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(ABSTRACT) 

Some engineered systems now in use are not adequately meeting the needs 

for which they were developed, nor are they very cost-sifective in terms of 

consumer utilization. Many problems associated with unsatisfactory system 

performance and high life-cycle cost are the direct result of decisions made 

during eariy phases of system design. 

To develop quality systems, both engineering and management need 

fundamental principles and methodologies to guide decision making during 

system design and advanced planning. In order to provide for the efficient. 

resdiution, of complex system design decisions involving uncertainty, human 

juagments, and vaiue trade-offs, an efficient and effective decision analysis. 

framewors< is required. 

Experience indicates that an effective approach to improving the quality of 

detail designs is through the application of Genichi Taguchi's phiiosaphy of 

robust design. How te apply Taguchi's philosophy of robust design to sysiem 

design evaluation at the preliminary design stage is an open question.



The goal of this research is to develop a unified decision analysis framework 

to support the need for developing better system designs in the face of various 

uncertainties. This goal is accomplished by adapting and integrating statistical 

decision theory, utility theory, elements of the systems engineering process, and 

Taguchi's philosophy of robust design. The result is a structured, systematic 

methodology for evaluating system design alternatives. . 

The decision analysis framework consists of two parts: (1) decision analysis 

foundations, and (2) an integrated approach. Part I (Chapters 2 through 5) 

covers the foundations for design decision analysis in the face of uncertainty. 

This research begins with an examination of the life cycle of engineered systems 

and identification of the elements of the decision process of system design and 

development. After investigating various types of uncertainty involved in the 

process of system design, the concept of robust design is defined from the 

perspective of system life-cycle engineering. Some common measures for 

assessing the robustness of candidate system designs are then identified and 

examined. 

Then ihe problem of design evaluation in the face of uncertainty is studied 

within the context of decision theory. After classifying Gesign decision problems 

into four categories, the structure of each type of problem in terms of sequence 

and causal relationsnips between various decisions and uncertain outcomes is 

represenied by a decision tree. Based upon statistical decision theory, the 

foundations for crioosing a best design in the face of uncertainty are identified. 

The assumptions underlying common objective functions in Gesign oplimization 

are also irvestigated. Some confusion and controversy which surround 

Taguchi's robust design criteria — loss functions and signal-to-noise ratios -- are 

addressed and clarified. 

Part Il (Chapters 6 through 9) covers mcdels and their application to design 

evaiuation in the face of uncertainty. Based upon the decision analysis 

foundations, an integrated approach is developed and presented for resolving 

beth discrete decisions, continuous decisions, and decisions involving both 

uncertainty and multiple attributes. Application of the approach is illustrated by 

two hypothetical examples: bridge design and repairable equipment population 

system design.
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I. INTRODUCTION 

  

1.1 Problem Definition 

1.2 Problem Statement 

1.3 Research Objectives 

1.4 Uniqueness and Premise of this Research 

1.5 Organization of the Decision Framework 

  

1.1 Problem Definition 

With the introduction of new technologies in design, engineered systems 

and products are becoming more complex. However, many of the systems in 

use are not meeting the needs for which they were developed, nor they are very 

cost-effective in terms of consumer utilization (Blanchard, 1991). Although 

various factors are contributing to such unacceptable situations, one of the major 

causes is that the system developed is not robust with respect to its operational 

environment. Many systems are not easily maintained and cannot be efficiently 

supported. Some systems are completely unavailable when needed and others 

are operating at less than full capacity in terms of desired output or at high 

operational cost. 

Many problems associated with unsatisfactory system performance and high 

life-cycle cost are the direct result of decisions made during early phases of 

system design and advanced planning. Inefficient product design is viewed as 

one of the bottlenecks to improved product/system quality and time to market. 

Those early decisions pertaining to utilization of new technologies in design, the 

selection of component parts and materials, the selection of a manufacturing 

process, the identification of maintenance support policies, etc., have a major 

effect on both total quality and life-cycle cost.



In order to develop robust designs, only education pertaining to the 

importance and possible benefits alone is not sufficient. These is an urgent 

need for the development of new design methodologies and approaches for 

design engineers. Observations and research have shown that design theories 

and methodologies are essential to the development of sound pedagogical 

techniques (EiMaraghy, et al., 1989). To provide a theoretical basis for the 

development of tools to aid designers, the study of design theory and 

methodology is developing into a central field of research. 

The overall goal of research in engineering design is to improve the 

performance and outcome of the design process. Due to various uncertainties, 

engineering designs are typically represented imprecisely at the early, 

conceptual and preliminary stages. Technical tools to aid this area of the design 

process are rare, largely because of the scarcity of techniques capable of 

handling imprecise data (Wood and Antonsson, 1989). Little research has been 

conducted on the development of design analysis and evaluation methodology 

for early system design activities. There is not a complete, cohesive structure 

for the determination of design criteria, their modeling in terms of system 

variables/parameters, the synthesis and screening of alternatives, and formal 

optimization. Most of these activities and decisions have been accomplished in 

an ad hoc or empirical manner. New tools are often built generally without 

consideration of the overall effects on the process, and without the use of any 

formal mathematical models of the process. 

Taguchi's philosophy of robust design is very important to design decision 

analysis in the face of uncertainty. However, there has been relatively little 

research on the mathematical foundation, assumption, and techniques of 

Taguchi's approach. Furthermore, there has been little research to compare his 

techniques to other methods, either analytically or experimentally, except for 

comparisons with experimental design techniques from which Taguchi's 

approach is derived. In addition, as indicated by Otto and Antonsson (1991), 

there has been little research attempting to improve the approach itself. 

How to apply Taguchi's philosophy of robust design for design evaluation at 

the preliminary system design stage is an open question. Taguchi's parameter 

design approach relies on direct experimentation. When a mathematical model 

or a computer model of the design exists, Box and Fung (1986) argued that a



more appropriate means of identifying a robust design is through nonlinear 

optimization techniques. More recently, a number of researchers have 

implemented Taguchi's philosophy using nonlinear programming, goal 

programming, and simulation approaches, including d'Entremont and Ragsdell 

(1988), Sandgren (1989), Sundaresan et al. (1989), Belegundu and Zhang 

(1989), Parkingson et al. (1990), and Ramakrishnan and Rao (1991). But the 

problem is to determine under what condition each approach should be used. 

What is needed is a unified framework for design evaluation which integrates 

various approaches based on solid mathematical foundation of robust design. 

To obtain better system performance, both engineering and management 

needs fundamental principles and methodologies to guide decision making in 

design. in order to provide for the efficient resolution of complex system design 

decisions involving uncertainty, human judgments, and multiple attributes, an 

efficient and effective decision analysis framework is required. System 

optimization can be achieved only through a systematic approach to design 

evaluation. 

1.2 Problem Statement 

System design and development requires that timely evaluations of design 

alternatives be made as the design concept evolves. In most instances, 

specified requirements can be satisfied by one or more design alternatives. The 

problem is to identify the best design alternatives through an iterative process of 

systems analysis using selected analytical methods. Design evaluation is 

invoked as a basis for choice in finalizing the design quickly. 

Choice of the best design is a trade-off among design characteristics. The 

design selected should not only be feasible, but also optimal and robust with 

respect to various uncertainties over the system's life cycle. This research aims 

to improve the performance of engineering design processes through the 

development of a unified decision analysis framework for system design 

evaluation in the face of uncertainty.



1.3 Research Objectives 

The goal of this research is to develop a unified decision analysis framework 

to support the need and requirement for developing better system designs in the 

face of uncertainty. Specific objectives are to: 

e Define and operationalize the concept of robust system design. 

e Identify decision analysis foundations for design evaluation in the face of 

uncertainty through mathematically modeling the functional relationships 

between design decisions and the overall worth of a candidate design. 

e Identify and integrate appropriate decision analysis approaches into a unified 

framework for system design evaluation in the face of uncertainty. 

e Present examples to illustrate the application of the framework. 

1.4 Uniqueness and Premise of this Research 

Developing explicit design evaluation procedures has been recognized as a 

crucial step toward development of a more formal theory and methodology of 

design (Chandrasekran, 1989; Finger and Dixon, 1989). It has been noted that 

a major research issue in design theory and methodology is the analysis and 

evaluation of designs in the preliminary stage of design (Finger and Dixon, 

1989-I1). 

The uniqueness of this research is to integrate and adapt statistical decision 

theory, elements of the systems engineering process, and Taguchi's philosophy 

of robust design to meet the needs of system design and development. Instead 

of concentrating on performance variability alone, a structured approach is taken 

in this research to quantify uncertainties, risk attitudes, value trade-offs, and 

expected gains and losses during system life cycle. This approach is offensive 

in that it does not remove the uncertainty. The effect of uncertainty on the 

relative desirability of design alternatives is incorporated into the design 

evaluation process. 

This approach is useful in the early stages of the design process. It can 

facilitate the integration of performance-related characteristics and _ logistic 

support requirements in system design. The approach will be applicable at the 

macro level for the evaluation of candidate systems, or at the micro level for



design iteration. Integration of the evaluation approach with CAE/CAD tools may 

increase design productivity, and provide technical capabilities needed to 

dramatically influence the decision process during system design evolution. 

Accordingly, this research is expected to impact the development and design of 

complex technological systems, both commercial and public sector, while also 

influencing some aspects of strategic planning. 

The underlying premise of this research is that major decisions in the design 

process would be improved if the factors which influence the decisions are 

quantified and made visible. Such factors include uncertainty, hard and soft 

operational and technological considerations, human factors, and other 

judgmental elements. The need for visibility and quantification of uncertainty 

and judgmental factors arises not only from a desire for logical consistency in 

the treatment of decision elements, but also from the need for people to 

communicate, review, and discuss such factors as part of the total decision 

process. 

In this research, the methodology and models will be developed to optimize 

the total problem-solving process rather than just the decision per se; provide for 

insufficiencies in data base as well as for uncertainties in cause-effect 

relationships. The idea is not to fully automate the design process, nor to 

automatically generate design alternatives. Rather, the goal is to make it easier 

for the designer to evaluate more alternatives in less time, and to provide more 

information on the performance of each alternative. Since most important (and 

costly) decisions in the design process are made in the early stages, the effect 

will be greater the earlier in the design process the information is made 

available. Thus, these developments form a semi-automated approach to 

design analysis and evaluation. 

1.5 Organization of the Decision Framework 

A unified decision analysis framework is presented for system design 

evaluation in the face of uncertainty. This framework consists of two parts: (1) 

decision analysis foundations, and (2) an integrated approach. Figure 1.1 

shows the basic organization.
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Part I, consisting of Chapters 2 through 5, covers decision analysis 

foundations for design analysis and evaluation in the face of uncertainty. In 

Chapter 2, the decision process of system design and development is 

investigated from the perspective of concurrent life-cycle engineering. The 

elements of the decision process are identified. Then the focus of the research 

is defined. 

Chapter 3 defines and operationalizes the concept of robust system design. 

After identifying various uncertainties involved in the process of engineered 

system design, the concept of robust design is defined from the perspective of 

system life-cycle engineering. Some common measures of the robustness of 

candidate designs are also examined. 

Chapters 4 and 5 study the problem of design decisions in the face of 

uncertainty within the context of decision theory. The concept of best design is 

investigated and clarified. The focus of Chapter 4 is on the modeling of design 

decisions in the face of uncertainty. After classifying design decision problems 

into four categories, the structure of a decision problem in terms of the sequence 

and causal relationships between various decisions and uncertain outcomes are 

represented by decision trees. 

Once the decision problem has been modeled, a choice must be made. 

Chapter 5 investigates the foundations for choosing a best design in the face of 

uncertainty. After summarizing the concepts of choices, preferences, and utility 

theory, three decision analysis approaches are identified for design evaluation in 

the face of uncertainty. 

Part Il, made up of Chapters 6 through 9, covers models and applications of 

design evaluation in the face of uncertainty. An integrated approach is 

developed and presented in Chapter 6 for conducting design analysis and 

evaluation for both discrete and continuous decisions. Chapter 7 presents a 

hypothetical bridge design example to explain the concepts underlying the 

decision analysis framework. In Chapter 8, the framework is extended to 

resolve design decision problems involving both uncertainties and multiple 

attributes. Chapter 9 presents an example of repairable equipment population 

system (REPS) design. 

Chapter 10 summarizes the contribution of this research and discusses the 

possibilities for future research.



ll. THE DECISION PROCESS 

FOR ENGINEERED SYSTEM DESIGN 

  

2.1 Introduction 

2.2 The System Life Cycle 

2.3 System Design and Development 

2.4 Elements of the Design Decision Process 

2.5 Design Decisions in the Face of Uncertainty 

2.6 Decision Models for Design Analysis and Evaluation 

  

2.1 Introduction 

In this chapter, the decision process of system and development is 

examined from the perspective of concurrent life-cycle engineering. Elements of 

the decision process are identified. Then the focus of this research is defined. 

Two important decision models for design analysis and evaluation are also 

introduced. 

2.2 The System Life Cycle 

In general, the life cycle of a system can be divided into two phases: the 

acquisition phase and the utilization phase. In the acquisition phase, decisions 

progress from identifying the need through conceptual design and preliminary 

design, detail design and development, and production/construction. The 

utilization phase includes activities of system deployment, use, phaseout, and 

disposal.



The concurrent life-cycle engineering design approach goes beyond 

consideration of the life-cycle of the product/system itself. This approach 

encompasses three concurrent life cycles as illustrated in Figure 2.1: product life 

cycle, manufacturing system life cycle, and support system life cycle (Fabrycky, 

1991: Blanchard and Fabrycky, 1990; Midkiff and Fabrycky, 1991). 
In this approach, conceptual design is initiated first to meet the need for the 

system. Then, during conceptual/preliminary design of the system, consideration 

is given simultaneously to its ease of manufacture. This gives rise to a parallel 

life cycle for bringing a manufacturability capability into being; that is, design for 

manufacture. Another life cycle is for the logistic activities needed to service the 

system during use and to support the manufacturing facility during its duty cycle. 

This approach indicates that logistics and maintenance requirements planning 

should begin during system conceptual design in a coordinated manner. 

The knowledge acquired, life-cycle cost committed, and ease of design 

change for each stage in the system life-cycle process is illustrated in Figure 

2.2. As indicated in this figure, a large portion of the total cost for a system is 

associated with its operation and support. The costs associated with different 

phases of the life cycle are interrelated. Commitment of these costs is based on 

the decisions made in the early stages of the system life cycle. 

|}¢————-acauisition PHASE —————>}¢ UTILIZATION PHASE —>| 
.—~ 

Conceptual/ Detail Production 

Preliminary Design and/or Ph Pee eee cal 

Design Development | Construction aseou p 

~~ 
a 

  

o
O
m
m
a
2
 

    
  

Manutacturing Manufacturing 

System Design Operations   _~ 
ee 

Product Support System Product Support 
Design/Deployment and Maintenance 

- 

  

  

Figure 2.1. Product, process, and support life cycles 

(Blanchard and Fabrycky, 1990)



LCC Committed 

       

    

100% |—- — — — — — — — — — = 

80% 7 we 8 eee 8 ee ees ee > 

Cost Incurred 

66% |—.—.—. 

~~ Ease of Change Sf 
—ee, — 

| eee ——   
  

N Conceptual/ Detail Production Product Use/ 
Preliminary Design/ and/or Support 

Design Development |Construction]| Phaseout/Disposal 
os       

Figure 2.2. Commitment of resources, life-cycle cost committed, 

and cost incurred in a system's life cycle (Fabrycky and Blanchard, 1991) 
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2.3 System Design and Development 

The system acquisition phase consists of two subphases: (1) design and 

development, and (2) production and/or construction. The design process 

follows from a set of stated requirements for a given system and evolves through 

three steps: (1) conceptual design, (2) preliminary design, and (3) detail design 

(Figure 2.3). This process generally begins with a visualization of what is 

required and extends through the development, test, and evaluation of an 

engineering or prototype model of the system. The output constitutes a 

configuration that can be directly produced or constructed from specifications, a 

set of drawings, and supporting documents. 

Preliminary system design follows conceptual design and extends through 

the translation of established system-level requirements into detailed qualitative 

and quantitative design requirements (Blanchard and Fabrycky, 1990). As 

illustrated in Figure 2.3, preliminary design includes the process of functional 

analysis and requirement allocation, the accomplishment of trade-off studies and 

optimization, system synthesis, and configuration definition in the form of 

detailed specifications. 

The emphasis of this research is on the process of system level trade-off 

studies and optimization. Various activities in this process can be grouped into 

four categories: design generation, design analysis, design evaluation, and 

design optimization. The relationships between these activities can be 

illustrated by the conceptual model in Figure 2.4. 

Design generation. Design generation is a process of identifying and 

describing candidate alternatives. Each alternative must be described in 

sufficient detail to permit subsequent estimates of outcomes. To identify the 

possible courses of action, as summarized by Ackoff (1962), two tasks need to 

be accomplished: (1) identifying the variables that significantly affect the 

outcome of the problem, and (2) determining which of these variables can be 

controlled directly or indirectly by the decision maker. 

11
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From definition of needs 

I 
SYNTHESIS OF DESIGN ALTERNATIVES 

Output. Description of candidate alternatives 
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Figure 2.4. The process of system trade-off studies and optimization 
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�D�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n�.� �T�h�e� �i�n�f�o�r�m�a�t�i�o�n� �o�b�t�a�i�n�e�d� �b�y� �p�e�r�f�o�r�m�i�n�g� �t�h�e� 

�f�o�r�e�g�o�i�n�g� �c�o�m�p�u�t�a�t�i�o�n�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �o�b�t�a�i�n� �b�e�t�t�e�r� �c�a�n�d�i�d�a�t�e� �s�o�l�u�t�i�o�n�s�.� �T�h�e� 

�d�e�s�i�g�n� �m�o�d�e�l� �i�s� �i�m�p�r�o�v�e�d� �t�h�r�o�u�g�h� �i�t�e�r�a�t�i�v�e� �r�e�d�e�s�i�g�n�.� �T�h�i�s� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s� �i�s� 

�c�o�n�t�i�n�u�e�d� �u�n�t�i�l� �t�h�e� �u�t�i�l�i�t�y� �o�f� �m�a�k�i�n�g� �a�n�o�t�h�e�r� �i�t�e�r�a�t�i�o�n� �i�s� �l�e�s�s� �t�h�a�n� �t�h�e� �u�t�i�l�i�t�y� �o�f� 

�m�a�p�p�i�n�g� �t�o� �a�n�o�t�h�e�r� �l�e�v�e�l� �o�f� �a�b�s�t�r�a�c�t�i�o�n�.� �I�f� �t�h�e� �p�r�o�c�e�s�s� �i�s� �s�u�c�c�e�s�s�f�u�l�,� �t�h�e� �d�e�s�i�g�n� 

�e�v�o�l�v�e�s� �a�n�d� �t�h�e� �o�u�t�p�u�t� �o�f� �t�h�i�s� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s� �i�s� �m�a�p�p�e�d� �i�n�t�o� �a� �l�e�s�s� �a�b�s�t�r�a�c�t� 

�m�o�d�e�l�i�n�g� �s�c�h�e�m�a�,� �a�n�d� �t�h�e� �s�e�q�u�e�n�c�e� �r�e�p�e�a�t�s� �u�n�t�i�l� �a� �s�u�i�t�a�b�l�e� �s�y�s�t�e�m� �d�e�s�i�g�n� �i�s� 

�d�e�f�i�n�e�d�.� �T�h�u�s�,� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�e�s� �b�e�t�w�e�e�n� �o�p�t�i�m�i�z�a�t�i�o�n� �a�n�d� �m�a�p�p�i�n�g� �(�B�e�l�l�,� �e�t� �a�l�.�,� 

�1�9�9�1�)�.� �S�i�n�c�e� �o�n�l�y� �p�a�r�t�i�a�l� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �a�v�a�i�l�a�b�l�e� �a�t� �e�a�c�h� �s�t�a�g�e�,� �i�n�c�o�r�r�e�c�t� 

�d�e�c�i�s�i�o�n�s� �a�r�e� �p�r�o�b�a�b�l�e�.� �T�h�e� �p�r�o�c�e�s�s� �m�u�s�t� �b�e� �i�t�e�r�a�t�i�v�e� �a�s� �w�e�l�l� �a�s� �c�o�n�c�u�r�r�e�n�t�.� 

�2�.�4� �E�l�e�m�e�n�t�s� �o�f� �t�h�e� �D�e�s�i�g�n� �D�e�c�i�s�i�o�n� �P�r�o�c�e�s�s� 

�A� �t�y�p�i�c�a�l� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s� �c�o�n�s�i�s�t�s� �o�f� �f�o�u�r� �e�l�e�m�e�n�t�s�:� �t�h�e� �d�e�c�i�s�i�o�n� 

�m�a�k�e�r�,� �t�h�e� �c�a�n�d�i�d�a�t�e� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�,� �t�h�e� �s�t�a�t�e�s� �o�f� �n�a�t�u�r�e�,� �a�n�d� �t�h�e� �o�u�t�c�o�m�e�.� 

�T�h�e�s�e� �a�r�e� �d�i�s�c�u�s�s�e�d� �b�e�l�o�w�.� 

�D�e�c�i�s�i�o�n� �m�a�k�e�r� �(�D�M�)�:� �A�n� �i�n�d�i�v�i�d�u�a�l� �o�r� �g�r�o�u�p�s� �o�f� �i�n�d�i�v�i�d�u�a�l�s� �w�h�o� 

�h�a�v�e� �t�h�e� �a�u�t�h�o�r�i�t�y� �a�n�d� �r�e�s�p�o�n�s�i�b�i�l�i�t�y� �t�o� �s�e�l�e�c�t� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �t�o� �b�e� �i�m�p�l�e�m�e�n�t�e�d�.� 

�D�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �l�e�v�e�l� �o�f� �p�r�o�b�l�e�m� �c�o�n�s�i�d�e�r�e�d�,� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �m�a�y� �b�e� �t�h�e� 

�d�e�s�i�g�n�e�r�s� �o�r� �u�p�p�e�r�-�l�e�v�e�l� �m�a�n�a�g�e�m�e�n�t�.� 

�C�a�n�d�i�d�a�t�e� �a�l�t�e�r�n�a�t�i�v�e�s� �{�a�}�:� �A� �s�e�t� �o�f� �m�u�t�u�a�l�l�y� �e�x�c�l�u�s�i�v�e� �c�o�u�r�s�e�s� �o�f� �a�c�t�i�o�n� 
�w�h�i�c�h� �s�a�t�i�s�f�y� �a�l�l� �f�u�n�c�t�i�o�n�a�l� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �a�n�d� �p�r�o�v�i�d�e� �f�o�r� �t�h�e� �s�o�l�u�t�i�o�n� �o�f� �a� �d�e�s�i�g�n� 
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�p�r�o�b�l�e�m�.� �E�a�c�h� �a�l�t�e�r�n�a�t�i�v�e� �r�e�q�u�i�r�e�s� �a� �d�e�s�c�r�i�p�t�i�o�n� �s�o� �t�h�a�t� �i�t� �c�a�n� �b�e� �i�d�e�n�t�i�f�i�e�d� �a�n�d� 

�a�n�a�l�y�z�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �i�t�s� �s�e�l�e�c�t�i�o�n�.� �T�h�i�s� �d�e�s�c�r�i�p�t�i�o�n� 

�i�n�c�l�u�d�e�s� �s�p�e�c�i�f�y�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�h�i�c�h� �c�a�n� �b�e� �s�e�l�e�c�t�e�d� �b�y� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� 

�w�h�e�n� �a� �g�i�v�e�n� �d�e�c�i�s�i�o�n� �i�s� �m�a�d�e�.� �T�h�e� �s�e�t� �o�f� �t�h�e�s�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�i�l�l� �b�e� 

�d�e�s�i�g�n�a�t�e�d� �t�h�e� �c�o�n�t�r�o�l� �v�a�r�i�a�b�l�e�s�.� �T�h�e� �v�e�c�t�o�r� �o�f� �c�o�n�t�r�o�l� �v�a�r�i�a�b�l�e�s� �a�r�e� �s�p�e�c�i�f�i�e�d� 

�b�y� �x�.� 

�S�t�a�t�e�s� �o�f� �n�a�t�u�r�e� �{�s�}�:� �A� �s�e�t� �o�f� �m�u�t�u�a�l�l�y� �e�x�c�l�u�s�i�v�e� �a�n�d� �e�x�h�a�u�s�t�i�v�e� �s�t�a�t�e�s� �o�f� 

�n�a�t�u�r�e�.� �T�h�e� �s�t�a�t�e�s� �o�f� �n�a�t�u�r�e� �r�e�p�r�e�s�e�n�t� �t�h�o�s�e� �a�s�p�e�c�t�s� �o�f� �t�h�e� �p�r�o�b�l�e�m� 

�e�n�v�i�r�o�n�m�e�n�t� �w�h�i�c�h� �a�r�e� �n�o�t� �s�u�b�j�e�c�t� �t�o� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r�'�s� �c�o�n�t�r�o�l�,� �b�u�t� �m�a�y� �a�f�f�e�c�t� 

�t�h�e� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �t�h�e� �c�h�o�i�c�e� �o�f� �a�c�t�i�o�n�.� 

�O�u�t�c�o�m�e� �{�c�,�}�:� �T�h�e� �c�o�n�s�e�q�u�e�n�c�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �i�m�p�l�e�m�e�n�t�i�n�g� �a� 

�c�a�n�d�i�d�a�t�e� �a�l�t�e�r�n�a�t�i�v�e� �g�i�v�e�n� �a� �s�t�a�t�e� �o�f� �n�a�t�u�r�e�.� �A�n� �o�u�t�c�o�m�e� �m�a�y� �c�o�n�s�i�s�t� �o�f� �a� 

�s�i�n�g�l�e� �a�t�t�r�i�b�u�t�e� �o�r� �m�u�l�t�i�p�l�e� �a�t�t�r�i�b�u�t�e�s�,� �o�r� �d�i�m�e�n�s�i�o�n�s�.� �E�a�c�h� �d�i�m�e�n�s�i�o�n� �o�f� �a�n� 

�o�u�t�c�o�m�e� �w�h�i�c�h� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �c�h�o�i�c�e� �o�f� �a�n� �a�l�t�e�r�n�a�t�i�v�e�,� �a�n�d� �w�h�i�c�h� 

�t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �c�o�n�s�i�d�e�r�s� �t�o� �b�e� �i�m�p�o�r�t�a�n�t� �i�n� �m�a�k�i�n�g� �t�h�e� �d�e�c�i�s�i�o�n�,� �i�s� 

�d�e�s�i�g�n�a�t�e�d� �a�n� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �o�r� �d�e�c�i�s�i�o�n� �c�r�i�t�e�r�i�o�n�.� 

�E�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�s� �a�r�e� �t�h�e� �v�a�r�i�a�b�l�e�s� �u�s�e�d� �t�o� �r�a�n�k� �o�r� �m�e�a�s�u�r�e� �t�h�e� 

�d�e�s�i�r�a�b�i�l�i�t�y� �o�f� �p�o�s�s�i�b�l�e� �o�u�t�c�o�m�e�s�.� �B�y� �t�h�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �c�r�i�t�e�r�i�a�,� �t�h�e� �s�e�t� �o�f� 

�d�e�c�i�s�i�o�n� �c�r�i�t�e�r�i�a� �h�a�s� �t�h�r�e�e� �m�a�j�o�r� �s�u�b�s�e�t�s�:� �e�f�f�e�c�t�i�v�e�n�e�s�s� �c�r�i�t�e�r�i�a�,� �c�o�s�t� �c�r�i�t�e�r�i�a�,� �a�n�d� 

�s�c�h�e�d�u�l�e� �c�r�i�t�e�r�i�a� �(�L�i�f�s�o�n�,� �1�9�7�2�)�.� �E�a�c�h� �s�u�b�s�e�t� �r�e�p�r�e�s�e�n�t�s� �a�n� �i�m�p�o�r�t�a�n�t� �a�r�e�a� �o�f� 

�c�o�n�c�e�r�n�.� �A�n� �e�f�f�e�c�t�i�v�e�n�e�s�s� �c�r�i�t�e�r�i�o�n� �i�s� �a�n� �a�t�t�r�i�b�u�t�e� �o�f� �a� �s�y�s�t�e�m� �w�h�i�c�h� �i�s� �d�i�r�e�c�t�l�y� 

�r�e�l�a�t�e�d� �t�o� �t�h�e� �f�u�l�f�i�l�l�m�e�n�t� �o�f� �n�e�e�d�s�;� �a� �c�o�s�t� �c�r�i�t�e�r�i�o�n� �r�e�f�l�e�c�t�s� �t�h�e� �r�e�s�o�u�r�c�e�s� �r�e�q�u�i�r�e�d� 

�t�o� �i�m�p�l�e�m�e�n�t� �a� �c�o�u�r�s�e� �o�f� �a�c�t�i�o�n�;� �a� �s�c�h�e�d�u�l�e� �c�r�i�t�e�r�i�o�n� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �t�i�m�e� �t�h�e� 

�s�y�s�t�e�m� �i�s� �n�e�e�d�e�d�.� �B�y� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �c�r�i�t�e�r�i�a�,� �t�h�e� �s�e�t� �o�f� �c�r�i�t�e�r�i�a� �m�a�y� �a�l�s�o� �b�e� 

�p�a�r�t�i�t�i�o�n�e�d� �i�n�t�o� �s�u�b�s�e�t�s� �o�f� �q�u�a�n�t�i�f�i�e�d� �c�r�i�t�e�r�i�a� �a�n�d� �n�o�n�q�u�a�n�t�i�f�i�e�d� �c�r�i�t�e�r�i�a�.� �T�h�e� 

�f�o�c�u�s� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �w�i�l�l� �b�e� �o�n� �q�u�a�n�t�i�f�i�e�d� �c�r�i�t�e�r�i�a�.� 

�2�.�5� �D�e�s�i�g�n� �D�e�c�i�s�i�o�n�s� �i�n� �t�h�e� �F�a�c�e� �o�f� �U�n�c�e�r�t�a�i�n�t�y� 

�T�h�e� �f�o�c�u�s� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �i�s� �o�n� �r�e�s�o�l�v�i�n�g� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �i�n� �t�h�e� �f�a�c�e� �o�f� 

�u�n�c�e�r�t�a�i�n�t�i�e�s�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� 

�p�r�o�c�e�s�s� �c�a�n� �b�e� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �a� �d�e�c�i�s�i�o�n� �e�v�a�l�u�a�t�i�o�n� �m�a�t�r�i�x� �a�s� �i�n� �F�i�g�u�r�e� �2�.�5�.� 
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�S�,� �S�5� �e� �e�s� �e� �S�i� �6� �°� �e� �S�n� 

�a� �1� �C�,� �1� �C�,� �2� �s� �e�o� �e� �C�c� �V�y� �e� �e� �a� �C�,� �n� 

�d�o� �C�o�.� �C�o�o� �e� �e� �e� �C�o�;� �s� �e� �e� �C�o�n� 

�a�i� �C�i�,� �C�i�o� �e� �4� �e� �C�i� �e� �e� �e� �C�n� 

�a�n� �C�a� �C�n�?� �e� �e� �e� �C�r�y� �e� �e� �e� �C�o�a�n� 

�P�,� �P�o� �«� �e� �;� �P�p�.� �.� �°� �P�,� 

�W�h�e�r�e�:� 

�a�;� �=� �d�e�s�i�g�n� �a�l�t�e�r�a�n�t�i�v�e�s� 

�S�;� �=� �S�t�a�t�e�s� �o�f� �n�a�t�u�r�e� 

�P�p�.� �=� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �s� �j� 

�=� �t�h�e� �o�u�t�c�o�m�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a�;� �i�f� �s�;� �o�c�c�u�r�s� 

�F�i�g�u�r�e� �2�.�5�.� �A� �d�e�c�i�s�i�o�n� �e�v�a�l�u�a�t�i�o�n� �m�a�t�r�i�x� �f�o�r� �m�a�k�i�n�g� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� 
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�T�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �h�a�s� �i�d�e�n�t�i�f�i�e�d� �e�a�c�h� �s�t�a�t�e� �o�f� �n�a�t�u�r�e� �a�n�d� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �i�t�s� �o�c�c�u�r�r�e�n�c�e�.� �T�h�e� �o�u�t�c�o�m�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �e�a�c�h� 

�a�l�t�e�r�n�a�t�i�v�e� �a�n�d� �e�a�c�h� �s�t�a�t�e� �o�f� �n�a�t�u�r�e� �i�s� �a�l�s�o� �k�n�o�w�n�.� �I�t� �c�a�n� �b�e� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� 

�d�e�c�i�s�i�o�n�s� �a�r�e� �e�x�c�l�u�s�i�v�e� �a�n�d� �e�x�h�a�u�s�t�i�v�e�.� �T�h�a�t� �i�s�,� �o�n�e� �o�f� �d�e�c�i�s�i�o�n�s� �h�a�s� �t�o� �b�e� 

�t�a�k�e�n�,� �a�n�d� �a�t� �m�o�s�t� �o�n�e� �o�f� �t�h�e�m� �c�a�n� �b�e� �t�a�k�e�n�.� �T�h�e� �c�h�o�i�c�e� �o�f� �a�n�y� �o�n�e� �e�x�c�l�u�d�e�s� 

�t�h�e� �c�h�o�i�c�e� �o�f� �a�n�y� �o�t�h�e�r�.� �N�o�w� �t�h�e� �p�r�o�b�l�e�m� �i�s� �t�o� �s�e�l�e�c�t� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �t�o� �m�a�x�i�m�i�z�e� 

�t�h�e� �e�x�p�e�c�t�e�d� �w�o�r�t�h� �o�f� �t�h�e� �s�y�s�t�e�m� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �v�a�r�i�o�u�s� �u�n�c�e�r�t�a�i�n� �s�t�a�t�e�s� �o�f� 

�n�a�t�u�r�e�.� �T�h�i�s� �b�e�s�t� �a�l�t�e�r�n�a�t�i�v�e� �i�s� �e�x�p�e�c�t�e�d� �t�o� �s�a�t�i�s�f�y� �r�e�c�o�g�n�i�z�e�d� �h�u�m�a�n� �n�e�e�d�s� 

�a�n�d�/�o�r� �d�e�s�i�r�e�s� �b�e�s�t� �a�c�c�o�r�d�i�n�g� �t�o� �s�o�m�e� �s�p�e�c�i�f�i�e�d� �c�r�i�t�e�r�i�o�n� �o�f� �g�o�o�d�n�e�s�s�.� 

�T�r�a�d�i�t�i�o�n�a�l� �d�e�c�i�s�i�o�n� �t�h�e�o�r�y� �c�l�a�s�s�i�f�i�e�s� �d�e�c�i�s�i�o�n�s� �i�n�t�o� �t�h�r�e�e� �c�a�t�e�g�o�r�i�e�s� �(�L�u�c�e� 

�a�n�d� �R�a�i�f�f�a�,� �1�9�5�7�)�:� �(�1�)� �d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �c�e�r�t�a�i�n�t�y�,� �(�2�)� �d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �r�i�s�k�,� �a�n�d� �(�3�)� 

�d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y�.� �D�e�p�e�n�d�i�n�g� �u�p�o�n� �w�h�e�t�h�e�r� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �t�h�e� 

�s�t�a�t�e� �o�f� �n�a�t�u�r�e� �i�s� �s�p�e�c�i�f�i�e�d�,� �"�d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �r�i�s�k�"� �a�n�d� �"�d�e�c�i�s�i�o�n�s� �u�n�d�e�r� 

�u�n�c�e�r�t�a�i�n�t�y�"� �a�r�e� �d�i�s�t�i�n�g�u�i�s�h�e�d�.� 

�N�o�w� �i�n� �b�o�t�h� �t�h�e� �c�o�m�m�u�n�i�t�i�e�s� �o�f� �d�e�c�i�s�i�o�n� �r�e�s�e�a�r�c�h� �a�n�d� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n�,� 

�t�h�i�s� �d�i�s�t�i�n�c�t�i�o�n� �b�e�t�w�e�e�n� �"�d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �r�i�s�k�"� �a�n�d� �"�d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y�"� 

�i�s� �n�o�t� �m�a�d�e� �s�t�r�i�c�t�l�y�.� �A�c�c�o�r�d�i�n�g� �t�o� �L�i�n�d�l�e�y� �(�1�9�8�5�)�,� �t�h�e�r�e� �i�s� �o�n�l�y� �o�n�e� �l�o�g�i�c�a�l� �w�a�y� �t�o� 

�m�a�k�e� �a� �d�e�c�i�s�i�o�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y�.� �T�h�r�e�e� �b�a�s�i�c� �p�r�i�n�c�i�p�l�e�s� �m�u�s�t� �b�e� 

�f�o�l�l�o�w�e�d�:� �(�1�)� �a�s�s�i�g�n�i�n�g� �p�r�o�b�a�b�i�l�i�t�i�e�s� �t�o� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�,� �(�2�)� �a�s�s�i�g�n�i�n�g� �u�t�i�l�i�t�i�e�s� �t�o� 

�t�h�e� �p�o�s�s�i�b�l�e� �o�u�t�c�o�m�e�s�,� �a�n�d� �(�3�)� �c�h�o�o�s�i�n�g� �t�h�a�t� �d�e�c�i�s�i�o�n� �t�h�a�t� �m�a�x�i�m�i�z�e�s� �e�x�p�e�c�t�e�d� 

�u�t�i�l�i�t�y�.� �T�h�u�s�,� �i�f� �t�h�e� �q�u�a�n�t�i�f�i�c�a�t�i�o�n� �o�f� �j�u�d�g�m�e�n�t� �i�n� �t�h�e� �f�o�r�m� �o�f� �p�r�o�b�a�b�i�l�i�t�y� �a�n�d� �u�t�i�l�i�t�y� 

�e�s�t�i�m�a�t�e�s� �c�a�n� �b�e� �m�a�d�e�,� �t�h�e�n� �d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y� �c�a�n� �b�e� �c�o�n�v�e�r�t�e�d� �i�n�t�o� 

�d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �r�i�s�k�.� �T�h�e�r�e�f�o�r�e�,� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h�,� �"�d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y�"� 

�a�n�d�  ��d�e�c�i�s�i�o�n�s� �u�n�d�e�r� �r�i�s�k�"� �w�i�l�l� �n�o�t� �b�e� �d�i�s�t�i�n�g�u�i�s�h�e�d�.� �I�n� �k�e�e�p�i�n�g� �w�i�t�h� �t�h�e� 

�t�e�r�m�i�n�o�l�o�g�y� �o�f� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n�,� �t�h�e� �t�e�r�m� �"�d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� �f�a�c�e� �o�f� 

�u�n�c�e�r�t�a�i�n�t�y�"� �w�i�l�l� �b�e� �u�s�e�d�.� 

�2�.�6� �D�e�c�i�s�i�o�n� �M�o�d�e�l�s� �f�o�r� �D�e�s�i�g�n� �A�n�a�l�y�s�i�s� �a�n�d� �E�v�a�l�u�a�t�i�o�n� 

�T�o� �s�t�u�d�y� �t�h�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s� �q�u�a�n�t�i�t�a�t�i�v�e�l�y�,� �d�e�c�i�s�i�o�n� �m�o�d�e�l�s� �a�r�e� 

�v�e�r�y� �h�e�l�p�f�u�l�.� �A� �m�o�d�e�l� �m�a�y� �b�e� �u�s�e�d� �a�s� �a� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �a� �s�y�s�t�e�m� �t�o� �b�e� 

�b�r�o�u�g�h�t� �i�n�t�o� �b�e�i�n�g�,� �o�r� �t�o� �a�n�a�l�y�z�e� �a� �s�y�s�t�e�m� �a�l�r�e�a�d�y� �i�n� �b�e�i�n�g�.� �T�w�o� �d�e�c�i�s�i�o�n� 

�m�o�d�e�l�s� �w�h�i�c�h� �a�r�e� �p�a�r�t�i�c�u�l�a�r�l�y� �u�s�e�f�u�l� �f�o�r� �d�e�s�i�g�n� �a�n�a�l�y�s�i�s� �a�n�d� �e�v�a�l�u�a�t�i�o�n� �a�r�e� 
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�i�n�t�r�o�d�u�c�e�d� �b�e�l�o�w�.� �O�n�e� �i�s� �t�h�e� �d�e�c�i�s�i�o�n� �m�o�d�e�l� �p�r�e�s�e�n�t�e�d� �b�y� �C�h�u�r�c�h�m�a�n� �e�t� �a�l�.� 

�(�1�9�5�7�)�.� �T�h�e� �o�t�h�e�r� �i�s� �t�h�e� �D�e�s�i�g�n� �D�e�p�e�n�d�e�n�t� �P�a�r�a�m�e�t�e�r� �A�p�p�r�o�a�c�h� �d�e�v�e�l�o�p�e�d� �b�y� 

�B�l�a�n�c�h�a�r�d� �a�n�d� �F�a�b�r�y�c�k�y� �(�1�9�9�0�)� �a�n�d� �F�a�b�r�y�c�k�y� �a�n�d� �B�l�a�n�c�h�a�r�d� �(�1�9�9�1�)�.� 

�2�.�6�.�1� �D�e�c�i�s�i�o�n� �m�o�d�e�l� �o�f� �C�h�u�r�c�h�m�a�n� �e�t� �a�l�.� 

�F�o�r� �a�n�y� �s�y�s�t�e�m�,� �i�t�s� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �v�a�r�i�o�u�s� �v�a�r�i�a�b�l�e�s� �a�n�d� 
�p�a�r�a�m�e�t�e�r�s�.� �C�h�u�r�c�h�m�a�n� �e�t� �a�l�.� �(�1�9�5�7�)� �c�l�a�s�s�i�f�i�e�d� �t�h�e� �v�a�r�i�a�b�l�e�s� �a�n�d� �p�a�r�a�m�e�t�e�r�s� 

