" DECISION MAKING IN
SYSTEMS ENGINEERING

AND MANAGEMENT

THIRD EDITION







DECISION MAKING
IN SYSTEMS ENGINEERING
AND MANAGEMENT






DECISION MAKING
IN SYSTEMS ENGINEERING
AND MANAGEMENT

Third Edition

PATRICK J. DRISCOLL, Ph.D., Editor
GREGORY S. PARNELL, Ph.D., Editor
DALE L. HENDERSON, Ph.D., Design Editor

WILEY



This edition first published 2023
© 2023 John Wiley & Sons, Inc. All rights reserved.

Edition History
Ist edition (9780470165706) 2008, by Gregory S. Parnell, Patrick J. Driscoll, and Dale L. Henderson
2nd edition (9780470900420) 2010, by Gregory S. Parnell, Patrick J. Driscoll, and Dale L. Henderson

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form
or by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by law. Advice on
how to obtain permission to reuse material from this title is available at http://www.wiley.com/go/permissions.

The right of Patrick J. Driscoll, Gregory S. Parnell, and Dale L. Henderson to be identified as the authors of this work has
been asserted in accordance with law.

Registered Office
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA

Editorial Office
111 River Street, Hoboken, NJ 07030, USA

For details of our global editorial offices, customer services, and more information about Wiley products visit us at
www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content that appears in
standard print versions of this book may not be available in other formats.

Limit of Liability/Disclaimer of Warranty

In view of ongoing research, equipment modifications, changes in governmental regulations, and the constant flow of
information relating to the use of experimental reagents, equipment, and devices, the reader is urged to review and
evaluate the information provided in the package insert or instructions for each chemical, piece of equipment, reagent, or
device for, among other things, any changes in the instructions or indication of usage and for added warnings and
precautions. While the publisher and authors have used their best efforts in preparing this work, they make no
representations or warranties with respect to the accuracy or completeness of the contents of this work and specifically
disclaim all warranties, including without limitation any implied warranties of merchantability or fitness for a particular
purpose. No warranty may be created or extended by sales representatives, written sales materials or promotional
statements for this work. The fact that an organization, website, or product is referred to in this work as a citation and/or
potential source of further information does not mean that the publisher and authors endorse the information or services
the organization, website, or product may provide or recommendations it may make. This work is sold with the
understanding that the publisher is not engaged in rendering professional services. The advice and strategies contained
herein may not be suitable for your situation. You should consult with a specialist where appropriate. Further, readers
should be aware that websites listed in this work may have changed or disappeared between when this work was written
and when it is read. Neither the publisher nor authors shall be liable for any loss of profit or any other commercial
damages, including but not limited to special, incidental, consequential, or other damages.

Library of Congress Cataloging-in-Publication Data:

Names: Driscoll, Patrick J., editor. | Parnell, Gregory S., editor. |
Henderson, Dale L., editor.

Title: Decision making in systems engineering and management / edited by
Patrick J. Driscoll, Gregory S. Parnell, Dale L. Henderson.

Description: Third edition. | Hoboken, NJ : Wiley, 2023. | Includes
bibliographical references and index.

Identifiers: LCCN 2022036178 (print) | LCCN 2022036179 (ebook) | ISBN
9781119901402 (hardback) | ISBN 9781119901419 (adobe pdf) | ISBN
9781119901426 (epub)

Subjects: LCSH: Systems engineering—Management. | Systems
engineering—Decision making.

Classification: LCC TA168 .D43 2023 (print) | LCC TA168 (ebook) | DDC
621.382/16—-dc23/eng/20221003

LC record available at https://Iccn.loc.gov/2022036178

LC ebook record available at https://lccn.loc.gov/2022036179

Cover Design: Wiley
Cover Image: © Titima Ongkantong/Shutterstock

Set in 10/12pt TimesLTStd by Straive, Chennai, India


http://www.wiley.com/go/permissions
http://www.wiley.com
https://lccn.loc.gov/2022036178
https://lccn.loc.gov/2022036179

Contents

List of Figures
List of Tables
Co-authors

Preface

1 Working with Systems

1.1 Introduction
1.1.1 Check on Learning
1.2 The Systems Engineering Perspective
1.21 Systems Trends That Challenge System Engineers
1.2.2  Check on Learning
1.2.3 Fundamental Tasks of Systems Engineers
1.2.4  Relationship of Systems Engineers to Other Engineering Disciplines
1.2.5 Education, Training, and Knowledge of Systems Engineers
1.3 Systems Thinking
1.3.1 Check on Learning
1.4 System Life Cycles
1.4.1 System Life Cycle Model
1.5  Other Major System Life Cycle Models
1.5.1 Check on Learning
1.6 Systems Decision Process
1.7  Stakeholders and Vested Interests
1.7.1 Check on Learning
References

xiii
XXi
XXV

XXvii



vi

2 Applied Systems Thinking

2.1  Holism—Framing Systems
2.1.1 Systems Versus Analytic Thinking
2.1.2  Check on Learning

2.2 Element Dependencies
221 Check on Learning

2.3 Expansive and Contractive Thinking
23.1 Check on Learning

24  Structure

2.5 Classifying Systems

2.6  Boundaries

2.7  Visibility and Spatial Arrangement
2.7.1 Visibility
2.7.2 Spatial Arrangement
273 Check on Learning

2.8  Evolution and Dynamics

References

3 System Representations

3.1 Introduction
3.2 System Modeling Concepts
3.2.1 What Models Are
3.2.2  Role of Models in Solution Design
323 Qualities of Useful Models
324  Building System Models
325 Characteristics of Models
3.2.6  Exercise the Model
327 Revise the Model
3.3 Systemigrams
3.3.1 Systemigram Rules
3.4 Directional Dependency (D?) Diagrams
34.1 D? Diagrams into Math Representations
3.5 DSM and DMM Models
351 Dependency Structure Matrix (DSM)
352 System Adjacency Matrices
353 Domain Mapping Matrix (DMM)
354  Check on Learning
3.6  System Dynamics
3.7 IDEFO0 Models
3.8  Simulation Modeling
3.8.1 Analytical Methods versus Simulation
3.8.2  Check on Learning
3.9 Determining Simulation Sample Size
References

