 
all the way down to the last game,” Stanley said in a late 
season interview. “Our hearts are in our stomachs; we’re 
pacing watching these games.”

Does revenue management and operations re-
search work? Today, virtually every airline uses some 
sort of revenue-management system, and the cruise, 
hotel, and car rental industries also now apply reven-
ue-management methods. As for the Giants, Stanley 
said dynamic pricing provided a 7% to 8% increase in 
revenue per seat for Giants’ home games during the 
2010 season. Coincidentally, the Giants did win the 
National League West division on the last day of the 
season and ultimately won the World Series. Several 
professional sports franchises are now looking to the 
Giants’ example and considering implementation of 
similar dynamic ticket-pricing systems.
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4 Chapter 1 Introduction

importance. If salary were the only criterion of importance to you, the alternative selected 
as “best” would be the one with the highest starting salary. Problems in which the objective 
is to find the best solution with respect to one criterion are referred to as single-criterion 
decision problems.

Suppose that you also conclude that the potential for advancement and the location of 
the job are two other criteria of major importance. Thus, the three criteria in your decision 
problem are starting salary, potential for advancement, and location. Problems that involve 
more than one criterion are referred to as multicriteria decision problems.

The next step of the decision-making process is to evaluate each of the alternatives with 
respect to each criterion. For example, evaluating each alternative relative to the starting 
salary criterion is done simply by recording the starting salary for each job alternative. 
Evaluating each alternative with respect to the potential for advancement and the location 
of the job is more difficult to do, however, because these evaluations are based primarily 
on subjective factors that are often difficult to quantify. Suppose for now that you decide 
to measure potential for advancement and job location by rating each of these criteria as 
poor, fair, average, good, or excellent. The data that you compile are shown in Table 1.1.

You are now ready to make a choice from the available alternatives. What makes this 
choice phase so difficult is that the criteria are probably not all equally important, and no 
one alternative is “best” with regard to all criteria. Although we will present a method for 
dealing with situations like this one later in the text, for now let us suppose that after a 
careful evaluation of the data in Table 1.1, you decide to select alternative 3; alternative 3 is 
thus referred to as the decision.

At this point in time, the decision-making process is complete. In summary, we see that 
this process involves five steps:

1. Define the problem.
2. Identify the alternatives.
3. Determine the criteria.
4. Evaluate the alternatives.

 5. Choose an alternative.

Note that missing from this list are the last two steps in the problem-solving process: im-
plementing the selected alternative and evaluating the results to determine whether a satis-
factory solution has been obtained. This omission is not meant to diminish the importance 
of each of these activities, but to emphasize the more limited scope of the term decision 
making as compared to the term problem solving. Figure 1.1 summarizes the relationship 
between these two concepts.

1.2 Quantitative Analysis and Decision Making
Consider the flowchart presented in Figure 1.2. Note that it combines the first three steps 
of the decision-making process under the heading “Structuring the Problem” and the latter 
two steps under the heading “Analyzing the Problem.” Let us now consider in greater detail 
how to carry out the set of activities that make up the decision-making process.

Alternative
Starting  
Salary

Potential for  
Advancement

Job  
Location

1. Rochester $58,500      Average              Average
2. Dallas $56,000      Excellent              Good
3. Greensboro $56,000      Good              Excellent
4. Pittsburgh $57,000      Average              Good

Data for the Job Evaluation Decision-Making ProblemTable 1.1
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 1.2 Quantitative Analysis and Decision Making 5

Figure 1.3 shows that the analysis phase of the decision-making process may take 
two basic forms: qualitative and quantitative. Qualitative analysis is based primarily on 
the manager’s judgment and experience; it includes the manager’s intuitive “feel” for the 
problem and is more an art than a science. If the manager has had experience with similar 
problems or if the problem is relatively simple, heavy emphasis may be placed on a qual-
itative analysis. However, if the manager has had little experience with similar problems, 
or if the problem is sufficiently complex, then a quantitative analysis of the problem can 
be an especially important consideration in the manager’s final decision.

When using the quantitative approach, an analyst will concentrate on the quantitative facts 
or data associated with the problem and develop mathematical expressions that  describe 
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6 Chapter 1 Introduction

the objectives, constraints, and other relationships that exist in the problem. Then, by using 
one or more quantitative methods, the analyst will make a recommendation based on the 
quantitative aspects of the problem.

Although skills in the qualitative approach are inherent in the manager and usually 
 increase with experience, the skills of the quantitative approach can be learned only by 
studying the assumptions and methods of management science. A manager can increase 
decision-making effectiveness by learning more about quantitative methodology and by 
better understanding its contribution to the decision-making process. A manager who is 
knowledgeable in quantitative decision-making procedures is in a much better position 
to compare and evaluate the qualitative and quantitative sources of recommendations and 
 ultimately to combine the two sources in order to make the best possible decision.