�w�h�i�c�h� �a�f�f�e�c�t� �t�h�e� �o�u�t�c�o�m�e� �o�f� �a� �s�y�s�t�e�m� �i�n�t�o� �t�w�o� �g�r�o�u�p�s�:� �(�1�)� �t�h�e� �v�a�r�i�a�b�l�e�s� �w�h�i�c�h� �a�r�e� 

�s�u�b�j�e�c�t� �t�o� �c�o�n�t�r�o�l� �b�y� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r�,� �a�n�d� �(�2�)� �t�h�e� �f�a�c�t�o�r�s� �(�v�a�r�i�a�b�l�e� �o�r� 
�c�o�n�s�t�a�n�t�)� �w�h�i�c�h� �a�r�e� �n�o�t� �s�u�b�j�e�c�t� �t�o� �t�h�e� �c�o�n�t�r�o�l� �b�y� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �w�i�t�h�i�n� �t�h�e� 

�s�c�o�p�e� �o�f� �t�h�e� �p�r�o�b�l�e�m� �a�s� �d�e�f�i�n�e�d�.� �T�h�e� �f�o�r�m�e�r� �a�r�e� �o�f�t�e�n� �c�a�l�l�e�d� �c�o�n�t�r�o�l� �v�a�r�i�a�b�l�e�s�,� 

�w�h�i�l�e� �t�h�e� �l�a�t�t�e�r� �i�s� �c�a�l�l�e�d� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �f�u�n�c�t�i�o�n�a�l� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� 

�t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �E�Z�,� �c�o�n�t�r�o�l� �v�a�r�i�a�b�l�e�s� �X�,� �a�n�d� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s� �Y�,� �i�n� �i�t�s� 

�u�n�c�o�n�s�t�r�a�i�n�e�d� �f�o�r�m�,� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� 

�E�=� �f�(�X�,�Y�)�.� �(�2�.�1�)� 

�T�h�i�s� �d�e�c�i�s�i�o�n� �m�o�d�e�l� �i�s� �u�s�e�f�u�l� �f�o�r� �d�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n�.� �T�h�e� �m�o�d�e�l� �e�n�a�b�l�e�s� �t�h�e� 

�d�e�c�i�s�i�o�n� �m�a�k�e�r�s� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�a�t� �v�a�l�u�e�s� �o�f� �t�h�e� �c�o�n�t�r�o�l�l�a�b�l�e� �v�a�r�i�a�b�l�e�s� �p�r�o�v�i�d�e� 

�t�h�e� �b�e�s�t� �l�e�v�e�l� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �u�n�d�e�r� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� 

�s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s�.� 

�2�.�6�.�2� �D�e�s�i�g�n� �D�e�p�e�n�d�e�n�t� �P�a�r�a�m�e�t�e�r� �A�p�p�r�o�a�c�h� �(�D�D�P�)� 

�B�l�a�n�c�h�a�r�d� �a�n�d� �F�a�b�r�y�c�k�y� �(�1�9�9�0�)� �e�x�t�e�n�d�e�d� �C�h�u�r�c�h�m�a�n� �e�t� �a�l�.�'�s� �d�e�c�i�s�i�o�n� �m�o�d�e�l� 

�t�o� �d�e�s�i�g�n� �a�n�d� �o�p�e�r�a�t�i�o�n�a�l� �d�e�c�i�s�i�o�n� �s�i�t�u�a�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �m�u�l�t�i�p�l�e� �a�l�t�e�r�n�a�t�i�v�e�s�.� 

�T�h�i�s� �e�x�t�e�n�s�i�o�n� �i�d�e�n�t�i�f�i�e�s� �a�n�d� �i�s�o�l�a�t�e�s� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s� �f�r�o�m� 

�d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�e� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� 

�p�a�r�a�m�e�t�e�r�s� �i�s� �t�o� �d�e�f�i�n�e� �e�a�c�h� �a�l�t�e�r�n�a�t�i�v�e� �e�x�p�l�i�c�i�t�l�y�.� �I�n� �t�h�e� �p�r�o�c�e�s�s� �o�f� �d�e�s�i�g�n� 

�a�n�a�l�y�s�i�s� �a�n�d� �e�v�a�l�u�a�t�i�o�n�,� �t�h�e� �D�D�P� �a�p�p�r�o�a�c�h� �u�s�e�s� �a� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �f�u�n�c�t�i�o�n� �t�o� 

�e�x�p�r�e�s�s� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�(�s�)�,� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s�,� 

�d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�,� �a�n�d� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �d�e�s�i�g�n� 

�e�v�a�l�u�a�t�i�o�n� �f�u�n�c�t�i�o�n� �h�a�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�:� 
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�E� �=� �f�(�X�;�Y�,�,�Y�¥�,�)� �(�2�.�2�)� 

�s�u�b�j�e�c�t�t�o� �g�,�(�X�;�¥�,�,�¥�,�)�<�0�,� �j�=�1�,�-�-�-�,�k� 

�w�h�e�r�e�:� �E� �=� �a� �v�e�c�t�o�r� �o�f� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�s� 

�X� �=� �a� �v�e�c�t�o�r� �o�f� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� 

�Y�,� �=� �a� �v�e�c�t�o�r� �o�f� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� 

�Y�,� �=� �a� �v�e�c�t�o�r� �o�f� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� 

�T�h�e� �p�r�o�c�e�d�u�r�e�s� �t�o� �a�p�p�l�y� �t�h�e� �D�D�P� �a�p�p�r�o�a�c�h� �i�n� �d�e�s�i�g�n� �a�n�a�l�y�s�i�s� �a�n�d� 

�e�v�a�l�u�a�t�i�o�n� �c�a�n� �b�e� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �F�i�g�u�r�e� �2�.�6�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �D�D�P� �a�p�p�r�o�a�c�h�,� 

�d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �a�n�a�l�y�s�i�s� �f�o�l�l�o�w�s� �f�o�u�r� �s�t�e�p�s�:� 

�S�t�e�p� �1�:� �\�d�e�n�t�i�f�y� �p�o�s�s�i�b�l�e� �l�e�v�e�l�s� �o�f� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �E�a�c�h� �s�e�t� 

�o�f� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e�s� �d�e�t�e�r�m�i�n�e�s� �a� �u�n�i�q�u�e� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�.� 

�S�t�e�p� �2�:� �F�o�r� �e�a�c�h� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�,� �d�e�t�e�r�m�i�n�e� �t�h�e� �s�e�t�t�i�n�g� �o�f� �d�e�s�i�g�n� 

�v�a�r�i�a�b�l�e� �v�a�l�u�e�s� �w�h�i�c�h� �o�p�t�i�m�i�z�e� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �T�h�e� �o�p�t�i�m�u�m� �v�a�l�u�e� �o�f� 

�t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �f�o�r� �e�a�c�h� �a�l�t�e�r�n�a�t�i�v�e� �i�s� �t�h�e�n� �o�b�t�a�i�n�e�d�.� �T�h�i�s� �s�t�e�p� �p�r�o�v�i�d�e�s� 

�o�p�t�i�m�i�z�a�t�i�o�n� �w�i�t�h�i�n� �a�n� �a�l�t�e�r�n�a�t�i�v�e�.� 

�S�t�e�p� �3�:� �C�o�m�p�a�r�e� �t�h�e� �o�p�t�i�m�u�m� �v�a�l�u�e�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �f�o�r� �a�l�l� 

�a�l�t�e�r�n�a�t�i�v�e�s� �a�n�d� �s�e�l�e�c�t� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �w�h�i�c�h� �g�i�v�e�s� �t�h�e� �b�e�s�t� �a�t�t�r�i�b�u�t�e� �v�a�l�u�e�.� 

�S�t�e�p� �4�:� �D�e�c�i�d�e� �i�f� �t�h�e� �o�p�t�i�m�u�m� �a�t�t�r�i�b�u�t�e� �l�e�v�e�l� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �o�p�t�i�m�u�m� 

�a�l�t�e�r�n�a�t�i�v�e� �m�e�e�t�s� �t�h�e� �d�e�s�i�g�n� �r�e�q�u�i�r�e�m�e�n�t�s�.� �I�f� �y�e�s�,� �g�o� �t�o� �t�h�e� �n�e�x�t� �d�e�s�i�g�n� �p�h�a�s�e�.� 

�O�t�h�e�r�w�i�s�e�,� �g�o� �b�a�c�k� �t�o� �s�t�e�p� �1�.� 

�T�h�e� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �f�u�n�c�t�i�o�n� �p�r�o�v�i�d�e�s� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �m�e�a�n�s� �t�o� �a�s�s�e�s�s� �a� 

�s�y�s�t�e�m�'�s� �r�e�s�p�o�n�s�e� �t�o� �c�h�a�n�g�e�s� �i�n� �b�o�t�h� �c�o�n�t�r�o�l�l�a�b�l�e� �a�n�d� �u�n�c�o�n�t�r�o�l�l�a�b�l�e� �f�a�c�t�o�r�s�.� 

�T�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�h�e� �D�D�P� �a�p�p�r�o�a�c�h� �i�s� �i�n� �d�i�s�t�i�n�g�u�i�s�h�i�n�g� �c�h�o�i�c�e�-�b�a�s�e�d� �d�e�s�i�g�n� 

�a�n�d� �o�p�t�i�m�i�z�a�t�i�o�n�-�b�a�s�e�d� �d�e�s�i�g�n� �(�F�a�b�r�y�c�k�y�,� �1�9�9�2�)�.� �B�y� �c�o�n�s�i�d�e�r�i�n�g� �d�e�s�i�g�n� 

�v�a�r�i�a�b�l�e�s� �a�n�d� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �a�t� �d�i�f�f�e�r�e�n�t� �l�e�v�e�l�s� �o�f� �t�h�e� �d�e�s�i�g�n� 
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�G�E�N�E�R�A�T�E� �D�E�S�I�G�N� �A�L�T�E�R�N�A�T�I�V�E�S� 

�D�e�t�e�r�m�i�n�e� �t�h�e� �l�e�v�e�l�s� �o�f� �Y�a� 
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�I�D�E�N�T�I�F�Y� �T�H�E� �O�P�T�I�M�U�M� �D�E�C�I�S�I�O�N� 
�F�O�R� �E�A�C�H� �D�E�S�I�G�N� �A�L�T�E�R�N�A�T�I�V�E� 
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�A�l�t�e�r�n�a�t�i�v�e� �1� �A�l�t�e�r�n�a�t�i�v�e� �2� �e�e�e�]� �A�l�t�e�m�a�t�i�v�e� �m� 

� � � � � � � � � � � � � � � � 

� � 

� � � � � � 

�D�e�c�i�s�i�o�n� �1� �D�e�c�i�s�i�o�n� �2� �e�e�e� �D�e�c�i�s�i�o�n� �n� 

�_� 
�I�D�E�N�T�I�F�Y� �T�H�E� �B�E�S�T� �A�L�T�E�R�N�A�T�I�V�E� 

�C�o�m�p�a�r�e� �t�h�e� �o�p�t�i�m�a�l� �d�e�c�i�s�i�o�n� �f�o�r� �e�a�c�h� �a�l�t�e�r�n�a�t�i�v�e� 

� � � � � � � � � � � � � � � � 

� � � � � � � � 

� � 

� � 

� � � � � � � � �N�o� 
� � �A�d�e�q�u�a�t�e� 

�?� 

�Y�e�a� 
� � 

�R�E�C�O�M�M�E�N�D�A�T�I�O�N� �O�F� 
�B�E�S�T� �D�E�S�I�G�N� � � � � � � 

�F�i�g�u�r�e� �2�.�6�.� �P�r�o�c�e�d�u�r�e�s� �f�o�r� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �D�D�P� �a�p�p�r�o�a�c�h� 
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�d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s�,� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �s�y�s�t�e�m� �t�r�a�d�e�-�o�f�f� �s�t�u�d�i�e�s� �a�n�d� 

�o�p�t�i�m�i�z�a�t�i�o�n� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�4� �b�e�c�o�m�e�s� �m�o�r�e� �s�t�r�u�c�t�u�r�e�d� �a�n�d� 

�s�y�s�t�e�m�a�t�i�c�.� �W�h�e�n� �a�p�p�l�i�e�d� �i�n� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �o�f� �s�y�s�t�e�m� �d�e�s�i�g�n�,� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�f�u�n�c�t�i�o�n� �c�a�n� �b�e� �o�p�t�i�m�i�z�e�d� �i�n� �t�e�r�m�s� �o�f� �l�i�f�e�-�c�y�c�l�e� �c�o�s�t� �a�n�d�/�o�r� �t�h�e� �m�u�l�t�i�p�l�e� �s�y�s�t�e�m� 

�e�f�f�e�c�t�i�v�e�n�e�s�s� �m�e�a�s�u�r�e�s�,� �a�s� �s�h�o�w�n� �i�n� �F� �i�g�u�r�e� �2�.�7�.� 
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� � 

� � 
�C�o�s�t� �E�f�f�e�c�t�i�v�e�n�e�s�s� 

� � � � 

�t� 
� � 

�A�.� 

�L�i�t�e� �C�y�c�l�e� �C�o�s�t� 
�_�}� 

� � 

�|� �|� 
� � 

� � 

�e� �R�e�s�e�a�r�c�h� �&� �D�e�v�e�l�o�p�m�e�n�t� �C�o�s�t� 
�@� �P�r�o�d�u�c�t�i�o�n� �&� �C�o�n�s�t�r�u�c�t�i�o�n� �C�o�s�t� 
�@� �O�p�e�r�a�t�i�o�n� �&� �S�u�p�p�o�r�t� �C�o�s�t� 
�e�@� �R�e�t�i�r�e�m�e�n�t� �&� �D�i�s�p�o�s�a�l� �C�o�s�t� 

�i� 

�S�y�s�t�e�m� �E�f�f�e�c�t�i�v�e�n�e�s�s� 
�=� 

� � 

� � � � 
� � 

�t� 

�|�_�_�- ��«�~� �F�u�n�c�t�i�o�n�a�l� �D�e�s�i�g�n� 
�|�.� �R�e�l�i�a�b�i�l�i�t�y� �D�e�s�i�g�n� 

�M�a�i�n�t�a�i�n�a�b�i�l�i�t�y� �D�e�s�i�g�n� 
�H�u�m�a�n� �F�a�c�t�o�r�s� �D�e�s�i�g�n� 
�S�a�f�e�t�y� �D�e�s�i�g�n� 
�P�r�o�d�u�c�i�b�i�l�i�t�y� � � �O�t�h�e�r� �D�e�s�i�g�n� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�e� �S�y�s�t�e�m� �P�e�r�f�o�r�m�a�n�c�e�  �� 
�T�e�c�h�n�i�c�a�l� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �C�a�p�a�c�i�t�y�,� 
�S�i�z�e�,� �W�e�i�g�h�t�,� �E�t�c�.� 

�@� �S�y�s�t�e�m� �E�f�f�e�c�t�i�v�e�n�e�s�s� �-� 
�A�v�a�i�l�a�b�i�l�i�t�y�,� �D�e�p�e�n�d�a�b�i�l�i�t�y�,� �E�t�c�.� � � � � 

� � 

� � � � 

�i� 

�C�u�s�t�o�m�e�r� �S�e�r�v�i�c�e� 
�S�u�p�p�l�y� �S�u�p�p�o�r�t� 
�T�e�s�t� �&� �S�u�p�p�o�r�t� �E�q�u�i�p�m�e�n�t� 

�T�r�a�i�n�i�n�g� 
�T�r�a�n�s�p�o�r�t�a�t�i�o�n� �&� �H�a�n�d�l�i�n�g� 

�T�e�c�h�n�i�c�a�l� �D�a�t�a� 
�F�a�c�i�l�i�t�i�e�s� � � 

�F�i�g�u�r�e� �2�.�7�.� �M�u�l�t�i�p�l�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�s� �u�s�e�d� �i�n� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� 

�(�B�l�a�n�c�h�a�r�d� �a�n�d� �F�a�b�r�y�c�k�y�,� �1�9�9�0�)� 
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�l�l�l�.� �C�O�N�C�E�P�T�U�A�L�I�Z�A�T�I�O�N� �O�F� �R�O�B�U�S�T� �S�Y�S�T�E�M� �D�E�S�I�G�N� 

� � 

�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� �|� 

�3�.�2� �S�o�u�r�c�e�s� �o�f� �U�n�c�e�r�t�a�i�n�t�y� �i�n� �E�n�g�i�n�e�e�r�e�d� �S�y�s�t�e�m�s� 

�3�.�3� �T�h�e� �E�f�f�e�c�t� �o�f� �U�n�c�e�r�t�a�i�n�t�i�e�s� 

�3�.�4� �T�h�e� �C�o�n�c�e�p�t� �o�f� �R�o�b�u�s�t� �S�y�s�t�e�m� �D�e�s�i�g�n� 

�.�_�3�.�5� �M�e�a�s�u�r�e�s� �o�f� �t�h�e� �R�o�b�u�s�t�n�e�s�s� �o�f� �C�a�n�d�i�d�a�t�e� �S�y�s�t�e�m�s� 

�3�.�6� �R�e�v�i�e�w� �o�f� �S�o�m�e� �E�x�i�s�t�i�n�g� �A�p�p�r�o�a�c�h�e�s� 
� � 

�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�i�s� �c�h�a�p�t�e�r� �d�e�f�i�n�e�s� �a�n�d� �o�p�e�r�a�t�i�o�n�a�l�i�z�e�s� �t�h�e� �c�o�n�c�e�p�t� �o�f� �r�o�b�u�s�t� �s�y�s�t�e�m� 

�d�e�s�i�g�n�.� �A�f�t�e�r� �i�d�e�n�t�i�f�y�i�n�g� �v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �u�n�c�e�r�t�a�i�n�t�y� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �p�r�o�c�e�s�s� �o�f� 

�s�y�s�t�e�m� �d�e�s�i�g�n�,� �t�h�e� �c�o�n�c�e�p�t� �o�f� �r�o�b�u�s�t� �d�e�s�i�g�n� �i�s� �d�e�f�i�n�e�d� �f�r�o�m� �t�h�e� �p�e�r�s�p�e�c�t�i�v�e� �o�f� 

�s�y�s�t�e�m� �l�i�f�e�-�c�y�c�l�e� �e�n�g�i�n�e�e�r�i�n�g�.� �S�o�m�e� �c�o�m�m�o�n� �m�e�a�s�u�r�e�s� �f�o�r� �a�s�s�e�s�s�i�n�g� �t�h�e� 

�r�o�b�u�s�t�n�e�s�s� �o�f� �c�a�n�d�i�d�a�t�e� �d�e�s�i�g�n�s� �a�r�e� �e�x�a�m�i�n�e�d�.� �W�i�t�h�i�n� �t�h�e� �c�o�n�t�e�x�t� �o�f� �r�o�b�u�s�t� 

�d�e�s�i�g�n�,� �a� �b�r�i�e�f� �r�e�v�i�e�w� �i�s� �t�h�e�n� �m�a�d�e� �o�n� �s�o�m�e� �e�x�i�s�t�i�n�g� �a�p�p�r�o�a�c�h�e�s� �f�o�r� �d�e�s�i�g�n� 

�o�p�t�i�m�i�z�a�t�i�o�n�.� 

�3�.�2� �S�o�u�r�c�e�s� �o�f� �U�n�c�e�r�t�a�i�n�t�y� �i�n� �E�n�g�i�n�e�e�r�e�d� �S�y�s�t�e�m�s� 

�T�h�e� �E�n�g�l�i�s�h� �l�a�n�g�u�a�g�e� �h�a�s� �a� �n�u�m�b�e�r� �o�f� �w�o�r�d�s� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �n�a�t�u�r�e� �o�f� 

�v�a�r�i�o�u�s� �u�n�c�e�r�t�a�i�n�t�i�e�s�:� �p�o�s�s�i�b�l�e�,� �o�d�d�s�,� �p�r�o�b�a�b�l�e�,� �p�l�a�u�s�i�b�l�e�,� �c�h�a�n�c�e�,� �l�i�k�e�l�y�,� �a�n�d� 

�m�a�n�y� �o�t�h�e�r�s�.� �T�h�e� �r�i�c�h�n�e�s�s� �o�f� �t�h�e� �l�a�n�g�u�a�g�e� �r�e�f�l�e�c�t�s� �t�h�e� �u�b�i�q�u�i�t�y� �o�f� �t�h�e� �c�o�n�c�e�p�t� 

�o�f� �u�n�c�e�r�t�a�i�n�t�y�.� �I�n� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n�,� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �a� �s�y�s�t�e�m� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e� �d�e�p�e�n�d�s� �b�o�t�h� �o�n� �t�h�e� �s�t�a�t�e� �o�f� �n�a�t�u�r�e� �a�n�d� �o�n� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �s�e�l�e�c�t�e�d�.� 

�S�i�n�c�e� �a� �s�t�a�t�e� �o�f� �n�a�t�u�r�e� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �s�o�m�e� �f�u�t�u�r�e� �d�a�t�e�,� �t�h�e� �s�t�a�t�e� �w�h�i�c�h� �w�i�l�l� 

�o�c�c�u�r� �c�a�n�n�o�t�,� �i�n� �g�e�n�e�r�a�l�,� �b�e� �d�e�t�e�r�m�i�n�e�d� �w�i�t�h� �c�e�r�t�a�i�n�t�y� �a�t� �t�h�e� �t�i�m�e� �t�h�e� �d�e�c�i�s�i�o�n� �i�s� 

�2�3



�m�a�d�e�.� �T�h�e� �s�t�a�t�e�s� �o�f� �n�a�t�u�r�e� �a�r�e� �i�n�h�e�r�e�n�t�l�y� �p�r�o�b�a�b�i�l�i�s�t�i�c�.� �I�t� �i�s� �e�v�i�d�e�n�t� �t�h�a�t�,� �e�v�e�n� 

�g�i�v�e�n� �t�h�e� �s�t�a�t�e� �a�n�d� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e�,� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �a� �g�i�v�e�n� �a�t�t�r�i�b�u�t�e� �c�a�n�n�o�t� �b�e� 

�k�n�o�w�n� �w�i�t�h� �c�e�r�t�a�i�n�t�y� �a�t� �t�h�e� �t�i�m�e� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �m�u�s�t� �b�e� �s�e�l�e�c�t�e�d�.� �W�h�e�n�e�v�e�r� 

�o�n�e� �c�a�n� �d�e�f�i�n�e� �p�o�s�s�i�b�l�e� �s�t�a�t�e�s� �o�f� �n�a�t�u�r�e� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �c�h�o�i�c�e�.� �T�h�i�s� �d�o�e�s� �n�o�t� �m�e�a�n� �t�h�a�t� �w�e� �c�a�n� �a�l�w�a�y�s� �o�b�t�a�i�n� 

�e�s�t�i�m�a�t�e�s� �i�n� �w�h�i�c�h� �w�e� �h�a�v�e� �c�o�n�f�i�d�e�n�c�e�.� 

�3�.�2�.�1� �S�o�u�r�c�e�s� �o�f� �u�n�c�e�r�t�a�i�n�t�y� 

�I�n� �t�h�e� �p�r�o�c�e�s�s� �o�f� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �m�a�k�i�n�g�,� �t�h�e�r�e� �a�r�e� �v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� 

�q�u�a�n�t�i�t�i�e�s� �t�o� �b�e� �c�o�n�s�i�d�e�r�e�d�.� �T�h�e�s�e� �i�n�c�l�u�d�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s�,� �e�m�p�i�r�i�c�a�l� 

�q�u�a�n�t�i�t�i�e�s�,� �o�u�t�c�o�m�e� �c�r�i�t�e�r�i�o�n�,� �d�e�f�i�n�e�d� �c�o�n�s�t�a�n�t�s�,� �a�n�d� �o�t�h�e�r�s�.� �F�o�r� �d�e�s�i�g�n� 

�e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y�,� �t�h�e� �e�m�p�i�r�i�c�a�l� �q�u�a�n�t�i�t�i�e�s� �d�e�m�a�n�d� �s�p�e�c�i�a�l� 

�a�t�t�e�n�t�i�o�n� �b�e�c�a�u�s�e� �t�h�e�y� �r�e�p�r�e�s�e�n�t� �m�e�a�s�u�r�a�b�l�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �r�e�a�l�-�w�o�r�l�d� 

�s�y�s�t�e�m�s� �b�e�i�n�g� �m�o�d�e�l�e�d�.� 

�T�h�e�r�e� �h�a�v�e� �b�e�e�n� �s�e�v�e�r�a�l� �a�t�t�e�m�p�t�s� �t�o� �c�r�e�a�t�e� �t�a�x�o�n�o�m�i�e�s� �o�f� �d�i�f�f�e�r�e�n�t� �k�i�n�d�s� �o�f� 

�u�n�c�e�r�t�a�i�n�t�y�.� �M�o�s�t� �o�f� �t�h�e�s�e� �h�a�v�e� �c�o�n�c�e�n�t�r�a�t�e�d� �o�n� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �e�m�p�i�r�i�c�a�l� 

�q�u�a�n�t�i�t�i�e�s� �w�h�i�c�h� �c�o�n�s�t�i�t�u�t�e� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �q�u�a�n�t�i�t�i�e�s� �i�n� �m�o�d�e�l�s� �f�o�r� �d�e�s�i�g�n� 

�a�n�a�l�y�s�i�s� �a�n�d� �e�v�a�l�u�a�t�i�o�n�.� �U�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �e�m�p�i�r�i�c�a�l� �q�u�a�n�t�i�t�i�e�s� �c�a�n� �a�r�i�s�e� �f�r�o�m� �a� 

�v�a�r�i�e�t�y� �o�f� �d�i�f�f�e�r�e�n�t� �k�i�n�d�s� �o�f� �s�o�u�r�c�e�s�.� �A�c�c�o�r�d�i�n�g� �t�o� �M�o�r�g�a�n� �a�n�d� �H�e�n�r�i�o�n� �(�1�9�9�0�)�,� 

�v�a�r�i�o�u�s� �s�o�u�r�c�e�s� �o�f� �u�n�c�e�r�t�a�i�n�t�y� �c�a�n� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� �s�e�v�e�n� �c�a�t�e�g�o�r�i�e�s�:� 

�1�)� �R�a�n�d�o�m� �e�r�r�o�r� �a�n�d� �s�t�a�t�i�s�t�i�c�a�l� �v�a�r�i�a�t�i�o�n� 

�2�)� �S�y�s�t�e�m�a�t�i�c� �e�r�r�o�r� �a�n�d� �s�u�b�j�e�c�t�i�v�e� �j�u�d�g�m�e�n�t� 

�3�)� �L�i�n�g�u�i�s�t�i�c� �i�m�p�r�e�c�i�s�i�o�n� 

�4�)� �V�a�r�i�a�b�i�l�i�t�y� 

�5�)� �I�n�h�e�r�e�n�t� �r�a�n�d�o�m�n�e�s�s� 

�6�)� �D�i�s�a�g�r�e�e�m�e�n�t� 

�7�)� �A�p�p�r�o�x�i�m�a�t�i�o�n� 

�I�n� �d�e�v�e�l�o�p�i�n�g� �e�n�g�i�n�e�e�r�e�d� �s�y�s�t�e�m�s�,� �t�w�o� �m�a�j�o�r� �t�y�p�e�s� �o�f� �u�n�c�e�r�t�a�i�n�t�i�e�s� �a�r�e� �t�h�e� 

�u�n�c�e�r�t�a�i�n�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �i�n�h�e�r�e�n�t� �v�a�r�i�a�b�i�l�i�t�y� �o�f� �t�h�e� �p�h�y�s�i�c�a�l� �p�r�o�c�e�s�s� �a�n�d� 

�t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �i�m�p�e�r�f�e�c�t�i�o�n� �i�n� �t�h�e� �m�o�d�e�l�i�n�g� �o�f� �t�h�e� �p�h�y�s�i�c�a�l� 

�p�r�o�c�e�s�s� �(�A�n�g� �a�n�d� �T�a�n�g�,� �1�9�8�4�)�.� 

�2�4



�U�n�c�e�r�t�a�i�n�t�y� �d�u�e� �t�o� �i�n�h�e�r�e�n�t� �v�a�r�i�a�b�i�l�i�t�y�.� �T�h�e� �r�a�n�d�o�m�n�e�s�s� �i�n� �a� �p�h�y�s�i�c�a�l� 

�p�r�o�c�e�s�s� �c�o�n�t�r�i�b�u�t�e�s� �t�o� �u�n�c�e�r�t�a�i�n�t�y� �b�e�c�a�u�s�e� �i�t� �i�s� �i�n�h�e�r�e�n�t�l�y� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� 

�a�s�c�e�r�t�a�i�n� �t�h�e� �r�e�a�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�c�e�s�s�.� �F�r�o�m� �a� �p�r�a�c�t�i�c�a�l� �s�t�a�n�d�p�o�i�n�t�,� �i�n�h�e�r�e�n�t� 

�v�a�r�i�a�b�i�l�i�t�y� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �a� �s�t�a�t�e� �o�f� �n�a�t�u�r�e� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �u�n�c�e�r�t�a�i�n�t�y� �c�a�n�n�o�t� �b�e� 

�a�v�o�i�d�e�d�.� �E�v�e�n� �i�f� �t�h�e� �p�h�y�s�i�c�a�l� �l�a�w�s� �g�o�v�e�r�n�i�n�g� �a� �s�y�s�t�e�m� �a�r�e� �w�e�l�l� �u�n�d�e�r�s�t�o�o�d�,� �i�t�s� 

�b�e�h�a�v�i�o�r� �m�a�y� �b�e� �u�n�p�r�e�d�i�c�t�a�b�l�e� �b�e�c�a�u�s�e� �o�f� �m�o�d�e�l�i�n�g� �a�n�d� �c�o�m�p�u�t�a�t�i�o�n�a�l� 

�l�i�m�i�t�a�t�i�o�n�s�.� �T�h�e� �i�s�s�u�e�s� �o�f� �i�n�h�e�r�e�n�t� �r�a�n�d�o�m�n�e�s�s� �a�n�d� �t�h�e� �l�i�m�i�t�s� �o�f� �p�r�e�d�i�c�t�a�b�i�l�i�t�y� �d�o� 

�n�o�t� �s�e�e�m� �t�o� �p�o�s�e� �p�r�a�c�t�i�c�a�l� �d�i�f�f�i�c�u�l�t�i�e�s� �f�o�r� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �r�i�s�k� �a�n�a�l�y�s�i�s� �a�n�d� �o�t�h�e�r� 

�q�u�a�n�t�i�t�a�t�i�v�e� �p�o�l�i�c�y� �a�n�a�l�y�s�i�s�.� �I�n� �t�h�i�s� �c�o�n�t�e�x�t�,� �t�h�e� �m�a�i�n� �o�b�j�e�c�t�i�v�e� �i�s� �t�o� �d�i�s�t�i�n�g�u�i�s�h� 

�u�n�c�e�r�t�a�i�n�t�y� �t�h�a�t� �m�i�g�h�t� �b�e� �r�e�d�u�c�i�b�l�e� �b�y� �f�u�r�t�h�e�r� �r�e�s�e�a�r�c�h� �o�r� �m�o�r�e� �d�e�t�a�i�l�e�d� 

�m�o�d�e�l�i�n�g� �f�r�o�m� �u�n�c�e�r�t�a�i�n�t�y� �t�h�a�t� �i�s� �u�n�l�i�k�e�l�y� �t�o� �b�e� �r�e�d�u�c�i�b�l�e�,� �w�h�e�t�h�e�r� �b�e�c�a�u�s�e� �o�f� 

 ��i�n�h�e�r�e�n�t� �r�a�n�d�o�m�n�e�s�s�"� �o�r� �b�e�c�a�u�s�e� �o�f� �p�r�a�c�t�i�c�a�l� �u�n�p�r�e�d�i�c�t�a�b�i�l�i�t�y�.� 

�U�n�c�e�r�t�a�i�n�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�.� �I�n� �m�o�s�t� �p�r�o�b�l�e�m� 

�e�n�v�i�r�o�n�m�e�n�t�s� �o�f� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n�,� �p�r�e�d�i�c�t�i�o�n�s� �a�n�d� �e�s�t�i�m�a�t�i�o�n�s� �o�f� �t�h�e� �s�t�a�t�e�s� �o�f� 

�n�a�t�u�r�e� �a�r�e� �o�f�t�e�n� �p�e�r�f�o�r�m�e�d� �u�n�d�e�r� �c�o�n�d�i�t�i�o�n�s� �o�f� �i�n�c�o�m�p�l�e�t�e� �o�r� �i�n�a�d�e�q�u�a�t�e� 

�i�n�f�o�r�m�a�t�i�o�n�.� �T�h�e� �p�o�t�e�n�t�i�a�l� �e�r�r�o�r�s� �o�f� �a�n� �i�m�p�e�r�f�e�c�t� �p�r�e�d�i�c�t�i�o�n� �m�o�d�e�l� �c�a�n�n�o�t� �b�e� 

�e�n�t�i�r�e�l�y� �c�o�r�r�e�c�t�e�d� �d�e�t�e�r�m�i�n�i�s�t�i�c�a�l�l�y�.� �E�r�r�o�r�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �i�n�c�l�u�d�e� �e�s�t�i�m�a�t�i�o�n� �e�r�r�o�r� 

�(�s�u�c�h� �a�s� �s�t�a�t�i�s�t�i�c�a�l� �s�a�m�p�l�i�n�g� �e�r�r�o�r�)� �a�s� �w�e�l�l� �a�s� �t�h�e� �i�m�p�e�r�f�e�c�t�i�o�n� �o�f� �t�h�e� �p�r�e�d�i�c�t�i�o�n� 

�m�o�d�e�l�.� �S�u�c�h� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �m�a�y� �i�n�c�l�u�d�e� �a� �s�y�s�t�e�m�a�t�i�c� �c�o�m�p�o�n�e�n�t� �(�b�i�a�s�)� �a�s� �w�e�l�l� 

�a�s� �a� �r�a�n�d�o�m� �c�o�m�p�o�n�e�n�t� �(�r�a�n�d�o�m� �e�r�r�o�r�)�.� �T�h�e� �s�y�s�t�e�m�a�t�i�c� �e�r�r�o�r�s� �o�f�t�e�n� �a�r�i�s�e� �f�r�o�m� 

�b�i�a�s�e�s� �i�n� �t�h�e� �m�e�a�s�u�r�i�n�g� �a�p�p�a�r�a�t�u�s� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �p�r�o�c�e�d�u�r�e�.� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�r�e�d�i�c�t�i�o�n� �o�r� �m�o�d�e�l�i�n�g� �e�r�r�o�r� �m�a�y� �b�e� �r�e�d�u�c�e�d� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� 

�m�o�r�e� �a�c�c�u�r�a�t�e� �m�o�d�e�l�s� �a�n�d�/�o�r� �t�h�e� �a�c�q�u�i�s�i�t�i�o�n� �o�f� �a�d�d�i�t�i�o�n�a�l� �d�a�t�a�.� 

�3�.�2�.�2� �V�a�r�i�a�t�i�o�n�s� �o�v�e�r� �t�h�e� �s�y�s�t�e�m� �l�i�f�e� �c�y�c�l�e� 

�U�n�c�e�r�t�a�i�n�t�i�e�s� �a�r�e� �i�n�v�o�l�v�e�d� �i�n� �a�l�l� �p�h�a�s�e�s� �o�f� �a� �s�y�s�t�e�m�'�s� �l�i�f�e� �c�y�c�l�e�.� �W�h�e�n� �t�h�e� 

�d�e�c�i�s�i�o�n� �i�s� �m�a�d�e� �t�o� �b�e�g�i�n� �c�o�n�c�e�p�t� �f�o�r�m�u�l�a�t�i�o�n�,� �u�n�c�e�r�t�a�i�n�t�i�e�s� �a�r�e� �g�r�e�a�t�.� �I�n� �f�a�c�t�,� 

�t�h�e�r�e� �a�r�e� �f�e�w� �c�e�r�t�a�i�n�t�i�e�s�.� �N�e�e�d�s� �m�a�y� �b�e� �k�n�o�w�n� �v�a�g�u�e�l�y�;� �c�o�s�t� �o�f� �a�c�q�u�i�s�i�t�i�o�n� �a�n�d� 

�u�s�e� �a�r�e� �e�s�s�e�n�t�i�a�l�l�y� �u�n�k�n�o�w�n�;� �f�e�a�s�i�b�i�l�i�t�y�,� �b�o�t�h� �f�i�n�a�n�c�i�a�l� �a�n�d� �t�e�c�h�n�i�c�a�l�,� �h�a�s� �n�o�t� 

�b�e�e�n� �e�s�t�a�b�l�i�s�h�e�d�.� �A�s� �t�h�e� �l�i�f�e� �c�y�c�l�e� �p�r�o�g�r�e�s�s�e�s�,� �u�n�c�e�r�t�a�i�n�t�y� �i�s� �r�e�d�u�c�e�d� �b�y� 

�g�a�i�n�i�n�g� �m�o�r�e� �i�n�f�o�r�m�a�t�i�o�n�.� �D�u�e� �t�o� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �s�y�s�t�e�m� �l�i�f�e� �c�y�c�l�e�,� 
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�t�h�e�r�e� �e�x�i�s�t� �t�h�r�e�e� �s�o�u�r�c�e�s� �o�f� �v�a�r�i�a�t�i�o�n� �w�h�e�n� �a� �s�y�s�t�e�m� �d�e�s�i�g�n� �i�s� �i�m�p�l�e�m�e�n�t�e�d� 

�(�T�a�y�l�o�r�,� �1�9�9�1�)�:� 

�1�)� �M�a�n�u�f�a�c�t�u�r�i�n�g� �v�a�r�i�a�t�i�o�n� 

�2�)� �V�a�r�i�a�t�i�o�n� �d�u�e� �t�o� �d�e�t�e�r�i�o�r�a�t�i�o�n� 

�3�)� �U�s�a�g�e� �v�a�r�i�a�t�i�o�n� 

�M�a�n�u�f�a�c�t�u�r�i�n�g� �v�a�r�i�a�t�i�o�n� �i�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �s�y�s�t�e�m� �p�e�r�f�o�r�m�a�n�c�e� �r�e�s�u�l�t�i�n�g� �f�r�o�m� 

�s�u�c�h� �t�h�i�n�g�s� �a�s� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�h�e� �p�r�o�c�e�s�s� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �m�a�t�e�r�i�a�l�s�,� �w�e�a�r�i�n�g� 

�a�n�d� �c�h�a�n�g�i�n�g� �i�n� �t�o�o�l�i�n�g�,� �a�n�d� �c�h�a�n�g�e�s� �i�n� �t�h�e� �m�e�t�h�o�d�s�,� �o�p�e�r�a�t�o�r�s�,� �a�n�d� 

�m�a�n�u�f�a�c�t�u�r�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�.� �S�t�a�t�i�s�t�i�c�a�l� �p�r�o�c�e�s�s� �c�o�n�t�r�o�l� �a�d�d�r�e�s�s�e�s� �o�n�l�y� �t�h�i�s� 

�s�o�u�r�c�e� �o�f� �v�a�r�i�a�t�i�o�n�.� �F�o�r�m�a�l�l�y�,� �m�a�n�u�f�a�c�t�u�r�i�n�g� �v�a�r�i�a�t�i�o�n� �s�h�o�u�l�d� �b�e� �d�e�f�i�n�e�d� �a�s� �t�h�e� 

�v�a�r�i�a�t�i�o�n� �u�p� �t�o� �t�h�e� �t�i�m�e� �t�h�e� �s�y�s�t�e�m� �i�s� �d�e�l�i�v�e�r�e�d� �t�o� �t�h�e� �c�u�s�t�o�m�e�r�.� 

�I�n� �t�h�e� �c�u�s�t�o�m�e�r�'�s� �e�y�e�s�,� �t�h�e� �l�a�s�t� �t�w�o� �t�y�p�e�s� �o�f� �v�a�r�i�a�t�i�o�n�s� �a�r�e� �j�u�s�t� �a�s� �i�m�p�o�r�t�a�n�t� 

�a�s� �m�a�n�u�f�a�c�t�u�r�i�n�g� �v�a�r�i�a�t�i�o�n�.� �A�l�l� �t�h�r�e�e� �c�a�u�s�e� �a� �s�y�s�t�e�m� �t�o� �d�e�v�i�a�t�e� �f�r�o�m� �t�h�e� �i�d�e�a�l�.� 

�W�h�e�n� �r�e�d�u�c�i�n�g� �v�a�r�i�a�t�i�o�n�,� �t�h�e�s�e� �l�a�s�t� �t�w�o� �s�o�u�r�c�e�s� �s�h�o�u�l�d� �n�o�t� �b�e� �o�v�e�r�l�o�o�k�e�d�.� 

�T�h�e� �s�o�u�r�c�e�s� �o�f� �p�e�r�f�o�r�m�a�n�c�e� �v�a�r�i�a�t�i�o�n�s� �a�r�e� �c�a�l�l�e�d� �n�o�i�s�e� �f�a�c�t�o�r�s� �i�n� �T�a�g�u�c�h�i�'�s� 

�t�e�r�m�i�n�o�l�o�g�y�.� �T�a�g�u�c�h�i� �(�1�9�8�6�)� �c�l�a�s�s�i�f�i�e�s� �v�a�r�i�o�u�s� �n�o�i�s�e� �f�a�c�t�o�r�s� �i�n� �a� �s�y�s�t�e�m� �i�n�t�o� 

�t�h�r�e�e� �t�y�p�e�s�:� �(�1�)� �i�n�t�e�r�n�a�l� �n�o�i�s�e� �e�r�r�o�r�s� �i�n�h�e�r�e�n�t� �i�n� �t�h�e� �d�e�s�i�g�n�,� �s�u�c�h� �a�s� �w�e�a�r�,� 