4 The Systems Decision Process

4.1
4.2

Introduction
Value Versus Alternative Focused Thinking

CONTENTS

49

49
52
54
55
56
57
58
58
65
67
70
70
72
75
75
79

81

81
82
83
84
86
87
92
94
95
96
96
99
101
105
105
112
118
120
121
127
135
135
140
140
142

145

145
145



CONTENTS

4.3  The SDP in Detail
431 The System Environment
4.3.2 When to Use the Systems Decision Process
433 Check on Learning

4.4  The Role of Stakeholders

References

5 Problem Definition

5.1  Purpose of the Problem Definition Phase
5.1.1 Comparison with Other Systems Engineering Processes
5.2 Research and “What is?”
5.2.1 Check on Learning
5.3  Stakeholder Analysis
5.3.1 Techniques for Stakeholder Analysis
5.3.2 At Completion—FCR Matrix
5.4 Requirements Analysis
54.1 Margins
5.5 Functional Analysis
5.5.1 Functional Hierarchy
5.5.2  Functional Flow Diagram
553 IDEFO Functional Modeling Method
5.6  Assessing System Readiness
5.7 Initial Risk Assessment
5.7.1 Risk Identification
5.7.2  Risk Mitigation
References
6 Value Modeling
6.1  Introduction
6.2 Qualitative Value Modeling
6.2.1 Developing a Qualitative Value Model
6.2.2 Measures
6.3  Quantitative Value Model
6.3.1 Value Functions
6.3.2 Value Increment Method
6.3.3 Weighting Options
References

7 Solution Design

7.1
7.2

Introduction

Ideation Techniques

7.2.1 Brainstorming

7.2.2  Brainwriting

7.2.3 Design Thinking

7.2.4 Affinity Diagramming

7.2.5 Delphi

7.2.6 Groupware

7.2.7 Lateral and Parallel Thinking and Six Thinking Hats

vii

148
150
152
155
157
160

161
161
163
164
168
169
171
184
186
191
193
193
198
200
202
209
210
219
221

225

225
229
231
232
238
240
246
248
263

265

265
267
267
269
270
272
273
275
275



viii

7.2.8
729

Morphology
Ends-Means Chains

7.2.10  Other Ideation Techniques
Screening and Feasibility
Improving Candidate Alternatives

7.3

7.4
7.4.1
7.4.2
7.4.3

References

Design of Experiments
Fractional Factorial Design
Pareto Analysis

Costing Systems

8.1  Introduction
8.2  Types of Costs
8.3  Cost Estimating Techniques
8.3.1 Estimating by Analogy
8.3.2 Parametric Estimation Using Cost Estimating Relationships
833 Common Cost Estimating Relationships (CER)
8.34 Learning Curves
8.4  Time Effects on Cost
8.4.1 Time Value of Money
8.4.2 Inflation
8.4.3 Net Present Value
8.4.4  Breakeven Analysis and Replacement Analysis
References

Decision Making via Tradespace Analysis

9.1
9.2
9.3

94

9.5

9.6

9.7

9.8

9.9

Introduction
Tradespace Properties
Scoring Solution Alternatives

9.3.1
9.3.2
9.33
9.34
9.3.5

Operations
Focused Testing
Modeling
Simulation
Expert Opinion

Scoring Options

94.1
942

Candidate Systems Scoring
Candidate Components Scoring

Tradespace Analysis on Scoring Results

9.5.1
9.5.2

Analyzing Sensitivity on Weights
Sensitivity Analysis on Weights Using Excel

Applying Value-focused Thinking

9.6.1
9.6.2

Improving non-Dominated Alternatives
Improving Dominated Alternatives

Supporting the Tradespace Decision
Use value-focused thinking to improve solutions

9.8.1

Decision Analysis of Dependent Risks

Reporting and Decision Handoff

CONTENTS

275
277
278
279
284
286
292
300
302

305

305
311
312
312
314
314
326
332
332
334
335
337
338

341

341
344
346
347
347
348
348
349
350
350
354
359
365
367
367
372
373
374
376
377
380



CONTENTS ix

9.9.1 Developing the Report 381

9.9.2 Developing the Presentation 381

9.9.3 Presenting Analysis Results 382

9.9.4  Concluding the Presentation 383

9.9.5 Using a Storyline Approach 384
References 386
10 Stochastic Tradespace Analysis 389
10.1 Introduction 389
10.2 Uncertainty Concepts 391
10.3 Flaw of Averages Considerations 394
10.4 Uncertainty Distributions 395
10.5 Monte Carlo Uncertainty Simulation 398
10.6 Cost Uncertainty Modeling 400
10.7 Realization Analysis 405
10.7.1 Level 1 Analysis—Choice Set Reduction 408
References 416
11 System Reliability 419
11.1 Modeling System Reliability 419
11.2 Math Models in Reliability 420
11.2.1 Common Continuous Reliability Distributions 424