The box in Figure 1.3 titled “Quantitative Analysis” encompasses most of the subject 
matter of this text. We will consider a managerial problem, introduce the appropriate quant-
itative methodology, and then develop the recommended decision.

In closing this section, let us briefly state some of the reasons why a quantitative 
 approach might be used in the decision-making process:

1. The problem is complex, and the manager cannot develop a good solution without 
the aid of quantitative analysis.

2. The problem is especially important (e.g., a great deal of money is involved), and 
the manager desires a thorough analysis before attempting to make a decision.

3. The problem is new, and the manager has no previous experience from which  
to draw.

 4. The problem is repetitive, and the manager saves time and effort by relying on 
quantitative procedures to make routine decision recommendations.

1.3 Quantitative Analysis
From Figure 1.3, we see that quantitative analysis begins once the problem has been 
structured. It usually takes imagination, teamwork, and considerable effort to transform 
a rather general problem description into a well-defined problem that can be approached 
via quantitative analysis. The more the analyst is involved in the process of structuring the 
problem, the more likely the ensuing quantitative analysis will make an important contribu-
tion to the decision-making process.

To successfully apply quantitative analysis to decision making, the management scient-
ist must work closely with the manager or user of the results. When both the management 

 Figure 1.3 The Role of Qualitative and Quantitative Analysis
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scientist and the manager agree that the problem has been adequately structured, work can 
begin on developing a model to represent the problem mathematically. Solution procedures 
can then be employed to find the best solution for the model. This best solution for the 
model then becomes a recommendation to the decision maker. The process of develop-
ing and solving models is the essence of the quantitative analysis process.

Model Development
Models are representations of real objects or situations and can be presented in various 
forms. For example, a scale model of an airplane is a representation of a real airplane. 
 Similarly, a child’s toy truck is a model of a real truck. The model airplane and toy truck 
are examples of models that are physical replicas of real objects. In modeling terminology, 
physical replicas are referred to as iconic models.

A second classification includes models that are physical in form but do not have the 
same physical appearance as the object being modeled. Such models are referred to as 
 analog models. The speedometer of an automobile is an analog model; the position of the 
needle on the dial represents the speed of the automobile. A thermometer is another analog 
model representing temperature.

A third classification of models—the type we will primarily be studying—includes 
representations of a problem by a system of symbols and mathematical relationships or 
 expressions. Such models are referred to as mathematical models and are a critical part  
of any quantitative approach to decision making. For example, the total profit from the sale 
of a product can be determined by multiplying the profit per unit by the quantity sold. If we 
let x represent the number of units sold and P the total profit, then, with a profit of $10 per 
unit, the following mathematical model defines the total profit earned by selling x units:

(1.1)P 5 10x

The purpose, or value, of any model is that it enables us to make inferences about the 
real situation by studying and analyzing the model. For example, an airplane designer might 
test an iconic model of a new airplane in a wind tunnel to learn about the potential flying 
characteristics of the full-size airplane. Similarly, a mathematical model may be used to 
make inferences about how much profit will be earned if a specified quantity of a particular 
product is sold. According to the mathematical model of equation (1.1), we would expect 
selling three units of the product (x 5 3) would provide a profit of P 5 10(3) 5 $30.

In general, experimenting with models requires less time and is less expensive than 
experimenting with the real object or situation. A model airplane is certainly quicker and 
less expensive to build and study than the full-size airplane. Similarly, the mathematical 
model in equation (1.1) allows a quick identification of profit expectations without actually 
requiring the manager to produce and sell x units. Models also have the advantage of 
reducing the risk associated with experimenting with the real situation. In particular, bad 
designs or bad decisions that cause the model airplane to crash or a mathematical model to 
project a $10,000 loss can be avoided in the real situation.

The value of model-based conclusions and decisions is dependent on how well the 
model represents the real situation. The more closely the model airplane represents the real 
airplane, the more accurate the conclusions and predictions will be. Similarly, the more 
closely the mathematical model represents the company’s true profit–volume relationship, 
the more accurate the profit projections will be.

Because this text deals with quantitative analysis based on mathematical models, let 
us look more closely at the mathematical modeling process. When initially considering a 
managerial problem, we usually find that the problem definition phase leads to a specific 
objective, such as maximization of profit or minimization of cost, and possibly a set of 
restrictions or constraints, such as production capacities. The success of the mathematical 
model and quantitative approach will depend heavily on how accurately the objective and 
constraints can be expressed in terms of mathematical equations or relationships.