�s�t�o�r�a�g�e� �d�e�t�e�r�i�o�r�a�t�i�o�n� �o�f� �m�a�t�e�r�i�a�l�s�,� �e�t�c�.�,� �(�2�)� �v�a�r�i�a�t�i�o�n�a�l� �n�o�i�s�e� �e�r�r�o�r�s� �d�u�e� �t�o� 

�v�a�r�i�a�t�i�o�n� �i�n� �t�h�e� �s�u�p�p�l�i�e�d� �m�a�t�e�r�i�a�l�s� �a�n�d� �m�a�n�u�f�a�c�t�u�r�i�n�g� �p�r�o�c�e�s�s�e�s�,� �a�n�d� �(�3�)� 

�e�x�t�e�r�n�a�l� �n�o�i�s�e� �e�r�r�o�r�s� �d�u�e� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�l�u�c�t�u�a�t�i�o�n�s�.� 

�3�.�2�.�3� �U�n�c�e�r�t�a�i�n�t�y� �a�b�o�u�t� �m�o�d�e�l�s� �f�o�r� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� 

�D�e�s�i�g�n� �d�e�c�i�s�i�o�n� �a�n�a�l�y�s�i�s� �d�e�p�e�n�d�s� �o�n� �t�h�e� �d�e�c�i�s�i�o�n� �m�o�d�e�l�s� �u�s�e�d� �t�o� �r�e�p�r�e�s�e�n�t� 

�t�h�e� �s�y�s�t�e�m�.� �T�h�e� �m�o�d�e�l�s� �a�r�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �s�t�a�t�e�s�,� �o�b�j�e�c�t�s�,� �a�n�d� �e�v�e�n�t�s�.� �T�h�e� 

�m�o�d�e�l� �f�o�r�m� �i�n�c�o�r�p�o�r�a�t�e�s� �b�o�t�h� �t�h�e� �f�a�c�t�u�a�l� �a�n�d� �v�a�l�u�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �m�o�d�e�l� �b�e�i�n�g� 

�e�m�p�l�o�y�e�d�.� �T�h�e�y� �a�r�e� �i�d�e�a�l�i�z�e�d� �i�n� �t�h�e� �s�e�n�s�e� �t�h�a�t� �t�h�e�y� �a�r�e� �l�e�s�s� �c�o�m�p�l�i�c�a�t�e�d� �t�h�a�n� 

�r�e�a�l�i�t�y� �a�n�d� �h�e�n�c�e� �e�a�s�i�e�r� �t�o� �u�s�e� �f�o�r� �r�e�s�e�a�r�c�h� �p�u�r�p�o�s�e�s�.� �T�h�e� �s�i�m�p�l�i�c�i�t�y� �o�f� �m�o�d�e�l�s�,� 

�c�o�m�p�a�r�e�d� �w�i�t�h� �r�e�a�l�i�t�y�,� �l�i�e�s� �i�n� �t�h�e� �f�a�c�t� �t�h�a�t� �o�n�l�y� �t�h�e� �r�e�l�e�v�a�n�t� �p�r�o�p�e�r�t�i�e�s� �o�f� �r�e�a�l�i�t�y� 

�a�r�e� �r�e�p�r�e�s�e�n�t�e�d�.� �T�h�e�y� �a�r�e� �u�t�i�l�i�z�e�d� �t�o� �a�c�c�u�m�u�l�a�t�e� �a�n�d� �r�e�l�a�t�e� �t�h�e� �k�n�o�w�l�e�d�g�e� �w�e� 

�h�a�v�e� �a�b�o�u�t� �d�i�f�f�e�r�e�n�t� �a�s�p�e�c�t�s� �o�f� �r�e�a�l�i�t�y�.� 
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�U�n�c�e�r�t�a�i�n�t�y� �a�b�o�u�t� �t�h�e� �f�o�r�m� �o�f� �a� �m�o�d�e�l� �i�s� �g�e�n�e�r�a�l�l�y� �h�a�r�d�e�r� �t�o� �t�h�i�n�k� �a�b�o�u�t� �t�h�a�n� 

�u�n�c�e�r�t�a�i�n�t�y� �a�b�o�u�t� �t�h�e� �v�a�l�u�e� �o�f� �a� �q�u�a�n�t�i�t�y�.� �I�n� �g�e�n�e�r�a�l�,� �a�p�p�r�o�x�i�m�a�t�i�o�n� �u�n�c�e�r�t�a�i�n�t�y� 

�a�r�i�s�e�s� �b�e�c�a�u�s�e� �t�h�e� �m�o�d�e�l� �i�s� �o�n�l�y� �a� �s�i�m�p�l�i�f�i�e�d� �v�e�r�s�i�o�n� �o�f� �t�h�e� �r�e�a�l�-�w�o�r�l�d� �s�y�s�t�e�m� 

�b�e�i�n�g� �m�o�d�e�l�e�d�.� �T�h�e�r�e� �h�a�s� �b�e�e�n� �r�e�l�a�t�i�v�e�l�y� �l�i�t�t�l�e� �r�e�s�e�a�r�c�h� �i�n�t�o� �s�i�t�u�a�t�i�o�n�s� �i�n� �w�h�i�c�h� 

�t�h�e�r�e� �i�s� �u�n�c�e�r�t�a�i�n�t�y� �o�r� �d�i�s�a�g�r�e�e�m�e�n�t� �a�b�o�u�t� �w�h�a�t� �f�o�r�m� �o�f� �m�o�d�e�l� �t�o� �u�s�e�,� �f�o�r� �e�i�t�h�e�r� 

�f�a�c�t�s� �o�r� �v�a�l�u�e�s�;� �a�n�d� �m�u�c�h� �r�e�m�a�i�n�s� �t�o� �b�e� �d�o�n�e� �i�n� �d�e�v�e�l�o�p�i�n�g� �m�e�t�h�o�d�s� �o�f� �d�e�a�l�i�n�g� 

�w�i�t�h� �t�h�e�m�.� �A�c�k�o�f�f� �(�1�9�6�2�)� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �t�h�e�r�e� �a�r�e� �f�o�u�r� �w�a�y�s� �i�n� �w�h�i�c�h� �a� �m�o�d�e�l� 

�c�o�u�l�d� �b�e� �i�n� �e�r�r�o�r�:� 

�1�)� �T�h�e� �m�o�d�e�l� �m�a�y� �c�o�n�t�a�i�n� �i�r�r�e�l�e�v�a�n�t� �v�a�r�i�a�b�l�e�s� �w�h�i�c�h� �h�a�v�e� �n�o� �e�f�f�e�c�t� �o�n� �t�h�e� 

�o�u�t�c�o�m�e�.� 

�2�)� �T�h�e� �m�o�d�e�l� �m�a�y� �n�o�t� �i�n�c�l�u�d�e� �v�a�r�i�a�b�l�e�s� �w�h�i�c�h� �a�r�e� �r�e�l�e�v�a�n�t�.� 

�3�)� �T�h�e� �f�u�n�c�t�i�o�n� �w�h�i�c�h� �r�e�l�a�t�e�s� �t�h�e� �c�o�n�t�r�o�l�l�a�b�l�e� �a�n�d� �u�n�c�o�n�t�r�o�l�l�a�b�l�e� �v�a�r�i�a�b�l�e�s� �t�o� 

�t�h�e� �o�u�t�c�o�m�e� �m�a�y� �b�e� �i�n�c�o�r�r�e�c�t�.� 

�4�)� �T�h�e� �n�u�m�e�r�i�c� �v�a�l�u�e�s� �a�s�s�i�g�n�e�d� �t�o� �t�h�e� �v�a�r�i�a�b�l�e�s� �m�a�y� �b�e� �i�n�a�c�c�u�r�a�t�e�.� 

�3�.�3� �T�h�e� �E�f�f�e�c�t� �o�f� �U�n�c�e�r�t�a�i�n�t�i�e�s� 

�F�o�l�l�o�w�i�n�g� �t�h�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �m�o�d�e�l� �o�f� �F�a�b�r�y�c�k�y� �a�n�d� �B�l�a�n�c�h�a�r�d� �(�1�9�9�1�)�,� �a� 

�g�e�n�e�r�a�l� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �m�o�d�e�l� �h�a�s� �t�h�e� �f�o�r�m�:� 

�M�a�x�i�m�i�z�e� �E�=� �f�(�X�;�y�Y�,�,�¥�,�)� 

�s�u�b�j�e�c�t� �t�o� �g�(�X�;�Y�,�,�¥�,�)�<�0�,� �j�=�1�,�-�-�-�,�k� 

�w�h�e�r�e�:� �E� �=� �a� �v�e�c�t�o�r� �o�f� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�s� 

�X� �=� �a� �v�e�c�t�o�r� �o�f� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� 

�Y�,� �=� �a� �v�e�c�t�o�r� �o�f� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� 

�Y�,� �=� �a� �v�e�c�t�o�r� �o�f� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� 

�I�n� �g�e�n�e�r�a�l�,� �f�o�r� �a� �g�i�v�e�n� �s�e�t� �o�f� �n�o�m�i�n�a�l� �v�a�l�u�e�s� �f�o�r� �X�,� �Y�,�,� �a�n�d� �Y�,�,� �t�h�e�r�e� �c�a�n� �b�e� 

�f�l�u�c�t�u�a�t�i�o�n�s� �d�X�,� �d�Y�,�,� �a�n�d� �6�¥�,� �a�b�o�u�t� �t�h�e�s�e� �n�o�m�i�n�a�l� �v�a�l�u�e�s�.� �W�e� �a�r�e� �i�n�t�e�r�e�s�t�e�d� �i�n� 

�h�o�w� �t�h�e�s�e� �f�l�u�c�t�u�a�t�i�o�n�s� �a�r�e� �t�r�a�n�s�m�i�t�t�e�d� �t�o� �t�h�e� �o�b�j�e�c�t�i�v�e� �a�n�d� �c�o�n�s�t�r�a�i�n�t� �f�u�n�c�t�i�o�n�s�.� 
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�T�h�e� �f�l�u�c�t�u�a�t�i�o�n�s� �&�¥� �a�r�e� �v�a�r�i�a�t�i�o�n�s� �f�r�o�m� �t�h�e� �d�e�r�i�v�e�d� �v�a�l�u�e�s� �o�f� �t�h�e� �d�e�s�i�g�n� 

�v�a�r�i�a�b�l�e� �t�h�a�t� �a�r�i�s�e� �p�r�i�m�a�r�i�l�y� �w�h�e�n� �t�h�e� �d�e�s�i�g�n� �i�s� �i�m�p�l�e�m�e�n�t�e�d�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� 
�d�e�s�i�g�n� �c�a�n� �s�p�e�c�i�f�y� �a� �t�o�l�e�r�a�n�c�e� �b�a�n�d� �f�o�r� �t�h�e�s�e� �f�l�u�c�t�u�a�t�i�o�n�s�.� �d�Y�,� �m�a�y� �b�e� �d�u�e� �t�o� 

�e�r�r�o�r�s� �i�n� �e�s�t�i�m�a�t�i�n�g� �a�n�d�/�o�r� �p�r�e�d�i�c�t�i�n�g� �t�h�e� �v�a�l�u�e�s� �o�f� �t�h�e� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� 
�p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �f�l�u�c�t�u�a�t�i�o�n�s� �6�Y�,� �r�e�p�r�e�s�e�n�t� �v�a�r�i�a�t�i�o�n�s� �o�v�e�r� �w�h�i�c�h� �t�h�e� �d�e�s�i�g�n�e�r� 

�h�a�s� �n�o� �c�o�n�t�r�o�l� �o�r� �v�e�r�y� �l�i�m�i�t�e�d� �c�o�n�t�r�o�l�.� �T�h�e�y� �a�r�e� �p�r�i�m�a�r�i�l�y� �b�e�c�a�u�s�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y� 

�i�n� �t�h�e� �v�a�l�u�e�s� �o�f� �Y�;�.� 

�B�e�c�a�u�s�e� �t�h�e� �a�m�o�u�n�t� �o�f� �t�h�e�s�e� �f�l�u�c�t�u�a�t�i�o�n�s� �i�s� �u�n�k�n�o�w�n�,� �X�,� �Y�,�,� �a�n�d� �Y�,� �a�r�e� 

�a�c�t�u�a�l�l�y� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e�s�.� �T�h�u�s�,� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �E� �i�s� �o�p�t�i�m�i�z�e�d� �w�h�i�l�e� �a� 

�s�e�t� �o�f� �s�t�o�c�h�a�s�t�i�c� �f�u�n�c�t�i�o�n�a�l� �r�e�l�a�t�i�o�n�s�h�i�p�s� �c�o�n�s�t�r�a�i�n�t� �t�h�e� �v�e�c�t�o�r� �o�f� �d�e�s�i�g�n� 
�v�a�r�i�a�b�l�e�s�.� �S�i�n�c�e� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �e�m�p�i�r�i�c�a�l� �q�u�a�n�t�i�t�i�e�s�,� �t�h�e� 

�u�n�c�e�r�t�a�i�n�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e�m� �c�a�n� �o�f�t�e�n� �b�e� �e�x�p�r�e�s�s�e�d� �b�y� �p�r�o�b�a�b�i�l�i�t�y� 

�d�i�s�t�r�i�b�u�t�i�o�n�s�.� �D�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �a�n�d� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �d�e�c�i�s�i�o�n� 

�v�a�r�i�a�b�l�e�s�.� �A�s� �a�r�g�u�e�d� �b�y� �M�o�r�g�a�n� �a�n�d� �H�e�n�r�i�o�n� �(�1�9�9�0�)�,� �i�t� �i�s� �g�e�n�e�r�a�l�l�y� 

�i�n�a�p�p�r�o�p�r�i�a�t�e� �t�o� �r�e�p�r�e�s�e�n�t� �u�n�c�e�r�t�a�i�n�t�y� �a�b�o�u�t� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �b�y� �p�r�o�b�a�b�i�l�i�t�y� 

�d�i�s�t�r�i�b�u�t�i�o�n�s�.� �I�n�s�t�e�a�d�,� �a� �p�a�r�a�m�e�t�r�i�c� �s�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�i�s� �s�h�o�u�l�d� �b�e� �c�o�n�d�u�c�t�e�d� �o�n� 

�t�h�e�s�e� �q�u�a�n�t�i�t�i�e�s�,� �t�h�a�t� �i�s� �t�o� �e�x�a�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�n� �t�h�e� �o�u�t�c�o�m�e� �o�f� �d�e�t�e�r�m�i�n�i�s�t�i�c� 

�c�h�a�n�g�e�s� �t�o� �t�h�e� �u�n�c�e�r�t�a�i�n� �q�u�a�n�t�i�t�y�.� 

�T�h�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �a�b�o�u�t� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s�,� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�,� 

�a�n�d� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �m�a�y� �h�a�v�e� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t�s� �o�n� �d�e�s�i�g�n� 

�d�e�c�i�s�i�o�n� �m�a�k�i�n�g�.� �T�w�o� �o�f� �t�h�e� �p�r�o�b�l�e�m�s� �t�h�e�y� �m�a�y� �c�a�u�s�e� �a�r�e� �d�i�s�c�u�s�s�e�d� �b�e�l�o�w�:� 

�F�e�a�s�i�b�i�l�i�t�y�.� �\�n� �a� �c�o�n�s�t�r�a�i�n�e�d� �d�e�s�i�g�n� �s�p�a�c�e�,� �t�h�e� �s�c�o�p�e� �o�f� �t�h�e� �f�e�a�s�i�b�l�e� �r�e�g�i�o�n� 

�m�a�y� �b�e� �r�e�d�u�c�e�d� �d�u�e� �t�o� �v�a�r�i�a�t�i�o�n�s� �i�n� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �a�n�d�/�o�r� �d�e�s�i�g�n�-� 

�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �I�n� �m�a�n�y� �t�r�a�d�i�t�i�o�n�a�l� �d�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n� �f�o�r�m�u�l�a�t�i�o�n�s�,� 

�a�n� �o�p�t�i�m�a�l� �s�o�l�u�t�i�o�n� �i�s� �o�b�t�a�i�n�e�d� �b�y� �a�s�s�u�m�i�n�g� �a�  ��b�e�s�t� �v�a�l�u�e �� �f�o�r� �e�a�c�h� �u�n�c�e�r�t�a�i�n� 

�p�a�r�a�m�e�t�e�r�.� �I�f� �s�o�m�e� �o�f� �t�h�e�  ��b�e�s�t� �e�s�t�i�m�a�t�e�s�"� �v�a�r�y� �i�n� �p�r�a�c�t�i�c�e�,� �t�h�e� �o�p�t�i�m�a�l� �s�o�l�u�t�i�o�n� 

�p�r�e�v�i�o�u�s�l�y� �i�d�e�n�t�i�f�i�e�d� �m�a�y� �n�o�t� �b�e� �f�e�a�s�i�b�l�e�.� 

�P�e�r�f�o�r�m�a�n�c�e� �v�a�r�i�a�t�i�o�n�s�.� �T�h�e� �t�r�a�d�i�t�i�o�n�a�l� �a�p�p�r�o�a�c�h� �t�o� �d�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n� 

�i�s� �t�o� �o�p�t�i�m�i�z�e� �a�n� �i�d�e�a�l�i�z�e�d� �m�o�d�e�l� �a�n�d� �t�h�e�n� �r�e�l�y� �o�n� �a� �c�o�n�t�i�n�u�i�t�y� �p�r�i�n�c�i�p�l�e�:� �w�h�a�t� �i�s� 

�o�p�t�i�m�a�l� �a�t� �t�h�e� �m�o�d�e�l� �s�h�o�u�l�d� �b�e� �o�p�t�i�m�a�l� �n�e�a�r�b�y�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�i�s� �r�e�l�i�a�n�c�e� �o�n� 

�c�o�n�t�i�n�u�i�t�y� �i�s� �c�o�n�f�o�u�n�d�e�d�:� �t�h�e� �c�l�a�s�s�i�c�a�l� �o�p�t�i�m�i�z�e�d� �p�r�o�c�e�d�u�r�e�s� �t�e�n�d� �t�o� �b�e� 

�d�i�s�c�o�n�t�i�n�u�o�u�s� �i�n� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l�l�y� �m�e�a�n�i�n�g�f�u�l� �t�o�p�o�l�o�g�i�e�s� �(�H�u�b�e�r�,� �1�9�7�7�)�.� �B�e�c�a�u�s�e� 
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�o�f� �u�n�c�e�r�t�a�i�n�t�i�e�s�,� �b�o�t�h� �t�h�e� �v�a�l�u�e�s� �o�f� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �a�n�d� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s� �m�a�y� 

�d�e�v�i�a�t�e� �f�r�o�m� �t�h�e� �i�d�e�a�l� �c�o�n�d�i�t�i�o�n�s� �w�h�e�n� �a� �s�y�s�t�e�m� �i�s� �i�m�p�l�e�m�e�n�t�e�d�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� 

�v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �w�i�l�l� �i�n�c�r�e�a�s�e�.� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �a�s�s�o�c�i�a�t�e�d� 

�w�i�t�h� �e�s�t�i�m�a�t�e�s� �o�f� �o�u�t�c�o�m�e�s� �i�s� �o�f�t�e�n� �r�e�g�a�r�d�e�d� �a�s� �a� �r�i�s�k� �i�n� �s�y�s�t�e�m� �d�e�s�i�g�n�.� 

�3�.�4� �T�h�e� �C�o�n�c�e�p�t� �o�f� �R�o�b�u�s�t� �S�y�s�t�e�m� �D�e�s�i�g�n� 

�3�.�4�.�1� �D�e�a�l�i�n�g� �w�i�t�h� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �s�y�s�t�e�m� �d�e�s�i�g�n� 

�O�n�e� �o�f� �t�h�e� �p�r�i�n�c�i�p�a�l� �a�i�m�s� �o�f� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n� �i�s� �t�h�e� �a�s�s�u�r�a�n�c�e� �o�f� �s�y�s�t�e�m� 

�p�e�r�f�o�r�m�a�n�c�e� �w�i�t�h�i�n� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �o�f� �e�c�o�n�o�m�y�.� �I�n�d�e�e�d�,� �t�h�e� �a�s�s�u�r�a�n�c�e� �o�f� 

�p�e�r�f�o�r�m�a�n�c�e� �i�s� �p�r�i�m�a�r�i�l�y� �(�i�f� �n�o�t� �s�o�l�e�l�y�)� �t�h�e� �r�e�s�p�o�n�s�i�b�i�l�i�t�y� �o�f� �d�e�s�i�g�n�e�r�s�.� �T�h�e� 

�a�c�h�i�e�v�e�m�e�n�t� �o�f� �t�h�i�s� �o�b�j�e�c�t�i�v�e�,� �h�o�w�e�v�e�r�,� �i�s� �g�e�n�e�r�a�l�l�y� �n�o�t� �a� �s�i�m�p�l�e� �p�r�o�b�l�e�m�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �f�o�r� �l�a�r�g�e� �s�y�s�t�e�m�s�.� �R�i�s�k� �i�s� �g�e�n�e�r�a�l�l�y� �i�m�p�l�i�c�i�t� �i�n� �a�l�l� �e�n�g�i�n�e�e�r�e�d� 

�s�y�s�t�e�m�s�.� 

�T�h�e�r�e� �a�r�e� �t�h�r�e�e� �w�a�y�s� �t�o� �a�p�p�r�o�a�c�h� �t�h�i�s� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �t�h�e� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n� 

�d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s�:� 

�1�)� �O�b�t�a�i�n�i�n�g� �b�e�t�t�e�r� �e�s�t�i�m�a�t�e�s� �o�f� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� 

�p�a�r�a�m�e�t�e�r�s�.� �I�f� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �m�u�s�t� �a�c�t� �a�n�d� �c�a�n�n�o�t� �d�e�l�a�y� �t�h�e� �p�r�o�b�l�e�m�,� 

�t�h�e�n� �t�h�e� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �s�h�o�u�l�d� �b�e� �m�a�d�e� �i�n� �s�u�c�h� �a� �w�a�y� �a�s� �t�o� �t�a�k�e� 

�i�n�t�o� �a�c�c�o�u�n�t� �o�f� �t�h�e� �s�e�r�i�o�u�s� �o�u�t�c�o�m�e�s�.� 

�2�)� �C�o�n�t�r�o�l�l�i�n�g� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �c�o�n�t�r�o�l�l�a�b�l�e�s�.� �T�h�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �s�e�t�t�i�n�g�s� �o�f� 

�d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �c�a�n� �b�e� �r�e�d�u�c�e�d� �b�y� �e�n�f�o�r�c�i�n�g� �t�i�g�h�t�e�r� �c�o�n�t�r�o�l�.� �H�o�w�e�v�e�r�,� 

�r�e�d�u�c�i�n�g� �t�h�e� �t�o�l�e�r�a�n�c�e� �b�a�n�d� �w�i�l�l� �i�n�c�r�e�a�s�e� �m�a�n�u�f�a�c�t�u�r�i�n�g� �c�o�s�t�s�.� 

�3�)� �C�o�n�t�r�o�l�l�i�n�g� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �v�a�r�i�a�t�i�o�n� �b�y� �m�i�n�i�m�i�z�i�n�g� �s�e�n�s�i�t�i�v�i�t�i�e�s� �o�f� �c�o�n�s�t�r�a�i�n�t�s� 

�a�n�d� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �t�o� �v�a�r�i�o�u�s� �v�a�r�i�a�t�i�o�n�s�.� �D�e�v�e�l�o�p�i�n�g� �a� �d�e�s�i�g�n� �w�h�i�c�h� �i�s� 

�l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �u�n�c�e�r�t�a�i�n� �f�a�c�t�o�r�s� �i�s� �c�a�l�l�e�d� �r�o�b�u�s�t� �d�e�s�i�g�n� �i�n� �T�a�g�u�c�h�i�'�s� 

�t�e�r�m�i�n�o�l�o�g�y�.� �F�o�r� �s�o�m�e� �k�e�y� �i�n�p�u�t�s� �w�h�i�c�h� �a�r�e� �o�u�t�s�i�d�e� �o�f� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r�'�s� 

�c�o�n�t�r�o�l�,� �e�.�g�.�,� �u�s�a�g�e� �c�o�n�d�i�t�i�o�n�s�,� �o�n�l�y� �r�o�b�u�s�t� �d�e�s�i�g�n� �w�i�l�l� �w�o�r�k�.� �I�t� �i�s� �n�o�t� �p�o�s�s�i�b�l�e� 

�t�o� �t�i�g�h�t�e�n� �u�p� �o�n� �u�s�a�g�e� �c�o�n�d�i�t�i�o�n�s� �w�i�t�h�o�u�t� �r�e�d�u�c�i�n�g� �t�h�e� �f�u�n�c�t�i�o�n�a�b�i�l�i�t�y� �o�f� �t�h�e� 

�2�9



�s�y�s�t�e�m�.� �I�n�s�t�e�a�d�,� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �u�s�a�g�e� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �o�t�h�e�r� �k�e�y� �i�n�p�u�t�s� 

�c�a�n� �b�e� �u�s�e�d� �t�o� �m�a�k�e� �t�h�e� �s�y�s�t�e�m� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �u�s�a�g�e� 

�c�o�n�d�i�t�i�o�n�s�.� 

�3�.�4�.�2� �T�h�e� �p�h�i�l�o�s�o�p�h�y� �o�f� �r�o�b�u�s�t� �d�e�s�i�g�n� 

�T�h�e� �l�o�g�i�c� �o�f� �r�o�b�u�s�t� �d�e�s�i�g�n� �c�a�n� �b�e� �i�l�l�u�s�t�r�a�t�e�d� �w�i�t�h� �a�n� �e�x�a�m�p�l�e� �f�r�o�m� �t�h�e� 

�m�i�l�i�t�a�r�y�.� �I�t� �i�s� �c�l�e�a�r� �t�h�a�t� �t�h�e� �o�u�t�c�o�m�e� �o�f� �a� �b�a�t�t�l�e� �o�f�t�e�n� �d�e�p�e�n�d�s� �o�n� �w�h�a�t� �a�n� �e�n�e�m�y� 
�d�o�e�s�.� �B�u�t� �w�h�a�t� �t�h�e� �e�n�e�m�y� �d�o�e�s� �c�a�n�n�o�t� �b�e� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t�e�d�.� �T�h�e� �s�t�r�a�t�e�g�y� 

�s�h�o�u�l�d� �b�e� �t�o� �a�t�t�e�m�p�t� �t�o� �d�e�v�e�l�o�p� �e�q�u�i�p�m�e�n�t� �a�n�d� �t�a�c�t�i�c�s� �w�h�i�c�h� �a�r�e� �l�e�s�s� �s�e�n�s�i�t�i�v�e� 

�t�o� �w�h�a�t�e�v�e�r� �t�h�e� �e�n�e�m�y� �d�o�e�s�.� 

�A�s� �a�p�p�l�i�e�d� �i�n� �e�n�g�i�n�e�e�r�e�d� �s�y�s�t�e�m� �d�e�s�i�g�n�,� �t�h�e� �c�o�n�c�e�p�t� �o�f� �r�o�b�u�s�t� �d�e�s�i�g�n� �i�s� 

�v�e�r�y� �i�m�p�o�r�t�a�n�t�.� �W�h�e�n� �a� �c�a�n�d�i�d�a�t�e� �d�e�s�i�g�n� �i�s� �s�e�l�e�c�t�e�d� �a�n�d� �r�e�a�l�i�z�e�d�,� �t�h�e� �s�y�s�t�e�m�'�s� 

�r�e�s�p�o�n�s�e� �d�e�p�e�n�d�s� �b�o�t�h� �o�n� �t�h�e� �v�a�l�u�e�s� �f�o�r� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �a�n�d� �u�n�c�o�n�t�r�o�l�l�a�b�l�e� 

�s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s� �(�o�r� �n�o�i�s�e� �f�a�c�t�o�r�s�)�.� �I�n� �m�a�n�y� �i�n�s�t�a�n�c�e�s�,� �t�h�e� �o�p�t�i�m�u�m� �v�a�l�u�e�s� �f�o�r� 

�t�h�e� �c�o�n�t�r�o�l�l�a�b�l�e� �s�y�s�t�e�m� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �a�r�e� �o�b�t�a�i�n�e�d� �t�o� �o�p�t�i�m�i�z�e� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�f�u�n�c�t�i�o�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �i�t�s� �t�a�r�g�e�t� �v�a�l�u�e�.� �T�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� 

�w�i�t�h� �r�e�s�p�e�c�t� �t�o� �u�n�c�o�n�t�r�o�l�l�a�b�l�e� �p�a�r�a�m�e�t�e�r�s� �i�s� �o�f�t�e�n� �i�g�n�o�r�e�d� �i�n� �t�h�i�s� �p�r�o�c�e�s�s�.� �S�i�n�c�e� 

�t�h�e� �v�a�l�u�e�s� �o�f� �t�h�e� �u�n�c�o�n�t�r�o�l�l�a�b�l�e� �f�a�c�t�o�r�s� �a�r�e� �u�n�c�e�r�t�a�i�n� �i�n� �t�h�e� �p�r�o�c�e�s�s� �o�f� �s�y�s�t�e�m� 

�d�e�s�i�g�n� �a�n�d� �p�l�a�n�n�i�n�g�,� �t�h�e� �r�o�b�u�s�t�n�e�s�s� �o�f� �t�h�e� �p�r�o�p�o�s�e�d� �d�e�s�i�g�n� �i�s� �e�s�s�e�n�t�i�a�l� �i�n� 

�i�m�p�l�e�m�e�n�t�i�n�g� �a� �s�o�l�u�t�i�o�n� �o�n� �a� �r�e�a�l� �s�y�s�t�e�m�.� �B�y� �r�e�q�u�i�r�i�n�g� �t�h�e� �d�e�s�i�g�n� �t�o� �b�e� 

�i�n�s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �t�h�e� �v�a�l�u�e� �o�f� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s�,� �a�n� �a�d�d�i�t�i�o�n�a�l� 

�c�r�i�t�e�r�i�o�n� �i�s� �a�v�a�i�l�a�b�l�e� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �b�e�t�w�e�e�n� �d�e�s�i�g�n�s� �w�h�i�c�h� �a�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�e�q�u�i�v�a�l�e�n�t� �i�n� �m�e�e�t�i�n�g� �o�t�h�e�r� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a�.� 

�3�.�4�.�3� �D�e�f�i�n�i�t�i�o�n�s� �o�f� �r�o�b�u�s�t�n�e�s�s� 

�A�s� �u�s�e�d� �i�n� �e�n�g�i�n�e�e�r�e�d� �p�r�o�d�u�c�t� �a�n�d� �p�r�o�c�e�s�s� �d�e�s�i�g�n�,� �r�o�b�u�s�t�n�e�s�s� �i�s� �a� �v�a�g�u�e� 

�c�o�n�s�t�r�u�c�t� �o�r� �c�o�n�c�e�p�t� �d�e�v�i�s�e�d� �f�o�r� �m�e�a�s�u�r�i�n�g� �t�h�e� �d�e�s�i�r�a�b�i�l�i�t�y� �o�f� �a� �d�e�s�i�g�n�.� �T�o� �s�t�u�d�y� 

�t�h�e� �c�o�n�c�e�p�t�,� �w�e� �n�e�e�d� �t�o� �o�p�e�r�a�t�i�o�n�a�l�i�z�e� �a�n�d� �d�e�f�i�n�e� �i�t�.� �T�h�e� �m�o�s�t� �c�o�m�m�o�n� �w�a�y� �t�o� 

�o�p�e�r�a�t�i�o�n�a�l�i�z�e� �a� �c�o�n�c�e�p�t� �i�s� �t�o� �s�e�l�e�c�t� �m�e�a�s�u�r�a�b�l�e� �v�a�r�i�a�b�l�e�s� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� 

�c�o�n�c�e�p�t�.� �H�o�w�e�v�e�r�,� �o�n�e� �m�u�s�t� �k�e�e�p� �i�n� �m�i�n�d� �t�h�a�t� �t�h�e�s�e� �v�a�r�i�a�b�l�e�s� �o�n�l�y� �g�i�v�e� �a�n� 

�i�n�c�o�m�p�l�e�t�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�.� 
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�B�e�f�o�r�e� �s�e�l�e�c�t�i�n�g� �s�p�e�c�i�f�i�c� �v�a�r�i�a�b�l�e�s� �t�o� �s�t�u�d�y�,� �w�e� �n�e�e�d� �t�o� �r�e�v�i�e�w� �t�h�e� �l�i�t�e�r�a�t�u�r�e� 

�t�o� �d�e�t�e�r�m�i�n�e� �h�o�w� �o�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �o�p�e�r�a�t�i�o�n�a�l�i�z�e� �t�h�e� �c�o�n�c�e�p�t� �o�f� �r�o�b�u�s�t�n�e�s�s�.� 

�T�h�e� �l�i�t�e�r�a�t�u�r�e� �m�u�s�t� �b�e� �e�x�a�m�i�n�e�d� �c�r�i�t�i�c�a�l�l�y� �a�n�d� �p�r�o�b�l�e�m�s� �w�i�t�h� �o�p�e�r�a�t�i�o�n�a�l� 

�d�e�f�i�n�i�t�i�o�n�s� �o�f� �c�o�n�c�e�p�t�s� �s�h�o�u�l�d� �b�e� �n�o�t�e�d�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �A�m�e�r�i�c�a�n� �H�e�r�i�t�a�g�e� �D�i�c�t�i�o�n�a�r�y� �(�H�o�u�g�h�t�o�n� �M�i�f�f�l�i�n�,� �1�9�8�5�)�,� �t�h�e� 

�w�o�r�d� �"�r�o�b�u�s�t�"� �h�a�s� �f�i�v�e� �m�e�a�n�i�n�g�s�:� �(�1�)� �v�i�g�o�r�o�u�s�,� �(�2�)� �p�o�w�e�r�f�u�l�l�y� �b�u�i�l�t�,� �(�3�)� �r�e�q�u�i�r�i�n�g� 

�o�r� �s�u�i�t�e�d� �t�o� �p�h�y�s�i�c�a�l� �s�t�r�e�n�g�t�h� �o�r� �e�n�d�u�r�a�n�c�e�,� �(�4�)� �r�o�u�g�h�,� �a�n�d� �(�5�)� �m�a�r�k�e�d� �b�y� 

�r�i�c�h�n�e�s�s� �a�n�d� �f�u�l�l�n�e�s�s�.� �I�n� �t�h�e� �s�c�i�e�n�t�i�f�i�c� �r�e�s�e�a�r�c�h� �c�o�m�m�u�n�i�t�y�,� �t�h�e� �w�o�r�d� �"�r�o�b�u�s�t�"� �i�s� 

�l�o�a�d�e�d� �w�i�t�h� �m�a�n�y�  �� �s�o�m�e�t�i�m�e�s� �i�n�c�o�n�s�i�s�t�e�n�t�  �� �c�o�n�n�o�t�a�t�i�o�n�s�.� �T�o� �s�t�u�d�y� �t�h�e� 

�r�o�b�u�s�t�n�e�s�s� �o�f� �s�t�a�t�i�s�t�i�c�a�l� �m�e�t�h�o�d�s� �a�n�d� �m�o�d�e�l�s�,� �"�r�o�b�u�s�t� �s�t�a�t�i�s�t�i�c�s�"� �h�a�s� �b�e�e�n� 

�d�e�v�e�l�o�p�e�d� �i�n�t�o� �a�n� �i�m�p�o�r�t�a�n�t� �b�r�a�n�c�h� �o�f� �s�t�a�t�i�s�t�i�c�s�.� �I�n� �t�h�e� �s�e�n�s�e� �o�f� �s�t�a�t�i�s�t�i�c�a�l� 

�a�n�a�l�y�s�i�s�,� �"�r�o�b�u�s�t�n�e�s�s�"� �m�e�a�n�s� �t�h�e� �i�n�s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �d�e�c�i�s�i�o�n� �t�o� �u�n�c�e�r�t�a�i�n� 

�a�s�s�u�m�p�t�i�o�n�s� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �(�H�u�b�e�r�,� �1�9�7�7�)�.� �I�t� �s�i�g�n�i�f�i�e�s� �i�n�s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� 

�d�e�c�i�s�i�o�n� �a�g�a�i�n�s�t� �s�m�a�l�l� �d�e�v�i�a�t�i�o�n�s� �f�r�o�m� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s�.� 

�T�h�a�n�k�s� �t�o� �t�h�e� �r�e�c�e�n�t� �s�u�c�c�e�s�s� �i�n� �a�p�p�l�y�i�n�g� �T�a�g�u�c�h�i�'�s� �p�h�i�l�o�s�o�p�h�y� �o�f� �p�r�o�d�u�c�t� 

�a�n�d� �p�r�o�c�e�s�s� �d�e�s�i�g�n�,� �"�r�o�b�u�s�t�n�e�s�s�"� �h�a�s� �b�e�c�o�m�e� �a� �p�o�p�u�l�a�r� �t�e�r�m� �i�n� �t�h�e� �e�n�g�i�n�e�e�r�i�n�g� 

�d�e�s�i�g�n� �c�o�m�m�u�n�i�t�y�.� �T�h�e� �o�r�i�g�i�n�a�l� �i�d�e�a� �o�f� �T�a�g�u�c�h�i�'�s� �r�o�b�u�s�t� �d�e�s�i�g�n� �i�s� �t�o� �u�s�e� 

�S�t�a�t�i�s�t�i�c�a�l�l�y� �p�l�a�n�n�e�d� �e�x�p�e�r�i�m�e�n�t�s� �t�o� �i�d�e�n�t�i�f�y� �p�r�o�c�e�s�s� �c�o�n�t�r�o�l� �p�a�r�a�m�e�t�e�r� �s�e�t�t�i�n�g�s� 

�t�h�a�t� �r�e�d�u�c�e� �t�h�e� �p�r�o�c�e�s�s�'�s� �s�e�n�s�i�t�i�v�i�t�y� �t�o� �m�a�n�u�f�a�c�t�u�r�i�n�g� �v�a�r�i�a�t�i�o�n� �(�K�a�c�k�a�r� �a�n�d� 

�S�h�o�e�m�a�k�e�r�,� �1�9�8�6�)�.� 

�T�h�e� �w�o�r�d� �"�r�o�b�u�s�t�n�e�s�s�"� �n�o�w� �m�e�a�n�s� �d�i�f�f�e�r�e�n�t� �t�h�i�n�g�s� �t�o� �d�i�f�f�e�r�e�n�t� �p�e�o�p�l�e�.� �T�h�e� 

�c�o�n�n�o�t�a�t�i�o�n� �d�e�p�e�n�d�s� �o�n� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �t�h�e� �s�t�u�d�y� �a�n�d� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� 

�w�h�e�r�e�v�e�r� �t�h�e� �c�o�n�c�e�p�t� �i�s� �u�s�e�d�.� �F�o�r� �s�o�m�e� �r�e�s�e�a�r�c�h�e�r�s�,� �r�o�b�u�s�t� �d�e�s�i�g�n� �m�e�a�n�s� 

�m�i�n�i�m�i�z�i�n�g� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �s�y�s�t�e�m� �p�e�r�f�o�r�m�a�n�c�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �v�a�r�i�o�u�s� �s�e�t�t�i�n�g�s� 

�o�f� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �(�S�u�n�d�a�r�e�s�a�n� �e�t� �a�l�.�,� �1�9�9�1�;� �d�'�E�n�t�r�e�m�o�n�t� �a�n�d� �R�a�g�s�d�e�l�l�,� �1�9�8�8�)�.� 

�O�p�t�i�m�a�l� �t�o�l�e�r�a�n�c�e� �d�e�s�i�g�n� �i�s� �c�o�n�s�i�d�e�r�e�d� �a�s� �a� �p�a�r�t� �o�f� �r�o�b�u�s�t� �d�e�s�i�g�n� �b�y� �P�a�r�k�i�n�s�o�n� 

�e�t� �a�l�.� �(�1�9�9�0�)�.� �P�a�r�a�m�e�t�e�r� �s�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�i�s� �i�s� �a�n�o�t�h�e�r� �t�e�r�m� �f�o�r� �r�o�b�u�s�t� �d�e�s�i�g�n� 

�(�E�g�g�e�r�t� �a�n�d� �M�a�y�n�e�,� �1�9�9�0�;� �B�e�l�t�r�a�c�c�h�i� �a�n�d� �G�a�b�r�i�e�l�e�,� �1�9�8�8�)�.� �A�m�o�n�g� �o�t�h�e�r�s�,� �t�h�e� 

�t�e�r�m�  ��r�o�b�u�s�t� �d�e�s�i�g�n�"� �i�s� �u�s�e�d� �a�s� �a� �b�u�z�z�w�o�r�d� �t�o� �l�a�b�e�l� �a�n�y� �d�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n� 

�t�e�c�h�n�i�q�u�e�s�.� �T�h�e�r�e� �i�s� �n�o� �g�e�n�e�r�a�l� �a�n�d� �f�o�r�m�a�l� �d�e�f�i�n�i�t�i�o�n� �g�i�v�e�n� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� 

�A�s� �i�n�d�i�c�a�t�e�d� �b�e�f�o�r�e�,� �u�n�c�e�r�t�a�i�n�t�i�e�s� �a�r�e� �i�n�v�o�l�v�e�d� �i�n� �a�l�l� �p�h�a�s�e�s� �o�f� �a� �s�y�s�t�e�m�'�s� 

�l�i�f�e� �c�y�c�l�e�.� �T�h�u�s�,� �t�h�e� �r�o�b�u�s�t�n�e�s�s� �o�f� �a� �s�y�s�t�e�m� �s�h�o�u�l�d� �b�e� �s�t�u�d�i�e�d� �f�r�o�m� �t�h�e� 

�p�e�r�s�p�e�c�t�i�v�e� �o�f� �l�i�f�e�-�c�y�c�l�e� �e�n�g�i�n�e�e�r�i�n�g�.� �V�a�r�i�o�u�s� �d�e�f�i�n�i�t�i�o�n�s� �o�f� �r�o�b�u�s�t� �d�e�s�i�g�n� �u�s�e�d� 