11.2.2  Common Discrete Distributions 431

11.2.3  Check on Learning 434

11.3 Reliability Block Diagrams 434
11.3.1  Series System 437

11.3.2  Parallel System 441

11.3.3  Combined Series and Parallel RBD 442

11.3.4  K-out-of-N Systems 443

11.3.5 Complex Systems 444

11.4 Component Reliability Importance Measures 445
11.4.1 Importance Measure for Series System 446

11.4.2 Importance Measure for Parallel System 448

11.4.3  Check on Learning 450

11.5 Allocating and Improving Reliability 450
11.5.1 Check on Learning 452

11.6  Markov models of repairable systems 452
11.6.1 Kolmogorov Differential Equations 453

11.6.2  Transient Analysis 453

11.6.3  Steady State Analysis 455

11.6.4 CTMC Models of Repairable Systems 455

11.6.5 Modeling Multiple Machine Problems 457
References 461
12 Solution Implementation 463
12.1 Introduction 463

12.2  Solution Implementation Phase 465



13

12.3
12.4
12.5
12.6
12.7
12.8

The Initiating Process

Planning

Executing

Monitoring and Controlling

Closing

Implementation During Life Cycle Stages

12.8.1 Implementation in “Produce the System”
12.8.2 Implementation in “Deploy the System”

12.8.3  Implementation in “Operate the System”
12.8.4  Check on Learning

References

Epilogue-Professional Practice

13.1 Introduction

13.2  Systems Engineering Activities

13.3  Working with the Systems Development Team

13.4 Building an Interdisciplinary Team
13.4.1 Team Fundamentals
13.4.2  Definition
13.4.3 Team Attitude
13.4.4 Team Selection
13.4.5 Cross-cultural Teams

13.5 Systems Engineering Responsibilities
13.5.1 Systems Engineering Management Plan (SEMP)
13.5.2  Technical Interface with Users and Consumers
13.5.3  Analysis and Management of Systems Requirements
13.5.4 System Architecting
13.5.5 Systems Engineering Tools and Formal Models
13.5.6 Interface Control Documents (ICDs)
13.5.7  Test and Evaluation Master Plan (TEMP)
13.5.8  Configuration Management (CM)
13.5.9  Specialty Engineering
13.5.10 Major Program Technical Reviews
13.5.11 System Integration and Test

13.6 Roles of the Systems Engineer

13.7 Characteristics of the Ideal Systems Engineer

13.8 Summary

References

Appendix A Realization Analysis Levels 0 and 2

A.1 Level 0 Analysis—Refined Choice Set Identification
A.2  Level 2 Analysis—Post-selection Insights
References

CONTENTS

467
468
473
473
476
477
477
478
480
484
484

487

487
490
492
495
496
496
497
497
498
499
499
499
500
502
503
503
504
504
504
505
506
506
507
508
509

511

511
515
517



CONTENTS xi

Appendix B Software Fundamentals 519
B.1 SystemiTool 519
B.2 Cambridge Advanced Modeler (CAM) 520
B.3  Mathematica 522
B.4 Gephi 523
B.5 Vensim PLE 524
B.6 SIPmath 525
B.7 Macro Code 527

Index 531






List of Figures

Figure 1.1  The stages of a system’s life cycle. 21
Figure 1.2 Waterfall system life cycle model. 29
Figure 1.3  Spiral life cycle model with embedded risk assessment.

Source: Boehm [38]. 29
Figure 1.4  Life cycle assessment of environmental costs of a washing machine [41]. 30
Figure 1.5  Systems decision process used throughout a system life cycle. Source:

D/SE, 2010. 31
Figure 1.6  Simplified risk management cycle affecting systems decisions. 32
Figure 1.7  Elements of decision quality (the corresponding SDP phases are annotated

in the diagram). 34
Figure 1.8  Systems decision process. 35
Figure 1.9  Modeling and analysis flow for typical SDP application. 36
Figure 1.10  Spectrum of modeling purposes. Source: Pidd [18]/with permission of

Springer Nature. 37
Figure 1.11 Three required ingredients for proper problem definition. 41
Figure 1.12 Stakeholder salience types. Source: Matty [48]. 41
Figure 2.1  Ordered dependency tracing example. 56
Figure 2.2  Major capability acquisition chart [9]. 60
Figure 2.3  Two abstract system models: graphical and mathematical. 62
Figure 2.4 A system representation with external feedback. 64
Figure 2.5  Three possible qualitative structures of a system kernel function. 65
Figure 2.6  Conceptualization of engineering management system. 67
Figure 2.7 Landmark® under-counter wine refrigerators. Source: Landmark. 68

Figure 2.8  Two boundary options for the same BEV system of interest. 69

Xxiii



xiv

Figure 2.9
Figure 2.10

Figure 2.11

Figure 2.12
Figure 2.13
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15

Figure 3.16
Figure 3.17

Figure 3.18
Figure 3.19
Figure 3.20

Figure 3.21
Figure 3.22
Figure 3.23

Figure 3.24

Figure 3.25

LIST OF FIGURES

Degrees of internal understanding of a system.

Multilateral friendship systems in a social network. Source: Pidd [17]/ John
Wiley & Sons.

Three hierarchy levels of system spatial placement. (Courtesy of Kevin
Hulsey Illustration Inc.).

Structural organization of a system with boundaries.
Alternative choice set evolution during a systems project.
The tradeoff for solution design goals.

The modeling process.

Rocket launch discrete event model.

Area under the function f{x) = x2.