Herbert A. Simon, a 
Nobel Prize winner in 
economics and an expert 
in decision making, said 
that a mathematical 
model does not have to 
be exact; it just has to be 
close enough to provide 
better results than can 
be obtained by common 
sense.
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8 Chapter 1 Introduction

A mathematical expression that describes the problem’s objective is referred to as 
the objective function. For example, the profit equation P 5 10x would be an objective 
function for a firm attempting to maximize profit. A production capacity constraint would 
be necessary if, for instance, 5 hours are required to produce each unit and only 40 hours of 
production time are available per week. Let x indicate the number of units produced each 
week. The production time constraint is given by

(1.2)5x # 40

The value of 5x is the total time required to produce x units; the symbol # indicates that 
the production time required must be less than or equal to the 40 hours available.

The decision problem or question is the following: How many units of the product 
should be scheduled each week to maximize profit? A complete mathematical model for 
this simple production problem is

 Maximize

subject to ss.t.d
P 5 10x objective function

 

 
5x # 40

  x $ 0 6 constraints

The x $ 0 constraint requires the production quantity x to be greater than or equal to 
zero, which simply recognizes the fact that it is not possible to manufacture a negative 
number of units. The optimal solution to this model can be easily calculated and is given 
by x 5 8, with an associated profit of $80. This model is an example of a linear program-
ming model. In subsequent chapters we will discuss more complicated mathematical mod-
els and learn how to solve them in situations where the answers are not nearly so obvious.

In the preceding mathematical model, the profit per unit ($10), the production time 
per unit (5 hours), and the production capacity (40 hours) are environmental factors 
that are not under the control of the manager or decision maker. Such environmental 
factors, which can affect both the objective function and the constraints, are referred to as 
uncontrollable  inputs to the model. Inputs that are completely controlled or determined 
by the decision maker are  referred to as controllable inputs to the model. In the example 
given, the production quantity x is the controllable input to the model. Controllable inputs 
are the decision alternatives specified by the manager and thus are also referred to as the 
decision variables of the model.

Once all controllable and uncontrollable inputs are specified, the objective function 
and constraints can be evaluated and the output of the model determined. In this sense, 
the output of the model is simply the projection of what would happen if those particular 
environmental factors and decisions occurred in the real situation. A flowchart of how 
controllable and uncontrollable inputs are transformed by the mathematical model into 
output is shown in Figure 1.4. A similar flowchart showing the specific details of the 
production model is shown in Figure 1.5.

As stated earlier, the uncontrollable inputs are those the decision maker cannot influence. 
The specific controllable and uncontrollable inputs of a model depend on the particular prob-
lem or decision-making situation. In the production problem, the production time available 
(40) is an uncontrollable input. However, if it were possible to hire more employees or use 
overtime, the number of hours of production time would become a controllable input and 
therefore a decision variable in the model.

Uncontrollable inputs can either be known exactly or be uncertain and subject to 
variation. If all uncontrollable inputs to a model are known and cannot vary, the model 
is  referred to as a deterministic model. Corporate income tax rates are not under the 
influence of the manager and thus constitute an uncontrollable input in many decision 
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models. Because these rates are known and fixed (at least in the short run), a mathematical 
model with corporate income tax rates as the only uncontrollable input would be a 
deterministic model. The distinguishing feature of a deterministic model is that the 
uncontrollable input values are known in advance.

If any of the uncontrollable inputs are uncertain to the decision maker, the model is 
referred to as a stochastic or probabilistic model. An uncontrollable input to many pro-
duction planning models is demand for the product. A mathematical model that treats future 
demand—which may be any of a range of values—with uncertainty would be called a 
stochastic model. In the production model, the number of hours of production time required 
per unit, the total hours available, and the unit profit were all uncontrollable inputs. Because 
the uncontrollable inputs were all known to take on fixed values, the model was deterministic. 
If, however, the number of hours of production time per unit could vary from 3 to 6 hours 
depending on the quality of the raw material, the model would be stochastic. The distinguish-
ing feature of a stochastic model is that the value of the output cannot be  determined even if 
the value of the controllable input is known because the specific values of the uncontrollable 
inputs are unknown. In this respect, stochastic models are often more difficult to analyze.

Data Preparation
Another step in the quantitative analysis of a problem is the preparation of the data re-
quired by the model. Data in this sense refer to the values of the uncontrollable inputs to 
the model. All uncontrollable inputs or data must be specified before we can analyze the 
model and recommend a decision or solution for the problem.

 Figure 1.4  Flowchart of the Process of Transforming Model Inputs  
into Output
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 Figure 1.5  Flowchart for the Production Model
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