�i�n� �d�e�v�e�l�o�p�i�n�g� �e�n�g�i�n�e�e�r�e�d� �s�y�s�t�e�m�s� �c�a�n� �b�e� �s�u�m�m�a�r�i�z�e�d� �i�n�t�o� �a� �g�e�n�e�r�a�l� �d�e�f�i�n�i�t�i�o�n�:� 

�3�1



�I�n� �s�y�s�t�e�m� �d�e�s�i�g�n�,� �r�o�b�u�s�t�n�e�s�s� �e�x�p�r�e�s�s�e�s� �t�h�e� �i�n�s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� 

�s�y�s�t�e�m�'�s� �p�e�r�f�o�r�m�a�n�c�e� �t�o� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �b�o�t�h� �t�h�e� �s�y�s�t�e�m� 

�a�c�q�u�i�s�i�t�i�o�n� �p�h�a�s�e� �a�n�d� �t�h�e� �s�y�s�t�e�m� �u�t�i�l�i�z�a�t�i�o�n� �p�h�a�s�e�.� 

�I�n� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �s�t�a�g�e�,� �d�e�s�i�g�n� �a�n�a�l�y�s�i�s� �a�n�d� �e�v�a�i�u�a�t�i�o�n� �d�e�p�e�n�d�s� 

�u�p�o�n� �t�h�e� �d�e�c�i�s�i�o�n� �m�o�d�e�l� �u�s�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �s�y�s�t�e�m�.� �A�s� �i�d�e�n�t�i�f�i�e�d� �i�n� �S�e�c�t�i�o�n� 

�3�.�2�,� �u�n�c�e�r�t�a�i�n�t�i�e�s� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �a�n�d� �d�e�s�i�g�n�-� 

�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �a�b�o�u�t� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� 

�i�s� �n�o�t� �c�o�n�t�r�o�l�l�a�b�l�e�.� �T�h�e� �v�a�r�i�a�t�i�o�n�s� �o�f� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �a�r�e� �c�o�n�t�r�o�l�l�a�b�l�e�.� �W�i�t�h� 

�t�h�e� �h�e�l�p� �o�f� �a� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �f�u�n�c�t�i�o�n�,� �t�h�e� �r�o�b�u�s�t�n�e�s�s� �o�f� �a� �c�a�n�d�i�d�a�t�e� �s�y�s�t�e�m� 

�c�a�n� �b�e� �e�s�t�i�m�a�t�e�d� �b�y� �a�s�s�e�s�s�i�n�g� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �d�u�e� �t�o� 

�u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �a�n�d� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �T�h�u�s�,� 

�b�y� �i�n�c�o�r�p�o�r�a�t�i�n�g� �t�h�e� �g�e�n�e�r�a�l� �d�e�f�i�n�i�t�i�o�n� �o�f� �r�o�b�u�s�t� �d�e�s�i�g�n� �i�n�t�o� �a� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� 

�m�o�d�e�l�,� �t�w�o� �o�p�e�r�a�t�i�o�n�a�l� �d�e�f�i�n�i�t�i�o�n�s� �a�r�e� �o�b�t�a�i�n�e�d�,� �e�a�c�h� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �d�e�c�i�s�i�o�n� 

�m�a�k�e�r�'�s� �c�o�n�c�e�r�n� �t�o� �e�a�c�h� �t�y�p�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y�:� 

�1�)� �R�o�b�u�s�t�n�e�s�s� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �i�n�s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �s�y�s�t�e�m�'�s� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� 
�t�o� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �u�n�c�o�n�t�r�o�l�l�a�b�l�e� �(�d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t�)� �p�a�r�a�m�e�t�e�r�s�.� 

�2�)� �R�o�b�u�s�t�n�e�s�s� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �i�n�s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �s�y�s�t�e�m�'�s� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� 

�t�o� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �a�s� �w�e�l�l� �a�s� �v�a�r�i�a�t�i�o�n�s� �i�n� 

�d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �a�n�d� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� 

�3�.�5� �M�e�a�s�u�r�e�s� �o�f� �t�h�e� �R�o�b�u�s�t�n�e�s�s� �o�f� �C�a�n�d�i�d�a�t�e� �S�y�s�t�e�m�s� 

�D�u�e� �t�o� �v�a�r�i�o�u�s� �u�n�c�e�r�t�a�i�n�t�i�e�s�,� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �o�f� �a� �s�y�s�t�e�m� �i�s� �a� 

�r�a�n�d�o�m� �v�a�r�i�a�b�l�e�.� �T�h�e� �r�o�b�u�s�t�n�e�s�s� �o�f� �a� �c�a�n�d�i�d�a�t�e� �s�y�s�t�e�m� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�n�d� 

�e�s�t�i�m�a�t�e�d� �b�y� �s�t�u�d�y�i�n�g� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �d�u�e� �t�o� �v�a�r�i�o�u�s� 

�u�n�c�e�r�t�a�i�n�t�i�e�s�.� �S�o�m�e� �o�f� �t�h�e� �c�o�m�m�o�n� �m�e�a�s�u�r�e�s� �o�f� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e�s� �a�r�e� �i�d�e�n�t�i�f�i�e�d� �n�e�x�t�.� 

�3�.�5�.�1� �P�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�2�,� �t�h�e�r�e� �i�s� �a� �f�u�n�c�t�i�o�n�a�l� �d�e�p�e�n�d�e�n�c�y� �b�e�t�w�e�e�n� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �E� �a�n�d� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �X�,� �d�e�s�i�g�n�-�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �Y�,�,� 

�3�2



�a�n�d� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �¥�,� �S�i�n�c�e� �E� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �r�a�n�d�o�m� 

�v�a�r�i�a�b�l�e�s�,� �i�t� �i�s� �a� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e� �i�t�s�e�l�f� �a�n�d� �c�a�n�n�o�t� �b�e� �d�e�s�c�r�i�b�e�d� �d�e�t�e�r�m�i�n�i�s�t�i�c�a�l�l�y�.� 

�T�h�e� �r�a�n�d�o�m�n�e�s�s� �i�n� �a� �p�h�y�s�i�c�a�l� �p�r�o�c�e�s�s� �a�n�d� �u�n�k�n�o�w�n� �s�t�a�t�e�s� �o�f� �n�a�t�u�r�e� 

�c�o�n�t�r�i�b�u�t�e� �t�o� �u�n�c�e�r�t�a�i�n�t�y�.� �T�h�e� �c�o�n�c�e�i�v�a�b�l�e� �o�r� �p�o�s�s�i�b�l�e� �r�e�a�l�i�z�a�t�i�o�n�s� �o�f� �s�y�s�t�e�m� 

�r�e�s�p�o�n�s�e� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �w�i�t�h� �a� �p�r�o�b�a�b�i�l�i�t�y� �m�a�s�s� �f�u�n�c�t�i�o�n� �(�P�M�F�)� �o�r� �a� 

�p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n�.� 

�I�f� �a�n� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �E� �i�s� �c�o�n�t�i�n�u�o�u�s�,� �i�t�s� �c�u�m�u�l�a�t�i�v�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n� 

�(�C�D�F�)� �i�s� 

�F�,�(�e�)�=� �P�(�E� �s�e�)� �f�o�r� �a�l�l�e� �(�3�.�1�)� 

�I�f� �F�.�(�e�)� �h�a�s� �a� �f�i�r�s�t� �d�e�r�i�v�a�t�i�v�e�,� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �(�P�D�F�)� �o�f� �£� �i�s� 

�d�F� �,�(�e�)� �d�e� �(�3�.�2�)� �F�z�(�e�)�=� 

�T�h�e� �p�r�o�b�a�b�i�l�i�s�t�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �a�n� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �w�o�u�l�d� �b�e� 

�d�e�s�c�r�i�b�e�d� �c�o�m�p�l�e�t�e�l�y� �i�f� �t�h�e� �f�o�r�m� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n� �(�o�r� �P�M�F�)� �a�n�d� �t�h�e� 

�a�s�s�o�c�i�a�t�e�d� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �s�p�e�c�i�f�i�e�d�.� �A� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�,� �i�n� �t�e�r�m�s� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�,� �c�o�n�t�a�i�n�s� �a�l�l� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n�.� �I�n� �p�r�a�c�t�i�c�e�,� �t�h�e� �f�o�r�m� �o�f� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n� �m�a�y� �n�o�t� �b�e� �k�n�o�w�n�;� �c�o�n�s�e�q�u�e�n�t�l�y�,� �a�p�p�r�o�x�i�m�a�t�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� 

�a� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e� �i�s� �o�f�t�e�n� �n�e�c�e�s�s�a�r�y�.� �T�h�e� �p�r�o�b�a�b�i�l�i�s�t�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �m�a�y� �b�e� �d�e�s�c�r�i�b�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �i�n� �t�e�r�m�s� �o�f� �c�e�r�t�a�i�n� �m�a�i�n� 

�d�e�s�c�r�i�p�t�o�r�s� �o�f� �t�h�e� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e�.� �T�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �o�f� �t�h�e�s�e� �q�u�a�n�t�i�t�i�e�s� �a�r�e� 

�t�h�e� �c�e�n�t�r�a�l� �v�a�l�u�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�,� �a�n�d� �a� �m�e�a�s�u�r�e� �o�f� �d�i�s�p�e�r�s�i�o�n� �o�f� �i�t�s� 

�v�a�l�u�e�s�.� 

�M�o�r�e�o�v�e�r�,� �e�v�e�n� �w�h�e�n� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n� �i�s� �k�n�o�w�n�,� �t�h�e� �m�a�i�n� 

�d�e�s�c�r�i�p�t�o�r�s� �r�e�m�a�i�n� �u�s�e�f�u�l�.� �I�n� �p�r�a�c�t�i�c�e�,� �i�t� �u�s�u�a�l�l�y� �i�s� �h�a�r�d� �t�o� �l�o�o�k� �a�t� �p�r�o�b�a�b�i�l�i�t�y� 

�d�i�s�t�r�i�b�u�t�i�o�n�s� �a�n�d� �i�n�t�e�r�n�a�l�i�z�e� �t�h�e� �r�i�s�k� �a�n�d� �o�p�p�o�r�t�u�n�i�t�i�e�s� �o�f� �v�a�r�i�o�u�s� �d�e�s�i�g�n� 

�a�l�t�e�r�n�a�t�i�v�e�s�.� �R�a�t�h�e�r� �t�h�a�n� �t�r�y� �t�o� �a�s�s�i�m�i�l�a�t�e� �t�h�e� �e�n�t�i�r�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� 

�t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�,� �c�o�m�p�a�r�i�s�o�n�s� �c�a�n� �b�e� �m�a�d�e� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �s�o�m�e� 

�s�u�m�m�a�r�y� �m�e�a�s�u�r�e�s�.� 

�3�3



�3�.�5�.�2� �M�e�a�n�,� �v�a�r�i�a�n�c�e�,� �a�n�d� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� 

�O�n�e� �o�f� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �s�u�m�m�a�r�y� �m�e�a�s�u�r�e�s� �f�o�r� �a� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e� �i�s� �t�h�e� 

�e�x�p�e�c�t�e�d� �v�a�l�u�e� �o�f� �E�.� �F�o�r� �a� �d�i�s�c�r�e�t�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �E� �w�i�t�h� �p�r�o�b�a�b�i�l�i�t�y� �m�a�s�s� 
�f�u�n�c�t�i�o�n� �p�,�(�e�,�)�,� �i�t�s� �e�x�p�e�c�t�e�d� �v�a�l�u�e�,� �d�e�n�o�t�e�d� �b�y� �y�,�,� �i�s� 

�H�z� �=� �2�1�¢�P�s�(�)�.� �(�3�.�3�)� 

�S�i�m�i�l�a�r�l�y�,� �f�o�r� �a� �c�o�n�t�i�n�u�o�u�s� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �£� �w�i�t�h� �P�D�F� �/�,�(�e�)�,� �t�h�e� �m�e�a�n� �v�a�l�u�e� 

�i�s� 

�u�z� �=�|� �_�e�f�,�(�e�)� �d�e�.� �(�3�.�4�)� 

�U�s�i�n�g� �t�h�e� �m�e�a�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�s� �n�o�t� �e�n�o�u�g�h� �t�o� �d�e�s�c�r�i�b�e� �i�t�s� 

�p�r�o�b�a�b�i�l�i�s�t�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �a�r�o�u�n�d� �t�h�e� 

�m�e�a�n� �r�e�s�u�l�t�s� �i�n� �a� �r�i�s�k� �i�n� �s�y�s�t�e�m� �d�e�s�i�g�n�.� �T�o� �m�e�a�s�u�r�e� �t�h�e� �r�i�s�k�,� �w�e� �n�e�e�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �o�r� �d�i�s�p�e�r�s�i�o�n� �i�n� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� 

�I�f� �t�h�e� �d�e�v�i�a�t�i�o�n�s� �a�r�e� �t�a�k�e�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �m�e�a�n� �v�a�l�u�e�,� �a� �s�u�i�t�a�b�l�e� 

�a�v�e�r�a�g�e� �m�e�a�s�u�r�e� �o�f� �d�i�s�p�e�r�s�i�o�n� �i�s� �t�h�e� �v�a�r�i�a�n�c�e�.� �F�o�r� �a� �d�i�s�c�r�e�t�e� �e�v�a�l�u�a�t�i�o�n� 
�a�t�t�r�i�b�u�t�e� �E� �w�i�t�h� �p�r�o�b�a�b�i�l�i�t�y� �m�a�s�s� �f�u�n�c�t�i�o�n� �p�,�(�e�,�)�,� �t�h�e� �v�a�r�i�a�n�c�e� �o�f� �E� �,� �d�e�n�o�t�e�d� �b�y� 

�o�7�,� �i�s� 

�O�n� �=� �d�~�,�  ��f�z�y� �P�z� �(�é�;�)�.� �(�3�.�5�)� 

�l�f� �E� �i�s� �c�o�n�t�i�n�u�o�u�s� �w�i�t�h� �P�D�F� �f�,�(�e�)�,� �t�h�e� �v�a�r�i�a�n�c�e� �i�s� 

�o�f�,� �=�[� �(�e�-� �u�z�) �� �f�e�( ¬�)� �a�e�.� �(�3�.�6�)� 

�D�i�m�e�n�s�i�o�n�a�l�l�y�,� �a� �m�o�r�e� �c�o�n�v�e�n�i�e�n�t� �m�e�a�s�u�r�e� �o�f� �d�i�s�p�e�r�s�i�o�n� �i�s� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� 

�o�f� �t�h�e� �v�a�r�i�a�n�c�e�,� �o�r� �t�h�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�.� �T�h�a�t� �i�s�:� 

�o�,� �=�o�.� �(�3�.�7�)� 
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�I�t� �i�s� �h�a�r�d� �t�o� �s�a�y�,� �s�o�l�e�l�y� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �v�a�r�i�a�n�c�e� �o�r� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�,� 

�w�h�e�t�h�e�r� �t�h�e� �d�i�s�p�e�r�s�i�o�n� �i�s� �l�a�r�g�e� �o�r� �s�m�a�l�l�.� �F�o�r� �t�h�i�s� �p�u�r�p�o�s�e�,� �t�h�e� �m�e�a�s�u�r�e� �o�f� 

�d�i�s�p�e�r�s�i�o�n� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �m�e�a�n� �i�s� �m�o�r�e� �u�s�e�f�u�l�.� �T�h�u�s�,� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n� 

�(�C�O�V�)�,� 

�6�,� �=� �2�E� �(�3�.�8�)� 
�H�y� 

�i�s� �o�f�t�e�n� �a� �p�r�e�f�e�r�r�e�d� �a�n�d� �c�o�n�v�e�n�i�e�n�t� �n�o�n�d�i�m�e�n�t�i�o�n�a�l� �m�e�a�s�u�r�e� �o�f� �v�a�r�i�a�b�i�l�i�t�y�.� 

�T�h�e� �u�s�e� �o�f� �v�a�r�i�a�n�c�e� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �r�o�b�u�s�t�n�e�s�s� �o�f� �a� �s�y�s�t�e�m� �i�m�p�l�i�e�s� �t�h�a�t� 

�d�e�v�i�a�t�i�o�n�s� �b�e�l�o�w� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �a�r�e� �r�e�g�a�r�d�e�d� �i�n� �t�h�e� �s�a�m�e� �w�a�y� �a�s� �d�e�v�i�a�t�i�o�n�s� 

�a�b�o�v�e� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �(�F�i�g�u�r�e� �3�.�1�)�.� �E�v�e�n� �t�h�o�u�g�h� �t�h�i�s� �m�e�a�s�u�r�e� �h�a�s� �b�e�e�n� 

�c�r�i�t�i�c�i�z�e�d� �a�s� �t�o�o� �c�o�n�s�e�r�v�a�t�i�v�e�,� �s�i�n�c�e� �i�t� �r�e�g�a�r�d�s� �a�l�l� �e�x�t�r�e�m�e� �v�a�l�u�e�s� �a�s� �u�n�d�e�s�i�r�a�b�l�e�,� 

�v�a�r�i�a�n�c�e� �i�s� �s�t�i�l�l� �a� �p�o�p�u�l�a�r� �m�e�a�s�u�r�e� �o�f� �r�i�s�k� �b�e�c�a�u�s�e� �o�f� �i�t�s� �f�a�m�i�l�i�a�r�i�t�y� �a�n�d� �e�a�s�e� �o�f� 

�c�o�m�p�u�t�a�t�i�o�n� �(�M�a�n�t�e�l�l�,� �1�9�7�2�)�.� 

�f�(�e�)� 

�v
� 

� � 

�d�é�.� 
�=� 

�N�e�g�a�t�i�v�e� �d�e�v�i�a�t�i�o�n� �P�o�s�i�t�i�v�e� �d�e�v�i�a�t�i�o�n� 

� � � �  ��>� 

�E�x�p�e�c�t�e�d� �v�a�l�u�e� �E�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �e� 

� � 

�F�i�g�u�r�e� �3�.�1�.� �V�a�r�i�a�n�c�e� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �a�n� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�'�s� �v�a�r�i�a�b�i�l�i�t�y� 
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�3�.�5�.�3� �S�e�m�i�v�a�r�i�a�n�c�e� 

�V�a�r�i�a�n�c�e� �i�s� �a�n� �e�v�e�n� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �d�e�v�i�a�t�i�o�n�s�.� �W�h�e�t�h�e�r� �a� �d�e�v�i�a�t�i�o�n� �i�s� 

�a�b�o�v�e� �o�r� �b�e�l�o�w� �t�h�e� �m�e�a�n� �v�a�l�u�e� �i�s� �o�f� �n�o� �s�i�g�n�i�f�i�c�a�n�c�e�.� �I�n� �s�o�m�e� �c�a�s�e�s�,� �h�o�w�e�v�e�r�,� 

�w�e� �a�r�e� �c�o�n�c�e�r�n�e�d� �w�i�t�h� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �o�n�l�y� �o�n� �t�h�e� �u�n�d�e�s�i�r�a�b�l�e� �s�i�d�e� �o�f� �t�h�e� 

�e�x�p�e�c�t�e�d� �v�a�l�u�e�.� �T�h�e� �s�e�m�i�v�a�r�i�a�n�c�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�s� �a� �m�e�a�s�u�r�e� 

�f�o�c�u�s�i�n�g� �o�n� �s�u�c�h� �v�a�r�i�a�b�i�l�i�t�y� �(�F�i�g�u�r�e� �3�.�2�)�.� 
�F�o�r� �a� �c�o�n�t�i�n�u�o�u�s� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �E� �w�i�t�h� �P�D�F� �/�,�(�e�)�,� �t�h�e� �s�e�m�i�v�a�r�i�a�n�c�e�,� �S�,�,� 

�i�s� 

�5�,�=�[�G�-�e�)�'� �f�e�(�e�)� �a�.� �(�3�.�9�)� 

�f�l�e�)� �f� 

�< ��_ � ��_� 

�N�e�g�a�t�i�v�e� �d�e�v�i�a�t�i�o�n� 

� � � � �~�~� 
�F� � � 

�E�x�p�e�c�t�e�d� �v�a�l�u�e� �E�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �e� 

�F�i�g�u�r�e� �3�.�2�.� �S�e�m�i�v�a�r�i�a�n�c�e� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �a�n� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�'�s� �v�a�r�i�a�b�i�l�i�t�y� 
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�3�.�5�.�4� �P�r�o�b�a�b�i�l�i�t�y� �o�f� �l�o�s�s� 

�A�n�o�t�h�e�r� �m�e�a�s�u�r�e� �o�f� �r�o�b�u�s�t�n�e�s�s� �f�o�r� �a� �s�y�s�t�e�m� �i�s� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �l�o�s�s� 

�c�r�i�t�e�r�i�o�n� �(�B�o�n�n�i�,� �1�9�7�5�)�.� �T�h�i�s� �m�e�a�s�u�r�e�,� �a�l�o�n�g� �w�i�t�h� �s�o�m�e� �v�a�r�i�a�n�t�s� �o�f� �i�t�,� �h�a�s� 

�b�e�c�o�m�e� �k�n�o�w�n� �a�s� �t�h�e� �r�e�l�i�a�b�i�l�i�t�y� �c�r�i�t�e�r�i�o�n� �o�r� �t�h�e� �S�a�f�e�t�y�-�f�i�r�s�t� �r�u�l�e� �i�n� �t�h�e� �c�o�m�m�u�n�i�t�y� 

�o�f� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n�,� �p�a�r�t�i�c�u�l�a�r�l�y� �i�n� �c�i�v�i�l� �e�n�g�i�n�e�e�r�i�n�g�.� �T�h�e� �m�e�a�s�u�r�e� �t�r�e�a�t�s� �o�n�l�y� 

�t�h�e� �v�a�l�u�e�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �b�e�l�o�w� �a� �c�e�r�t�a�i�n� �v�a�l�u�e� �a�s� �u�n�f�a�v�o�r�a�b�l�e� �(�m�o�r�e� 

�i�s� �p�r�e�f�e�r�a�b�l�e�)� �(�F�i�g�u�r�e� �3�.�3�)�.� �T�h�e� �c�r�i�t�i�c�a�l� �l�e�v�e�l� �i�s� �c�a�l�l�e�d� �a�s�p�i�r�a�t�i�o�n� �l�e�v�e�l�,� �w�h�i�c�h� �i�s� 

�w�i�d�e�l�y� �u�s�e�d� �i�n� �p�r�o�j�e�c�t� �e�v�a�l�u�a�t�i�o�n�.� �F�o�r� �e�x�a�m�p�l�e�,� �i�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �o�f� 

�c�o�n�c�e�r�n� �i�s� �t�h�e� �r�e�l�i�a�b�i�l�i�t�y� �o�f� �a� �s�y�s�t�e�m�,� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �l�o�s�s� �m�e�a�s�u�r�e� �c�o�n�s�i�d�e�r�s� 

�o�n�l�y� �t�h�e� �p�o�s�s�i�b�i�l�i�t�i�e�s� �o�f� �r�e�l�i�a�b�i�l�i�t�y� �b�e�i�n�g� �b�e�l�o�w� �a� �c�r�i�t�i�c�a�l� �l�e�v�e�l�,� �s�a�y� �0�.�8�.� 
�F�o�r� �a�n� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �E� �w�i�t�h� �P�D�F� �/�,�(�e�)�,� �i�f� �i�t�s� �a�s�p�i�r�a�t�i�o�n� �l�e�v�e�l� �i�s� �e�,�,� �t�h�e� 

�p�r�o�b�a�b�i�l�i�t�y� �o�f� �l�o�s�s� �i�s� 

�P�,� �=� �P�(�E�<�e�,�)�=�|�"� �f�g� �(�e�)�d�e�,� �(�3�.�1�0�)� 

�T�h�e� �p�r�o�b�a�b�i�l�i�t�y�-�o�f�-�l�o�s�s� �c�a�l�c�u�l�a�t�i�o�n� �o�b�s�c�u�r�e�s� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �o�f� 

�t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �T�h�u�s�,� �t�h�i�s� �m�e�a�s�u�r�e� �p�r�o�v�i�d�e�s� �l�e�s�s� �i�n�f�o�r�m�a�t�i�o�n� �t�h�a�n� �t�h�e� 

�p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �i�t�s�e�l�f�.� 

�f�l�e�)� �4� �A�r�e�a� �u�n�d�e�r� �t�h�e� �c�u�r�v�e� �u�p� �t�o� �a� �c�r�i�t�c�a�l� �l�e�v�e�l� 

� � � � �L�i� 
�C�r�i�t�c�a�l� �l�e�v�e�l� �6� 

� � 

�F�i�g�u�r�e� �3�.�3�.� �P�r�o�b�a�b�i�l�i�t�y� �o�f� �l�o�s�s� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �a� �s�y�s�t�e�m�'�s� �r�o�b�u�s�t�n�e�s�s� 
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�3�.�5�.�5� �T�a�g�u�c�h�i�'�s� �l�o�s�s� �f�u�n�c�t�i�o�n� 

�T�a�g�u�c�h�i� �(�1�9�8�6�)� �r�e�c�o�m�m�e�n�d�s� �t�h�e� �u�s�e� �o�f� �a� �s�q�u�a�r�e�d�-�e�r�r�o�r� �l�o�s�s� �f�u�n�c�t�i�o�n� �t�o� 

�m�e�a�s�u�r�e� �t�h�e� �l�o�s�s� �i�n� �v�a�l�u�e� �d�u�e� �t�o� �t�h�e� �d�e�v�i�a�t�i�o�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �f�r�o�m� �i�t�s� 
�t�a�r�g�e�t� �v�a�l�u�e�.� �F�o�r� �a�n� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �£�,� �t�h�e� �l�o�s�s� �f�u�n�c�t�i�o�n� �t�a�k�e�s� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�f�o�r�m�:� 

�L�=�k�(�E�-�e�,�y� �(�3�.�1�1�)� 

�w�h�e�r�e� �e�,� �i�s� �t�h�e� �t�a�r�g�e�t� �v�a�l�u�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �Z�,� �a�n�d� �k� �i�s� �a� �c�o�n�s�t�a�n�t�.� 

�T�h�e� �f�u�n�c�t�i�o�n� �(�3�.�1�1�)� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�L�=�k�(�E�-�e�,�)� 
�=� �K�(�E�  �� �u�y� �+� �H�r�  ��e�,�)� 

�=� �K�{�(�E�~� �W�g�)�?� �+� �2�(�E �� �H�y� �K�o�b�y� �~� �e�p�)� �+� �(�e�y� �~� �e�p�]� 

�T�a�k�i�n�g� �e�x�p�e�c�t�a�t�i�o�n� �o�f� �t�h�e� �l�o�s�s� �f�u�n�c�t�i�o�n�,� �w�e� �o�b�t�a�i�n� �t�h�e� �e�x�p�e�c�t�e�d� �l�o�s�s� 

�E�(�L�)� �=� �k�|� �(�u�g�  ��e�7�) �� �+� �0�%� �|� �(�3�.�1�2�)� 

�T�h�e� �f�i�r�s�t� �t�e�r�m� �w�i�t�h�i�n� �t�h�e� �b�r�a�c�k�e�t�s� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �b�i�a�s�.� �T�h�u�s�,� �t�h�e� �e�x�p�e�c�t�e�d� �l�o�s�s� �i�s� 

�a� �f�u�n�c�t�i�o�n� �o�f� �b�o�t�h� �b�i�a�s� �a�n�d� �v�a�r�i�a�n�c�e�.� 

�3�.�5�.�6� �T�a�g�u�c�h�i�'�s� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�s� 

�T�o� �e�v�a�l�u�a�t�e� �t�h�e� �r�o�b�u�s�t�n�e�s�s� �o�f� �v�a�r�i�o�u�s� �c�a�n�d�i�d�a�t�e� �d�e�s�i�g�n�s�,� �T�a�g�u�c�h�i� �(�1�9�8�6�)� 

�d�e�f�i�n�e�d� �a� �s�e�r�i�e�s� �o�f� �s�t�a�t�i�s�t�i�c�s�.� �T�h�e�s�e� �s�t�a�t�i�s�t�i�c�s� �a�r�e� �c�a�l�l�e�d� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�s�.� 

�T�a�g�u�c�h�i� �c�l�a�s�s�i�f�i�e�s� �v�a�r�i�o�u�s� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�s� �i�n�t�o� �t�h�r�e�e� �c�a�t�e�g�o�r�i�e�s�:� 

�s�m�a�l�l�e�r� �t�h�e� �b�e�t�t�e�r�,� �l�a�r�g�e�r� �t�h�e� �b�e�t�t�e�r�,� �n�o�m�i�n�a�l� �t�h�e� �b�e�t�t�e�r�.� �T�h�e� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� 

�i�s� �d�e�f�i�n�e�d� �f�o�r� �e�a�c�h� �c�a�t�e�g�o�r�y� �b�e�l�o�w�.� 
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�S�m�a�l�l�e�r� �t�h�e� �b�e�t�t�e�r� �(�S�T�B�)�.� �T�h�e� �o�v�e�r�r�i�d�i�n�g� �c�o�n�c�e�r�n� �i�s� �t�o� �g�e�t� �t�h�e� �v�a�l�u�e� �o�f� �a�n� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �a�s� �c�l�o�s�e� �a�s� �t�o� �z�e�r�o� �a�s� �p�o�s�s�i�b�l�e�.� �T�o� �o�b�t�a�i�n� �a�s� �m�a�n�y� �o�f� �t�h�e� 

�v�a�l�u�e�s� �a�s� �l�o�w� �a�s� �p�o�s�s�i�b�l�e� �r�e�q�u�i�r�e�s� �c�o�n�c�e�n�t�r�a�t�i�n�g� �o�n� �b�o�t�h� �r�e�d�u�c�i�n�g� �t�h�e� �a�v�e�r�a�g�e� 

�a�n�d� �o�n� �r�e�d�u�c�i�n�g� �t�h�e� �v�a�r�i�a�t�i�o�n� �a�r�o�u�n�d� �t�h�i�s� �a�v�e�r�a�g�e�.� �T�a�g�u�c�h�i� �r�e�c�o�m�m�e�n�d�s� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �p�e�r�f�o�r�m�a�n�c�e� �m�e�a�s�u�r�e� �(�T�a�g�u�c�h�i�,� �1�9�8�7�)�:� 

�P�M� �=� �-�1�0�l�o�g�|� �1�7�;� �|� �(�3�.�1�3�)� 

�L�e�t� �e�,�,� �e�,� �.�.�.�.� �e�,� �a�p�p�r�o�x�i�m�a�t�e� �a� �r�a�n�d�o�m� �s�a�m�p�l�e� �f�r�o�m� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �£� �f�o�r� �a� 

�g�i�v�e�n� �l�e�v�e�l� �o�f� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �T�a�g�u�c�h�i� �p�r�e�s�e�n�t�s� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �t�o� �a�p�p�r�o�x�i�m�a�t�e� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �m�e�a�s�u�r�e�:� 

�S�I�N�=� �-�1�o�t�o�g�|� �-�(�£�.�)� �(�3�.�1�4�)� 
�i�=�]� 

�L�a�r�g�e�r� �t�h�e� �b�e�t�t�e�r� �(�L�T�B�)�.� �I�n� �t�h�i�s� �t�y�p�e� �o�f� �p�r�o�b�l�e�m� �t�h�e� �o�v�e�r�r�i�d�i�n�g� �c�o�n�c�e�r�n� 

�i�s� �g�e�t�t�i�n�g� �s�o�m�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �a�s� �h�i�g�h� �a�s� �p�o�s�s�i�b�l�e�.� �L�o�w�e�r� �v�a�l�u�e�s� �m�u�s�t� �b�e� 

�g�u�a�r�d�e�d� �a�g�a�i�n�s�t�.� �T�o� �g�e�t� �a�s� �m�a�n�y� �o�f� �t�h�e� �v�a�l�u�e�s� �a�s� �h�i�g�h� �a�s� �p�o�s�s�i�b�l�e� �r�e�q�u�i�r�e�s� 

�c�o�n�c�e�n�t�r�a�t�i�n�g� �p�r�i�m�a�r�i�l�y� �o�n� �d�r�i�v�i�n�g� �t�h�e� �a�v�e�r�a�g�e� �h�i�g�h�e�r�.� �H�o�w�e�v�e�r�,� �v�a�r�i�a�t�i�o�n� 

�c�a�n�n�o�t� �b�e� �i�g�n�o�r�e�d�.� �N�o� �m�a�t�t�e�r� �h�o�w� �h�i�g�h� �a�n� �a�v�e�r�a�g�e� �i�s� �o�b�t�a�i�n�e�d�,� �e�x�c�e�s�s�i�v�e� 

�v�a�r�i�a�t�i�o�n� �c�a�n� �s�t�i�l�l� �c�a�u�s�e� �s�o�m�e� �u�n�i�t�s� �t�o� �f�a�l�l� �b�e�l�o�w� �t�h�e� �l�o�w�e�r� �s�p�e�c�i�f�i�c�a�t�i�o�n� �l�i�m�i�t�.� 

�T�h�e� �p�e�r�f�o�r�m�a�n�c�e� �m�e�a�s�u�r�e� �a�n�d� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �f�o�r� �t�h�i�s� �c�a�s�e� �a�r�e� �(�T�a�g�u�c�h�i�,� 

�1�9�8�7�)� 

�P�M� �=�  ��1�0�1�0�9� �I� �}� �(�3�.�1�5�)� �2� 
�E� 

�S�I�N� �=� �-�1�0�¥�g�|� �(�2�5�)� �(�3�.�1�6�)� 
�i�=�l� �i� 

�N�o�m�i�n�a�l� �t�h�e� �b�e�t�t�e�r� �(�N�T�B�)�.� �T�h�e� �t�h�i�r�d� �c�a�t�e�g�o�r�y� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�e� 

�e�x�i�s�t�e�n�c�e� �o�f� �a�n� �i�d�e�a�l� �v�a�l�u�e� �c�a�l�l�e�d� �t�a�r�g�e�t� �v�a�l�u�e�.� �E�v�e�r�y� �u�n�i�t� �s�h�o�u�l�d� �b�e� �a�s� �c�l�o�s�e� �t�o� 

�t�h�i�s� �t�a�r�g�e�t� �v�a�l�u�e� �a�s� �p�o�s�s�i�b�l�e�.� �B�o�t�h� �e�x�c�e�s�s�i�v�e�l�y� �h�i�g�h� �a�n�d� �e�x�c�e�s�s�i�v�e�l�y� �l�o�w� �v�a�l�u�e�s� 

�m�u�s�t� �b�e� �g�u�a�r�d�e�d� �a�g�a�i�n�s�t�.� �T�h�i�s� �r�e�q�u�i�r�e�s� �t�h�e� �a�v�e�r�a�g�e� �b�e� �a�s� �c�l�o�s�e� �t�o� �t�h�e� �t�a�r�g�e�t� �a�s� 
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�p�o�s�s�i�b�l�e� �a�n�d� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �v�a�r�i�a�t�i�o�n� �a�r�o�u�n�d� �t�h�i�s� �t�a�r�g�e�t�.� �T�h�e� �p�e�r�f�o�r�m�a�n�c�e� 

�m�e�a�s�u�r�e� �a�n�d� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �r�e�c�o�m�m�e�n�d�e�d� �b�y� �T�a�g�u�c�h�i� �a�r�e� �(�T�a�g�u�c�h�i�,� 

�1�9�8�7�)�:� 

�2� 

�P�M� �=� �o�g�  ��|� �(�3�.�1�7�)� 
�O�F� 

�S�/�N�=� �o�t�o� �(�=�)� �(�3�.�1�8�)� 
�i�=�l� 

�w�h�e�r�e� �s� �i�s� �t�h�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�e�.� 

�3�.�5�.�7� �S�e�n�s�i�t�i�v�i�t�y� �r�a�t�i�o� 

�T�o� �u�s�e� �s�e�m�i�v�a�r�i�a�n�c�e� �a�n�d� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �l�o�s�s� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �r�o�b�u�s�t�n�e�s�s� 

�i�n� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n�,� �f�u�l�l� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �e�a�c�h� 

�a�l�t�e�r�n�a�t�i�v�e�'�s� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�s� �r�e�q�u�i�r�e�d�.� �A�s� �a�n� �a�l�t�e�r�n�a�t�i�v�e�,� �w�n�e�n� �t�h�e� �d�e�s�i�g�n� 

�e�v�a�l�u�a�t�i�o�n� �f�u�n�c�t�i�o�n� 

�E�=� �f�(�X�;�Y�,�,�¥�)� 

�i�s� �d�e�f�i�n�e�d� �f�o�r� �t�h�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�,� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �m�a�y� �b�e� �e�s�t�i�m�a�t�e�d� 

�d�i�r�e�c�t�l�y� �b�y� �u�s�i�n�g� �t�h�e� �t�h�e�o�r�y� �o�f� �s�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�i�s� �o�f� �l�i�n�e�a�r� �s�y�s�t�e�m�s�.� 

�L�e�t� �Y�°� �=� �t�h�e� �e�s�t�i�m�a�t�e�d� �v�a�l�u�e� �o�f� �¥� �.� �I�f� �t�h�e� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �f�u�n�c�t�i�o�n� �i�s� 

�d�i�f�f�e�r�e�n�t�i�a�b�l�e�,� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �¥�,� �i�s� 

�d�f�(�X�;�Y�,�,�¥�)� �7�q�¥� �f�o�r�Y�=�Y�,�.� �(�3�.�1�9�)� 
�i� � � 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �r�o�b�u�s�t� �d�e�s�i�g�n� �i�s� �t�o� �f�i�n�d� �X� �s�o� �t�h�a�t� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �r�a�t�i�o� �(�3�.�1�9�)� 
�b�e�c�o�m�e�s� �m�i�n�i�m�u�m�.� �F�o�r� �s�p�e�c�i�f�i�e�d� �v�a�l�u�e�s� �o�f� �X�,�Y�,�,� �a�n�d� �¥�,�,� �t�h�e� �c�h�a�n�g�e� �o�f� �£� �d�u�e� �t�o� 

�t�h�e� �v�a�r�i�a�t�i�o�n� �d�Y� �i�n� �¥�,� �i�s� �t�h�e�n� �g�i�v�e�n� �b�y� 

�O�E� �=� �o�Y�,� �(�3�.�2�0�)� �d� �f�(�X�°�;�¥�;�,�Y�)� 
�d� 
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�3�.�6� �R�e�v�i�e�w� �o�f� �S�o�m�e� �E�x�i�s�t�i�n�g� �A�p�p�r�o�a�c�h�e�s� 

�T�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� �a�p�p�r�o�a�c�h�e�s� �d�e�v�e�l�o�p�e�d� �f�o�r� �d�e�s�i�g�n� �a�n�a�l�y�s�i�s� �a�n�d� 

�e�v�a�l�u�a�t�i�o�n�.� �I�n� �t�h�i�s� �s�e�c�t�i�o�n�,� �a�f�t�e�r� �d�i�s�c�u�s�s�i�n�g� �t�h�e� �l�i�m�i�t�a�t�i�o�n�s� �o�f� �s�o�m�e� �t�r�a�d�i�t�i�o�n�a�l� 

�t�e�c�h�n�i�q�u�e�s�,� �t�h�e� �a�d�v�a�n�t�a�g�e�s� �a�n�d� �l�i�m�i�t�a�t�i�o�n�s� �o�f� �T�a�g�u�c�h�i�'�s� �a�p�p�r�o�a�c�h� �a�r�e� �r�e�v�i�e�w�e�d�.� 

�T�h�i�s� �r�e�v�i�e�w� �i�n�d�i�c�a�t�e�s� �s�o�m�e� �a�r�e�a�s� �f�o�r� �f�u�r�t�h�e�r� �r�e�s�e�a�r�c�h�.� 

�3�.�6�.�1� �L�i�m�i�t�a�t�i�o�n�s� �o�f� �t�h�e� �t�r�a�d�i�t�i�o�n�a�l� �a�p�p�r�o�a�c�h�e�s� 

�T�h�e� �d�i�f�f�i�c�u�l�t�y� �w�i�t�h� �m�o�s�t� �e�x�i�s�t�i�n�g� �t�o�o�l�s� �f�o�r� �d�e�s�i�g�n� �a�n�a�l�y�s�i�s� �a�n�d� �e�v�a�l�u�a�t�i�o�n� �i�s� 

�n�o�t� �t�h�a�t� �t�h�e�y� �s�o�l�v�e� �t�h�e� �p�r�o�b�l�e�m� �i�n�c�o�r�r�e�c�t�l�y�,� �b�u�t� �t�h�e�y� �a�r�e� �b�e�i�n�g� �a�p�p�l�i�e�d� �t�o� �s�o�l�v�e� 

�t�h�e� �w�r�o�n�g� �p�r�o�b�l�e�m� �(�S�a�n�d�g�r�e�n�,� �1�9�8�9�)�.� �L�i�t�t�l�e� �r�e�s�e�a�r�c�h� �h�a�s� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �o�n� 

�t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �d�e�c�i�s�i�o�n� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d�o�l�o�g�y� �f�o�r� �e�a�r�l�y� �s�y�s�t�e�m� �d�e�s�i�g�n� 

�a�c�t�i�v�i�t�i�e�s�.� �T�h�e�r�e� �i�s� �n�o�t� �a� �c�o�m�p�l�e�t�e�,� �c�o�h�e�s�i�v�e� �s�t�r�u�c�t�u�r�e� �f�o�r� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� 

�d�e�s�i�g�n� �c�r�i�t�e�r�i�a�,� �t�h�e�i�r� �m�o�d�e�l�i�n�g� �i�n� �t�e�r�m�s� �o�f� �s�y�s�t�e�m� �v�a�r�i�a�b�l�e�s� �a�n�d� �p�a�r�a�m�e�t�e�r�s�,� �t�h�e� 