Model characteristics.

Types of electric vehicles and their major components [8].
Battery electric vehicle (BEV) systemigram mainstay.
Battery electric vehicle (BEV) initial systemigram.
Directional dependency diagram relationships.

D? diagram and its adjacency matrix.

Example D? diagram for logistic system with associated mathematics.
The four domains of axiomatic design.

N2 and DSM representations for a four-element interaction.
Activity DSM for a seven-task process.

A binary component DSM showing physical dependencies for the AW 101
Helicopter.

Clustered AW 101 DSM showing potential component modules.
Translating the AW101 DSM into an adjacency matrix. (a) DSM with row
input dependencies and (b) Adjacency matrix for DSM with row input.

AW 101 digraph and module clustering. (a) AW101 DSM as an
AdjacentGraph and (b) Potential modules via CommunityGraph.

Microsoft Excel CSV file and network layout after importing into Gephi. (a)

CSV file with labels and (b) Gephi layout with CSV imported.

SMI bounding matrices for 6 X 6 DSM. (a) Fully integral and (b) fully
modular.

DSMs and DMMs commonly supporting system development.
Example DMM with design defects.

COVID causal loop diagram for major factors. Source: Kumar et al. [31]/
with permission of Elsevier.

COVID stock and flow diagram supporting dynamic simulation.
Source: Kumar et al. [31]/with permission of Elsevier.

COVID-19 system behavior over time. Source: Kumar et al. [31]/with
permission of Elsevier.

71

73

74
76
78
85
88
88
92
93
98
98
99
100
101
103
106
107
108

110
111

113

114

115

116
119
120

123

125

126



LIST OF FIGURES

Figure 3.26
Figure 3.27
Figure 3.28
Figure 3.29
Figure 3.30
Figure 3.31
Figure 3.32

Figure 3.33
Figure 3.34
Figure 4.1
Figure 4.2
Figure 4.3

Figure 4.4
Figure 5.1
Figure 5.2

Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.16
Figure 5.17
Figure 5.18
Figure 5.19
Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4

Generic IDEF model with three functional examples.

An A-0 diagram for the Make Coffee function.

Level 2 representation of the Problem Definition phase of the SDP.
Level 0 model of a fast food restaurant.

Level 1 model of a fast food restaurant.

Level 2 model of the order process function for a fast food restaurant.

ProModel® anti-ballistic missile simulation example [40].
Source: ProModel Corporation.

Simulation types [41].

Simulation-reality relationships.

Value-focused versus alternative-focused thinking sequences.
Flow of value-focused and alternative-focused thinking.

Dynamic approach to problem structuring. Source: Adapted from
Corner et al. [5].

The systems decision process (SDP).

Concept diagram for Problem definition.

Online investigative pattern common to literature reviews. Source: Google

LLC, MDPI, Elsevier.

An IDEFO conceptualization of stakeholder analysis.

Two categories for FCR matrix after BEV research.

Hypothetical margin allocation example.

Affinity diagramming in action.

Example functional hierarchy for a battery electric vehicle (BEV).
Functional flow diagram for the top level of a NASA flight mission.

Partial functional hierarchy for curriculum management system (CMS).

Functional flow diagram for Function 4.0: perform mission operations.
IDEFO Level 1 functional analysis example.

U.S. Dept of Defense technology readiness levels (TRL).
Integration tracking tool for sensor field experiments.

Example risk register used during the SDP.

Example of constructed risk outcome range scales.

Example P-I table for 6 risk elements.

Specific P-I table for risk element 3.

Example system life cycle cost profile.

Estimate of system cost variance over life cycle.

Example tradespace involving total value return and risk deviations.
Qualitative value model general structure.

EV qualitative value model.

Simplified value hierarchy for the rocket example.

0 4%

130
131
132
132
133
133

136
137
137
146
147

147
148
163

165
170
185
192
195
197
199
200
201
202
203
205
214
215
216
216
217
220
228
231
236
237



Xxvi

Figure 6.5
Figure 6.6
Figure 6.7

Figure 6.8
Figure 6.9
Figure 6.10
Figure 6.11

Figure 6.12
Figure 6.13
Figure 6.14
Figure 6.15
Figure 6.16
Figure 6.17
Figure 6.18
Figure 6.19
Figure 6.20
Figure 6.21

Figure 7.1
Figure 7.2
Figure 7.3
Figure 7.4
Figure 7.5

Figure 7.6
Figure 7.7
Figure 7.8
Figure 7.9
Figure 7.10
Figure 7.11
Figure 7.12
Figure 7.13
Figure 7.14
Figure 7.15
Figure 7.16
Figure 7.17
Figure 7.18

LIST OF FIGURES

Crosswalk of value functions to objectives.

Typical shapes for value functions.

Value function for minimizing the logistical footprint value measure for the

rocket example.

EV example value function and 2D table using the difference method.

Value function for the example value increment method.
Value functions for the EV example.

EV AHP input matrix and normalized matrix with value measure
weights.

EV AHP consistency ratio matrix and results.

Matrix for assigning value measure swing weights.

Value measure placement in swing weight matrix: upper left box rule.

EV swing weighting results.

AHP and swing weighting value measure weight results.
Swing weight matrix for CMS concept decision.

CMS qualitative value model with tiered weighting.
Value functions supporting the CMS concept decision.
Rocket design value functions.

Swing and global weights for the rocket design quantitative
value model.

Define, design, decide loops.
Concept map for the Solution design phase.

The ideation process.

