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Preface

This book discusses some fundamental and introductory considerations asso-
ciated with the engineering of large-scale systems, or systems engineering. We
begin our effort by first discussing the need for systems engineering and then
providing several definitions of systems engineering. We next present a struc-
ture describing the systems-engineering process. The result of this is a life-cycle
model for systems engineering processes. This is used to motivate discussion of
the functional levels, or considerations, involved in a systemic process:

* Systems methods and tools
* Systems methodology
* Systems management

While there will be a number of discussions throughout the book on systems
engineering life-cycle processes and systems management— especially in the
first, second, and last chapters — our major focus is on (a) methods for systems
engineering and (b) problem solving using a systems engineering approach.
Problems for student solution will be presented at the end of each chapter.

The major content in the book is that in Chapters 3, 4, and 5. In these
chapters we present a number of methods appropriate for

* Issue formulation
* Issue analysis
* Issue interpretation

We will apply these to a variety of situations that should enable us to develop

xi
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an appreciation for the engineering of large systems, as well as for problem
solving in general.

This text is written primarily for upper-division undergraduate students in
systems engineering and in engineering management. It is also, we believe,
useful as an introductory graduate-level textbook. It should also have value for
other engineering areas that offer courses in systems engineering problem
solving, systems engineering design, and systems engineering methods. Pre-
requisites for the text are moderate. It will generally be assumed that the reader
has a fundamental background common to beginning upper-division under-
graduates in engineering in the United States. This will include differential and
integral calculus as well as differential equations. Some introductory knowledge
of probability theory is also assumed as well as an understanding of some
physical engineering systems.

The book should also be attractive to the many professionals in industry
concerned with systems engineering and technical direction-related efforts.
These include professionals in such diversified areas as project management,
software engineering, information systems engineering, manufacturing, com-
mand and control, and defense systems acquisition and procurement.

The following are among the most important objectives for systems
engineering, expressed in terms of systems engineering processes:

1. Systems engineering processes should encompass all phases of the
system life cycle, or life cycles as the case may be, including transitioning
between phases.

2. Systems engineering processes should support problem understanding,
as well as communication among all interested parties at all phases in
the process.

3. Systems engineering processes should enable capture of design and
implementation needs for the systems engineering product early in the
life cycle, generally as part of the requirements specifications and
conceptual design phases.

4. Systems engineering processes and associated methods should support
both bottom-up and top-down approaches to systems design and
development.

5. Systems engineering processes should enable an appropriate mix of
design, development, and systems management approaches.

6. Systems engineering processes should support quality assurance of both
the product and the process that leads to the product.

7. Systems engineering processes should support system product evolution
over time.

8. Systems engineering processes should be supportive of appropriate
standards and management approaches that result in trustworthy
systems.
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9. Systems engineering processes should support the use of automated aids
for the engineering of systems, such as to result in production of
high-quality trustworthy systems.

10. Systems engineering processes should be based upon methodologies
that are teachable and transferable and that make the process visible
and controllable at all life-cycle phases.

11. Systems engineering processes should be associated with appropriate
procedures to enable definition and documentation of all relevant
factors at each phase in the system life cycle.

12. Systems engineering processes should be associated with appropriate
metrics and management controls.

13. Systems engineering processes should support operational product
functionality, revisability, and transitioning, both at the initial time of
operational implementation and later at the time that a system is
phased out of service or retired, or reengineered for continued produc-
tivity and use.

14. Systems engineering processes must support both system product devel-
opment and system user organizations; they must also be compatible
with the environments associated with systems development and oper-
ation.

15. Systems engineering processes should support quality, total quality

management, system design for human interaction, and other attributes
associated with trustworthiness and integrity.

When all of these are accomplished, it will be possible to produce operational
systems that are economical, reliable, verifiable, interoperable, integratable,
portable, adaptable, evolvable, comprehensible, maintainable, manageable, and
cost-effective and that lead to a very high degree of user satisfaction. These
would seem to represent attributes for metrics, or to be translatable into
attributes for metrics, that can measure the quality of an operational systems
engineering product. They can be translated into standards with which to
measure system performance and systems engineering process effectiveness.
Together with cost information, this will allow us to obtain cost and oper-
ational effectiveness of systems engineering products.

Needless to say, we believe that systems engineering is one of the funda-
mental engineering subject areas. Its role in engineering, as well as in engineer-
ing education, is stressed in Chapter 1. Chapter 2 describes systems engineering
processes. While the focus in this text is upon systems engineering methods,
selection of appropriate methods is necessarily contingent upon the process or
product line used to engineer the product. Chapters 3, 4, and 5 each focus on
one of the major steps in systems engineering:

* Issue formulation
* Issue analysis
* Issue interpretation
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They each describe a plethora of methods for these steps. Technical direction
and systems management guide the choice of an appropriate process and
methods to be used within this process. The concluding chapter of this text
describes some facets of systems management. This is not, however, a principal
objective of this text. The major objective, as noted, is an exposition of systems
engineering methods.

Fairfax, Virginia ANDREW P. SAGE
West Point, New York JAMES E. ARMSTRONG, JR.