�s�y�n�t�h�e�s�i�s� �a�n�d� �s�c�r�e�e�n�i�n�g� �o�f� �a�l�t�e�r�n�a�t�i�v�e�s�,� �a�n�d� �f�o�r�m�a�l� �o�p�t�i�m�i�z�a�t�i�o�n�.� �M�o�s�t� �o�f� �t�h�e�s�e� 

�a�c�t�i�v�i�t�i�e�s� �a�n�d� �d�e�c�i�s�i�o�n�s� �h�a�v�e� �b�e�e�n� �a�c�c�o�m�p�l�i�s�h�e�d� �i�n� �a�n� �a�d� �h�o�c� �m�a�n�n�e�r� �o�r�,� �a�t� 

�b�e�s�t�,� �i�n� �s�e�p�a�r�a�t�e� �a�c�t�i�v�i�t�i�e�s� �w�i�t�h�o�u�t� �c�l�o�s�e� �c�o�o�r�d�i�n�a�t�i�o�n� �w�i�t�h� �o�t�h�e�r� �s�e�g�m�e�n�t�s� �o�f� �t�h�e� 

�p�r�o�c�e�s�s�.� �T�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �i�s� �o�f�t�e�n� �s�u�b�j�e�c�t�i�v�e� �a�n�d� �i�n�f�l�u�e�n�c�e�d� �b�y� 

�f�a�c�t�o�r�s� �s�u�c�h� �a�s� �d�e�s�i�g�n� �a�p�p�l�i�c�a�t�i�o�n�,� �j�u�d�g�m�e�n�t� �o�f� �t�h�e� �d�e�s�i�g�n�e�r�,� �t�i�m�i�n�g�,� �e�t�c�.� 

�D�e�t�e�r�m�i�n�i�s�t�i�c� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �b�e�e�n� �e�m�p�l�o�y�e�d� �t�o� �s�o�l�v�e� �a� �w�i�d�e� 

�v�a�r�i�e�t�y� �o�f� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n� �p�r�o�b�l�e�m�s�.� �N�o�n�l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g� �h�a�s� �s�h�o�w�n� 

�s�o�m�e� �p�r�o�m�i�s�e� �a�s� �a� �g�e�n�e�r�a�l� �d�e�s�i�g�n� �t�o�o�l�.� �B�u�t� �t�h�e� �r�i�g�i�d� �s�t�r�u�c�t�u�r�e� �i�m�p�o�s�e�d� �b�y� �t�h�e� 

�p�r�o�b�l�e�m� �f�o�r�m�u�l�a�t�i�o�n� �h�a�s� �m�a�d�e� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� �i�n�c�l�u�d�e� �m�a�n�y� �i�m�p�o�r�t�a�n�t� �d�e�s�i�g�n� 

�i�s�s�u�e�s�.� �T�h�e�r�e� �i�s� �n�o� �c�o�n�v�e�n�i�e�n�t� �w�a�y� �t�o� �b�r�i�n�g� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �d�e�s�i�g�n� �t�r�a�d�e�-�o�f�f�s� 

�i�n�t�o� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n�.� �D�e�t�e�r�m�i�n�i�s�t�i�c� �m�o�d�e�l�s� �d�o� �n�o�t� �p�o�r�t�r�a�y� �t�h�e� �n�a�t�u�r�e� �a�n�d� �i�m�p�a�c�t� 

�o�f� �r�a�n�d�o�m� �v�a�r�i�a�t�i�o�n�s� �t�h�a�t� �o�c�c�u�r� �i�n� �a�c�t�u�a�l� �m�a�n�u�f�a�c�t�u�r�i�n�g� �p�r�o�c�e�s�s�e�s� �o�r� �o�p�e�r�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n�s� �(�E�g�g�e�r�t�,� �1�9�9�1�)�.� �I�n� �a�n� �o�p�t�i�m�a�l�l�y� �d�e�s�i�g�n�e�d� �s�y�s�t�e�m� �b�a�s�e�d� �o�n� 

�d�e�t�e�r�m�i�n�i�s�t�i�c� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�,� �t�h�e� �d�e�s�i�g�n�s� �m�a�y� �b�e� �s�e�n�s�i�t�i�v�e� �t�o� �v�a�r�i�a�t�i�o�n�s� �i�n� 

�d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �o�r� �s�y�s�t�e�m� �p�a�r�a�m�e�t�e�r�s�.� �S�u�c�h� �v�a�r�i�a�t�i�o�n�s� �m�a�y� �l�e�a�d� �t�o� �u�n�e�x�p�e�c�t�e�d� 

�c�o�n�s�t�r�a�i�n�t� �v�i�o�l�a�t�i�o�n�s� �a�n�d� �a�n�_� �u�n�s�a�t�i�s�f�a�c�t�o�r�y� �d�e�s�i�g�n� �(�E�g�g�e�r�t�,� �1�9�9�1�)�.� 

�C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �o�p�t�i�m�i�z�e�d� �s�y�s�t�e�m� �t�e�n�d�s� �t�o� �b�e� �m�o�r�e� �s�e�n�s�i�t�i�v�e� �t�o� �f�a�b�r�i�c�a�t�i�o�n� 

�d�e�f�e�c�t�s� �a�n�d� �i�m�p�r�o�p�e�r� �d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �(�A�n�g� �a�n�d� �T�a�n�g�,� �1�9�8�4�)�.� 
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�3�.�6�.�2� �T�a�g�u�c�h�i�'�s� �a�p�p�r�o�a�c�h� 

�T�o� �i�m�p�r�o�v�e� �p�r�o�d�u�c�t� �q�u�a�l�i�t�y�,� �a� �n�e�w� �a�p�p�r�o�a�c�h� �t�o� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n� �h�a�s� �b�e�e�n� 

�d�e�v�e�l�o�p�e�d� �b�y� �T�a�g�u�c�h�i�.� �D�i�f�f�e�r�e�n�t� �f�r�o�m� �t�r�a�d�i�t�i�o�n�a�l� �o�p�t�i�m�i�z�a�t�i�o�n� �m�e�t�h�o�d�s�,� 

�T�a�g�u�c�h�i�'�s� �a�p�p�r�o�a�c�h� �e�m�p�l�o�y�s� �s�t�a�t�i�s�t�i�c�a�l�l�y� �d�e�s�i�g�n�e�d� �e�x�p�e�r�i�m�e�n�t�s� �f�o�r� �p�r�o�d�u�c�t� �a�n�d� 

�p�r�o�c�e�s�s� �d�e�s�i�g�n�.� �T�a�g�u�c�h�i� �(�1�9�8�6�)� �d�i�v�i�d�e�d� �t�h�e� �d�e�s�i�g�n� �p�r�o�c�e�s�s� �i�n�t�o� �t�h�r�e�e� �s�t�e�p�s�:� 

�s�y�s�t�e�m� �d�e�s�i�g�n�,� �p�a�r�a�m�e�t�e�r� �d�e�s�i�g�n�,� �a�n�d� �t�o�l�e�r�a�n�c�e� �d�e�s�i�g�n�.� �A�t� �t�h�e� �h�e�a�r�t� �o�f� 

�T�a�g�u�c�h�i�'�s� �p�h�i�l�o�s�o�p�h�y� �i�s� �t�h�e� �c�o�n�c�e�p�t� �o�f� �t�h�e� �q�u�a�l�i�t�y� �l�o�s�s� �f�u�n�c�t�i�o�n�,� �w�h�i�c�h� �i�s� �u�s�e�d� �a�s� 

�a� �c�r�i�t�e�r�i�o�n� �t�o� �b�e� �o�p�t�i�m�i�z�e�d� �i�n� �p�a�r�a�m�e�t�e�r� �d�e�s�i�g�n�.� �Q�u�a�l�i�t�y� �l�o�s�s� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� 

�l�o�s�s� �i�n�c�u�r�r�e�d� �b�y� �s�o�c�i�e�t�y� �f�r�o�m� �t�h�e� �t�i�m�e� �a� �p�r�o�d�u�c�t� �i�s� �r�e�l�e�a�s�e�d� �f�o�r� �s�h�i�p�m�e�n�t� 

�(�T�a�g�u�c�h�i� �e�t� �a�l�.�,� �1�9�8�9�)�.� 

�T�a�g�u�c�h�i�'�s� �w�o�r�k� �i�s� �c�l�o�s�e�l�y� �a�l�i�g�n�e�d� �w�i�t�h� �s�t�a�t�i�s�t�i�c�a�l� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �a�n�d� 

�a�d�d�r�e�s�s�e�s� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�s�s�u�e� �a�s� �a� �n�o�r�m�a�l� �p�a�r�t� �o�f� �t�h�e� �d�e�s�i�g�n� �p�r�o�c�e�s�s�.� �T�h�e� 

�p�h�i�l�o�s�o�p�h�y� �i�s� �t�o� �i�d�e�n�t�i�f�y� �s�e�t�t�i�n�g�s� �o�f� �c�o�n�t�r�o�l�l�a�b�l�e� �f�a�c�t�o�r�s� �t�h�a�t� �m�i�n�i�m�i�z�e� 

�p�e�r�f�o�r�m�a�n�c�e� �v�a�r�i�a�t�i�o�n�s�,� �w�h�i�l�e� �k�e�e�p�i�n�g� �p�e�r�f�o�r�m�a�n�c�e� �a�s� �c�l�o�s�e� �a�s� �p�o�s�s�i�b�l�e� �t�o� �i�t�s� 

�t�a�r�g�e�t� �v�a�l�u�e�.� �P�a�r�a�m�e�t�e�r� �d�e�s�i�g�n� �i�s� �u�s�u�a�l�l�y� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �u�s�i�n�g� �a�n� �o�r�t�h�o�g�o�n�a�l� 

�e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �a�p�p�r�o�a�c�h�.� 

�E�x�p�e�r�i�e�n�c�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �T�a�g�u�c�h�i�'�s� �p�a�r�a�m�e�t�e�r� �d�e�s�i�g�n� �a�p�p�r�o�a�c�h� �w�o�r�k�e�d� 

�w�e�l�l� �i�n� �m�a�n�u�f�a�c�t�u�r�i�n�g� �a�f�t�e�r� �t�h�e� �s�y�s�t�e�m� �d�e�s�i�g�n� �h�a�s� �b�e�e�n� �c�o�m�p�l�e�t�e�d�.� �B�u�t� �i�t� �i�s� 

�d�i�f�f�i�c�u�l�t� �t�o� �a�p�p�l�y� �a�t� �t�h�e� �c�o�n�c�e�p�t�u�a�l� �d�e�s�i�g�n� �l�e�v�e�l�.� �S�i�n�c�e� �t�h�e� �m�o�d�e�l� �d�e�v�e�l�o�p�m�e�n�t� 

�a�n�d� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �a�p�p�r�o�a�c�h� �r�e�l�i�e�s� �o�n� �d�i�r�e�c�t� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�,� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� 

�t�o� �a�p�p�l�y� �t�o� �d�e�s�i�g�n�s� �w�h�i�c�h� �d�o� �n�o�t� �y�e�t� �e�x�i�s�t�.� �H�o�w�e�v�e�r�,� �a�s� �S�a�n�d�g�r�e�n� �(�1�9�8�9�)� 

�i�n�d�i�c�a�t�e�d�,� �t�h�e� �t�i�m�e� �t�o� �c�o�n�s�i�d�e�r� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �a� �d�e�s�i�g�n� �c�h�a�n�g�e� �s�h�o�u�l�d� �b�e� 

�d�u�r�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �d�e�s�i�g�n� �p�h�a�s�e�.� �I�f� �d�e�s�i�g�n� �s�e�n�s�i�t�i�v�i�t�i�e�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �e�a�r�l�y� �o�n� �i�n� 

�t�h�e� �p�r�o�c�e�s�s�,� �i�t� �m�a�y� �w�e�l�l� �r�e�d�u�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� �l�o�c�a�l� �m�i�n�i�m�a� �p�r�e�s�e�n�t�.� 

�T�a�g�u�c�h�i�'�s� �p�h�i�l�o�s�o�p�h�y� �o�f� �r�e�d�u�c�i�n�g� �v�a�r�i�a�t�i�o�n� �i�n� �p�e�r�f�o�r�m�a�n�c�e� �t�h�r�o�u�g�h� �r�e�d�u�c�i�n�g� 

�t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �a�n� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n� �t�o� �s�o�u�r�c�e�s� �o�f� �v�a�r�i�a�t�i�o�n� �r�a�t�h�e�r� �t�h�a�n� 

�c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �s�o�u�r�c�e�s� �i�s� �v�e�r�y� �i�m�p�o�r�t�a�n�t� �t�o� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �q�u�a�l�i�t�y� �d�e�s�i�g�n�.� 

�H�o�w�e�v�e�r�,� �t�h�i�s� �c�o�n�c�e�p�t� �i�s� �o�f�t�e�n� �u�s�e�d� �w�i�t�h�o�u�t� �c�o�n�s�i�d�e�r�i�n�g� �o�t�h�e�r� �c�o�n�c�e�r�n�s� �s�u�c�h� �a�s� 

�c�o�s�t�s� �o�f� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �a�n�d� �m�a�n�u�f�a�c�t�u�r�i�n�g�.� �O�t�t�o� �a�n�d� �A�n�t�o�n�s�s�o�n� �(�1�9�9�1�)� �a�r�g�u�e�d� 

�t�h�a�t� �a�p�p�l�y�i�n�g� �t�h�i�s� �c�o�n�c�e�p�t� �i�n� �p�r�e�l�i�m�i�n�a�r�y� �s�y�s�t�e�m� �d�e�s�i�g�n� �w�o�u�l�d� �g�e�n�e�r�a�l�l�y� �l�e�a�d� �t�o� 

�o�v�e�r�l�y� �e�x�p�e�n�s�i�v�e� �p�r�o�d�u�c�t�s�.� �i�n� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �d�e�s�i�g�n� �s�t�a�g�e�,� �t�h�e� �d�e�s�i�g�n�-� 

�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �s�e�l�e�c�t�e�d�.� �A�c�c�o�r�d�i�n�g� �t�o� �T�a�g�u�c�h�i�'�s� �c�o�n�c�e�p�t�,� �t�h�e�r�e� 

�w�o�u�l�d� �b�e� �a�n� �i�l�l�u�s�i�o�n� �t�h�a�t� �w�e� �s�h�o�u�l�d� �a�l�w�a�y�s� �p�i�c�k� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �w�h�i�c�h� �m�i�n�i�m�i�z�e� 
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�p�e�r�f�o�r�m�a�n�c�e� �v�a�r�i�a�t�i�o�n�s�,� �e�v�e�n� �i�f� �t�h�i�s� �m�e�a�n�s� �g�r�e�a�t�l�y� �i�n�c�r�e�a�s�e�d� �e�x�p�e�n�s�e� �t�o� �t�h�e� 

�d�e�s�i�g�n�e�r�,� �m�a�n�u�f�a�c�t�u�r�e�r�,� �o�r� �c�o�m�p�a�n�y�.� �T�h�i�s� �i�s� �u�n�a�c�c�e�p�t�a�b�l�e�,� �a�s� �T�a�g�u�c�h�i� �r�e�a�d�i�l�y� 

�a�d�m�i�t�s� �(�1�9�8�6�)�.� �I�n� �t�h�i�s� �s�e�n�s�e�,� �T�a�g�u�c�h�i�'�s� �l�o�s�s� �f�u�n�c�t�i�o�n� �i�s� �n�o�t� �c�o�m�p�l�e�t�e�.� �S�y�s�t�e�m� 

�l�i�f�e�-�c�y�c�l�e� �c�o�s�t� �m�a�y� �b�e� �a� �m�o�r�e� �a�p�p�r�o�p�r�i�a�t�e� �m�e�a�s�u�r�e�.� 

�A�s� �w�i�t�h� �a�n�y� �n�e�w� �t�e�c�h�n�i�q�u�e�s�,� �t�h�e�r�e� �a�r�e� �m�a�n�y� �c�r�i�t�i�c�i�s�m�s� �a�n�d� �c�o�n�t�r�o�v�e�r�s�i�e�s� 

�r�e�g�a�r�d�i�n�g� �T�a�g�u�c�h�i�'�s� �a�p�p�r�o�a�c�h�.� �M�u�c�h� �o�f� �t�h�e� �c�o�n�t�r�o�v�e�r�s�i�e�s� �a�r�e� �f�o�c�u�s�e�d� �o�n� 

�t�e�c�h�n�i�c�a�l� �i�s�s�u�e�s� �t�h�a�t� �p�e�r�t�a�i�n� �t�o� �c�e�r�t�a�i�n� �p�i�e�c�e�s� �o�f� �t�h�e� �o�v�e�r�a�l�l� �s�c�h�e�m�e�.� �A�s� �s�t�a�t�e�d� 

�b�y� �B�o�x� �(�1�9�8�5�)�,� �i�t� �i�s� �v�e�r�y� �i�m�p�o�r�t�a�n�t� �t�o� �s�e�p�a�r�a�t�e� �T�a�g�u�c�h�i�'�s� �q�u�a�l�i�t�y� �e�n�g�i�n�e�e�r�i�n�g� 

�i�d�e�a�s� �f�r�o�m� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �h�e� �u�s�e�d� �t�o� �p�u�t� �t�h�e�s�e� �i�d�e�a�s� �i�n� �p�r�a�c�t�i�c�e�.� 

�4�3



�I�V�.� �D�E�S�I�G�N� �E�V�A�L�U�A�T�I�O�N� �B�Y� �D�E�C�I�S�I�O�N� �T�H�E�O�R�Y�:� 

�C�L�A�S�S�I�F�I�C�A�T�I�O�N� �A�N�D� �M�O�D�E�L�I�N�G� �O�F� �D�E�S�I�G�N� �D�E�C�I�S�I�O�N�S� 

� � 

�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�4�.�2� �D�e�s�i�g�n� �E�v�a�l�u�a�t�i�o�n� �b�y� �D�e�c�i�s�i�o�n� �T�h�e�o�r�y� 

�4�.�3� �C�o�n�c�e�p�t�s� �o�f� �D�e�c�i�s�i�o�n� �M�o�d�e�l�i�n�g� 

�4�.�4� �C�l�a�s�s�i�f�i�c�a�t�i�o�n� �o�f� �S�y�s�t�e�m� �D�e�s�i�g�n� �D�e�c�i�s�i�o�n� �P�r�o�b�l�e�m�s� 

�4�.�5� �D�i�s�c�r�e�t�e� �D�e�c�i�s�i�o�n�s� �a�n�d� �D�i�s�c�r�e�t�e� �E�v�e�n�t�s� 

�4�.�6� �D�i�s�c�r�e�t�e� �D�e�c�i�s�i�o�n�s� �a�n�d� �C�o�n�t�i�n�u�o�u�s� �E�v�e�n�t�s� 

�4�.�7� �C�o�n�t�i�n�u�o�u�s� �D�e�c�i�s�i�o�n�s� �a�n�d� �D�i�s�c�r�e�t�e� �E�v�e�n�t�s� 

�4�.�8� �C�o�n�t�i�n�u�o�u�s� �D�e�c�i�s�i�o�n�s� �a�n�d� �C�o�n�t�i�n�u�o�u�s� �E�v�e�n�t�s� 

� � 

�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�s� �t�o� �i�d�e�n�t�i�f�y� �a� �b�e�s�t� �d�e�s�i�g�n�.� �I�n� �t�h�i�s� 

�c�h�a�p�t�e�r� �a�n�d� �C�h�a�p�t�e�r� �V�,� �p�r�o�b�l�e�m�s� �o�f� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y� 

�a�r�e� �s�t�u�d�i�e�d� �b�a�s�e�d� �u�p�o�n� �s�t�a�t�i�s�t�i�c�a�l� �d�e�c�i�s�i�o�n� �t�h�e�o�r�y�.� �T�h�e� �f�o�c�u�s� �o�f� �t�h�i�s� �c�h�a�p�t�e�r� �i�s� 

�o�n� �t�h�e� �s�t�r�u�c�t�u�r�i�n�g� �a�n�d� �m�o�d�e�l�i�n�g� �o�f� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y�.� 

�C�h�a�p�t�e�r� �V� �w�i�l�l� �d�i�s�c�u�s�s� �t�h�e� �c�o�n�c�e�p�t�s� �a�n�d� �a�p�p�r�o�a�c�h�e�s� �f�o�r� �c�h�o�o�s�i�n�g� �a� �b�e�s�t� �d�e�s�i�g�n�.� 

�4�.�2� �D�e�s�i�g�n� �E�v�a�l�u�a�t�i�o�n� �b�y� �D�e�c�i�s�i�o�n� �T�h�e�o�r�y� 

�4�.�2�.�1� �R�o�b�u�s�t� �d�e�s�i�g�n� �v�s�.� �"�b�e�s�t� �d�e�s�i�g�n�"� 

�T�o� �s�o�l�v�e� �a� �d�e�s�i�g�n� �p�r�o�b�l�e�m� �i�s� �t�o� �m�a�k�e� �t�h�e� �b�e�s�t� �c�h�o�i�c�e� �f�r�o�m� �a�m�o�n�g� �t�h�e� 

�a�v�a�i�l�a�b�l�e� �c�o�u�r�s�e�s� �o�f� �a�c�t�i�o�n�.� �I�n� �o�r�d�e�r� �t�o� �m�a�x�i�m�i�z�e� �t�h�e� �c�h�a�n�c�e� �o�f� �a�t�t�a�i�n�i�n�g� �o�r� 

�a�p�p�r�o�x�i�m�a�t�i�n�g� �t�h�e� �b�e�s�t� �s�o�l�u�t�i�o�n� �t�o� �a� �d�e�s�i�g�n� �p�r�o�b�l�e�m�,� �o�n�e� �m�u�s�t� �u�n�d�e�r�s�t�a�n�d� �w�h�a�t



�t�h�e� �"�b�e�s�t�"� �s�o�l�u�t�i�o�n� �t�o� �t�h�e� �p�r�o�b�l�e�m� �i�s�.� �H�o�w�e�v�e�r�,� �a�s� �p�o�i�n�t�e�d� �o�u�t� �b�y� �A�c�k�o�f�f� �(�1�9�6�2�)�,� 

�i�t� �i�s� �n�o�t� �a�t� �a�l�l� �o�b�v�i�o�u�s� �w�h�a�t� �i�s� �m�e�a�n�t� �b�y� �t�h�e� �"�b�e�s�t�"� �s�o�l�u�t�i�o�n� �t�o� �a� �p�r�o�b�l�e�m�.� �A� �f�i�n�a�l� 

�d�e�f�i�n�i�t�i�o�n� �o�f� �"�b�e�s�t�"� �i�n� �t�h�i�s� �c�o�n�t�e�x�t� �h�a�s� �n�o�t� �y�e�t� �b�e�e�n� �a�t�t�a�i�n�e�d�,� �a�n�d� �i�t� �i�s� �n�o�t� �l�i�k�e�l�y� 

�t�h�a�t� �i�t� �e�v�e�r� �w�i�l�l� �b�e�.� 

�I�n� �r�e�s�o�l�v�i�n�g� �s�y�s�t�e�m� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y�,� �d�o�e�s� �a� 

�r�o�b�u�s�t� �d�e�s�i�g�n� �a�s� �d�e�f�i�n�e�d� �i�n� �C�h�a�p�t�e�r� �I�l�l� �r�e�p�r�e�s�e�n�t� �t�h�e� �b�e�s�t� �d�e�s�i�g�n� �f�o�r� �t�h�e� �o�v�e�r�a�l�l� 

�d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�?� �T�o� �a�n�s�w�e�r� �t�h�i�s� �q�u�e�s�t�i�o�n�,� �t�h�r�e�e� �a�s�p�e�c�t�s� �o�f� �t�h�e� �d�e�s�i�g�n� 

�d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d�.� �O�n�e� �i�s� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� 

�s�y�s�t�e�m�'�s� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�(�s�)� �d�u�e� �t�o� �v�a�r�i�o�u�s� �u�n�c�e�r�t�a�i�n�t�i�e�s�.� �E�x�p�e�r�i�e�n�c�e� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �u�s�e� �o�f� �m�e�a�n� �a�s� �t�h�e� �d�e�c�i�s�i�o�n� �c�r�i�t�e�r�i�o�n� �f�o�r� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� 

�f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y� �m�a�y� �r�e�s�u�l�t� �i�n� �a� �p�o�o�r� �d�e�s�i�g�n�.� �A�t�t�e�m�p�t�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� 

�v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �h�a�v�e� �l�e�d� �t�o� �t�h�e� �p�h�i�l�o�s�o�p�h�y� �o�f� �r�o�b�u�s�t� �d�e�s�i�g�n�.� 

�A�c�t�u�a�l�l�y�,� �t�h�e� �c�o�n�c�e�p�t� �o�f� �m�i�n�i�m�i�z�a�t�i�o�n� �o�f� �v�a�r�i�a�t�i�o�n� �i�s� �o�f�t�e�n� �i�n�c�o�r�r�e�c�t�l�y� �i�n�t�e�r�p�r�e�t�e�d� 

�a�s� �T�a�g�u�c�h�i� �m�e�t�h�o�d�.� �T�h�i�s� �m�i�s�c�o�n�c�e�p�t�i�o�n� �l�e�a�d�s� �s�o�m�e� �t�o� �b�e�l�i�e�v�e� �t�h�a�t� �v�a�r�i�a�n�c�e� 

�m�i�n�i�m�i�z�a�t�i�o�n� �i�s� �a�n� �o�b�j�e�c�t�i�v�e� �c�r�i�t�e�r�i�o�n� �f�o�r� �i�d�e�n�t�i�f�y�i�n�g� �a� �b�e�s�t� �d�e�s�i�g�n�.� 

�A� �d�e�s�i�g�n� �w�h�i�c�h� �g�e�n�e�r�a�t�e�s� �a� �m�i�n�i�m�u�m� �v�a�r�i�a�n�c�e� �f�o�r� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�s� 

�n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �t�h�e� �b�e�s�t� �d�e�s�i�g�n�.� �V�a�r�i�a�t�i�o�n�s� �r�e�p�r�e�s�e�n�t� �t�h�e� �r�i�s�k�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� 

�p�r�o�c�e�s�s� �o�f� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n�.� �I�n� �c�o�m�p�a�r�i�n�g� �v�a�r�i�o�u�s� �c�a�n�d�i�d�a�t�e� �d�e�s�i�g�n�s�,� �o�n�e� 

�m�u�s�t� �k�e�e�p� �i�n� �m�i�n�d� �t�h�a�t� �d�i�f�f�e�r�e�n�t� �d�e�c�i�s�i�o�n� �m�a�k�e�r�s� �m�a�y� �n�o�t� �h�a�v�e� �i�d�e�n�t�i�c�a�l� �r�i�s�k� 

�a�t�t�i�t�u�d�e�s�.� �T�h�i�s� �s�u�b�j�e�c�t�i�v�e� �n�a�t�u�r�e� �o�f� �t�h�e� �D�M� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �i�n� �o�r�d�e�r� �t�o� �s�e�l�e�c�t� 

�a� �b�e�s�t� �d�e�s�i�g�n�.� �T�h�u�s�,� �t�h�e� �s�e�c�o�n�d� �a�s�p�e�c�t� �o�f� �t�h�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� 

�c�o�n�c�e�r�n�s� �t�h�e� �r�i�s�k� �a�t�t�i�t�u�d�e� �o�f� �t�h�e� �D�M� �t�o�w�a�r�d� �v�a�r�i�o�u�s� �l�e�v�e�l�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e�.� 

�T�a�g�u�c�h�i�'�s� �r�o�b�u�s�t� �d�e�s�i�g�n� �a�p�p�r�o�a�c�h� �i�s� �o�f�t�e�n� �u�s�e�d� �b�y� �c�o�n�s�i�d�e�r�i�n�g� �o�n�l�y� �a� �s�i�n�g�l�e� 

�a�t�t�r�i�b�u�t�e�.� �H�o�w�e�v�e�r�,� �a� �d�e�s�i�g�n� �w�h�i�c�h� �i�s� �o�p�t�i�m�a�l� �f�o�r� �i�n�d�i�v�i�d�u�a�l� �a�t�t�r�i�b�u�t�e�s� �o�f� �a� 

�s�y�s�t�e�m� �m�a�y� �n�o�t� �b�e� �b�e�s�t� �o�v�e�r�a�l�l�.� �T�a�g�u�c�h�i�'�s� �a�p�p�r�o�a�c�h� �d�o�e�s� �n�o�t� �a�d�d�r�e�s�s� �t�h�e� �t�h�i�r�d� 

�a�s�p�e�c�t� �o�f� �t�h�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�;� �t�h�a�t� �i�s�,� �t�h�e� �v�a�l�u�e� �t�r�a�d�e�-�o�f�f�s� �a�m�o�n�g� 

�m�u�l�t�i�p�l�e� �a�t�t�r�i�b�u�t�e�s� �o�r� �o�b�j�e�c�t�i�v�e�s�.� 

�I�n� �m�a�n�y� �c�a�s�e�s�,� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� �b�e�s�t� �d�e�s�i�g�n�,� �d�e�s�i�g�n�e�r�s� �h�a�v�e� �t�o� �c�o�n�s�i�d�e�r� �m�o�r�e� 

�t�h�a�n� �o�n�e� �a�t�t�r�i�b�u�t�e�.� �S�o�m�e� �a�t�t�r�i�b�u�t�e�s� �m�a�y� �b�e� �m�o�r�e� �i�m�p�o�r�t�a�n�t� �t�h�a�n� �o�t�h�e�r�s� �a�n�d� 

�s�o�m�e� �m�a�y� �b�e� �h�a�r�d� �w�h�i�l�e� �o�t�h�e�r�s� �m�a�y� �b�e� �s�o�f�t� �c�r�i�t�e�r�i�a�.� �S�p�e�c�i�f�i�c� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� 

�t�h�e�s�e� �a�t�t�r�i�b�u�t�e�s� �m�a�y� �b�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a�n�y� �l�e�v�e�l� �o�f� �t�h�e� �d�e�s�i�g�n� �p�r�o�c�e�s�s�.� 

�E�x�a�m�p�l�e�s� �o�f� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� �i�n�c�l�u�d�e� �f�a�c�t�o�r�s� �s�u�c�h� �a�s� �h�o�w� �w�e�l�l� �t�h�e� �d�e�s�i�g�n� 

�s�p�e�c�i�f�i�c�a�t�i�o�n�s� �a�r�e� �m�e�t� �a�s� �w�e�l�l� �a�s� �c�o�s�t�,� �r�e�l�i�a�b�i�l�i�t�y�,� �a�n�d� �m�a�i�n�t�a�i�n�a�b�i�l�i�t�y�.� �T�o� �o�b�t�a�i�n� 
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�t�h�e� �b�e�s�t� �d�e�s�i�g�n� �p�o�s�s�i�b�l�e� �w�i�t�h� �t�h�e� �r�e�s�o�u�r�c�e�s� �a�v�a�i�l�a�b�l�e�,� �t�h�e� �D�M� �m�u�s�t� �w�e�i�g�h� �v�a�l�u�e� 

�j�u�d�g�m�e�n�t�s� �t�h�a�t� �i�n�v�o�l�v�e� �v�a�r�i�o�u�s� �f�a�c�t�o�r�s�.� �T�h�u�s�,� �t�o� �m�a�k�e� �t�h�e� �o�p�t�i�m�a�l� �d�e�c�i�s�i�o�n� �i�s� �t�o� 

�c�h�o�o�s�e� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �f�r�o�m� �a�m�o�n�g� �t�h�o�s�e� �a�v�a�i�l�a�b�l�e� �t�h�a�t� �w�i�l�l� �g�i�v�e� �t�h�e� �b�e�s�t� 

�p�e�r�f�o�r�m�a�n�c�e�,� �c�o�n�s�i�d�e�r�i�n�g� �a�l�l� �f�a�c�t�o�r�s�,� �i�n�c�l�u�d�i�n�g� �r�o�b�u�s�t�n�e�s�s�.� �T�h�i�s� �b�e�s�t� 

�p�e�r�f�o�r�m�a�n�c�e� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �o�p�t�i�m�u�m� �c�o�m�p�r�o�m�i�s�e� �o�f� �a�l�l� �t�h�e� �f�a�c�t�o�r�s� �c�o�n�s�i�d�e�r�e�d�.� 

�T�h�u�s�,� �t�o� �r�e�s�o�l�v�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �p�r�o�b�l�e�m�s� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y�,� �o�n�e� �m�u�s�t� 

�c�o�n�s�i�d�e�r� �p�e�r�f�o�r�m�a�n�c�e� �v�a�r�i�a�t�i�o�n�s�,� �r�i�s�k� �a�t�t�i�t�u�d�e�s�,� �a�n�d� �v�a�l�u�e� �t�r�a�d�e�-�o�f�f�s� �j�o�i�n�t�l�y�.� �W�e� 

�w�o�u�l�d� �l�i�k�e� �t�o� �s�e�l�e�c�t� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �w�h�i�c�h� �i�s� �e�x�p�e�c�t�e�d� �t�o� �r�e�s�u�l�t� �i�n� �t�h�e� �g�r�e�a�t�e�s�t� 

�d�e�g�r�e�e� �o�f� �a�c�h�i�e�v�e�m�e�n�t� �o�f� �o�u�r� �o�b�j�e�c�t�i�v�e�s�.� �A� �b�e�s�t� �d�e�s�i�g�n� �i�s� �n�o�t� �o�n�l�y� �r�o�b�u�s�t� �f�o�r� �a�n� 

�i�n�d�i�v�i�d�u�a�l� �a�t�t�r�i�b�u�t�e�,� �b�u�t� �a�l�s�o� �p�r�o�v�i�d�e�s� �a�n� �o�p�t�i�m�a�l� �t�r�a�d�e�-�o�f�f� �a�m�o�n�g� �v�a�r�i�o�u�s� 

�a�t�t�r�i�b�u�t�e�s� �o�f� �c�o�n�c�e�r�n�.� �I�n� �t�h�i�s� �s�e�n�s�e�,� �t�h�e� �"�b�e�s�t� �d�e�s�i�g�n�"� �i�s� �s�u�b�j�e�c�t�i�v�e�.� �I�t� �d�e�p�e�n�d�s� 

�u�p�o�n� �t�h�e� �v�a�l�u�e� �p�r�e�f�e�r�e�n�c�e�s� �a�n�d� �r�i�s�k� �a�t�t�i�t�u�d�e�s� �o�f� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r�.� 

�4�.�2�.�2� �D�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �b�y� �d�e�c�i�s�i�o�n� �t�h�e�o�r�y� 

�A�s� �d�e�f�i�n�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�4�.�3�,� �"�r�o�b�u�s�t�n�e�s�s�"� �m�e�a�n�s� �t�h�e� �i�n�s�e�n�s�i�t�i�v�i�t�y� �o�f� �a� �d�e�s�i�g�n� 

�t�o� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �b�o�t�h� �t�h�e� �s�y�s�t�e�m� �a�c�q�u�i�s�i�t�i�o�n� �s�t�a�g�e� �a�n�d� �t�h�e� �s�y�s�t�e�m� �u�t�i�l�i�z�a�t�i�o�n� 

�s�t�a�g�e�.� �S�i�n�c�e� �t�h�e� �d�e�s�i�g�n� �o�f� �e�n�g�i�n�e�e�r�e�d� �s�y�s�t�e�m�s� �i�s� �o�f�t�e�n� �a�c�c�o�m�p�l�i�s�h�e�d� �w�i�t�h�o�u�t� 

�c�o�m�p�l�e�t�e� �i�n�f�o�r�m�a�t�i�o�n�,� �t�h�e� �a�s�s�u�r�a�n�c�e� �o�f� �p�e�r�f�o�r�m�a�n�c�e� �c�a�n� �s�e�l�d�o�m� �b�e� �p�e�r�f�e�c�t�.� 

�M�o�r�e�o�v�e�r�,� �m�a�n�y� �d�e�c�i�s�i�o�n�s� �t�h�a�t� �a�r�e� �r�e�q�u�i�r�e�d� �d�u�r�i�n�g� �t�h�e� �p�r�o�c�e�s�s� �o�f� �p�l�a�n�n�i�n�g� �a�n�d� 

�d�e�s�i�g�n� �a�r�e� �i�n�v�a�r�i�a�b�l�y� �m�a�d�e� �u�n�d�e�r� �c�o�n�d�i�t�i�o�n�s� �o�f� �u�n�c�e�r�t�a�i�n�t�y�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e�r�e� �i�s� 

�i�n�v�a�r�i�a�b�l�y� �s�o�m�e� �c�h�a�n�c�e� �o�f� �n�o�n�p�e�r�f�o�r�m�a�n�c�e� �o�r� �f�a�i�l�u�r�e� �a�n�d� �o�f� �i�t�s� �a�s�s�o�c�i�a�t�e�d� 

�a�d�v�e�r�s�e� �c�o�n�s�e�q�u�e�n�c�e�s�;� �h�e�n�c�e�,� �r�i�s�k� �i�s� �o�f�t�e�n� �u�n�a�v�o�i�d�a�b�l�e�.� �U�n�d�e�r� �s�u�c�h� 

�c�o�n�d�i�t�i�o�n�s�,� �i�t� �i�s� �n�o�t� �f�e�a�s�i�b�l�e� �(�p�r�a�c�t�i�c�a�l�l�y� �o�r� �e�c�o�n�o�m�i�c�a�l�l�y�)� �t�o� �a�s�s�u�r�e� �a�b�s�o�l�u�t�e� 

�p�e�r�f�o�r�m�a�n�c�e� �o�f� �e�n�g�i�n�e�e�r�e�d� �s�y�s�t�e�m�s�.� �T�h�u�s�,� �i�n�s�t�e�a�d� �o�f� �t�a�l�k�i�n�g� �a�b�o�u�t� �r�o�b�u�s�t� 

�d�e�s�i�g�n� �i�n� �a� �n�a�r�r�o�w� �s�e�n�s�e�,� �t�h�e� �p�u�r�p�o�s�e� �o�f� �d�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n� �s�h�o�u�l�d� �b�e� �t�o� 

�d�e�v�e�l�o�p� �t�h�e�  ��b�e�s�t� �d�e�s�i�g�n�"� �b�y� �c�o�n�s�i�d�e�r�i�n�g� �t�h�r�e�e� �a�s�p�e�c�t�s� �o�f� �t�h�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� 

�p�r�o�b�l�e�m� �d�i�s�c�u�s�s�e�d� �a�b�o�v�e�.� 

�I�n� �d�e�t�e�r�m�i�n�i�n�g� �w�h�a�t� �a� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �i�s� �b�e�s�t�,� �o�n�e� �i�s� �c�o�n�c�e�r�n�e�d� �w�i�t�h� �t�h�e� 

�c�h�o�i�c�e�s� �a� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �s�h�o�u�l�d� �m�a�k�e�,� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �w�i�t�h� �t�h�o�s�e� �t�h�e� �D�M� 

�n�o�r�m�a�l�l�y� �m�a�k�e�s�.� �I�n� �o�r�d�e�r� �t�o� �a�p�p�l�y� �t�h�e� �c�o�n�c�e�p�t� �o�f� �"�b�e�s�t� �d�e�c�i�s�i�o�n�"� �t�o� �d�e�s�i�g�n� 

�e�v�a�l�u�a�t�i�o�n� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �l�o�s�s�e�s� �(�a�n�d� �g�a�i�n�s�)� 

�f�r�o�m� �f�a�l�s�e�l�y� �(�o�r� �c�o�r�r�e�c�t�l�y�)� �r�e�j�e�c�t�i�n�g� �o�r� �a�c�c�e�p�t�i�n�g� �a�n� �a�l�t�e�r�n�a�t�i�v�e�.� �I�t� �i�s� �a�l�s�o� 

�n�e�c�e�s�s�a�r�y� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �l�o�s�s�e�s� �d�u�e� �t�o� �e�r�r�o�r� �i�n� �e�s�t�i�m�a�t�i�n�g� �t�h�e� �v�a�l�u�e� �o�f� �a� 
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�p�a�r�a�m�e�t�e�r�,� �w�h�e�n� �t�h�i�s� �e�s�t�i�m�a�t�e� �m�a�y� �b�e� �u�s�e�d� �f�o�r� �m�a�n�y� �p�u�r�p�o�s�e�s� �o�f� �w�h�i�c�h� �t�h�e� 

�r�e�s�e�a�r�c�h� �c�a�n�n�o�t� �b�e� �a�w�a�r�e�.� �T�h�u�s�,� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y� �i�s� 

�a�c�t�u�a�l�l�y� �a� �p�r�o�b�l�e�m� �o�f� �d�e�c�i�s�i�o�n� �m�a�k�i�n�g� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y�.� �A�s� �i�n�d�i�c�a�t�e�d� �b�y� 

�S�i�n�g�p�u�r�w�a�l�l�a� �(�1�9�9�1�)�,� �t�h�e� �t�e�r�m�  ��d�e�s�i�g�n� �b�y� �d�e�c�i�s�i�o�n� �t�h�e�o�r�y �� �w�o�u�l�d� �m�o�r�e� �a�c�c�u�r�a�t�e�l�y� 

�e�n�c�a�p�s�u�l�a�t�e� �t�h�e� �t�o�t�a�l�i�t�y� �o�f� �T�a�g�u�c�h�i�'�s� �i�d�e�a�s�.� �S�u�c�h� �a�n� �a�p�p�r�o�a�c�h� �w�o�u�l�d� �r�a�i�s�e� �t�h�e� 

�l�e�v�e�l� �o�f� �a�w�a�r�e�n�e�s�s� �i�n� �e�n�g�i�n�e�e�r�i�n�g� �d�e�s�i�g�n� �b�y� �s�h�i�f�t�i�n�g� �e�m�p�h�a�s�i�s� �f�r�o�m� �t�h�e� �n�a�r�r�o�w� 

�a�s�p�e�c�t� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �t�o� �t�h�e� �m�o�r�e� �e�n�c�o�m�p�a�s�s�i�n�g� �o�n�e� �o�f� �d�e�c�i�s�i�o�n� 