The design thinking process steps. Source: Adapted from Yoshida [13].
Zwicky’s morphological box. Source: Zwicky [19]/ With permission of

Springer Nature.

From morphological box to alternatives.
Rocket design objectives structure.
Feasibility screening.

Feasibility screening for electric vehicle (EV) candidates.
CMS morphology box application.
Two-factor, two-level design.
Calculating main effects.

Three-factor, two-level design.
Geometry for a 2* factorial design.
Fully expanded 2*~! matrix.

241 design plot (principle fraction).
Fractional factorial design notation.

Pareto chart of effects, full rocket design.

238
242

243
245
248
249

252
253
254
255
256
257
258
259
260
261

263
266
266
267
270

276
277
277
280
283
286
287
288
290
291
294
294
296
297



LIST OF FIGURES

Figure 7.19
Figure 7.20
Figure 7.21
Figure 7.22
Figure 7.23
Figure 8.1
Figure 8.2
Figure 8.3
Figure 8.4
Figure 8.5
Figure 8.6
Figure 8.7
Figure 8.8
Figure 8.9
Figure 8.10
Figure 8.11
Figure 8.12
Figure 8.13
Figure 8.14
Figure 8.15
Figure 8.16
Figure 9.1
Figure 9.2
Figure 9.3
Figure 9.4
Figure 9.5
Figure 9.6
Figure 9.7
Figure 9.8
Figure 9.9
Figure 9.10
Figure 9.11
Figure 9.12
Figure 9.13
Figure 9.14
Figure 9.15
Figure 9.16
Figure 9.17

Pareto chart of effects, half-fraction rocket design.

Latin Square rocket design focused on thrust.
Graeco Latin rocket design.

Response surface plots of the rocket design.
Pareto analysis of the rocket design experiment.
Concept map for life cycle costing.

Linear CERs.

Power CERs.

Exponential CERs.

Logarithm CERs.

Scatter plot of the data.

Normal probability plot.

Residual plot.

Normal probability plot.

Residual plot.

Plot of learning curves.

90% learning curve for cumulative average cost and unit cost.

90% learning curve for fin assembly.

Fitted line plot.

Electric vehicle five-year total cost of ownership.
Rocket example breakeven point.

Example Pareto-based tradespace.

The cone K,, and polar cone K, of alternative A,,.

Alternative 4 (A,) is contained in the cone K of alternative As.
Candidate system solution scoring for the EV example.
Candidate system solution scoring for the rocket system example.

Rocket component value measure score matrix (raw data).

Rocket component value matrix.

Excel Solver interface window. Source: Microsoft Corporation.

Component optimization scoring table.

Electric vehicle cost-value tradespace.

Rocket design cost-value tradespace.
Performing weight sensitivity analysis.

Swing weight sensitivity for Speed of Platform.

VEFT chart with choice set C* elements.

VFT chart with weighted differences and measure weights.

Electric vehicle stacked bar chart results.

Rocket design stacked bar chart results.

Xxvii

298
299
300
300
301
306
316
316
317
317
320
321
321
323
323
326
328
329
332
337
338
345
345
345
352
353
355
355
356
357
362
364
368
369
369
370
371
372



xviii

Figure 9.18
Figure 9.19
Figure 9.20
Figure 9.21
Figure 9.22
Figure 9.23
Figure 9.24
Figure 9.25
Figure 10.1
Figure 10.2
Figure 10.3

Figure 10.4
Figure 10.5

Figure 10.6
Figure 10.7
Figure 10.8
Figure 10.9
Figure 10.10
Figure 10.11

Figure 10.12
Figure 10.13
Figure 10.14
Figure 10.15
Figure 10.16
Figure 10.17
Figure 11.1
Figure 11.2
Figure 11.3
Figure 11.4

Figure 11.5
Figure 11.6
Figure 11.7
Figure 11.8
Figure 11.9
Figure 11.10

LIST OF FIGURES

Improvement regions for non-dominated alternatives.

Improvement regions for non-dominated alternatives.

Value-focused thinking within the SDP.

Decision tree for risk analysis.

Value matrix for decision tree.

Cumulative risk profiles.

Sensitivity of dependent uncertainties.

Two methods for organizing and presenting information in slideshows.
Deterministic and stochastic tradespaces.

Stochastic tradespace examples: boxplot and cloudplot.

Sources of uncertainty in systems decision support projects.
Source: Adapted from [17].

Jensen’s inequality applied to three cases.

Random sampling using cumulative distribution for a N(15, 4) uncertainty
distribution.

Triangular distribution for embedded flight software.
PDF for software person months.

PDF for software development cost.

CDF for software development cost.

Variance contributor tornado chart.

Full tradespace analysis decision support process. Source: Caddell
et al. [36]/John Wiley & Sons.

Six alternative stochastic dominance plots.

PDF and CDF plots for three alternatives.

EV choice set cloudplot.

EV first order stochastic dominance results.

EV choice set total cost and value versus risk.

EV Level 1 realization analysis results (Options A and C).

Cost of reliability improvement versus time. Source: Dietrich [4].
The unreliability F(¢) and reliability R(#) relationship.

General bathtub-shaped hazard function. Source: Adapted from [6].

Failure distribution(f(¢), hazard function(A(¢)), and reliability function(R(t))
for an exponential distribution 4 = 0.0001.

Weibull PDF and hazard function, § = 0.5.
Weibull PDF and hazard function, f = 1.32.
Weibull PDF and hazard function, f = 2.95.

A single component block for reliability analysis.
Series system.

A four component series system configuration.