Contents

Preface

1

Introduction to Systems Engineering

1.1.
1.2,
1.3
1.4.
L.5.
1.6.
LT
1.8.
1.9.

Introduction

Systems Engineers

The Systems Point of View

Definitions of Systems Engineering

History of Technological Development
Systems Engineering Knowledge

Challenges and Pitfalls in Systems Engineering
Systems Engineering Education

Other Systems Engineering, and Related Systems Theory,
Studies

1.10. Summary

Methodological Frameworks and Systems Engineering Processes

2.1.

2.2,

Introduction

Methodological Frameworks for Systems Acquisition or
Production

2.2.1. Logical Steps of Systems Engineering

2.2.2. Life-Cycle Phases of Systems Engineering

2.2.3. A Two-Dimensional Framework for Systems Engineering
2.2.4. Life Cycles, or Stages of Systems Engineering

2.2.5. Systems Engineering Processes

—_

o N N =

14
17
20
26

36
39

46
46

48
54
56
62
62
65



vi

CONTENTS

2.3

2.4.
2.5,

Other Specific Life-Cycle Methodologies for Systems
Acquisition, Production, or Procurement

2.3.1. A Seven-Phase Life Cycle for System Acquisition or
Product Development

2.3.2. A Twenty-Two-Phase Life Cycle

2.3.3. Defense Systems Acquisition Life Cycles

Life Cycles Patterned After the Waterfall Model

Summary

Formulation of Issues

3l
3.2,
3.3.
3.4.

3.3.

3.6.

3.7.

3.8.

Introduction

Situation Assessment

Approaches to Situation Assessment
Problem or Issue Identification

3.4.1. Scoping and Bounding the Problem

3.4.2. Systems Definition Matrix

3.4.3. Needs and Constraints: Identification and Analysis
3.4.4. Input—Output Matrix

Value System Design

3.5.1. Objectives Hierarchies or Trees
3.5.2. Objectives Measures or Design Criteria

Formulation of Issues Example

3.6.1. Fuel Reserves: Fossil Fuels

3.6.2. Fuel Reserves: Nonfossil Fuels

3.6.3. Refined Energy

3.64. Consumed Energy

3.6.5. Problem Definition — Identification of Needs
3.6.6. Problem Definition — Identification of Alterables
3.6.7. Problem Definition — Identification of Constraints
3.6.8. Problem Definition — Identification of Societal Sectors
3.6.9. Value System Design— Defining Objectives

3.6.10. Value System Design — Objectives Measures
3.6.11. System Synthesis

Relationships Between Issue Formulation and Design and
Development Efforts

3.7.1. Functional Decomposition and Functional Analysis
3.7.2. Functional Analysis and Business Process Reengineering
3.7.3. Quality Function Deployment

The Systems Engineering Requirements Statement

3.8.1. User Requirements

3.8.2. System Requirements and Specifications

67

67
69
74
78
82

86

86
87
91
97
97
98
100
101
104

109
112

113

116
117
118
119
120
121
122
123
123
124
125

127
127
134
139
141
142
144



3.9

3.10.

3.11,

CONTENTS

Generation of Alternatives or System Synthesis

3.9.1. Brainstorming and Brainwriting
3.9.2. Groupware

3.9.3. Delphi Methods

3.9.4. Morphological Box Approach

Feasibility Studies

3.10.1. Feasibility Screening
3.10.2. Architecture and Standards
3.10.3. Feasibility Criteria

Summary
Problems
References

Analysis of Alternatives

4.1.
4.2.

4.3.

44.

4.5.

4.6.