�m�a�k�i�n�g� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y�.� 

�T�h�e� �d�e�c�i�s�i�o�n� �a�n�a�l�y�s�i�s� �a�p�p�r�o�a�c�h� �c�a�n� �i�n�t�e�g�r�a�t�e� �t�h�e� �k�e�y� �s�t�e�p�s� �o�f� �e�n�g�i�n�e�e�r�i�n�g� 

�d�e�s�i�g�n�.� �I�n�s�t�e�a�d� �o�f� �f�o�c�u�s�i�n�g� �o�n� �c�e�r�t�a�i�n� �p�a�r�t�s� �o�f� �t�h�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s�,� 

�s�u�c�h� �a�s� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n�,� �s�i�g�n�a�l� �t�o� �n�o�i�s�e� �r�a�t�i�o�s�,� �e�t�c�.�,� �t�h�e� �d�e�c�i�s�i�o�n� �a�n�a�l�y�s�i�s� 

�a�p�p�r�o�a�c�h� �c�o�n�c�e�n�t�r�a�t�e�s� �o�n� �t�h�e� �o�v�e�r�a�l�l� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s�.� �S�t�a�t�i�s�t�i�c�a�l� �t�h�e�o�r�y� 
�u�n�d�e�r�l�y�i�n�g� �t�h�i�s� �t�h�e�m�e� �i�s� �w�e�l�l� �d�e�v�e�l�o�p�e�d�,� �a�n�d� �l�i�k�e� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �t�h�e�o�r�y� �o�f� �t�h�e� 

�d�e�s�i�g�n� �o�f� �e�x�p�e�r�i�m�e�n�t�s�,� �d�e�s�i�g�n� �e�n�g�i�n�e�e�r�s� �s�h�o�u�l�d� �l�e�a�r�n� �t�o� �a�p�p�l�y� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� 

�t�h�e�o�r�y� �t�o� �d�e�s�i�g�n� �p�r�a�c�t�i�c�e�.� 

�4�.�3� �M�o�d�e�l�i�n�g� �o�f� �D�e�s�i�g�n� �D�e�c�i�s�i�o�n� �P�r�o�b�l�e�m�s� 

�4�.�3�.�1� �D�e�c�i�s�i�o�n� �t�r�e�e� 

�D�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�s� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y� �a�r�e� �m�a�d�e� �u�p� �o�f� 

�d�e�c�i�s�i�o�n�s� �a�n�d� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�.� �T�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �a� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� �i�n� �t�e�r�m�s� �o�f� 

�t�h�e� �s�e�q�u�e�n�c�e� �a�n�d� �c�a�u�s�a�l� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �v�a�r�i�o�u�s� �d�e�c�i�s�i�o�n�s� �a�n�d� �u�n�c�e�r�t�a�i�n� 

�o�u�t�c�o�m�e�s� �c�a�n� �b�e� �e�f�f�e�c�t�i�v�e�l�y� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� �d�e�c�i�s�i�o�n� �t�r�e�e�.� 

�C�o�n�c�e�p�t�u�a�l�l�y�,� �t�h�e� �s�y�m�b�o�l�i�c� �l�o�g�i�c� �o�f� �t�h�e� �d�e�c�i�s�i�o�n� �t�r�e�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �i�s� 

�c�l�o�s�e�l�y� �a�k�i�n� �t�o� �t�h�a�t� �o�f� �n�e�t�w�o�r�k� �a�n�a�l�y�s�i�s�.� �D�e�c�i�s�i�o�n� �t�r�e�e�s� �a�r�e� �b�u�i�l�t� �u�p� �a�s� �a� 

�c�o�n�n�e�c�t�i�o�n� �o�f� �e�s�s�e�n�t�i�a�l�l�y� �t�w�o� �f�u�n�d�a�m�e�n�t�a�l� �u�n�i�t�s�,� �n�a�m�e�l�y� �d�e�c�i�s�i�o�n� �n�o�d�e�s� �a�n�d� 

�c�h�a�n�c�e� �n�o�d�e�s�.� �D�e�c�i�s�i�o�n� �n�o�d�e�s� �a�r�e� �c�o�n�v�e�n�t�i�o�n�a�l�l�y� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� �s�q�u�a�r�e� �b�o�x� 

�(�F�i�g�u�r�e� �4�.�1�)� �a�n�d� �i�n�d�i�c�a�t�e� �t�h�a�t� �s�u�b�s�e�q�u�e�n�t� �n�o�d�e�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�i�s� �b�o�x� �c�a�n� �b�e� 

�r�e�a�c�h�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �d�e�t�e�r�m�i�n�i�s�t�i�c� �c�h�o�i�c�e� �o�n� �t�h�e� �p�a�r�t� �o�f� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �a�t� 

�t�h�i�s� �p�o�i�n�t�.� �T�h�e� �s�e�t� �o�f� �s�u�b�s�e�q�u�e�n�t� �n�o�d�e�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �b�o�x� �w�i�l�l� �t�h�u�s� �r�e�p�r�e�s�e�n�t� 

�t�h�e� �D�M�'�s� �s�e�t� �o�f� �f�e�a�s�i�b�l�e� �d�e�c�i�s�i�o�n�s�,� �a�n�d� �t�h�e�s�e� �n�o�d�e�s� �c�a�n� �b�e� �f�u�t�u�r�e� �d�e�c�i�s�i�o�n� 

�n�o�d�e�s�,� �t�e�r�m�i�n�a�l� �p�a�y�o�f�f�s� �o�r�,� �m�o�r�e� �u�s�u�a�l�l�y�,� �c�h�a�n�c�e� �n�o�d�e�s�.� 
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�C�h�a�n�c�e� �n�o�d�e�s� �a�r�e� �c�o�n�v�e�n�t�i�o�n�a�l�l�y� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �c�i�r�c�l�e�s� �(�F�i�g�u�r�e� �4�.�1�)� �a�n�d� 

�i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �s�e�t� �o�f� �s�u�b�s�e�q�u�e�n�t� �n�o�d�e�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�i�s� �c�i�r�c�l�e� �w�i�l�l� �b�e� �r�e�a�c�h�e�d� 

�a�c�c�o�r�d�i�n�g� �t�o� �s�o�m�e� �p�r�o�b�a�b�i�l�i�s�t�i�c� �p�r�o�c�e�s�s� �o�v�e�r� �w�h�i�c�h� �t�h�e� �D�M� �h�a�s� �n�o� �c�o�n�t�r�o�l� 

�(�a�l�t�h�o�u�g�h� �t�h�e� �D�M� �w�i�l�l� �t�y�p�i�c�a�l�l�y� �h�a�v�e� �s�o�m�e� �b�e�l�i�e�f�s� �u�p�o�n� �w�h�i�c�h� �a�r�e� �m�o�r�e� �o�r� �l�e�s�s� 

�l�i�k�e�l�y� �t�h�a�n� �o�t�h�e�r�s�)�.� �T�h�u�s� �t�h�i�s� �s�e�t� �o�f� �s�u�b�s�e�q�u�e�n�t� �n�o�d�e�s� �w�i�l�l� �r�e�p�r�e�s�e�n�t� �t�h�e� �s�e�t� �o�f� 

�p�o�s�s�i�b�l�e� �o�u�t�c�o�m�e�s� �a�n�d� �w�i�l�l� �b�e� �e�i�t�h�e�r� �f�u�t�u�r�e� �d�e�c�i�s�i�o�n� �o�r� �c�h�a�n�c�e� �n�o�d�e�s�,� �o�r� �a� �f�i�n�a�l� 

�t�e�r�m�i�n�a�l� �p�a�y�o�f�f�.� 

�a� 
� � 

�A� �d�e�c�i�s�i�o�n� �n�o�d�e� 
� � � � � � 

�A� �c�h�a�n�c�e� �n�o�d�e� 

�F�i�g�u�r�e� �4�.�1�.� �A� �d�e�c�i�s�i�o�n� �n�o�d�e� �a�n�d� �a� �c�h�a�n�c�e� �n�o�d�e� 

�D�e�c�i�s�i�o�n� �t�r�e�e�s� �l�i�n�k� �t�o�g�e�t�h�e�r� �t�h�e�s�e� �t�w�o� �t�y�p�e�s� �o�f� �n�o�d�e�s� �t�o� �r�e�p�r�e�s�e�n�t� �p�o�s�s�i�b�l�e� 

�o�u�t�c�o�m�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �s�u�p�p�o�s�e� �a� �p�a�r�t�i�c�u�l�a�r� �d�e�c�i�s�i�o�n�,� �s�a�y�,� �a�,�,� �i�s� �s�e�l�e�c�t�e�d� �a�n�d� 

�t�h�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�,� �5�,� �O�C�C�U�T�F�S�.� �T�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �t�h�e� �e�v�e�n�t� �w�i�l�l� �r�e�m�o�v�e� �a�l�l� 

�u�n�c�e�r�t�a�i�n�t�y� �f�r�o�m� �t�h�e� �p�r�o�b�l�e�m� �a�n�d� �t�h�e� �a�c�t�i�o�n�,� �a�,� �w�i�l�l� �p�r�o�d�u�c�e� �a� �d�e�f�i�n�i�t�e� �r�e�s�u�l�t� 

�w�h�i�c�h� �c�a�n� �b�e� �f�o�r�e�s�e�e�n� �w�i�t�h� �c�e�r�t�a�i�n�t�y�.� �I�n� �o�t�h�e�r� �w�o�r�d�s�,� �t�h�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �a�,� �w�i�t�h� 

�s�,� �w�i�l�l� �r�e�s�u�l�t� �i�n� �a� �f�o�r�e�s�e�e�a�b�l�e� �c�o�n�s�e�q�u�e�n�c�e�.� �T�h�i�s� �c�o�n�s�e�q�u�e�n�c�e� �c�a�n� �b�e� �w�r�i�t�t�e�n� �c�,�,� 

�A�n� �e�x�a�m�p�l�e� �o�f� �d�e�c�i�s�i�o�n� �t�r�e�e�s� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �4�.�2�.� 

�4�8
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�a�1� 

�C�1�2� 

� � 

� � � � � � 

�C�o�}� 

�S�2� 

�F�i�g�u�r�e� �4�.�2�.� �A�n� �e�x�a�m�p�l�e� �o�f� �d�e�c�i�s�i�o�n� �t�r�e�e�s� 

�4�.�3�.�2� �T�w�o� �t�y�p�e�s� �o�f� �o�u�t�c�o�m�e� �s�p�a�c�e�s� 

�T�h�e� �s�t�a�r�t�i�n�g� �p�o�i�n�t� �f�o�r� �t�h�e� �m�o�d�e�l�i�n�g� �o�f� �d�e�c�i�s�i�o�n� �m�a�k�i�n�g� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y� �i�s� 

�t�o� �s�p�e�c�i�f�y� �t�h�e� �o�u�t�c�o�m�e� �s�p�a�c�e�.� �T�h�e� �e�n�d� �p�o�i�n�t�s� �i�n� �a� �d�e�c�i�s�i�o�n� �t�r�e�e� �r�e�p�r�e�s�e�n�t� �t�h�e� 

�o�u�t�c�o�m�e� �s�p�a�c�e� �f�o�r� �t�h�e� �m�o�d�e�l� �o�f� �t�h�e� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�.� �T�h�e� �l�e�v�e�l�s� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �a�s�s�i�g�n�e�d� �t�o� �t�h�e� �e�n�d� �p�o�i�n�t�s� �a�r�e� �s�p�e�c�i�f�i�c� �v�a�l�u�e�s� �o�f� �a� �r�a�n�d�o�m� 

�v�a�r�i�a�b�l�e�.� 

�B�a�s�i�c�a�l�l�y�,� �t�h�e� �o�u�t�c�o�m�e� �s�p�a�c�e� �f�o�r� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�s� �c�a�n� �b�e� �m�o�d�e�l�e�d� 

�e�i�t�h�e�r� �d�i�s�c�r�e�t�e�l�y� �o�r� �c�o�n�t�i�n�u�o�u�s�l�y�.� �T�h�e� �t�y�p�e� �o�f� �m�o�d�e�l�s� �u�s�e�d� �f�o�r� �d�e�s�c�r�i�b�i�n�g� �a�n� 

�o�u�t�c�o�m�e� �s�p�a�c�e� �d�e�p�e�n�d�s� �o�n� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �b�o�t�h� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �a�n�d� 

�d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �I�f� �t�h�e� �o�u�t�c�o�m�e�s� �o�f� �a� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� 

�a�r�e� �e�i�t�h�e�r� �c�o�n�t�i�n�u�o�u�s� �o�r� �c�o�n�s�i�s�t� �o�f� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �p�o�s�s�i�b�l�e� �o�u�t�c�o�m�e�s�,� �a� 

�c�o�n�t�i�n�u�o�u�s� �m�o�d�e�l� �s�h�o�u�l�d� �b�e� �u�s�e�d�.� �F�o�r� �e�x�a�m�p�l�e�,� �i�n� �s�o�m�e� �c�a�s�e�s�,� �t�h�e� �o�u�t�c�o�m�e� 
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�s�p�a�c�e� �i�s� �a�c�t�u�a�l�l�y� �c�o�n�t�i�n�u�o�u�s�,� �s�u�c�h� �a�s� �t�h�e� �g�a�s� �m�i�l�e�a�g�e� �o�f� �a� �c�a�r� �(�n�e�g�l�e�c�t�i�n�g� 

�l�i�m�i�t�a�t�i�o�n�s� �d�u�e� �t�o� �m�e�a�s�u�r�e�m�e�n�t� �a�c�c�u�r�a�c�y�)�.� �I�n� �o�t�h�e�r� �c�a�s�e�s�,� �t�h�e� �o�u�t�c�o�m�e� �s�p�a�c�e� �i�s� 

�d�e�f�i�n�e�d� �e�s�s�e�n�t�i�a�l�l�y� �b�y� �c�o�n�t�i�n�u�o�u�s� �v�a�r�i�a�b�l�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �n�u�m�b�e�r� �o�f� �n�e�w� 

�c�a�r�s� �s�o�l�d� �i�n� �a� �c�e�r�t�a�i�n� �g�e�o�g�r�a�p�h�i�c�a�l� �a�r�e�a� �d�u�r�i�n�g� �a� �m�o�n�t�h� �m�i�g�h�t� �c�o�v�e�r� �t�h�e� �r�a�n�g�e� �o�f� 

�w�h�o�l�e� �n�u�m�b�e�r�s� �b�e�t�w�e�e�n� �1�,�0�0�0� �t�o� �1�0�,�0�0�0�.� �F�r�o�m� �a� �p�r�a�c�t�i�c�a�l� �p�o�i�n�t� �o�f� �v�i�e�w�,� �i�t� �m�a�y� 

�b�e� �i�m�p�o�s�s�i�b�l�e� �t�o� �s�e�p�a�r�a�t�e�l�y� �a�s�s�e�s�s� �p�r�o�b�a�b�i�l�i�t�i�e�s� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �9�0�0�1� �p�o�i�n�t�s� 

�r�e�q�u�i�r�e�d� �b�y� �s�u�c�h� �a� �m�o�d�e�l�.� �A� �m�o�d�e�l� �b�a�s�e�d� �o�n� �a� �c�o�n�t�i�n�u�o�u�s� �s�e�t� �o�f� �o�u�t�c�o�m�e�s� �m�a�y� 

�b�e� �t�h�e� �b�e�s�t� �a�p�p�r�o�x�i�m�a�t�i�o�n� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�i�s� �e�s�s�e�n�t�i�a�l�l�y� �c�o�n�t�i�n�u�o�u�s� �o�u�t�c�o�m�e� 

�s�p�a�c�e�.� �|� 

�D�e�c�i�s�i�o�n� �d�i�a�g�r�a�m�s� �r�e�p�r�e�s�e�n�t� �c�o�n�t�i�n�u�o�u�s� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e�s� �b�y� �f�a�n�s� �a�n�d� �a� 

�s�i�n�g�l�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�u�t�c�o�m�e�.� �T�h�e�y� �d�o� �n�o�t� �s�h�o�w� �i�n�d�i�v�i�d�u�a�l� �b�r�a�n�c�h�e�s�.� �I�n�s�t�e�a�d�,� 

�e�v�e�n�t� �f�a�n�s� �a�n�d� �a�l�t�e�r�n�a�t�i�v�e� �f�a�n�s� �a�r�e� �u�s�e�d�.� �F�i�g�u�r�e� �4�.�3� �s�h�o�w�s� �a� �h�y�p�o�t�h�e�t�i�c�a�l� 

�a�l�t�e�r�n�a�t�i�v�e� �f�a�n� �a�n�d� �a� �h�y�p�o�t�h�e�t�i�c�a�l� �e�v�e�n�t� �f�a�n�.� 

�4�.�3�.�3� �C�o�n�v�e�r�s�i�o�n� �o�f� �c�o�n�t�i�n�u�o�u�s� �p�r�o�b�a�b�i�l�i�t�y� �m�o�d�e�l�s� �t�o� �d�i�s�c�r�e�t�e� �m�o�d�e�l�s� 

�C�o�n�t�i�n�u�o�u�s� �p�r�o�b�a�b�i�l�i�t�y� �m�o�d�e�l�s� �a�r�e� �o�f�t�e�n� �u�s�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� 

�w�i�t�h� �c�o�n�t�i�n�u�o�u�s� �o�u�t�c�o�m�e�s� �o�r� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �o�u�t�c�o�m�e�s� �i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �a� 

�g�o�o�d� �m�o�d�e�l�.� �I�f� �a� �c�o�n�t�i�n�u�o�u�s� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �b�y� �a� 

�d�i�s�c�r�e�t�e� �d�i�s�t�r�i�b�u�t�i�o�n�,� �c�o�m�p�u�t�a�t�i�o�n�s� �c�a�n� �b�e� �f�a�c�i�l�i�t�a�t�e�d�.� �T�h�e� �a�b�i�l�i�t�y� �t�o� �g�e�n�e�r�a�t�e� 

�d�i�s�c�r�e�t�e� �a�p�p�r�o�x�i�m�a�t�i�o�n�s� �f�o�r� �c�o�n�t�i�n�u�o�u�s� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�l�l�o�w�s� �a�l�l� �d�e�f�i�n�i�t�i�o�n�s� �a�n�d� 

�m�a�n�i�p�u�l�a�t�i�o�n�s� �f�o�r� �d�i�s�c�r�e�t�e� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e�s� �t�o� �b�e� �u�s�e�d� �f�o�r� �c�o�n�t�i�n�u�o�u�s� �r�a�n�d�o�m� 

�v�a�r�i�a�b�l�e�s�.� 

�I�n� �p�r�i�n�c�i�p�l�e�,� �d�i�s�c�r�e�t�e� �a�p�p�r�o�x�i�m�a�t�i�o�n�s� �t�o� �c�o�n�t�i�n�u�o�u�s� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�s� 

�c�a�n� �b�e� �m�a�d�e� �a�s� �a�c�c�u�r�a�t�e� �a�s� �d�e�s�i�r�e�d�.� �T�h�e� �l�i�m�i�t�i�n�g� �f�a�c�t�o�r� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� 

�i�n�t�e�r�v�a�l�s� �u�s�e�d� �i�n� �t�h�e� �a�p�p�r�o�x�i�m�a�t�i�o�n�.� �W�i�t�h� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �c�o�m�p�u�t�e�r�s�,� �i�t� �i�s� 

�f�e�a�s�i�b�l�e� �t�o� �u�s�e� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �d�i�s�c�r�e�t�e� �p�o�i�n�t�s� �s�i�m�i�l�a�r� �t�o� �d�i�s�c�r�e�t�e� 

�a�p�p�r�o�x�i�m�a�t�i�o�n�s� �u�s�e�d� �i�n� �n�u�m�e�r�i�c�a�l� �i�n�t�e�g�r�a�t�i�o�n�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �a� �s�m�a�l�l� 

�n�u�m�b�e�r� �o�f� �i�n�t�e�r�v�a�l�s� �u�s�u�a�l�l�y� �p�r�o�v�i�d�e�s� �a�n� �a�d�e�q�u�a�t�e� �a�p�p�r�o�x�i�m�a�t�i�o�n�.� �T�h�e�r�e� �a�r�e� 

�s�e�v�e�r�a�l� �w�a�y�s� �o�f� �m�a�k�i�n�g� �t�h�i�s� �a�p�p�r�o�x�i�m�a�t�i�o�n�.� �T�h�e� �e�s�s�e�n�t�i�a�l� �p�r�o�b�l�e�m� �i�s� �t�o� �c�a�p�t�u�r�e� 

�t�h�e� �i�m�p�o�r�t�a�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �a� �d�i�s�t�r�i�b�u�t�i�o�n� �w�i�t�h� �a� �f�e�w� �d�i�s�c�r�e�t�e� �p�o�i�n�t�s�.� 
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� � 

� � � � �A� �c�o�n�t�i�n�u�o�u�s� �a�l�t�e�r�n�a�t�i�v�e� 
� � 

�A� �c�o�n�t�i�n�u�o�u�s� �e�v�e�n�t� 

�F�i�g�u�r�e� �4�.�3�.� �A� �c�o�n�t�i�n�u�o�u�s� �a�l�t�e�r�n�a�t�i�v�e� �a�n�d� �a� �c�o�n�t�i�n�u�o�u�s� �e�v�e�n�t� 

�4�.�4� �C�l�a�s�s�i�f�i�c�a�t�i�o�n� �o�f� �S�y�s�t�e�m� �D�e�s�i�g�n� �D�e�c�i�s�i�o�n� �P�r�o�b�l�e�m�s� 

�T�h�e� �o�u�t�c�o�m�e� �s�p�a�c�e� �o�f� �a� �s�y�s�t�e�m� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�t�h�r�e�e� �f�a�c�t�o�r�s�:� �t�h�e� �s�e�t� �o�f� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�,� �t�h�e� �s�e�t� �o�f� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s�,� �a�n�d� �t�h�e� 

�s�e�t� �o�f� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �I�n� �p�r�e�l�i�m�i�n�a�r�y� �s�y�s�t�e�m� �d�e�s�i�g�n�,� �t�h�e� �m�o�s�t� 

�c�o�m�m�o�n� �s�i�t�u�a�t�i�o�n� �i�s� �t�h�a�t� �t�h�e�r�e� �e�x�i�s�t�s� �a� �l�i�s�t� �a�,�,� �a�,� �.�.�.�,� �a�,� �o�f� �/� �e�x�c�l�u�s�i�v�e� �a�n�d� 
�e�x�h�a�u�s�t�i�v�e� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�.� �T�h�e� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �a�r�e� �u�s�u�a�l�l�y� �i�d�e�n�t�i�f�i�e�d� 

�b�e�f�o�r�e� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�s� �s�t�a�r�t�e�d�.� �F�o�r� �a� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�,� �t�h�e� �d�e�s�i�g�n� 

�v�a�r�i�a�b�l�e�s� �f�o�r�m� �t�h�e� �s�e�t� �o�f� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �f�o�r� �t�h�e� �p�r�o�b�l�e�m�.� �T�h�e� �v�a�r�i�o�u�s� 

�c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �t�h�e� �s�e�t�t�i�n�g�s� �o�f� �t�h�e� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �d�e�t�e�r�m�i�n�e� �a� �s�e�t� �o�f� �p�o�s�s�i�b�l�e� 

�d�e�c�i�s�i�o�n�s� �a�v�a�i�l�a�b�l�e� �w�i�t�h�i�n� �t�h�e� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�,� �{�d�}�.� �D�u�e� �t�o� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� 

�d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�,� �t�h�e�r�e� �i�s� �a� �s�e�t� �o�f� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�,� �{�s�}�.� �T�h�e� 

�e�v�e�n�t�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �s�e�t�t�i�n�g�s� �o�f� �t�h�e� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� 

�T�h�e� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� �i�s� �t�o� �s�e�l�e�c�t� �a� �s�i�n�g�l�e� �a�l�t�e�r�n�a�t�i�v�e� �a�n�d� �a� �s�i�n�g�l�e� �d�e�c�i�s�i�o�n� 

�w�i�t�h�i�n� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e�,� �n�o�t� �K�n�o�w�i�n�g� �w�h�i�c�h� �m�e�m�b�e�r� �o�f� �t�h�e� �e�v�e�n�t� �s�e�t� �w�i�l�l� �b�e� �t�r�u�e�.� 
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�D�e�p�e�n�d�i�n�g� �u�p�o�n� �w�h�e�t�h�e�r� �t�h�e� �d�e�c�i�s�i�o�n�s� �a�n�d� �t�h�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� �c�a�n� �b�e� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �d�i�s�c�r�e�t�e� �m�o�d�e�l�s� �o�r� �b�y� �c�o�n�t�i�n�u�o�u�s� �m�o�d�e�l�s�,� �v�a�r�i�o�u�s� �d�e�s�i�g�n� 

�d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�s� �c�a�n� �b�e� �c�l�a�s�s�i�f�i�e�d� �i�n�t�o� �f�o�u�r� �c�a�t�e�g�o�r�i�e�s� �(�T�a�b�l�e� �4�.�1�)�.� �E�a�c�h� 

�c�a�t�e�g�o�r�y� �i�s� �d�i�s�c�u�s�s�e�d� �b�e�l�o�w�.� 

�T�a�b�l�e� �4�.�1�.� �C�l�a�s�s�i�f�i�c�a�t�i�o�n� �o�f� �D�e�s�i�g�n� �D�e�c�i�s�i�o�n� �P�r�o�b�l�e�m�s� 

� � 

�U�n�c�e�r�t�a�i�n� �E�v�e�n�t�s� 

� � 

� � 

�D�e�c�i�s�i�o�n�s� 

�D�i�s�c�r�e�t�e� �C�o�n�t�i�n�u�o�u�s� 

�D�i�s�c�r�e�t�e� �C�a�t�e�g�o�r�y� �1� �C�a�t�e�g�o�r�y� �2� 
�C�o�n�t�i�n�u�o�u�s� �C�a�t�e�g�o�r�y� �3� �C�a�t�e�g�o�r�y� �4� 
� � 

�4�.�5� �D�i�s�c�r�e�t�e� �d�e�c�i�s�i�o�n�s� �a�n�d� �d�i�s�c�r�e�t�e� �e�v�e�n�t�s� 

�I�n� �p�r�e�l�i�m�i�n�a�r�y� �s�y�s�t�e�m� �d�e�s�i�g�n�,� �a� �c�o�m�m�o�n� �s�i�t�u�a�t�i�o�n� �i�s� �t�h�a�t� �f�o�r� �e�a�c�h� �d�e�s�i�g�n� 

�a�l�t�e�r�n�a�t�i�v�e�,� �t�h�e�r�e� �e�x�i�s�t� �a� �l�i�s�t� �d�,�,� �d�,�,� �.�.�.�,� �d�,�,� �O�f� �m� �e�x�c�l�u�s�i�v�e� �a�n�d� �e�x�h�a�u�s�t�i�v�e� �d�e�s�i�g�n� 

�d�e�c�i�s�i�o�n�s� �t�o� �b�e� �s�e�l�e�c�t�e�d� �a�n�d� �t�h�e�r�e� �i�s� �a� �s�e�c�o�n�d� �l�i�s�t� �s�,�,� �s�,�,� �.�.�.�,� �s�,� �O�f� �m� �e�x�c�l�u�s�i�v�e� �a�n�d� 
�e�x�h�a�u�s�t�i�v�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�.� �T�h�u�s�,� �b�o�t�h� �t�h�e� �d�e�c�i�s�i�o�n�s� �a�n�d� �t�h�e� �e�v�e�n�t�s� �c�a�n� �b�e� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �d�i�s�c�r�e�t�e� �m�o�d�e�l�s�.� �T�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�i�s� �t�y�p�e� �o�f� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� 

�p�r�o�b�l�e�m� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� �m�u�l�t�i�-�s�t�a�g�e� �d�e�c�i�s�i�o�n� �d�i�a�g�r�a�m� �a�s� �i�n� �F�i�g�u�r�e� �4�.�4�.� 

�S�i�n�c�e� �b�o�t�h� �d�e�c�i�s�i�o�n�s� �a�n�d� �e�v�e�n�t�s� �a�r�e� �d�i�s�c�r�e�t�e�,� �t�h�e� �o�u�t�c�o�m�e� �s�p�a�c�e� �o�f� �t�h�e� �p�r�o�b�l�e�m� 

�i�s� �a�l�s�o� �d�i�s�c�r�e�t�e�.� 

�I�n� �c�o�n�s�t�r�u�c�t�i�n�g� �t�h�e� �d�e�c�i�s�i�o�n� �t�r�e�e�,� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �a�r�e� �i�d�e�n�t�i�f�i�e�d� �a�t� �t�h�e� 

�l�e�f�t�m�o�s�t� �d�e�c�i�s�i�o�n� �n�o�d�e�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �f�i�r�s�t� �s�t�e�p� �o�f� �t�h�e� �D�e�s�i�g�n� 

�D�e�p�e�n�d�e�n�t� �P�a�r�a�m�e�t�e�r� �a�p�p�r�o�a�c�h�.� �F�o�r� �e�a�c�h� �a�l�t�e�r�n�a�t�i�v�e�,� �v�a�r�i�o�u�s� �d�e�c�i�s�i�o�n�s� �a�r�e� 

�i�d�e�n�t�i�f�i�e�d� �a�t� �t�h�e� �d�e�c�i�s�i�o�n� �n�o�d�e�s� �i�n� �t�h�e� �m�i�d�d�l�e� �c�o�l�u�m�n� �b�y� �v�a�r�y�i�n�g� �t�h�e� �s�e�t�t�i�n�g�s� �o�f� 

�t�h�e� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s�.� �T�h�e� �c�h�a�n�c�e� �n�o�d�e�s� �r�e�f�l�e�c�t� �t�h�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �i�n� �t�h�e� �d�e�s�i�g�n�-� 

�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �A�t� �e�a�c�h� �c�h�a�n�c�e� �n�o�d�e�,� �a�l�l� �o�f� �t�h�e� �p�o�s�s�i�b�l�e� �u�n�c�e�r�t�a�i�n� 

�5�2



�D�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �D�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �U�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� 
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�F�i�g�u�r�e� �4�.�4�.� �D�i�s�c�r�e�t�e� �d�e�c�i�s�i�o�n�s� �a�n�d� �d�i�s�c�r�e�t�e� �e�v�e�n�t�s



�e�v�e�n�t�s� �a�r�e� �i�d�e�n�t�i�f�i�e�d� �b�y� �v�a�r�y�i�n�g� �t�h�e� �p�o�s�s�i�b�l�e� �s�e�t�t�i�n�g�s� �o�f� �t�h�e� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� 

�p�a�r�a�m�e�t�e�r�s�.� �T�h�u�s�,� �t�h�e� �o�u�t�c�o�m�e� �f�o�r� �e�a�c�h� �d�e�c�i�s�i�o�n� �w�i�t�h�i�n� �e�a�c�h� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e� 

�d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t� �t�a�k�e�n�.� 

�T�h�e� �d�e�c�i�s�i�o�n� �d�i�a�g�r�a�m� �p�r�o�v�i�d�e�s� �a� �s�t�r�u�c�t�u�r�e�d� �m�o�d�e�l� �f�o�r� �t�h�e� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s�.� 

�D�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �b�e�g�i�n�s� �w�i�t�h� �t�h�e� �r�i�g�h�t� �s�i�d�e� �o�f� �t�h�e� �t�r�e�e� �a�n�d� �w�o�r�k�s� �b�a�c�k�w�a�r�d�s�.� 

�F�o�r� �e�a�c�h� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�,� �t�h�e� �o�u�t�c�o�m�e� �o�f� �e�a�c�h� �d�e�c�i�s�i�o�n� �i�s� �e�s�t�i�m�a�t�e�d� �b�a�s�e�d� �u�p�o�n� 

�t�h�e� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �f�u�n�c�t�i�o�n�.� �T�h�e� �o�u�t�c�o�m�e�s� �f�r�o�m� �e�a�c�h� �d�e�c�i�s�i�o�n� �w�i�t�h�i�n� �t�h�e� 

�s�a�m�e� �a�l�t�e�r�n�a�t�i�v�e� �a�r�e� �t�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �c�h�o�o�s�e� �a�n� �o�p�t�i�m�a�l� �d�e�c�i�s�i�o�n� �f�o�r� �e�a�c�h� 

�a�l�t�e�r�n�a�t�i�v�e�.� �T�h�i�s� �s�t�e�p� �i�s� �c�a�l�l�e�d� �o�p�t�i�m�i�z�a�t�i�o�n� �w�i�t�h�i�n� �a�n� �a�l�t�e�r�n�a�t�i�v�e�.� �F�i�n�a�l�l�y� �t�h�e� 

�o�p�t�i�m�a�l� �d�e�c�i�s�i�o�n�s� �f�r�o�m� �e�a�c�h� �a�l�t�e�r�n�a�t�i�v�e� �a�r�e� �c�o�m�p�a�r�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �b�e�s�t� �d�e�c�i�s�i�o�n� 

�f�o�r� �t�h�e� �o�v�e�r�a�l�l� �p�r�o�b�l�e�m�.� 

�4�.�6� �D�i�s�c�r�e�t�e� �d�e�c�i�s�i�o�n�s� �a�n�d� �c�o�n�t�i�n�u�o�u�s� �e�v�e�n�t�s� 

�I�n� �t�h�i�s� �t�y�p�e� �o�f� �p�r�o�b�l�e�m�,� �f�o�r� �e�a�c�h� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e� �i�d�e�n�t�i�f�i�e�d�,� �t�h�e�r�e� �a�r�e� �a� 

�f�i�n�i�t�e� �n�u�m�b�e�r� �o�f� �e�x�h�a�u�s�t�i�v�e� �a�n�d� �m�u�t�u�a�l�l�y� �e�x�c�l�u�s�i�v�e� �d�e�c�i�s�i�o�n�s�,� �d�,�,� �d�,�,� �.�.�.�,� �d�,�,�,� �D�u�t� 

�t�h�e�r�e� �a�r�e� �a� �l�a�r�g�e� �o�r� �i�n�f�i�n�i�t�e� �n�u�m�b�e�r� �o�f� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�.� �T�h�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� 

�m�u�s�t� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� �c�o�n�t�i�n�u�o�u�s� �m�o�d�e�l�.� �S�u�c�h� �a� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� �c�a�n� �b�e� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �F�i�g�u�r�e� �4�.�5�.� �S�i�n�c�e� �t�h�e� �e�v�e�n�t�s� �a�r�e� �c�o�n�t�i�n�u�o�u�s�,� �t�h�e� �o�u�t�c�o�m�e� �s�p�a�c�e� 

�o�f� �t�h�i�s� �t�y�p�e� �o�f� �p�r�o�b�l�e�m� �i�s� �a�l�s�o� �c�o�n�t�i�n�u�o�u�s�.� �I�f� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� 

�e�v�e�n�t�s� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �b�y� �a� �d�i�s�c�r�e�t�e� �d�i�s�t�r�i�b�u�t�i�o�n�,� �t�h�i�s� �c�a�t�e�g�o�r�y� �o�f� �p�r�o�b�l�e�m� 

�i�s� �r�e�d�u�c�e�d� �t�o� �C�a�t�e�g�o�r�y� �1�.� 

�4�.�7� �C�o�n�t�i�n�u�o�u�s� �d�e�c�i�s�i�o�n�s� �a�n�d� �d�i�s�c�r�e�t�e� �e�v�e�n�t�s� 

�W�h�e�n� �t�h�e�r�e� �a�r�e� �a� �l�a�r�g�e� �o�r� �i�n�f�i�n�i�t�e� �n�u�m�b�e�r� �o�f� �d�e�c�i�s�i�o�n�s� �f�o�r� �e�a�c�h� �a�l�t�e�r�n�a�t�i�v�e�,� 

�d�e�c�i�s�i�o�n�s� �m�u�s�t� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a� �c�o�n�t�i�n�u�o�u�s� �m�o�d�e�l�.� �D�e�p�e�n�d�i�n�g� �u�p�o�n� 

�w�h�e�t�h�e�r� �t�h�e� �e�v�e�n�t�s� �d�u�e� �t�o� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s� �a�r�e� 

�d�i�s�c�r�e�t�e� �o�r� �c�o�n�t�i�n�u�o�u�s�,� �t�h�e� �p�r�o�b�l�e�m�s� �o�f� �c�o�n�t�i�n�u�o�u�s� �d�e�c�i�s�i�o�n�s� �c�a�n� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� 

�t�w�o� �c�a�t�e�g�o�r�i�e�s�:� �(�1�)� �t�h�e� �d�e�c�i�s�i�o�n�s� �a�r�e� �c�o�n�t�i�n�u�o�u�s�,� �b�u�t� �t�h�e� �e�v�e�n�t�s� �a�r�e� �d�i�s�c�r�e�t�e�,� 

�a�n�d� �(�2�)� �b�o�t�h� �d�e�c�i�s�i�o�n�s� �a�n�d� �e�v�e�n�t�s� �a�r�e� �c�o�n�t�i�n�u�o�u�s�.� �T�h�e� �o�u�t�c�o�m�e� �s�p�a�c�e� �f�o�r� �b�o�t�h� 

�t�y�p�e�s� �o�f� �p�r�o�b�l�e�m�s� �i�s� �c�o�n�t�i�n�u�o�u�s�.� �T�h�e� �p�r�o�b�l�e�m�s� �o�f� �c�o�n�t�i�n�u�o�u�s� �d�e�c�i�s�i�o�n�s� �a�n�d� 

�d�i�s�c�r�e�t�e� �e�v�e�n�t�s� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �F�i�g�u�r�e� �4�.�6�.� 

�5�4



�D�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �D�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �U�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� 

� � 

� � 

� � � � � � �=� 
� � 

� � 

�( �� �o�s� 
� � � � 

� � 

� � � � 

� � � � � � 

�L�e� �G�e� 
�F�i�g�u�r�e� �4�.�5�.� �D�i�s�c�r�e�t�e� �d�e�c�i�s�i�o�n�s� �a�n�d� �c�o�n�t�i�n�u�o�u�s� �e�v�e�n�t�s



�D�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �D�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �U�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� 
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�F�i�g�u�r�e� �4�.�6�.� �C�o�n�t�i�n�u�o�u�s� �d�e�c�i�s�i�o�n�s� �a�n�d� �d�i�s�c�r�e�t�e� �e�v�e�n�t�s� 

�3�6



�4�.�8� �C�o�n�t�i�n�u�o�u�s� �d�e�c�i�s�i�o�n�s� �a�n�d� �c�o�n�t�i�n�u�o�u�s� �e�v�e�n�t�s� 

�I�f� �b�o�t�h� �d�e�c�i�s�i�o�n�s� �a�n�d� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� �a�r�e� �c�o�n�t�i�n�u�o�u�s�,� �c�o�n�t�i�n�u�o�u�s� �m�o�d�e�l�s� 

�m�u�s�t� �b�e� �u�s�e�d�.� �T�h�e� �d�e�c�i�s�i�o�n� �t�r�e�e� �f�o�r� �t�h�i�s� �c�a�t�e�g�o�r�y� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �4�.�7�.� �I�f� �t�h�e� 

�p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �e�v�e�n�t�s� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �b�y� �a� �d�i�s�c�r�e�t�e� 

�d�i�s�t�r�i�b�u�t�i�o�n�,� �t�h�i�s� �c�a�t�e�g�o�r�y� �i�s� �r�e�d�u�c�e�d� �t�o� �C�a�t�e�g�o�r�y� �3�.� 

�5�7



�D�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �D�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �U�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� 
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�F�i�g�u�r�e� �4�.�7�.� �C�o�n�t�i�n�u�o�u�s� �d�e�c�i�s�i�o�n�s� �a�n�d� �c�o�n�t�i�n�u�o�u�s� �e�v�e�n�t�s� 

�5�8



�V�.� �D�E�S�I�G�N� �E�V�A�L�U�A�T�I�O�N� �B�Y� �D�E�C�I�S�I�O�N� �T�H�E�O�R�Y�:� 

�F�O�U�N�D�A�T�I�O�N�S� �F�O�R� �C�H�O�O�S�I�N�G� �A� �B�E�S�T� �D�E�S�I�G�N� 

� � 

�5�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�5�.�2� �N�e�e�d� �f�o�r� �D�e�c�i�s�i�o�n� �R�u�l�e�s� �f�o�r� �C�h�o�o�s�i�n�g� �a� �B�e�s�t� �D�e�s�i�g�n� 

�5�.�3� �E�x�i�s�t�e�n�c�e� �o�f� �a� �N�u�m�e�r�i�c�a�l� �S�c�a�l�e� �t�o� �M�e�a�s�u�r�e� �t�h�e� �D�e�s�i�r�a�b�i�l�i�t�y� �o�f� �D�e�s�i�g�n�s� 

�5�.�4� �T�h�e� �C�o�n�c�e�p�t�s� �o�f� �C�h�o�i�c�e�s�,� �P�r�e�f�e�r�e�n�c�e�s�,� �a�n�d� �U�t�i�l�i�t�y� 

�5�.�5� �S�e�q�u�e�n�t�i�a�l� �D�e�c�i�s�i�o�n� �A�n�a�l�y�s�i�s� �U�s�i�n�g� �t�h�e� �M�a�x�i�m�u�m� �E�x�p�e�c�t�e�d� �U�t�i�l�i�t�y� �P�r�i�n�c�i�p�l�e� 

�5�.�6� �O�u�t�p�u�t� �D�o�m�i�n�a�n�c�e� �a�n�d� �S�t�o�c�h�a�s�t�i�c� �D�o�m�i�n�a�n�c�e� 

�5�.�7� �M�e�a�n�-�V�a�r�i�a�n�c�e� �A�n�a�l�y�s�i�s� 

�5�.�8� �A�s�s�u�m�p�t�i�o�n�s� �U�n�d�e�r�l�y�i�n�g� �C�o�m�m�o�n� �O�b�j�e�c�t�i�v�e� �F�u�n�c�t�i�o�n�s� 
� � 