374
375
376
378
379
379
380
385
390
391

393
396

399
402
403
404
404
405

406
408
408
410
411
414
415
420
422
423

425
429
430
431
435
437
437



LIST OF FIGURES

Figure 11.11
Figure 11.12
Figure 11.13
Figure 11.14
Figure 11.15
Figure 11.16
Figure 11.17
Figure 11.18
Figure 11.19
Figure 11.20
Figure 11.21
Figure 11.22
Figure 11.23
Figure 11.24
Figure 11.25

Figure 12.1
Figure 12.2
Figure 12.3
Figure 12.4
Figure 12.5
Figure 12.6
Figure 12.7
Figure 12.8
Figure 13.1
Figure 13.2

Figure 13.3
Figure 13.4
Figure A.1
Figure A.2

Figure A.3

Figure A.4
Figure A.5
Figure B.1
Figure B.2
Figure B.3

Complete spreadsheet reliability model for series configuration.
Series system reliability charts.

Parallel system.

Series—parallel system.

Bridge network.

System structure when C; is working.

System structure when C; has failed.
Single-component transition rate diagram.
Transition rate diagram for multiple repair process.
Partial transition rate diagram when m = 3.
Completed transition rate diagram example.
Example transition rate diagram with s = 1.
Example transition rate diagram, s = 3.

Transition rate diagram for two different machines.

Transition rate diagram, multiple-machine, single technician, prioritized

repair.

Concept map for Chapter 12.

The project management process.

Work breakdown structure (WBS) for the rocket problem.
Example linear responsibility chart.

Conceptualization of project management during implementation.
Earned value graph.

CMS project plan by phase.

Detailed work breakdown structure for Phase I tasks.

Concept map for Chapter 7.

Fundamentals of a successful team. Source: Katzenbach and
Smith [3].

Team performance curve. Source: Katzenbach and Smith [3].
A systems engineering “V”. Source: Hull et al. [5]/Springer Nature.
Stochastic tradespace examples: (a) boxplot and (b) cloudplot.

Stochastic dominance results for the six alternative example. Source:

Adapted from Caddell et al. [1].

Realization analysis Level 0 example. Source: Caddell et al. [1]/
John Wiley & Sons.

Zone partitioning in realization space.
Trade zones for alternative G.
SystemiTool main drawing environment.
CAM workspace environment.

CAM workbook options.

Xix

439
441
442
443
444
444
445
453
456
457
458
459
459
460

460
464
467
470
472
474
475
482
483
488

496
497
501
512

512

513
516
517
520
521
521



XX

Figure B.4
Figure B.5
Figure B.6
Figure B.7
Figure B.8

LIST OF FIGURES

CAM menu options for creating DSM elements and dependencies.
Example network measure interface and AW 101 modularity results.
Gephi layout reconfiguration, data table, and node highlighting.
SIPmath main menu.

SIPmath main menu: video tutorials.

522
524
524
526
527



List of Tables

Table 1.1
Table 1.2
Table 1.3
Table 1.4
Table 1.5
Table 1.6
Table 1.7
Table 2.1
Table 3.1
Table 3.2
Table 3.3
Table 4.1
Table 4.2
Table 4.3
Table 5.1
Table 5.2
Table 5.3
Table 5.4

Table 5.5

Table 5.6
Table 5.7
Table 5.8

Dimensions of Problem Complexity [8].

Characteristics of Complexity [10].

Comparison of Engineering Disciplines.

System life cycle model for systems engineering and management.
A Comparison of Standards-Driven Life Cycle Models.

The ISO/IEC 15288 Systems Engineering Life Cycle Model.
Stakeholder Levels and Focus.

A Selection of Systems Thinking Tools [2].

Typical Interactions Used in DSMs.

Family of IDEF Methods.

Open Source SysML Diagrams.

Criteria for When to Use Each Task in the Systems Decision Process.
Systems Decision Process Example.

Comparison of Problem-Solving Processes.

Stakeholders Involved in NYC Taxi EV Study.

Stakeholder Analysis Techniques.

Advantages and Disadvantages of Popular Survey Methods.

Percentage of cadets who prefer different methods of electronic content
delivery.

Percentage of cadets who would rank a newly developed portal against the
current methods.

Selected Functional Analysis Techniques.
Integration Readiness levels [42].
System Readiness Levels (SRL) [46].

11
15
23
27
28
39
50
106
128
134
153
155
156
171
172
179

182

182
194
206
206

xxi



XXii

Table 5.9

Table 5.10
Table 5.11
Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 7.1
Table 7.2
Table 7.3
Table 7.4
Table 7.5
Table 7.6
Table 7.7
Table 7.8
Table 7.9
Table 7.10
Table 7.11
Table 7.12
Table 7.13
Table 7.14
Table 7.15
Table 8.1
Table 8.2
Table 8.3
Table 8.4
Table 8.5
Table 8.6
Table 8.7
Table 8.8
Table 8.9
Table 8.10