Introduction
Analysis of Systems with Uncertain and Imperfect Information

4.2.1. Cross-Impact Analysis Models

4.2.2. Hierarchical Inference and Extensions

4.2.3. Logical Reasoning Models and Inference

4.2.4. Complications Affecting Inference and Cross-Impact
Analysis

Structural Modeling: Trees, Causal Loops, and Influence

Diagrams

4.3.1. Tree Structures

4.3.2. Causal Loop Diagrams and Influence Diagrams

System Dynamics Models and Extensions

4.4.1. Population Models

4.4.2. System Dynamics

4.4.3. Workshop Dynamic Models

4.4.4. Summary

Economic Models and Economic Systems Analysis

4.5.1. Present Value Analysis

4.5.2. Economic Appraisal Methods for Benefits and Costs
Over Time

4.5.3. Systematic Measurements of Effort and Schedule

4.5.4. Work Breakdown Structure and Cost Breakdown
Structure

4.5.5. Cost—Benefit and Cost—Effectiveness Analysis

4.5.6. Summary

Reliability, Availability, Maintainability, and Supportability

Models

vii

148

148
151
160
165

167

167
168
170

171
172
176

179

179
186

187
204
209

212

213

214
220

231
231
237
262
271
271

274

278
282

286

288
291

292



viii

CONTENTS

4.7. Discrete Event Models, Networks, and Graphs

4.7.1. Network Flows

4.7.2. Stochastic Networks and Markov Models

4.7.3. Queuing Models and Queuing Network Optimization
4.7.4. Discrete Event Digital Simulation

4.7.5. Time-Series and Regression Models

4.8. Evaluation of Large-Scale Models
4.9. Summary

Problems

References

Interpretation of Alternative Courses of Action and
Decision Making

5.1. Introduction: Types of Decisions
5.2. Formal Decisions

5.2.1. Prescriptive and Normative Decision Assessments

5.2.2. A Formal Normative Model for Decision Assessment

5.2.3. Decision Assessment with No Prior Information on
Uncertainties

5.2.4. Decision Assessment Under Conditions of Event
Outcome Uncertainty

5.2.5. Utility Theory

5.2.6. Multiple Attribute Utility Theory

5.3. Group Decision Making and Voting

5.3.1. Voting Approaches

5.3.2. Potential Problems with Voting: Some Illustrative
Examples

5.3.3. Ordinal Social Welfare Functions

5.3.4. Modifications to Achieve a Social Welfare Function

5.3.5. Cardinal Social Welfare Functions

5.4. Summary
Problems
References

Systems Engineering and Systems Engineering Management

6.1. Introduction
6.2. Systems Engineering Organizational Structures
6.3. Pragmatics of Systems Management

6.4. Systems Engineering Methods for Systems Engineering
Management

307

308
316
321
328
330

343
347
348
352

359

360
379

379
382

384

387
398
412

424
425

426
431
435
441

442
442
450

455

456
470
480

485



6.5.

6.6.

Index

CONTENTS

6.4.1. Network-Based Systems Planning and Management
Methods

6.4.2. Bar Charts

6.4.3. Cost Estimation Methods and Work/Cost
Breakdown Structures

Human and Cognitive Factors in Systems Engineering and
Systems Management

6.5.1. Rationality Perspectives
6.5.2. Human Error and Systems Engineering

Summary
Problems
References

ix

485
494

498

502

513
516

519
521
527

533



CHAPTER 1

Introduction to Systems
Engineering

This chapter and Chapter 6 (the last chapter of this text), each attempt to
provide a perspective on all of systems engineering. This is a major challenge.
We believe that some introductory comments, followed by another look at the
big picture after we have discussed some of the methods based details in our
intervening chapters, is an appropriate way to meet this challenge.

1.1 INTRODUCTION

Here, as throughout the book, we discuss some fundamental and introductory
considerations associated with the engineering of large-scale systems, or
systems engineering. We begin our effort by first discussing the need for systems
engineering and then providing several definitions of systems engineering. We
next present a discussion of systems engineering processes or systems engineer-
ing life cycles. A life cycle is the product line, or process, that is used to create
a product or service, or perhaps even another process. We will also discuss the
three functional levels, or considerations, that are associated with systems
engineering:

* Systems methods and tools
= Systems engineering life-cycle processes, or methodology
* Systems management

While there will be some discussions throughout this chapter, as well as in
the next and final chapters, on systems engineering methodology and systems

1



2 INTRODUCTION TO SYSTEMS ENGINEERING

management, our major focus in most of the book is on methods for systems
engineering and on methods for problem solving through use of a systems
engineering approach. Here we wish to provide an overview of where we wish
to go. We will also attempt to indicate what it is that systems engineers do in
professional practice. We will provide a brief indication of the history of
systems engineering and will also discuss some of the challenges and pitfalls
associated with systems engineering efforts.

In the next chapter, we will discuss a framework, or methodology for
systems engineering. We will indicate that this framework is generally com-
prised of three fundamental steps:

* Issue formulation, such as to identify the needs to be fulfilled and the
requirements associated with these in terms of objectives to be satisfied;
constraints and alterables that affect issue resolution and generation of
potential alternative courses of action

* Issue analysis, such as to enable us to determine the impacts of alternative
courses of action including possible refinement of these alternatives

* Issue interpretation, such as to enable us to rank order the alternatives in
terms of need satisfaction and to select one for implementation or
additional study

We will present a number of methods appropriate for these three steps in
Chapters 3, 4, and 5. This comprises the majority of the content of this effort,
which is basically concerned with systems engineering methods for the formu-
lation, analysis, and interpretation of issues. To put these methods-based
discussions in perspective, we illustrate how they fit into the overall systems
engineering picture. These are the objectives of Chapter 2, which is devoted to
systems engineering life-cycle processes, and Chapter 6, which is devoted to
systems management.

We will apply these systems engineering steps— Formulation, Analysis,
and Interpretation— to a variety of situations that should enable us to develop
an appreciation for systems engineering and problem-solving efforts. The
primary purpose of the text is to describe a variety of systems methods and
illustrate their use in formulation, analysis, and interpretation situations that
are associated with problem solution and systems definition, development, and
deployment. The text concludes in Chapter 6 with a brief discussion of the role
of each of these functional levels in the engineering and management of
large-scale systems.

1.2 SYSTEMS ENGINEERS

What do systems engineers do? The answer to this question is ostensibly
straightforward. They define, develop, and deploy systems. The systems (prod-
ucts or services) they engineer usually involve many considerations associated