�5�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�D�e�c�i�s�i�o�n� �t�r�e�e�s� �a�r�e� �u�s�e�f�u�l� �f�o�r� �m�o�d�e�l�i�n�g� �a�n�d� �s�t�r�u�c�t�u�r�i�n�g� �t�h�e� �p�r�o�c�e�s�s� �o�f� �d�e�s�i�g�n� 

�e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y�.� �T�o� �m�a�k�e� �a� �s�e�l�e�c�t�i�o�n� �f�r�o�m� �v�a�r�i�o�u�s� �d�e�s�i�g�n� 

�a�l�t�e�r�n�a�t�i�v�e�s�,� �a� �g�e�n�e�r�a�l� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �d�e�s�i�r�a�b�i�l�i�t�y� �o�f� �s�y�s�t�e�m� �d�e�s�i�g�n�s� �i�s� 

�n�e�e�d�e�d�.� �I�n� �t�h�i�s� �c�h�a�p�t�e�r�,� �t�h�e� �c�o�n�c�e�p�t�s� �o�f� �p�r�e�f�e�r�e�n�c�e�s� �a�n�d� �c�h�o�i�c�e�s� �a�r�e� �d�i�s�c�u�s�s�e�d� 

�u�n�d�e�r� �t�h�e� �c�o�n�t�e�x�t� �o�f� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n�.� �B�y� �a�d�a�p�t�i�n�g� �s�t�a�t�i�s�t�i�c�a�l� �d�e�c�i�s�i�o�n� �t�h�e�o�r�y� �t�o� 

�t�h�e� �n�e�e�d�s� �o�f� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �m�a�k�i�n�g�,� �t�h�r�e�e� �d�e�c�i�s�i�o�n� �a�n�a�l�y�s�i�s� �a�p�p�r�o�a�c�h�e�s� �a�r�e� 

�i�d�e�n�t�i�f�i�e�d� �f�o�r� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y�.� �T�h�e�n� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� 

�u�n�d�e�r�l�y�i�n�g� �s�o�m�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�s� �w�h�i�c�h� �a�r�e� �c�o�m�m�o�n�l�y� �u�s�e�d� �i�n� �d�e�s�i�g�n� 

�o�p�t�i�m�i�z�a�t�i�o�n� �a�r�e� �a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d�.� 

�§�.�2� �N�e�e�d� �f�o�r� �D�e�c�i�s�i�o�n� �R�u�l�e�s� �f�o�r� �C�h�o�o�s�i�n�g� �a� �B�e�s�t� �D�e�s�i�g�n� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�s� �t�o� �i�d�e�n�t�i�f�y� �a� �b�e�s�t� �d�e�s�i�g�n�.� �B�u�t� �i�t� �i�s� �a� 

�l�o�n�g� �w�a�y� �b�e�t�w�e�e�n� �n�a�m�i�n�g� �t�h�e� �o�b�j�e�c�t�i�v�e� �a�n�d� �o�b�t�a�i�n�i�n�g� �s�u�i�t�a�b�l�e� �d�e�c�i�s�i�o�n� �r�u�l�e�s� �f�o�r� 
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�r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �o�b�j�e�c�t�i�v�e�.� �D�u�e� �t�o� �u�n�c�e�r�t�a�i�n�t�i�e�s� �w�i�t�h� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� 

�p�a�r�a�m�e�t�e�r�s�,� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�(�s�)� �o�f� �a� �c�a�n�d�i�d�a�t�e� �d�e�s�i�g�n� �i�s� �a� �r�a�n�d�o�m� 

�v�a�r�i�a�b�l�e�.� �T�h�e� �m�o�s�t� �c�o�m�p�l�e�t�e� �w�a�y� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �a� �r�a�n�d�o�m� 

�v�a�r�i�a�b�l�e� �i�s� �t�o� �u�s�e� �a� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�.� �I�n� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n�,� �h�o�w�e�v�e�r�,� �i�t� �i�s� 

�d�i�f�f�i�c�u�l�t� �t�o� �d�i�r�e�c�t�l�y� �c�o�m�p�a�r�e� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� 

�f�r�o�m� �v�a�r�i�o�u�s� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�.� �T�h�u�s�,� �d�e�c�i�s�i�o�n� �r�u�l�e�s� �a�r�e� �n�e�e�d�e�d� �f�o�r� �t�h�e� 

�c�o�m�p�a�r�i�s�o�n�.� 

�S�i�n�c�e� �t�h�e� �c�h�o�i�c�e� �o�f� �t�h�e� �b�e�s�t� �d�e�s�i�g�n� �i�s� �a� �t�r�a�d�e�-�o�f�f� �a�m�o�n�g� �d�i�f�f�e�r�e�n�t� �d�e�s�i�g�n� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �o�f� �c�a�n�d�i�d�a�t�e� �d�e�s�i�g�n�s� �d�e�p�e�n�d�s� �o�n� �t�h�e� �d�e�c�i�s�i�o�n� 

�r�u�l�e�s� �a�p�p�l�i�e�d�.� �T�h�e�s�e� �d�e�c�i�s�i�o�n� �r�u�l�e�s� �f�o�r�m� �t�h�e� �b�a�s�i�s� �u�n�d�e�r� �w�h�i�c�h� �a�l�t�e�r�n�a�t�i�v�e� 
�d�e�s�i�g�n�s� �m�a�y� �b�e� �c�o�m�p�a�r�e�d�.� �T�h�e�y� �a�l�s�o� �p�r�o�v�i�d�e� �t�h�e� �b�a�s�i�s� �f�o�r� �f�o�r�m�u�l�a�t�i�n�g� �t�h�e� 

�d�e�s�i�g�n� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�.� 

�F�o�r� �i�d�e�n�t�i�f�y�i�n�g� �a�p�p�r�o�p�r�i�a�t�e� �r�u�l�e�s� �a�n�d� �a�p�p�r�o�a�c�h�e�s� �f�o�r� �s�e�l�e�c�t�i�n�g� �a� �b�e�s�t� �d�e�s�i�g�n�,� 

�s�o�m�e� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �a�r�e� �m�a�d�e� �i�n� �t�h�e� �r�e�s�e�a�r�c�h�.� �F�i�r�s�t�,� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �i�s� 

�a�s�s�u�m�e�d� �t�o� �b�e� �r�a�t�i�o�n�a�l�.� �R�a�t�i�o�n�a�l�i�t�y� �m�e�a�n�s� �l�o�g�i�c�a�l� �c�o�n�s�i�s�t�e�n�c�y� �i�n� �p�r�o�c�e�s�s�i�n�g� �t�h�e� 

�i�n�f�o�r�m�a�t�i�o�n� �o�n� �w�h�i�c�h� �d�e�c�i�s�i�o�n�s� �a�r�e� �b�a�s�e�d�.� �C�o�n�s�i�s�t�e�n�c�y�,� �i�n� �t�u�r�n�,� �r�e�q�u�i�r�e�s� �t�h�a�t� 

�t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �s�t�a�t�e�d� �e�x�p�l�i�c�i�t�l�y� �a�n�d� �q�u�a�n�t�i�t�a�t�i�v�e�l�y�.� �R�a�t�i�o�n�a�l�i�t�y� �a�l�s�o� �i�m�p�l�i�e�s� 

�v�a�l�i�d�i�t�y� �i�n� �t�h�e� �m�o�d�e�l�s� �u�s�e�d� �f�o�r� �r�e�p�r�e�s�e�n�t�i�n�g� �r�e�a�l�-�w�o�r�l�d� �s�y�s�t�e�m�s�.� �A� �m�o�d�e�l� �s�h�o�u�l�d� 

�a�c�c�u�r�a�t�e�l�y� �d�e�s�c�r�i�b�e� �s�o�m�e� �s�e�t� �o�f� �s�y�s�t�e�m� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�o�r�e� 

�a�c�c�u�r�a�t�e�l�y� �a� �r�e�a�l�-�w�o�r�l�d� �p�r�o�b�l�e�m� �i�s� �d�e�s�c�r�i�b�e�d�,� �t�h�e� �m�o�r�e� �c�o�m�p�l�i�c�a�t�e�d� �t�h�e� 

�d�e�s�c�r�i�p�t�i�o�n� �b�e�c�o�m�e�s�.� �T�h�e� �m�o�d�e�l�s� �f�o�r� �i�m�p�l�e�m�e�n�t�i�n�g� �t�h�e� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s� �m�u�s�t�,� 

�t�h�e�r�e�f�o�r�e�,� �b�e� �m�a�n�a�g�e�a�b�l�e� �w�i�t�h� �t�h�e� �r�e�s�o�u�r�c�e�s� �a�v�a�i�l�a�b�l�e� �t�o� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r�.� 

�W�e� �w�o�u�l�d� �l�i�k�e� �t�o� �s�e�l�e�c�t� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �w�h�i�c�h� �i�s� �e�x�p�e�c�t�e�d� �t�o� �r�e�s�u�l�t� �i�n� �t�h�e� �g�r�e�a�t�e�s�t� 

�d�e�g�r�e�e� �o�f� �a�c�h�i�e�v�e�m�e�n�t� �o�f� �o�u�r� �o�b�j�e�c�t�i�v�e�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �w�e� �w�o�u�l�d� �l�i�k�e� �o�u�r� 

�d�e�c�i�s�i�o�n� �m�e�t�h�o�d�o�l�o�g�y� �t�o� �b�e� �g�e�n�e�r�a�l�l�y� �a�p�p�l�i�c�a�b�l�e�;� �t�o� �b�e� �a�p�p�l�i�c�a�b�l�e� �t�o� �a�n�y� �s�t�a�g�e� 

�o�f� �t�h�e� �s�y�s�t�e�m� �l�i�f�e� �c�y�c�l�e�.� 

�S�e�c�o�n�d�,� �a� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �d�e�f�i�n�e�d� �o�u�t�c�o�m�e� �i�s� �a�s�s�u�m�e�d� �f�o�r� �t�h�e� �d�e�s�i�g�n� 

�d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�.� �A� �q�u�a�n�t�i�t�a�t�i�v�e� �o�u�t�c�o�m�e� �i�s� �o�n�e� �w�h�i�c�h� �i�s� �(�o�r� �i�s� �n�o�t�)� �o�b�t�a�i�n�e�d� �i�n� 

�v�a�r�i�o�u�s� �d�e�g�r�e�e�s�.� �A� �s�i�n�g�l�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�s� �u�s�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �o�u�t�c�o�m�e�s� 

�o�f� �t�h�e� �c�a�n�d�i�d�a�t�e� �d�e�s�i�g�n�s�.� �T�h�i�s� �a�t�t�r�i�b�u�t�e� �m�u�s�t� �b�e� �m�e�a�n�i�n�g�f�u�l� �i�n� �t�h�e� �s�e�n�s�e� �t�h�a�t� �i�t� 

�i�s� �a�d�e�q�u�a�t�e� �f�o�r� �t�h�e� �D�M� �t�o� �c�h�o�o�s�e� �a�m�o�n�g� �a�l�t�e�r�n�a�t�i�v�e�s�.� �T�o� �s�i�m�p�l�i�f�y� �t�h�e� 

�p�r�e�s�e�n�t�a�t�i�o�n�,� �w�e� �a�s�s�u�m�e� �t�h�a�t� �t�h�e� �D�M� �w�o�u�l�d� �l�i�k�e� �t�o� �m�a�x�i�m�i�z�e� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �T�h�i�s� �i�s� �t�r�u�e� �i�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� 

�d�e�s�i�g�n�'�s� �p�e�r�f�o�r�m�a�n�c�e� �e�f�f�e�c�t�i�v�e�n�e�s�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�e�t�h�o�d�s�,� �t�h�e�o�r�e�m�s�,� �a�n�d� 
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�r�u�l�e�s� �d�e�v�e�l�o�p�e�d� �f�o�r� �t�h�e� �l�a�r�g�e�r�-�t�h�e�-�b�e�t�t�e�r� �c�a�s�e� �c�a�n� �b�e� �e�a�s�i�l�y� �a�p�p�l�i�e�d� �t�o� �t�h�e� �c�a�s�e� 

�o�f� �t�h�e� �s�m�a�l�l�e�r� �t�h�e� �b�e�t�t�e�r�.� �T�h�e� �e�x�t�e�n�s�i�o�n� �o�f� �t�h�e� �a�p�p�r�o�a�c�h�e�s� �t�o� �m�u�l�t�i�a�t�t�r�i�b�u�t�e� 

�d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �V�I�I�I�.� 

�5�.�3� �E�x�i�s�t�e�n�c�e� �o�f� �a� �N�u�m�e�r�i�c�a�l� �S�c�a�l�e� �t�o� �M�e�a�s�u�r�e� �t�h�e� �D�e�s�i�r�a�b�i�l�i�t�y� �o�f� �D�e�s�i�g�n�s� 

�I�n� �o�r�d�e�r� �t�o� �d�e�v�e�l�o�p� �t�h�e� �b�e�s�t� �d�e�s�i�g�n�,� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �d�e�s�i�r�a�b�i�l�i�t�y� �o�f� �a� �d�e�s�i�g�n� 

�s�h�o�u�l�d� �b�e� �i�d�e�n�t�i�f�i�e�d�.� �T�o� �b�e� �c�o�n�s�i�s�t�e�n�t�,� �t�h�e� �m�e�a�s�u�r�e� �m�u�s�t� �b�e� �q�u�a�n�t�i�t�a�t�i�v�e� �i�n� 

�c�h�a�r�a�c�t�e�r�.� �I�t� �s�h�o�u�l�d� �b�e� �a�b�l�e� �t�o� �c�a�p�t�u�r�e� �b�o�t�h� �t�h�e� �r�a�n�d�o�m� �n�a�t�u�r�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e� �a�n�d� �t�h�e� �D�M�'�s� �a�t�t�i�t�u�d�e�s� �t�o�w�a�r�d�s� �i�t�.� �T�o� �i�d�e�n�t�i�f�y� �s�u�c�h� �a� �m�e�a�s�u�r�e�,� �w�e� �n�e�e�d� 

�t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �o�u�t�c�o�m�e�s� �o�f� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n�s�.� 

�T�h�e� �o�u�t�c�o�m�e�s� �o�f� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y� �h�a�v�e� �t�w�o� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �O�n�e� �i�s� �t�h�e� �n�o�n�l�i�n�e�a�r�i�t�y� �b�e�t�w�e�e�n� �u�s�u�a�l� �e�v�a�l�u�a�t�i�o�n� �m�e�a�s�u�r�e�s�,� 

�s�u�c�h� �a�s� �m�a�n�u�f�a�c�t�u�r�i�n�g� �c�o�s�t�,� �a�n�d� �t�h�e�i�r� �r�e�l�a�t�i�v�e� �w�o�r�t�h�.� �I�n� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n�,� �f�a�c�e�d� 

�w�i�t�h� �s�i�m�i�l�a�r� �s�e�t�s� �o�f� �c�a�n�d�i�d�a�t�e� �d�e�s�i�g�n�s� �w�i�t�h� �t�h�e� �s�a�m�e� �m�e�a�n�,� �t�w�o� �d�e�c�i�s�i�o�n� �m�a�k�e�r�s� 

�m�a�y� �n�o�t� �s�e�l�e�c�t� �t�h�e� �s�a�m�e� �a�l�t�e�r�n�a�t�i�v�e�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �m�e�a�n� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �a�s� �t�h�e� �d�e�c�i�s�i�o�n� �c�r�i�t�e�r�i�o�n� �m�a�y� �n�o�t� �r�e�f�l�e�c�t� �t�h�e� �D�M�'�s� �a�c�t�u�a�l� 

�p�r�e�f�e�r�e�n�c�e�s� �f�o�r� �t�h�e� �a�t�t�r�i�b�u�t�e� �a�n�d� �h�i�s� �a�t�t�i�t�u�d�e� �t�o�w�a�r�d� �r�i�s�k�s�.� 

�A�n�o�t�h�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n�s� �i�s� �t�h�a�t� �t�h�e� �o�u�t�c�o�m�e�s�,� �i�n� �g�e�n�e�r�a�l�,� 

�a�r�e� �m�u�l�t�i�d�i�m�e�n�s�i�o�n�a�l�.� �T�h�e�r�e� �i�s� �a� �f�u�n�d�a�m�e�n�t�a�l� �d�i�f�f�i�c�u�l�t�y� �i�n�v�o�l�v�e�d� �i�n� �c�o�n�s�i�d�e�r�i�n�g� 

�m�u�l�t�i�d�i�m�e�n�s�i�o�n�a�l� �o�u�t�c�o�m�e�s�.� �E�v�a�l�u�a�t�i�o�n� �a�n�d� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �a�l�t�e�r�n�a�t�i�v�e�s� �c�a�n� �b�e� 

�a�c�c�o�m�p�l�i�s�h�e�d� �o�n�l�y� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �a� �s�i�n�g�l�e� �c�r�i�t�e�r�i�o�n�.� �S�i�n�c�e� �a�l�l� �m�e�m�b�e�r�s� �o�f� �t�h�e� 

�s�e�t� �o�f� �c�r�i�t�e�r�i�a� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�f�l�u�e�n�c�e� �t�h�e� �d�e�c�i�s�i�o�n�,� �n�o� �i�n�d�i�v�i�d�u�a�l� �c�r�i�t�e�r�i�o�n� �c�a�n� 

�r�a�t�i�o�n�a�l�l�y� �b�e� �u�s�e�d� �a�s� �t�h�e� �o�n�l�y� �b�a�s�i�s� �f�o�r� �t�h�e� �d�e�c�i�s�i�o�n�.� �T�h�e�s�e� �t�w�o� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�i�n�d�i�c�a�t�e� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �a� �p�r�e�f�e�r�e�n�c�e� �s�c�a�l�e�,� �w�h�i�c�h� �m�e�a�s�u�r�e�s� �r�e�l�a�t�i�v�e� 

�c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �s�u�c�c�e�s�s� �o�f� �t�h�e� �d�e�s�i�g�n�.� 

�T�h�e� �e�a�s�i�e�s�t� �a�n�d� �m�o�s�t� �u�s�e�f�u�l� �w�a�y� �t�o� �o�r�d�e�r� �t�h�i�n�g�s� �i�s� �b�y� �m�e�a�n�s� �o�f� �n�u�m�b�e�r�s�.� �I�t� 

�i�s� �n�a�t�u�r�a�l� �t�o� �u�s�e� �t�h�i�s� �d�e�v�i�c�e� �i�n� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n�.� �O�u�r� �a�i�m� �i�s� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� 

�d�e�s�i�r�a�b�i�l�i�t�y� �o�f� �d�e�s�i�g�n� �n�u�m�e�r�i�c�a�l�l�y�,� �f�o�r� �n�u�m�b�e�r�s� �a�r�e� �t�h�e� �e�s�s�e�n�c�e� �o�f� �t�h�e� �s�c�i�e�n�t�i�f�i�c� 

�m�e�t�h�o�d� �a�n�d� �i�t� �i�s� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�i�n�g�s� �w�e� �k�n�o�w� �t�h�e�m�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �w�n�a�t� �w�e� �w�a�n�t� 

�t�o� �d�o� �i�s� �t�o� �a�t�t�a�c�h� �t�o� �a�n�y� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e� �a� �n�u�m�b�e�r� �t�h�a�t� �d�e�s�c�r�i�b�e�s� �t�h�e� �d�e�g�r�e�e�s� 

�o�f� �i�t�s� �d�e�s�i�r�a�b�i�l�i�t�y�.� 
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�T�h�e� �n�e�e�d�e�d� �s�c�a�l�a�r� �m�e�a�s�u�r�e� �o�f� �r�e�l�a�t�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �d�e�s�i�g�n� �t�o� �s�u�c�c�e�s�s� �h�a�s� 

�b�e�e�n� �r�e�f�e�r�r�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �b�y� �v�a�r�i�o�u�s� �n�a�m�e�s�:� �s�y�s�t�e�m� �w�o�r�t�h�,� �f�i�g�u�r�e� �o�f� �m�e�r�i�t�,� 

�c�o�s�t� �e�f�f�e�c�t�i�v�e�n�e�s�s�,� �c�o�s�t� �b�e�n�e�f�i�t�,� �a�n�d� �u�t�i�l�i�t�y�.� �I�n� �f�a�c�t�,� �r�o�b�u�s�t�n�e�s�s� �i�s� �a� �n�e�w� �t�e�r�m� �f�o�r� 

�t�h�e� �s�a�m�e� �p�u�r�p�o�s�e�.� �I�t� �d�e�s�c�r�i�b�e�s� �t�h�e� �s�y�s�t�e�m�'�s� �d�e�g�r�e�e� �o�f� �f�u�l�f�i�l�l�m�e�n�t� �o�f� �n�e�e�d�s� �a�n�d� 

�o�b�j�e�c�t�i�v�e�s� �u�n�d�e�r� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �u�n�c�e�r�t�a�i�n� �n�o�i�s�e�s�.� �H�o�w�e�v�e�r�,� �r�o�b�u�s�t�n�e�s�s� �i�s� �n�o�t� 

�s�u�f�f�i�c�i�e�n�t� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �t�w�o� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �o�u�t�c�o�m�e�s� �o�f� �d�e�s�i�g�n� 

�d�e�c�i�s�i�o�n�s�.� �A� �n�e�w� �m�e�a�s�u�r�e� �i�s� �n�e�e�d�e�d�.� 

�I�n� �t�h�i�s� �r�e�s�e�a�r�c�h�,� �b�a�s�e�d� �u�p�o�n� �s�t�a�t�i�s�t�i�c�a�l� �d�e�c�i�s�i�o�n� �t�h�e�o�r�y�,� �a� �s�c�a�l�a�r� �m�e�a�s�u�r�e�,� 

�u�t�i�l�i�t�y�,� �w�i�l�l� �b�e� �u�s�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �r�e�l�a�t�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �a� �d�e�s�i�g�n� �t�o� �s�u�c�c�e�s�s�.� 
�T�h�i�s� �m�e�a�s�u�r�e� �r�e�f�l�e�c�t�s� �t�h�e� �d�e�s�i�g�n�'�s� �d�e�g�r�e�e� �o�f� �f�u�l�f�i�l�l�m�e�n�t� �o�f� �t�h�e� �D�M�'�s� �n�e�e�d�s� �a�n�d� 

�o�b�j�e�c�t�i�v�e�s�.� �A�l�t�h�o�u�g�h� �t�h�e�r�e� �a�r�e� �s�o�m�e� �u�n�f�o�r�t�u�n�a�t�e� �h�i�s�t�o�r�i�c�a�l� �c�o�n�n�o�t�a�t�i�o�n�s� �t�o� �t�h�e� 

�t�e�r�m� �u�t�i�l�i�t�y�,� �t�h�e�r�e� �a�r�e� �a�d�v�a�n�t�a�g�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �c�o�n�t�i�n�u�e�d� �u�s�e� �o�f� �a� �t�e�r�m� 

�w�h�o�s�e� �h�i�s�t�o�r�i�c�a�l� �d�e�v�e�l�o�p�m�e�n�t� �c�a�n� �b�e� �t�r�a�c�e�d� �a�n�d� �w�i�t�h� �w�h�i�c�h� �a� �c�o�n�s�i�d�e�r�a�b�l�e� �b�o�d�y� 

�o�f� �t�h�e�o�r�y� �h�a�s� �b�e�e�n� �d�e�v�e�l�o�p�e�d�.� �U�t�i�l�i�t�y� �t�h�e�o�r�y� �i�s� �i�n�t�r�o�d�u�c�e�d� �b�e�l�o�w� �u�n�d�e�r� �t�h�e� 

�c�o�n�t�e�x�t� �o�f� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n�.� 

�5�.�4� �T�h�e� �C�o�n�c�e�p�t�s� �o�f� �C�h�o�i�c�e�s�,� �P�r�e�f�e�r�e�n�c�e�s�,� �a�n�d� �U�t�i�l�i�t�y� �T�h�e�o�r�y� 

�D�e�c�i�s�i�o�n� �t�r�e�e�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �m�o�d�e�l� �a�n�d� �s�t�r�u�c�t�u�r�e� �t�h�e� �p�r�o�c�e�s�s� �o�f� �d�e�s�i�g�n� 

�e�v�a�l�u�a�t�i�o�n�.� �T�o� �m�a�k�e� �a� �s�e�l�e�c�t�i�o�n� �f�r�o�m� �v�a�r�i�o�u�s� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�,� �a� �g�e�n�e�r�a�l� 

�i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �d�e�s�i�r�a�b�i�l�i�t�y� �o�f� �s�y�s�t�e�m� �d�e�s�i�g�n�s� �i�s� �n�e�e�d�e�d�.� �U�n�d�e�r�l�y�i�n�g� �a�l�l� 

�c�o�m�p�a�r�i�s�o�n� �m�e�t�h�o�d�s� �o�f� �a�l�t�e�r�n�a�t�i�v�e�s� �a�r�e� �a�s�s�u�m�p�t�i�o�n�s� �r�e�g�a�r�d�i�n�g� �t�h�e� �D�M�'�s� 

�p�r�e�f�e�r�e�n�c�e�s� �a�n�d� �r�i�s�k� �a�t�t�i�t�u�d�e�s�.� 

�§�.�4�.�1� �B�a�s�i�c� �c�o�n�c�e�p�t�s� 

�P�r�e�f�e�r�e�n�c�e�s�.� �T�h�e� �t�e�r�m� �"�p�r�e�f�e�r�e�n�c�e�"� �i�s� �b�a�s�e�d� �o�n� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�m�o�n�g� 

�d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�.� �!�f� �a� �D�M� �p�r�e�f�e�r�s� �o�n�e� �a�l�t�e�r�n�a�t�i�v�e� �t�o� �a�n�o�t�h�e�r�,� �i�t� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� 

�h�i�s� �"�p�r�e�f�e�r�e�n�c�e�s�.�"� �T�h�e� �f�o�c�u�s� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �i�s� �o�n� �p�r�e�f�e�r�e�n�c�e�s� �f�o�r� �a�l�t�e�r�n�a�t�i�v�e�s� 

�i�n�v�o�l�v�i�n�g� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�.� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�n�t�r�o�d�u�c�e�s� �a�n� �e�l�e�m�e�n�t� �c�a�l�l�e�d� �r�i�s�k�.� 

�A�n� �i�n�d�i�v�i�d�u�a�l�'�s� �r�i�s�k� �p�r�e�f�e�r�e�n�c�e� �r�e�f�l�e�c�t�s� �a�n� �u�n�d�e�r�l�y�i�n�g� �a�t�t�i�t�u�d�e� �t�o�w�a�r�d� �u�n�c�e�r�t�a�i�n� 

�o�u�t�c�o�m�e�s�.� 

�6�2



�U�t�i�l�i�t�y�.� �U�t�i�l�i�t�y� �i�s� �d�e�f�i�n�e�d� �o�n� �a� �n�u�m�e�r�i�c�a�l� �s�c�a�l�e� �t�h�a�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �D�M�'�s� 

�p�r�e�f�e�r�e�n�c�e�s� �f�o�r� �a� �s�e�t� �o�f� �c�o�n�s�e�q�u�e�n�c�e�s�.� �T�h�e� �h�i�g�h�e�r� �t�h�e� �u�t�i�l�i�t�y�,� �t�h�e� �m�o�r�e� �d�e�s�i�r�a�b�l�e� 

�t�h�e� �c�o�n�s�e�q�u�e�n�c�e�.� �T�h�o�u�g�h� �a�n�y� �p�o�s�i�t�i�v�e� �a�n�d� �n�e�g�a�t�i�v�e� �n�u�m�b�e�r�s� �c�a�n� �b�e� �u�s�e�d� �t�o� 

�m�e�a�s�u�r�e� �u�t�i�l�i�t�y�,� �i�t� �i�s� �c�o�n�v�e�n�i�e�n�t� �t�o� �m�e�a�s�u�r�e� �u�t�i�l�i�t�y� �o�n� �a� �p�r�o�b�a�b�i�l�i�t�y� �s�c�a�l�e� �s�o� �t�h�a�t� 

�t�h�e� �l�a�w�s� �o�f� �p�r�o�b�a�b�i�l�i�t�y� �c�a�n� �b�e� �u�s�e�d�.� �T�h�e� �u�s�u�a�l� �m�e�a�n�i�n�g� �o�f� �u�t�i�l�i�t�y� �i�n� �e�c�o�n�o�m�i�c�s� 

�i�s� �n�o�t� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �p�r�e�f�e�r�e�n�c�e� �s�c�a�l�e� �h�e�r�e�.� 

�U�t�i�l�i�t�y� �i�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �p�r�e�f�e�r�e�n�c�e�s� �f�o�r� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �w�i�t�h� �u�n�c�e�r�t�a�i�n� 

�o�u�t�c�o�m�e�s�.� �I�t� �i�s� �s�o�m�e�t�i�m�e�s� �d�i�f�f�i�c�u�l�t� �t�o� �a�t�t�a�c�h� �a� �n�u�m�b�e�r� �t�o� �a� �c�o�n�s�e�q�u�e�n�c�e� 

�b�e�c�a�u�s�e� �t�h�e� �r�e�l�e�v�a�n�t� �f�e�a�t�u�r�e�s� �m�a�y� �n�o�t� �b�e� �n�a�t�u�r�a�l�l�y� �q�u�a�n�t�i�f�i�a�b�l�e�.� �H�o�w�e�v�e�r�,� �a�s� 

�i�n�d�i�c�a�t�e�d� �b�e�f�o�r�e�,� �t�h�e� �s�c�o�p�e� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �i�s� �l�i�m�i�t�e�d� �t�o� �d�e�s�i�g�n� �p�r�o�b�l�e�m�s� �i�n� 

�w�h�i�c�h� �a� �q�u�a�n�t�i�t�a�t�i�v�e� �o�u�t�c�o�m�e� �i�s� �d�e�f�i�n�e�d�.� �I�f� �t�h�e� �o�u�t�c�o�m�e� �i�s� �d�e�n�o�t�e�d� �b�y� �e�,� �i�t�s� 

�u�t�i�l�i�t�y� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �u�(�e�)�.� 

�R�e�f�e�r�e�n�c�e� �g�a�m�b�l�e�.� �A� �r�e�f�e�r�e�n�c�e� �g�a�m�b�l�e� �c�a�n� �b�e� �e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �a�n�y� �s�e�t� �o�f� 

�u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�.� �I�t� �i�s� �s�i�m�p�l�y� �a� �t�w�o�-�o�u�t�c�o�m�e� �g�a�m�b�l�e� �(�F�i�g�u�r�e� �5�.�1�)�.� �O�n�e� �o�u�t�c�o�m�e� 

�h�a�s� �a� �p�a�y�o�f�f� �g�r�e�a�t�e�r� �t�h�a�n� �o�r� �e�q�u�a�l� �t�o� �t�h�e� �m�a�x�i�m�u�m� �p�a�y�o�f�f� �f�o�r� �a�n�y� �o�u�t�c�o�m�e� �i�n� �t�h�e� 

�e�v�e�n�t�s� �c�o�n�s�i�d�e�r�e�d�.� �T�h�e� �o�t�h�e�r� �o�u�t�c�o�m�e� �h�a�s� �a� �p�a�y�o�f�f� �e�q�u�a�l� �t�o� �o�r� �l�e�s�s� �t�h�a�n� �t�h�e� 

�m�i�n�i�m�u�m� �p�a�y�o�f�f� �f�o�r� �a�n�y� �o�u�t�c�o�m�e�.� �I�n� �d�e�f�i�n�i�n�g� �a� �r�e�f�e�r�e�n�c�e� �g�a�m�b�l�e� �f�o�r� �d�e�s�i�g�n� 

�e�v�a�l�u�a�t�i�o�n�,� �t�w�o� �u�s�a�b�l�e� �o�u�t�c�o�m�e�s� �a�r�e� �t�h�e� �b�e�s�t� �p�o�s�s�i�b�l�e� �o�u�t�c�o�m�e� �a�n�d� �t�h�e� �w�o�r�s�t� 

�o�u�t�c�o�m�e� �p�o�s�s�i�b�l�e�.� 

�W�i�n� �(�p�)� 

�$�1�0�0�,�0�0�0� 

�L�o�s�e� �(�1�-�p�)� 

�F�i�g�u�r�e� �5�.�1�.� �A�n� �e�x�a�m�p�l�e� �o�f� �r�e�f�e�r�e�n�c�e� �g�a�m�b�l�e�s� 

�6�3



�C�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t� �(�C�E�)�.� �C�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s� �e�s�t�a�b�l�i�s�h� �a�n� �e�q�u�i�v�a�l�e�n�c�e� 

�b�e�t�w�e�e�n� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� �a�n�d� �a� �c�e�r�t�a�i�n� �v�a�l�u�e�.� �F�o�r� �a�n� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�,� �i�t�s� 

�c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t� �i�s� �t�h�a�t� �c�e�r�t�a�i�n� �v�a�l�u�e� �o�f� �a�n� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �w�h�i�c�h� �a� �D�M� �i�s� 

�j�u�s�t� �w�i�l�l�i�n�g� �t�o� �a�c�c�e�p�t� �i�n� �l�i�e�u� �o�f� �t�h�e� �g�a�m�b�l�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�.� �A� 

�c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t� �i�s� �a� �d�e�c�i�s�i�o�n�,� �n�o�t� �a�n� �e�s�t�i�m�a�t�e�.� �I�t� �i�s� �a� �v�a�l�u�e� �t�h�e� �D�M� �d�e�c�i�d�e�s� 
�t�o� �j�u�s�t� �a�c�c�e�p�t� �i�n� �l�i�e�u� �o�f� �f�a�c�i�n�g� �t�h�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�.� �I�t� �i�s� �n�o�t� �i�n� �a�n�y� �s�e�n�s�e� �a�n� 

�e�s�t�i�m�a�t�e� �o�f� �w�h�a�t� �t�h�e� �D�M� �t�h�i�n�k�s� �h�e� �w�i�l�l� �r�e�c�e�i�v�e�.� �A�s�s�e�s�s�i�n�g� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s� 

�r�e�q�u�i�r�e�s� �t�h�e� �D�M� �t�o� �p�r�o�c�e�s�s� �i�n�f�o�r�m�a�t�i�o�n� �o�f� �t�w�o� �t�y�p�e�s� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�:� �(�1�)� 

�i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �t�h�a�t� �a� �s�e�t� �o�f� �o�u�t�c�o�m�e�s� �w�i�l�l� �o�c�c�u�r�,� �a�n�d� �(�2�)� 

�i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �t�h�e� �o�u�t�c�o�m�e�s� �a�s� �m�e�a�s�u�r�e�d� �b�y� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� 

�5�.�4�.�2� �A�t�t�i�t�u�d�e�s� �t�o�w�a�r�d� �r�i�s�k� 

�T�h�r�e�e� �b�a�s�i�c� �a�t�t�i�t�u�d�e�s� �t�o�w�a�r�d� �r�i�s�k� �c�a�n� �b�e� �i�d�e�n�t�i�f�i�e�d�:� �r�i�s�k� �a�v�e�r�s�i�o�n�,� �r�i�s�k� 

�n�e�u�t�r�a�l�i�t�y�,� �a�n�d� �r�i�s�k� �s�e�e�k�i�n�g�.� �T�h�e� �c�h�o�i�c�e� �p�r�o�c�e�s�s� �i�n� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�s� �a�f�f�e�c�t�e�d� 

�b�y� �t�h�e� �t�y�p�e� �o�f� �r�i�s�k� �a�t�t�i�t�u�d�e� �t�h�a�t� �t�h�e� �D�M� �p�o�s�s�e�s�s�e�s�.� 

�1�)� �R�i�s�k� �a�v�e�r�s�i�o�n� 

�F�o�r� �a�n� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �o�f� �t�h�e� �g�r�e�a�t�e�r� �t�h�e� �b�e�t�t�e�r�,� �i�f� �t�h�e� �D�M�'�s� �c�e�r�t�a�i�n�t�y� 

�e�q�u�i�v�a�l�e�n�t� �f�o�r� �a�n� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t� �i�s� �l�e�s�s� �t�h�a�n� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �m�e�a�s�u�r�e�,� �t�h�e� �D�M� �i�s� �c�a�l�l�e�d� �r�i�s�k�-�a�v�e�r�s�e�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�e�x�p�e�c�t�e�d� �v�a�l�u�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �a�n�d� �t�h�e� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t� �i�s� �c�a�l�l�e�d� 

�r�i�s�k� �p�r�e�m�i�u�m�.� �T�w�o� �s�p�e�c�i�a�l� �c�a�s�e�s� �o�f� �r�i�s�k� �a�v�e�r�s�i�o�n� �a�r�e� �d�e�s�e�r�v�e� �m�o�r�e� �a�t�t�e�n�t�i�o�n�:� 

�D�e�c�r�e�a�s�i�n�g� �r�i�s�k� �a�v�e�r�s�i�o�n�.� �O�n�e� �s�p�e�c�i�a�l� �c�a�s�e� �o�f� �r�i�s�k� �a�v�e�r�s�i�o�n� �i�s� �d�e�c�r�e�a�s�i�n�g� 

�r�i�s�k� �a�v�e�r�s�i�o�n�.� �T�h�i�s� �c�o�n�d�i�t�i�o�n� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �d�e�g�r�e�e� �o�f� �r�i�s�k� �a�v�e�r�s�i�o�n� �d�e�c�r�e�a�s�e�s� 

�a�s� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�n�c�r�e�a�s�e�s�.� �T�o� �b�e� �m�o�r�e� �p�r�e�c�i�s�e�,� �t�h�e� �r�i�s�k� 

�p�r�e�m�i�u�m� �d�e�c�r�e�a�s�e�s� �f�o�r� �g�a�m�b�l�e�s� �t�h�a�t� �a�r�e� �i�d�e�n�t�i�c�a�l� �e�x�c�e�p�t� �f�o�r� �a�d�d�i�n�g� �t�h�e� �s�a�m�e� 

�c�o�n�s�t�a�n�t� �t�o� �e�a�c�h� �v�a�l�u�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� 

�C�o�n�s�t�a�n�t� �r�i�s�k� �a�v�e�r�s�i�o�n�.� �T�h�i�s� �c�o�n�d�i�t�i�o�n� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �r�i�s�k� �p�r�e�m�i�u�m� �i�s� 

�t�h�e� �s�a�m�e� �f�o�r� �g�a�m�b�l�e�s� �t�h�a�t� �a�r�e� �i�d�e�n�t�i�c�a�l� �e�x�c�e�p�t� �f�o�r� �a�d�d�i�n�g� �t�h�e� �s�a�m�e� �c�o�n�s�t�a�n�t� �t�o



�e�a�c�h� �l�e�v�e�l� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �C�o�n�s�t�a�n�t� �r�i�s�k� �a�v�e�r�s�i�o�n� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a�n� 

�e�x�p�o�n�e�n�t�i�a�l� �p�r�e�f�e�r�e�n�c�e� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �f�o�r�m� 

�u�(�e�)�=� �a�- �� �b�e�x�p�( ��A�e�)�,� 

�w�h�e�r�e� �/� �i�s� �a� �c�o�n�s�t�a�n�t� �t�h�a�t� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �d�e�g�r�e�e� �o�f� �r�i�s�k� �a�v�e�r�s�i�o�n�,� �a�n�d� �a� �a�n�d� �b� 

�a�r�e� �s�c�a�l�i�n�g� �c�o�n�s�t�a�n�t�s�.� �T�h�e�s�e� �s�c�a�l�i�n�g� �c�o�n�s�t�a�n�t�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �m�a�k�e� �t�h�e� 

�p�r�e�f�e�r�e�n�c�e� �f�u�n�c�t�i�o�n� �l�i�e� �b�e�t�w�e�e�n� �O� �a�n�d� �1� �o�v�e�r� �t�h�e� �r�a�n�g�e� �o�f� �i�n�t�e�r�e�s�t�.� 

�2�)� �R�i�s�k� �n�e�u�t�r�a�l�i�t�y� 

�R�i�s�k� �n�e�u�t�r�a�l�i�t�y� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �z�e�r�o� �r�i�s�k� �p�r�e�m�i�u�m�.� �T�h�e� �p�r�e�f�e�r�e�n�c�e� �c�u�r�v�e� �i�s� 

�a� �s�t�r�a�i�g�h�t� �l�i�n�e�.� �E�x�p�e�c�t�e�d� �v�a�l�u�e�s� �a�r�e� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s� �f�o�r� �t�h�e� �s�p�e�c�i�a�l� �c�a�s�e� �o�f� 

�r�i�s�k� �n�e�u�t�r�a�l�i�t�y�.� �T�h�e�r�e�f�o�r�e�,� �i�f� �t�h�e� �D�M� �i�s� �r�i�s�k� �n�e�u�t�r�a�l�,� �c�h�o�i�c�e�s� �c�a�n� �b�e� �m�a�d�e� �b�y� 

�c�o�m�p�a�r�i�n�g� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �f�o�r� �d�i�f�f�e�r�e�n�t� �d�e�s�i�g�n� 

�a�l�t�e�r�n�a�t�i�v�e�s�.� 

�3�)� �R�i�s�k� �s�e�e�k�i�n�g� 

�R�i�s�k� �s�e�e�k�i�n�g� �b�e�h�a�v�i�o�r� �i�s� �t�h�e� �o�p�p�o�s�i�t�e� �o�f� �r�i�s�k�-�a�v�e�r�s�e� �b�e�h�a�v�i�o�r� �i�n� �t�h�a�t� �t�h�e� 

�c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t� �f�o�r� �a� �g�a�m�b�l�e� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �T�h�u�s�,� �t�h�e� �r�i�s�k� �p�r�e�m�i�u�m� �f�o�r� �r�i�s�k� �s�e�e�k�i�n�g� �d�e�c�i�s�i�o�n� �m�a�k�e�r�s� �i�s� 

�n�e�g�a�t�i�v�e�.� 

�5�.�4�.�3� �E�m�p�i�r�i�c�a�l� �e�v�i�d�e�n�c�e� �o�n� �r�i�s�k�-�t�a�k�i�n�g� �b�e�h�a�v�i�o�r� 