Table 8.11
Table 8.12
Table 8.13
Table 9.1

LIST OF TABLES

Techniques for the Identification of Potential Sources of Risk in the NSTS

Program. 212
Five risk events and their probability and criteria impact levels. 218
Borda algorithm point allotment and totals. 219
Preferences for Types of Value Measures. 232
AHP Relative Importance Scale. 250
Random Consistency Index (RCI) Values. 251
Quantitative Value Model for the Rocket Example. 262
Housing Upgrade Example [21]. 278
Remaining 340 Ddecisions. 280
Partial Rocket Design Feasibility Screening Matrix. 282
A 2 % 2 Design Matrix. 287
Rocket Example Initial Test Results. 288
DOE Matrix with Interactions. 289
2 x 3 Design Matrix. 290
Full 2* Factorial Design. 293
2*~! Design Matrix. 293
The Lost 2* Effects. 293
Confounding in Fractional Factorial Design. 296
Modified Rocket Design Factors. 297
Rocket Design Test Results. 297
Three-level Latin Square Matrix. 299
The Vital Few Rocket Design Factors. 302
LCC Techniques by Life Cycle Stage. 308
AACE Cost Estimate Classification Matrix [9]. 309
Levels of Cost Estimating [6]. 315
Linear Transformations for CERs. 317
Labor Hours and Costs for Highway Construction. 318
Transformed Data. 322
Factors for Various Learning Rates. 327
Unit Cost and Cumulative Average Cost. 327
Accounting System Data. 331
Natural Logarithm of Cumulative Units Completed and Cumulative Average

Hours. 331
Equivalence Table [4]. 333
Consumer Price Index and Yearly Inflation Rate for 2000-2006. 335
Inflation-Adjusted Annual Net Cash Flows. 336

Example Competitive Improvement Strategies for Dominated Solution
Alternatives. 374



LIST OF TABLES

Table 9.2

Table 9.3

Table 9.4

Table 10.1
Table 10.2
Table 10.3
Table 10.4
Table 11.1
Table 12.1
Table 12.2
Table 13.1
Table 13.2
Table 13.3

Efficiency Calculations for Alternatives in Figure 9.19.

Fin Material Performance Uncertainty.

Global Positioning System (GPS) Performance Uncertainty.

EKSLOC Values by Software Component.

EV Uncertainty Distributions Used in the MCVM.

Outcome Comparison for Every Alt R and Alt G Realization Pair.
Average Dominance Score (ADS) Matrix for Six Alternative Example.
Common Continuous Reliability Distributions.

Life Cycle Stages.

Tools and techniques supporting the planning process.

Summary of Systems Engineering Activities during a Systems Life Cycle.

Summary of Program Roles in Relation to the Systems Engineer.
Comparison of the Program Manager and the Systems Engineer [2].

XXIii

375
377
378
402
410
411
413
425
466
471
490
493
493






Co-authors

It is difficult to imagine how our systems engineering, engineering management, and systems
design curriculum at West Point would have advanced to the quality level it is currently operat-
ing at without the many contributions from our entire department staff and faculty. The first edition
was the epitome of a team effort involving many of the folks listed in the following, several of
whom are currently making outstanding contributions at other academic institutions and industry.
As editions progressed to this 3rd edition, many of their contributions to this text live on, perhaps
reshaped into a different format with a different emphasis, but with the same core intent maintained:
to help develop the next generation of systems thinkers. The primary chapters to which they deserve
co-authorship are noted next to their names below. And for that, we thank them profusely.

Roger C. Burk, Ph.D. Associate Professor of Systems Engineering, Department of Systems
Engineering, U.S. Military Academy, West Point. [13]

John D. Caddell, M.S. Instructor, Department of Systems Engineering, U.S. Military Academy,
West Point, NY. [10]

Matthew Dabkowski, Ph.D. Academy Professor and Systems Engineering Program Director, U.S.
Military Academy, West Point, NY. [10]

Robert A. Dees, Ph.D. Former Assistant Professor, Department of Systems Engineering, U.S.
Military Academy, West Point, NY. [9]

Patrick J. Driscoll, Ph.D. Professor Emeritus, Department of Systems Engineering, U.S. Military
Academy, West Point, NY. [1, 2, 3,5, 6,9, 10]

Patrick J. DuBois, M.S. Instructor, Department of Systems Engineering, U.S. Military Academy,
West Point, NY. [10]

Simon R. Goerger, Ph.D. Director of the Institute for Systems Engineering Research (ISER),
Information Technology Laboratory, U.S. Army Engineering Research and Development Center
(ERDC), Vicksburg, MS. [3]

XXV



XXVi CO-AUTHORS
Dale L. Henderson, Ph.D. Principal Research Scientist, Amazon Global Inventory Platform Team,
Seattle, WA. [Illustrations]

Robert Kewley, Ph.D. Former Professor and Head of the Department of Systems Engineering,
U.S. Military Academy, West Point, NY. [9]

John E. Kobza, Ph.D. Professor and Head of Industrial and Systems Engineering at Texas Tech
University in Lubbock, TX. [3]

Paul D. Kucik, III, Ph.D. Senior Quantitative Manager, Amazon, Seattle, WA. [1]

Michael J. Kwinn Jr., Ph.D. Senior Principal Systems Engineer, Raytheon Corporation, Austin,
Texas. [9]

Kenneth W. McDonald, Ph.D. Professor of Engineering Management, Department of Systems
Engineering, U.S. Military Academy, West Point, NY. [12]

Heather Nachtmann, Ph.D. Professor of Industrial Engineering and Senior Associate Vice
Chancellor for Research and Innovation, the University of Arkansas, Fayetteville, AR. [8]

Gregory S. Parnell, Ph.D. Professor of Practice, Department of Industrial Engineering, the Uni-
versity of Arkansas, Fayetteville, AR. [1, 4, 5, 6,9, 10]

Edward Pohl, Ph.D. Professor and Head of the Department of Industrial Engineering, the
University of Arkansas, Fayetteville, AR. [5, 11]

James Schreiner, Ph.D. Academy Professor and Systems Management Program Director, U.S.
Military Academy, West Point, NY. [12]

Timothy Trainor, Ph.D. President, Mount St. Mary’s University, and former Professor and Head
of the Department of Systems Engineering, U.S. Military Academy, West Point, NY. [5, 6, 9]

Paul D. West, Ph.D. Former Assistant Professor in the Department of Systems Engineering at the
U.S. Military Academy, West Point, NY. [3, 4, 7]



Preface

This third edition represents significant changes from the previous two. While the core material
has been preserved, evolutionary changes in teaching and professional practice related to decision
making in systems engineering and management had transformed both environments substantially,
an effect only made more pronounced by the COVID-19 outbreak in 2020 and subsequent social
interaction restrictions.

Ten years of teaching, applied systems decision support, and systems assessments have yielded
valuable opportunities and insights. Project sponsors and clients expressed interest in understand-
ing system modularity and integration levels as new and more network capable technologies were
becoming part of Army operations, and recognizing advances that industry had already embraced.
Deterministic modeling, while still useful, was universally recognized as needing extensions capa-
ble of addressing decision makers’ personal risk, principally because of the high costs associated
with system development and acquisition. In response, we developed a new technique called real-
ization analysis that directly leverages Monte Carlo simulation to address this concern, providing
decision support in a manner previously overlooked.

We continued our support for deployed or isolated analysts possessing limited access to specialty
software, yet still needing to accomplish many of the tasks associated with systems discussed in
previous editions. Open source and freely accessible software took on new importance in this light,
motivating us to place a heavier emphasis on spreadsheets, programs like SIPmath, Gephi, Vensim
PLE, and others both in practice and in our curriculum. Several examples in the third edition now
illustrate their use.

The third edition material has been shaped with two reader groups in mind: students and fac-
ulty exploring effective decision support approaches and professional analysts engaged in systems
projects and programs. Both groups require a book that enables them to quickly adopt new tech-
niques and that will add value. Key chapter references have also been updated, but we also preserved
those identifying earlier work that still shape current thinking.

Ideation techniques that leverage design concepts have taken on newfound importance in pro-
fessional practice, echoed in part by efforts of the Stanford d.School which did not exist when the
previous editions were being crafted. Several core elements associated with design thinking are
now included in this edition.
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xxvill PREFACE

This third edition makes several important refinements to our approach for supporting decisions
since the second edition was published in 2010. Most notably, the book now includes techniques
for including uncertainty modeling and analysis to augment the systems decision process (SDP), in
particular to the major topics of value modeling, cost estimating, reliability, and risk analysis. No
decision support is complete without such a treatment, especially when faced with the occasionally
interesting and oftentimes frustrating challenges and complications that go hand-in-hand with sys-
tems design, acquisition, development, operation, and replacement. Regardless of whether these
systems involve policy, organizations, technology, national security, law, politics, or the myriad of
other interdependent entities that are now commonplace in our lives, it seemed a bit of injustice
to leave the reader armed with only deterministic approaches when we were routinely applying a
more expansive toolkit in practice and within our curriculum.

The book unabashedly advocates a philosophical systems thinking worldview that encourages
“embrace and understand” approaches that recognize something important is lost when decompo-
sition, component optimization, and reassembly activities are imposed on a system. One sees these
holistic behaviors and characteristics when a system is assembled and operating, and observes them
disappearing when attention shifts to individual system elements. Internet congestion, traffic jams,
the “accordion effect” in traffic, queues at service windows, climate change, species adaptation,
mechanical instabilities, market effects, restaurant failures, and so on are some of the plethora of
system-level behaviors diagnosable from a holistic systems thinking viewpoint. Tools that support
this engagement philosophy such as systemigrams, dependency structure matrices, system dynam-
ics, and directional dependency diagrams are now included. And, when they are, they are connected
to mathematics that reveal insights into system structure that supports actions within the SDP. Four-
teen years of advising student team consulting efforts with outside organizations—called capstone
design projects at West Point and other universities—have also informed changes to this edition.

Changes in the way that our faculty use textbook materials also affected the structure of the third
edition. Whereas in the past, faculty would rely on book exercises for student assignments, that
practice has largely disappeared. Custom assignments developed anew every semester by faculty
has become the norm. So, chapter-end exercises have been removed, replaced in select locations
with short checks on learning. Faculty textbook reliance persists, but only when methods and ideas
are presented in a student-accessible manner they can build upon. Students continue to be encour-
aged to rely upon professional journal publications throughout our courses, motivating us to include
an example addressing how to pursue these resources online.

We tried to make chapters more self-containing instead of asking readers to negotiate several
chapters to piece together critical techniques associated with multi-criteria value models (MCVM)
that we advocate. This also better positions the book for a digital edition should the publisher
choose to do so.

While there are a handful of definitions endorsed by professional organizations mentioned in the
book, it is difficult to pigeonhole systems engineering as an activity. In some cases, it is about tan-
gible design and manufacturing. In others, it’s focused on the activities that a disciplinary engineer
is required to do once they have progressed beyond benchwork. In yet others, systems engineering
leans toward product, systems, and services acquisition and, of course, decision support. This third
edition recognizes this and provides methods that cross-cut all these interests.

It is customary to specify who this edition is intended to serve. For practicing professional, it
is relatively easy to do: systems analysts of all types, acquisition professionals, systems engineers,
and anyone engaged with systems decision support. For education, it fits well as a text for courses
supporting systems engineering, operations research, decision analysis, and systems design and
development, and especially well for courses intended to bridge these topics. The book’s focus is on
fundamental philosophies and techniques for supporting critical decisions throughout the life cycle