�E�m�p�i�r�i�c�a�l� �e�v�i�d�e�n�c�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �i�n�d�i�v�i�d�u�a�l�s� �a�r�e� �r�i�s�k� �n�e�u�t�r�a�l� �w�h�e�n� �t�h�e� 

�"�s�t�a�k�e�s�"� �a�r�e� �l�o�w�.� �T�h�e� �m�o�s�t� �u�s�u�a�l� �r�e�a�c�t�i�o�n� �w�h�e�n� �t�h�e� �"�s�t�a�k�e�s�"� �a�r�e� �h�i�g�h� �i�s� �r�i�s�k� 

�a�v�e�r�s�i�o�n�,� �a�l�t�h�o�u�g�h� �i�n� �s�p�e�c�i�a�l� �c�a�s�e�s�,� �i�n�c�l�u�d�i�n�g� �g�a�m�b�l�e�s� �w�i�t�h� �n�e�g�a�t�i�v�e� �e�x�p�e�c�t�e�d� 

�v�a�l�u�e�s�,� �s�o�m�e� �i�n�d�i�v�i�d�u�a�l�s� �d�i�s�p�l�a�y� �r�i�s�k�-�s�e�e�k�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �I�n� �g�e�n�e�r�a�l�,� �i�t� 

�a�p�p�e�a�r�s� �t�h�a�t� �d�e�c�i�s�i�o�n� �m�a�k�e�r�s� �i�n� �l�a�r�g�e� �c�o�m�p�a�n�i�e�s� �a�r�e� �q�u�i�t�e� �r�i�s�k�-�a�v�e�r�s�e� 

�(�H�o�l�l�o�w�a�y�,� �1�9�7�9�)�.� �I�n� �m�a�k�i�n�g� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n�s�,� �m�a�n�y� �d�e�s�i�g�n�e�r�s� �h�a�v�e� �s�h�o�w�n� �r�i�s�k�-� 

�a�v�e�r�s�e� �b�e�h�a�v�i�o�r�.� �A�s� �s�h�o�w�n� �l�a�t�e�r� �i�n� �t�h�e� �c�h�a�p�t�e�r�,� �T�a�g�u�c�h�i�'�s� �p�h�i�l�o�s�o�p�h�y� �o�f� �r�o�b�u�s�t� 

�d�e�s�i�g�n� �b�y� �r�e�d�u�c�i�n�g� �p�e�r�f�o�r�m�a�n�c�e� �v�a�r�i�a�t�i�o�n�s� �i�s� �a�c�t�u�a�l�l�y� �b�a�s�e�d� �u�p�o�n� �t�h�e� 

�a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �l�e�s�s� �r�i�s�k� �i�s� �p�r�e�f�e�r�r�e�d� �i�n� �p�r�o�d�u�c�t� �d�e�s�i�g�n�.� 
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�5�.�4�.�4� �U�t�i�l�i�t�y� �a�s�s�e�s�s�m�e�n�t� �u�s�i�n�g� �5�0�-�5�0� �g�a�m�b�l�e�s� 

�T�h�e� �m�e�t�h�o�d�s� �f�o�r� �o�b�t�a�i�n�i�n�g� �u�t�i�l�i�t�y� �c�u�r�v�e�s� �c�a�n� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �c�a�t�e�g�o�r�i�e�s�.� 

�T�h�e� �f�i�r�s�t� �u�s�e�s� �t�h�e� �b�a�s�i�c� �r�e�f�e�r�e�n�c�e� �g�a�m�b�l�e� �d�i�r�e�c�t�l�y�.� �T�h�e� �s�e�c�o�n�d� �m�e�t�h�o�d� �u�s�e�s� �a� 

�v�a�r�i�e�t�y� �o�f� �5�0�-�5�0� �g�a�m�b�l�e�s�.� �T�h�e� �c�h�o�i�c�e� �a�m�o�n�g� �t�h�e� �p�r�o�c�e�d�u�r�e�s� �s�h�o�u�l�d� �b�e� �b�a�s�e�d� 

�o�n� �e�a�s�e� �o�f� �u�s�e� �b�y� �t�h�e� �D�M�.� �P�r�e�s�u�m�a�b�l�y� �a� �p�r�o�c�e�d�u�r�e� �t�h�a�t� �i�s� �e�a�s�i�e�r� �t�o� �t�h�i�n�k� �a�b�o�u�t� 

�w�i�l�l� �r�e�s�u�l�t� �i�n� �a�s�s�e�s�s�m�e�n�t�s� �t�h�a�t� �a�r�e� �m�o�r�e� �c�o�n�s�i�s�t�e�n�t� �a�n�d� �i�n� �w�h�i�c�h� �t�h�e� �D�M� �w�i�l�l� �h�a�v�e� 

�m�o�r�e� �c�o�n�f�i�d�e�n�c�e�.� �S�i�n�c�e� �p�r�o�b�a�b�i�l�i�t�i�e�s� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �c�o�n�c�e�p�t�u�a�l�i�z�e�,� �p�a�r�t�i�c�u�l�a�r�l�y� 

�w�h�e�n� �s�m�a�l�l� �d�i�f�f�e�r�e�n�c�e�s� �o�r� �s�m�a�l�l� �p�r�o�b�a�b�i�l�i�t�i�e�s� �a�r�e� �b�e�i�n�g� �c�o�n�s�i�d�e�r�e�d�,� �t�h�e� �5�0�-�5�0� 

�m�e�t�h�o�d� �i�s� �r�e�c�o�m�m�e�n�d�e�d�.� �T�h�e� �a�r�g�u�m�e�n�t� �i�s� �t�h�a�t� �a� �5�0�-�5�0� �g�a�m�b�l�e� �i�s� �t�h�e� �s�i�m�p�l�e�s�t� 

�o�f� �a�l�l� �s�e�t�t�i�n�g�s� �t�h�a�t� �i�n�c�l�u�d�e� �u�n�c�e�r�t�a�i�n�t�y� �a�n�d� �t�h�e�r�e�f�o�r�e� �i�s� �t�h�e� �b�e�s�t� �s�e�t�t�i�n�g� �t�o� �u�s�e� �f�o�r� 

�a�s�s�e�s�s�i�n�g� �p�r�e�f�e�r�e�n�c�e�s�.� �T�h�e� �u�t�i�l�i�t�y� �a�s�s�e�s�s�m�e�n�t� �p�r�o�c�e�d�u�r�e�s� �u�s�i�n�g� �5�0�-�5�0� �g�a�m�b�l�e�s� 

�a�r�e� �s�u�m�m�a�r�i�z�e�d� �b�e�l�o�w� �(�H�o�l�l�o�w�a�y�,� �1�9�7�9�)�:� 

�1�)� �E�s�t�a�b�l�i�s�h� �t�h�e� �p�a�y�o�f�f�s� �f�o�r� �a� �r�e�f�e�r�e�n�c�e� �g�a�m�b�l�e� �f�o�r� �t�h�e� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�.� 

�2�)� �D�e�t�e�r�m�i�n�e� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s� �C�E�,�,� �C�E�,�,� �a�n�d� �C�E�,� �f�o�r� �t�h�e� �r�e�f�e�r�e�n�c�e� �g�a�m�b�l�e� 

�w�i�t�h� 
�p�=�1�,� �p�=�0�,� �a�n�d� �p�=�0�.�5�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�c�o�r�d� �t�h�e�m� �o�n� �a� �p�l�o�t� �w�i�t�h� �p� �o�n� �t�h�e� �v�e�r�t�i�c�a�l� �a�x�i�s� �a�n�d� �t�h�e� 

�c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t� �o�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s�.� �T�h�i�s� �e�s�t�a�b�l�i�s�h�e�s� 

�u�(�C�E�,�)� �=� �1�.�0�,� �u�(�C�E�,�)�=�0�,� �a�n�d� �u�(�C�E�;�)� �=� �0�.�5� 

�a�s� �t�h�e� �u�t�i�l�i�t�i�e�s� �f�o�r� �t�h�e�s�e� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s�.� 

�3�)� �C�r�e�a�t�e� �a� �s�e�q�u�e�n�c�e� �o�f� �n�e�w� �g�a�m�b�l�e�s�,� �e�a�c�h� �w�i�t�h� �a� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �w�i�n�n�i�n�g� �o�f� �p� �=� 

�0�.�5�.� �T�h�e� �p�a�y�o�f�f�s� �C�E�;� �a�n�d� �C�E�,� �a�r�e� �v�a�r�i�e�d� �a�n�d� �r�e�s�t�r�i�c�t�e�d� �t�o� �v�a�l�u�e�s� �o�f� �c�e�r�t�a�i�n�t�y� 

�e�q�u�i�v�a�l�e�n�t�s� �p�r�e�v�i�o�u�s�l�y� �s�p�e�c�i�f�i�e�d� �(�F�i�g�u�r�e� �5�.�2�)�.� 

�4�)� �D�e�t�e�r�m�i�n�e� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s�,� �C�Z�,�,� �f�o�r� �e�a�c�h� �g�a�m�b�l�e�.� 

�5�)� �F�o�r� �e�a�c�h� �g�a�m�b�l�e� �c�a�l�c�u�l�a�t�e� �t�h�e� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y� �o�f� �A�l�t�e�r�n�a�t�i�v�e�s� �A� �a�n�d� �B�.� 

�F�o�r� �A�l�t�e�r�n�a�t�i�v�e� �A�,� 

�E�(�U�,�)� �=� �(�0�.�5�)�u�(�C�E�,�)� �+� �(�0�.�5�)�u�(�C�E�)�.� 

�F�o�r� �A�l�t�e�r�n�a�t�i�v�e� �B�,� 

�E�(�U�,�)� �=� �(�1�)�u�(�C�E�,�)�.� 
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�I�n�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �A� �a�n�d� �B� �m�e�a�n�s� �t�h�a�t� 

�E�(�U�,�)� �=� �E�(�u�,�)� �o�r� 

�u�(�C�E�,�)� �=� �(�0�.�5�)�u�(�C�E�,�)� �+� �(�0�.�5�)�u�(�C�E�)�)�.� 

�6�)� �P�l�o�t� �e�a�c�h� �[�C�E�,�u�(�C�E�,�)�]� �p�a�i�r� �w�i�t�h� �C�E�,� �o�n� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s� �a�n�d� �«�(�C�E�,�)� �o�n� �t�h�e� 

�v�e�r�t�i�c�a�l� �a�x�i�s�.� 

�7�)� �R�e�p�e�a�t� �s�t�e�p�s� �3�,� �4�,� �5� �a�n�d� �6� �u�n�t�i�l� �t�h�e� �p�l�o�t� �i�s� �w�e�l�l� �d�e�f�i�n�e�d�.� 
�8�)� �D�r�a�w� �a� �c�u�r�v�e� �t�h�r�o�u�g�h� �t�h�e� �p�l�o�t�t�e�d� �p�o�i�n�t�s�.� 

� � � � � 

� � 

� � � � � � 

�p� �=� �0�.�5� 
�C�E�;� 

�A�l�t�e�r�n�a�t�i�v�e� �A� 

�C�E�;� 

�A�l�t�e�r�n�a�t�i�v�e� �B� 

�C�E�,� � � 

�F�i�g�u�r�e� �5�.�2�.� �U�t�i�l�i�t�y� �a�s�s�e�s�s�m�e�n�t� �u�s�i�n�g� �5�0�-�5�0� �g�a�m�b�l�e�s� 
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�§�.�4�.�5� �U�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�s� �f�o�r� �s�p�e�c�i�a�l� �r�i�s�k� �a�t�t�i�t�u�d�e�s� 

�T�h�e� �s�h�a�p�e� �o�f� �t�h�e� �u�t�i�l�i�t�y� �c�u�r�v�e� �d�e�p�e�n�d�s� �o�n� �a�n� �i�n�d�i�v�i�d�u�a�l�'�s� �a�t�t�i�t�u�d�e� �t�o�w�a�r�d� �r�i�s�k�.� 

�T�h�r�e�e� �g�e�n�e�r�a�l� �c�a�t�e�g�o�r�i�e�s� �o�f� �a�t�t�i�t�u�d�e�s� �h�a�v�e� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d�:� �r�i�s�k� �a�v�e�r�s�e�,� �r�i�s�k� 

�n�e�u�t�r�a�l�,� �a�n�d� �r�i�s�k� �s�e�e�k�i�n�g�.� �F�i�g�u�r�e� �5�.�3� �s�h�o�w�s� �e�x�a�m�p�l�e�s� �o�f� �u�t�i�l�i�t�y� �c�u�r�v�e�s� �f�o�r� �e�a�c�h� 

�c�a�t�e�g�o�r�y�.� �T�h�e� �s�h�a�p�e� �o�f� �t�h�e� �r�i�s�k�-�a�v�e�r�s�e� �c�u�r�v�e� �i�s� �c�o�n�c�a�v�e�.� �T�h�e� �r�i�s�k�-�s�e�e�k�i�n�g� 

�c�u�r�v�e� �i�s� �c�o�n�v�e�x�.� �T�h�e� �r�i�s�k�-�n�e�u�t�r�a�l� �c�u�r�v�e� �i�s� �a� �s�t�r�a�i�g�h�t� �l�i�n�e�.� 

� � � � � � 
� � � � � 
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�1�.�0� 

�0�.�8� �-� 
�r�i�s�k� �a�v�e�r�s�e� 

�0�.�6� �- �� �r�i�s�k� �n�e�u�t�r�a�l� 

�£� 
�=� 

�_� 

�0�.�4� �-� 

�r�i�s�k� �s�e�e�k�i�n�g� 

�0�.�2� � � � � 
� � �0�.�0� 

�E�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �(�l�a�r�g�e�r� �t�h�e� �b�e�t�t�e�r�)� 

�F�i�g�u�r�e� �5�.�3�.� �T�h�r�e�e� �f�o�r�m�s� �o�f� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�s� 

�6�8



�1�)� �R�i�s�k� �n�e�u�t�r�a�l�i�t�y�  �� �l�i�n�e�a�r� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� 

�T�h�e� �u�t�i�l�i�t�y� �c�u�r�v�e� �f�o�r� �r�i�s�k� �n�e�u�t�r�a�l� �d�e�c�i�s�i�o�n� �m�a�k�e�r�s� �i�s� �a� �s�t�r�a�i�g�h�t� �l�i�n�e�.� �T�h�e� 

�s�e�c�o�n�d� �d�e�r�i�v�a�t�i�v�e� �o�f� �t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� 

�u�"�(�e�)� �=� �0�.� 

�S�i�n�c�e� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s� �a�r�e� �e�q�u�a�l� �t�o� �e�x�p�e�c�t�e�d� �v�a�l�u�e�s�,� �t�h�e� �c�u�r�v�e� �i�s� �n�o�t� 

�r�e�q�u�i�r�e�d� �f�o�r� �e�v�a�l�u�a�t�i�n�g� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�.� 

�2�)� �R�i�s�k� �a�v�e�r�s�i�o�n� �-� �c�o�n�v�e�x� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� 

�I�f� �t�h�e� �D�M� �i�s� �r�i�s�k�-�a�v�e�r�s�e� �o�v�e�r� �t�h�e� �e�n�t�i�r�e� �r�a�n�g�e� �o�f� �i�n�t�e�r�e�s�t�,� �t�h�e� �u�t�i�l�i�t�y� �c�u�r�v�e� 

�m�u�s�t� �b�e� �r�e�l�a�t�i�v�e�l�y� �s�m�o�o�t�h�.� �R�i�s�k�-�a�v�e�r�s�e� �i�n�d�i�v�i�d�u�a�l�s� �h�a�v�e� �a� �p�o�s�i�t�i�v�e� �r�i�s�k� �p�r�e�m�i�u�m�.� 

�T�h�e� �s�i�z�e� �o�f� �t�h�e� �r�i�s�k� �p�r�e�m�i�u�m� �d�e�p�e�n�d�s� �u�p�o�n� �(�1�)� �t�h�e� �d�e�g�r�e�e� �o�f� �r�i�s�k� �a�v�e�r�s�i�o�n�,� �(�2�)� 

�t�h�e� �v�a�l�u�e�s� �t�a�k�e�n� �o�n� �b�y� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�,� �a�n�d� �(�3�)� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �F�o�r� �a� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �w�i�t�h� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� 

�d�e�r�i�v�a�t�i�v�e�s�,� �t�h�e� �r�i�s�k� �a�v�e�r�s�i�o�n� �f�u�n�c�t�i�o�n� �i�s� �d�e�f�i�n�e�d� �a�s� 

 ��u�"�(�e�)� 
�=�e�)�.� �(�5�.�1�)� 

�I�f� �t�h�e� �D�M� �i�s� �d�e�c�r�e�a�s�i�n�g�l�y� �r�i�s�k� �a�v�e�r�s�e�,� �t�h�e� �f�i�r�s�t� �d�e�r�i�v�a�t�i�v�e� �o�f� �t�h�e� �r�i�s�k� �a�v�e�r�s�i�o�n� 

�f�u�n�c�t�i�o�n�,� �r ��(�e�)�,� �i�s� �l�e�s�s� �t�h�a�n� �z�e�r�o�.� �I�f� �t�h�e� �D�M� �i�s� �c�o�n�s�t�a�n�t�l�y� �r�i�s�k� �a�v�e�r�s�e�,� �r�'�(�e�)� �=� �0�.� �F�o�r� 

�a� �D�M� �o�f� �i�n�c�r�e�a�s�i�n�g� �r�i�s�k� �a�v�e�r�s�i�o�n�,� �r ��(�e�)� �>� �0�.� 

�K�n�o�w�i�n�g� �t�h�a�t� �a� �p�o�s�i�t�i�v�e� �r�i�s�k� �p�r�e�m�i�u�m� �e�x�i�s�t�s� �r�e�s�t�r�i�c�t�s� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �u�t�i�l�i�t�y� 

�c�u�r�v�e�.� �S�i�n�c�e� �a� �r�i�s�k� �a�v�e�r�s�e� �i�n�d�i�v�i�d�u�a�l� �h�a�s� �a� �p�o�s�i�t�i�v�e� �r�i�s�k� �p�r�e�m�i�u�m�,� �t�h�e� �u�t�i�l�i�t�y� 

�c�u�r�v�e� �w�i�l�l� �a�l�w�a�y�s� �l�i�e� �t�o� �t�h�e� �l�e�f�t� �o�r� �a�b�o�v�e� �t�h�e� �r�i�s�k�-�n�e�u�t�r�a�l� �c�u�r�v�e�.� �T�h�u�s�,� �t�h�e� �u�t�i�l�i�t�y� 

�c�u�r�v�e� �i�s� �a�l�w�a�y�s� �c�o�n�c�a�v�e�.� �T�h�e�s�e� �r�e�q�u�i�r�e�m�e�n�t�s� �m�e�a�n� �t�h�a�t� �a� �f�e�w� �a�s�s�e�s�s�m�e�n�t�s� 

�r�a�p�i�d�l�y� �r�e�s�t�r�i�c�t� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �u�t�i�l�i�t�y� �c�u�r�v�e�.� 

�A� �s�p�e�c�i�a�l� �c�a�s�e� �o�f� �r�i�s�k� �a�v�e�r�s�i�o�n� �i�s� �t�h�e� �c�o�n�s�t�a�n�t� �r�i�s�k� �a�v�e�r�s�i�o�n�.� �C�o�n�s�t�a�n�t� �r�i�s�k� 

�a�v�e�r�s�i�o�n� �i�m�p�l�i�e�s� �a� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �f�o�r�m� 

�u�(�e�)� �=�a�  �� �b�e�x�p�( ��A�e�)�,� �(�5�.�2�)� 
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�w�h�e�r�e� �£� �i�s� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �m�e�a�s�u�r�e�.� �I�f� �w�e� �r�e�q�u�i�r�e� 

�U�(�C� �n�i�n�)� �=� �9�,� �U�C� �m�a�x�)� �=� �1�.�0�,� 

�w�h�e�r�e� �e�,�,�,�,� �i�s� �t�h�e� �l�o�w�e�s�t� �v�a�l�u�e� �f�o�r� �t�h�e� �p�r�e�f�e�r�e�n�c�e� �s�c�a�l�e� �a�n�d� �¢�,�,�.� �i�s� �t�h�e� �h�i�g�h�e�s�t�,� 
�o�n�l�y� �o�n�e� �m�o�r�e� �e�q�u�a�t�i�o�n� �i�s� �n�e�e�d�e�d� �t�o� �f�i�n�d� �t�h�e� �v�a�l�u�e�s� �f�o�r� �p�a�r�a�m�e�t�e�r�s� �a�,� �5�,� �a�n�d� �2�.� 

�T�h�i�s� �m�e�a�n�s� �t�h�a�t� �a� �s�i�n�g�l�e� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t� �a�s�s�e�s�s�m�e�n�t� �i�s� �a�l�l� �t�h�a�t� �i�s� �r�e�q�u�i�r�e�d� �t�o� 

�c�o�m�p�l�e�t�e�l�y� �s�p�e�c�i�f�y� �t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�.� �B�y� �u�s�i�n�g� �t�h�e� �5�0�-�5�0� �g�a�m�b�l�e� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �5�.�4�,� 

�u�(�C�E�)� �=� �0�.�5�u�( ¬�,�,�,�)� �+� �0�.�5�4�( ¬� �m�i�n�)�,� 

�u�( ¬�,�.�)� �=� �1�.�0�,� 

�u�(�e�,�,�,�,�)� �=� �0�.� 

�T�h�u�s�,� 

�a�=� �e�x�p�( ��A�e�,�,�,�,� �)� 
�e�x�p�( ��A�e�n� �i�n� �) �� �E�X�P�( ��A�l�g�u�x� �)� 

�b�=� �I� 
�e�x�p�( ��A�e�,�,�,�,� �) �� �e�x�p�( ��A�e�,�,�,�,� �)� 
� � 

�e�x�p�(�- ��A�C�E�)� �=� �0�.�5�[�e�x�p�( ��A�e�,�,�;�,� �+� �e�x�p�( ��A�e�,�,�.�.� �)�]� 

�F�o�r� �a�n�y� �v�a�l�u�e�s� �o�f� �C�E�,� �e�,�.�.�,� �C�s�i�»� �@� �a�n�d� �5� �c�a�n� �b�e� �e�v�a�l�u�a�t�e�d� �d�i�r�e�c�t�l�y�.� �4� �c�a�n� �b�e� 
�f�o�u�n�d� �b�y� �t�r�i�a�l� �a�n�d� �e�r�r�o�r� �o�r� �b�y� �m�e�a�n�s� �o�f� �a� �c�o�m�p�l�i�c�a�t�e�d� �s�e�a�r�c�h� �p�r�o�c�e�d�u�r�e� �o�n� �a� 

�c�o�m�p�u�t�e�r�.� 

�3�)� �R�i�s�k� �s�e�e�k�i�n�g�  �� �c�o�n�v�e�x� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� 

�T�h�e� �s�e�c�o�n�d� �d�e�r�i�v�a�t�i�v�e� �o�f� �t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �«�"�/�e�)� �>� �0�.� 
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�A�l�t�e�r�n�a�t�i�v�e� �A� 

�©� �m�i�n� 

�A�l�t�e�r�n�a�t�i�v�e� �B� 

�C�E� � � 

�F�i�g�u�r�e� �5�.�4�.� �E�s�t�i�m�a�t�i�n�g� �t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �f�o�r� �c�o�n�s�t�a�n�t� �r�i�s�k� �a�v�e�r�s�i�o�n� 
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�5�.�4�.�6� �P�r�o�c�e�d�u�r�e�s� �f�o�r� �a�s�s�e�s�s�i�n�g� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�s� 

�I�n� �p�r�a�c�t�i�c�e�,� �a�c�c�o�r�d�i�n�g� �t�o� �K�e�e�n�e�y� �(�1�9�7�7�)�,� �t�h�e� �a�s�s�e�s�s�m�e�n�t� �o�f� �a� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� 

�f�o�l�l�o�w�s� �t�h�r�e�e� �p�h�a�s�e�s�:� �(�1�)� �a�s�k� �s�o�m�e� �q�u�e�s�t�i�o�n�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �g�e�n�e�r�a�l� �s�h�a�p�e� �o�f� 

�t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�,� �(�2�)� �a�s�k� �s�o�m�e� �s�p�e�c�i�f�i�c� �q�u�e�s�t�i�o�n�s� �t�o� �q�u�a�n�t�i�f�y� �a� �s�p�e�c�i�f�i�c� �u�t�i�l�i�t�y� 

�f�u�n�c�t�i�o�n�,� �a�n�d� �(�3�)� �c�h�e�c�k� �c�o�n�s�i�s�t�e�n�c�y� �a�n�d� �m�a�k�e� �m�o�d�i�f�i�c�a�t�i�o�n�s�.� �O�n�c�e� �t�h�e� �a�t�t�r�i�b�u�t�e� 

�i�s� �s�p�e�c�i�f�i�e�d�,� �t�h�e� �a�s�s�e�s�s�m�e�n�t� �p�r�o�c�e�s�s� �c�a�n� �b�e� �b�r�o�k�e�n� �i�n�t�o� �f�i�v�e� �p�a�r�t�s� �(�K�e�e�n�e�y�,� 

�1�9�7�7�,� �K�e�e�n�e�y� �a�n�d� �R�a�i�f�f�a�,� �1�9�7�6�)�:� 

�S�t�e�p� �1�:� �P�r�e�p�a�r�i�n�g� �f�o�r� �t�h�e� �a�s�s�e�s�s�m�e�n�t�.� �T�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �i�s� 

�f�a�m�i�l�i�a�r�i�z�e�d� �w�i�t�h� �t�h�e� �t�e�r�m�i�n�o�l�o�g�y� �a�n�d� �p�r�o�c�e�d�u�r�e�s� �u�s�e�d� �i�n� �t�h�e� �a�s�s�e�s�s�m�e�n�t�.� �T�h�e� 

�a�n�a�l�y�s�t� �i�s� �f�a�m�i�l�i�a�r�i�z�e�d� �w�i�t�h� �t�h�e� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� �a�n�d� �t�h�e� �m�e�a�n�i�n�g� �o�f� �t�h�e� 

�a�t�t�r�i�b�u�t�e�.� 

�S�t�e�p� �2�:� �I�d�e�n�t�i�f�y�i�n�g� �t�h�e� �r�e�l�e�v�a�n�t� �q�u�a�l�i�t�a�t�i�v�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�e�s�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �i�n�v�e�s�t�i�g�a�t�i�n�g� �t�h�r�e�e� �q�u�e�s�t�i�o�n�s�:� �(�1�)� �i�s� �t�h�e� 

�u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �m�o�n�o�t�o�n�i�c�,� �(�2�)� �i�s� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �r�i�s�k� �a�v�e�r�s�e�,� �r�i�s�k� �n�e�u�t�r�a�l�,� �o�r� 

�r�i�s�k� �p�r�o�n�e�,� �a�n�d� �(�3�)� �i�f� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �i�s� �r�i�s�k� �a�v�e�r�s�e�,� �i�s� �h�i�s� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� 

�i�n�c�r�e�a�s�i�n�g�l�y�,� �d�e�c�r�e�a�s�i�n�g�l�y�,� �o�r� �c�o�n�s�t�a�n�t�l�y� �r�i�s�k� �a�v�e�r�s�e�?� 

�S�t�e�p� �3�:� �S�p�e�c�i�f�y�i�n�g� �q�u�a�n�t�i�t�a�t�i�v�e� �e�s�t�i�m�a�t�i�o�n�.� �T�h�e� �u�t�i�l�i�t�i�e�s� �o�f� �a� �f�e�w� 

�p�a�r�t�i�c�u�l�a�r� �p�o�i�n�t�s� �o�n� �t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �a�r�e� �d�e�t�e�r�m�i�n�e�d�.� �T�h�i�s� �u�s�u�a�l�l�y� �i�n�v�o�l�v�e�s� 

�d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s� �f�o�r� �a� �f�e�w� �5�0�-�5�0� �g�a�m�b�l�e�s�.� �I�f� �t�h�e� �d�e�c�i�s�i�o�n� 

�m�a�k�e�r� �i�s� �r�i�s�k� �a�v�e�r�s�e�,� �h�i�s� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s� �(�C�E�)� �m�u�s�t� �b�e� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� 

�e�x�p�e�c�t�e�d� �c�o�n�s�e�q�u�e�n�c�e�s� �f�o�r� �m�o�n�t�o�n�i�c�a�l�l�y� �d�e�c�r�e�a�s�i�n�g� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�s�.� �F�o�r� 

�i�n�c�r�e�a�s�i�n�g� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�,� �t�h�e� �C�E ��s� �m�u�s�t� �b�e� �l�e�s�s� �t�h�a�n� �t�h�e� �e�x�p�e�c�t�e�d� 

�c�o�n�s�e�q�u�e�n�c�e�s�.� 

�B�e�f�o�r�e� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �C�E ��s�,� �t�h�e� �e�n�d� �p�o�i�n�t�s� �f�o�r� �t�h�e� �a�t�t�r�i�b�u�t�e� �£�,� �i�.�e�.�,� �t�h�e� �b�e�s�t� 

�v�a�l�u�e� �e�*� �a�n�d� �t�h�e� �w�o�r�s�t� �v�a�l�u�e� �e�°�,� �s�h�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e�s�e� �c�o�u�l�d� �b�e� �t�h�e� �b�e�s�t� 

�a�n�d� �w�o�r�s�t� �c�o�n�c�e�i�v�a�b�l�e� �v�a�l�u�e�s� �f�o�r� �t�h�e� �a�t�t�r�i�b�u�t�e�;� �o�r� �t�h�e�y� �c�o�u�l�d� �b�e� �n�u�m�b�e�r�s� 

�b�o�u�n�d�i�n�g� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e�s� �t�o� �b�e� �c�o�n�s�i�d�e�r�e�d� �b�y� �t�h�e� �a�n�a�l�y�s�i�s�;� �o�r� �t�h�e�y� �c�o�u�l�d� �h�a�v�e� 

�s�o�m�e� �o�t�h�e�r� �c�o�n�v�e�n�i�e�n�t� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �(�W�a�t�s�o�n� �a�n�d� �B�u�e�d�e�,� �1�9�8�7�)�.� �I�n� �t�h�i�s� 

�r�e�s�e�a�r�c�h�,� �u�(�e�*�)� �i�s� �d�e�f�i�n�e�d� �t�o� �b�e� �e�q�u�a�l� �1�.�0� �a�n�d� �u�(�e�?�)� �i�s� �e�q�u�a�l� �t�o� �0�.�0�.� 
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�S�t�e�p� �4�:� �C�h�o�o�s�e� �a� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�.� �\�n� �u�t�i�l�i�t�y� �a�s�s�e�s�s�m�e�n�t�,� �t�h�e� �q�u�e�s�t�i�o�n� �i�s� 

�w�h�e�t�h�e�r� �o�r� �n�o�t� �a� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �e�x�i�s�t�s� �t�h�a�t� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �s�a�t�i�s�f�i�e�s� �a�l�l� �o�f� �t�h�e� 

�i�n�f�o�r�m�a�t�i�o�n� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �a�s�s�e�s�s�m�e�n�t�.� �W�e� �w�o�u�l�d� �l�i�k�e� �t�o� �f�i�n�d� �a� �p�a�r�a�m�e�t�r�i�c� 

�f�a�m�i�l�y� �o�f� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�s� �t�h�a�t� �p�o�s�s�e�s�s�e�s� �t�h�e� �r�e�l�e�v�a�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �(�s�u�c�h� �a�s� �r�i�s�k� 

�a�v�e�r�s�i�o�n�)�.� �T�h�e�n� �b�y� �u�s�i�n�g� �t�h�e� �c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t�s�,� �a� �s�p�e�c�i�f�i�c� �m�e�m�b�e�r� �o�f� �t�h�a�t� 

�f�a�m�i�l�y� �w�h�i�c�h� �i�s� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �t�h�e� �D�M� �i�s� �i�d�e�n�t�i�f�i�e�d�.� �T�h�e� �C�E�'�s� �a�r�e� �u�s�e�d� �t�o� �s�p�e�c�i�f�y� 

�v�a�l�u�e�s� �f�o�r� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �f�a�m�i�l�y� �o�f� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�s�.� 

�S�t�e�p� �5�:� �C�h�e�c�k�i�n�g� �f�o�r� �c�o�n�s�i�s�t�e�n�c�y�.� �T�h�e� �c�o�n�s�i�s�t�e�n�c�y� �o�f� �a�b�o�v�e� 

�a�s�s�e�s�s�m�e�n�t�s� �m�u�s�t� �b�e� �e�x�a�m�i�n�e�d�.� �I�f� �s�o�m�e� �o�f� �t�h�e� �a�s�s�e�s�s�m�e�n�t�s� �a�r�e� �n�o�t� 

�c�o�n�s�i�s�t�e�n�t�,� �m�o�r�e� �a�s�s�e�s�s�m�e�n�t�s� �s�h�o�u�l�d� �b�e� �c�o�n�d�u�c�t�e�d�.� 

�5�.�4�.�7� �A�x�i�o�m�s� �f�o�r� �c�h�o�i�c�e�s� 

�T�h�e� �u�t�i�l�i�t�y� �a�n�a�l�y�s�i�s� �m�e�t�h�o�d� �i�n�t�r�o�d�u�c�e�d� �a�b�o�v�e� �i�s� �v�a�l�i�d� �i�f� �c�e�r�t�a�i�n� �b�e�h�a�v�i�o�r�a�l� 

�a�s�s�u�m�p�t�i�o�n�s� �a�r�e� �s�a�t�i�s�f�i�e�d�.� �T�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s� �a�r�e�:� �(�1�)� �C�o�m�p�a�r�a�b�i�l�i�t�y�,� �(�2�)� 

�T�r�a�n�s�i�t�i�v�i�t�y�,� �(�3�)� �R�e�d�u�c�t�i�o�n� �o�f� �c�o�m�p�o�u�n�d� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�,� �(�4�)� �C�o�n�t�i�n�u�i�t�y�,� �(�5�)� 

�S�u�b�s�t�i�t�u�t�a�b�i�l�i�t�y�,� �a�n�d� �(�6�)� �M�o�n�o�t�o�n�i�c�i�t�y�.� �I�f� �t�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s� �a�r�e� �s�a�t�i�s�f�i�e�d�,� �t�h�e�r�e� 

�e�x�i�s�t� �a� �u�t�i�l�i�t�y� �s�o� �t�h�a�t� �t�h�e� �D�M�'�s� �p�r�e�f�e�r�e�n�c�e�s� �f�o�r� �v�a�r�i�o�u�s� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �c�a�n� �b�e� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �c�a�l�c�u�l�a�t�i�n�g� �e�x�p�e�c�t�e�d� �p�r�e�f�e�r�e�n�c�e�s�.� �T�h�e�s�e� �s�i�x� �a�x�i�o�m�s� �a�r�e� 

�e�x�p�l�a�i�n�e�d� �i�n� �d�e�t�a�i�l� �i�n� �A�p�p�e�n�d�i�x� �A�.�1�.� 

�5�.�5� �S�e�q�u�e�n�t�i�a�l� �D�e�c�i�s�i�o�n� �A�n�a�l�y�s�i�s� �U�s�i�n�g� �t�h�e� �M�a�x�i�m�u�m� �E�x�p�e�c�t�e�d� �U�t�i�l�i�t�y� 

�P�r�i�n�c�i�p�l�e� 

�C�o�m�b�i�n�i�n�g� �t�h�e� �d�e�c�i�s�i�o�n� �m�o�d�e�l�s� �p�r�e�s�e�n�t�e�d� �i�n� �C�h�a�p�t�e�r� �I�V� �w�i�t�h� �u�t�i�l�i�t�y� �t�h�e�o�r�y� 

�r�e�s�u�l�t�s� �i�n� �a� �l�o�g�i�c�a�l� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s� �f�o�r� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y�.� 

�T�h�i�s� �a�p�p�r�o�a�c�h� �i�s� �c�a�l�l�e�d� �s�e�q�u�e�n�t�i�a�l� �d�e�c�i�s�i�o�n� �a�n�a�l�y�s�i�s� �u�s�i�n�g� �t�h�e� �M�a�x�i�m�u�m� 

�E�x�p�e�c�t�e�d� �U�t�i�l�i�t�y� �(�M�E�U�)� �p�r�i�n�c�i�p�l�e�.� �T�h�e� �d�e�c�i�s�i�o�n� �c�r�i�t�e�r�i�o�n� �u�s�e�d� �i�n� �t�h�e� �a�p�p�r�o�a�c�h� �i�s� 

�m�a�x�i�m�i�z�a�t�i�o�n� �o�f� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y�.� 
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�5�.�5�.�1� �T�h�e� �M�a�x�i�m�u�m� �E�x�p�e�c�t�e�d� �U�t�i�l�i�t�y� �p�r�i�n�c�i�p�l�e� 

�I�n� �t�h�e� �p�r�o�c�e�s�s� �o�f� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n�,� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �a� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e� �i�s� 

�i�n�f�l�u�e�n�c�e�d� �b�y� �v�a�r�i�o�u�s� �u�n�c�e�r�t�a�i�n�t�i�e�s�.� �D�u�e� �t�o� �t�h�e�s�e� �u�n�c�e�r�t�a�i�n�t�i�e�s�,� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� 

�a� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �m�a�y� �r�e�s�u�l�t� �i�n� �m�a�n�y� �p�o�s�s�i�b�l�e� �c�o�n�s�e�q�u�e�n�c�e�s�.� �B�a�s�e�d� �u�p�o�n� 

�u�t�i�l�i�t�y� �t�h�e�o�r�y�,� �t�h�e� �D�M�'�s� �p�r�e�f�e�r�e�n�c�e�s� �f�o�r� �t�h�e� �v�a�r�i�o�u�s� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �a� �d�e�s�i�g�n� 

�d�e�c�i�s�i�o�n� �c�a�n� �b�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�e�r�m�s� �o�f� �u�t�i�l�i�t�i�e�s�.� �T�h�u�s�,� �t�h�e� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �c�a�n� 

�b�e� �c�o�m�p�a�r�e�d� �b�a�s�e�d� �u�p�o�n� �t�h�e�i�r� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�i�e�s�.� 

�P�r�i�n�c�i�p�l�e� �o�f� �M�a�x�i�m�u�m� �E�x�p�e�c�t�e�d� �U�t�i�l�i�t�y� �(�M�E�U�)�:� �T�h�e�r�e� �a�r�e� �a� �s�e�t� �o�f� 

�m�u�t�u�a�l�l�y� �e�x�c�l�u�s�i�v�e� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�,� �a�,�,� �a�,�,� �.�.�.�.�a�,�.� �T�h�e� �s�e�t� �o�f� �s�t�a�t�e�s� �o�f� �n�a�t�u�r�e� 

�f�o�r� �t�h�e� �p�r�o�b�l�e�m� �a�r�e� �i�d�e�n�t�i�f�i�e�d� �a�s� �s�,�,� �s�,�,� �.�.�.�,� �s�,�.� �I�f� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �t�h�a�t� �s�,� �o�c�c�u�r�s�,� �a�e�g� �n�°� 

�D�s�,�)�,� �i�s� �k�n�o�w�n�,� �t�h�e� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y� �o�f� �A�l�t�e�r�n�a�t�i�v�e� �a�,� �i�s� �g�i�v�e�n� �b�y� 

�7�,� �=� �>�"� �p�,�(�s�,�)�x�u�(�a�,�,�5�,�)�.� �(�5�.�3�)� 

�T�h�e� �a�l�t�e�r�n�a�t�i�v�e� �w�i�t�h� �t�h�e� �m�a�x�i�m�u�m� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y� �i�s� �p�r�e�f�e�r�r�e�d�.� 

�I�f� �a� �s�i�n�g�l�e� �a�t�t�r�i�b�u�t�e�,� �E�,� �i�s� �s�u�f�f�i�c�i�e�n�t� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �t�h�e� 

�d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�,� �t�h�e� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y� �f�o�r� �A�l�t�e�r�n�a�t�i�v�e� �a�,� �i�s� �e�q�u�a�l� �t�o� 

�u�,� �=� �>� �P�e� �( ¬�,�)� �x�u�(�e�,�)�,� �(�5�.�4�)� 
�k�=�]� 

�w�h�e�r�e� �P�X ¬�y�)� �=� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �m�a�s�s� �f�u�n�c�t�i�o�n� �o�f� 
 ¬�,� �=� �t�h�e� �v�a�l�u�e� �o�f� �E� �f�o�r� �A�l�t�e�r�n�a�t�i�v�e� �7� �w�h�e�n� �s�,� �o�c�c�u�r�s� 

�5�.�5�.�2� �P�r�o�c�e�d�u�r�e�s� �o�f� �s�e�q�u�e�n�t�i�a�l� �d�e�c�i�s�i�o�n� �a�n�a�l�y�s�i�s� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �4�.�2�,� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m�s� �i�n� �t�h�e� �f�a�c�e� �o�f� 

�u�n�c�e�r�t�a�i�n�t�y� �a�r�e� �m�a�d�e� �u�p� �o�f� �d�e�c�i�s�i�o�n�s� �a�n�d� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�.� �T�h�e� �p�r�o�b�l�e�m� �i�s� �t�o� 

�s�e�l�e�c�t� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �f�r�o�m� �a� �s�e�t� �o�f� �m�u�t�u�a�l�l�y� �e�x�c�l�u�s�i�v�e� �a�l�t�e�r�n�a�t�i�v�e�s�,� �n�o�t� �k�n�o�w�i�n�g� 

�w�h�i�c�h� �m�e�m�b�e�r� �o�f� �t�h�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t� �s�e�t� �w�i�l�l� �b�e� �t�r�u�e�.� �S�u�c�h� �a� �p�r�o�b�l�e�m� �c�a�n� �b�e� 

�r�e�s�o�l�v�e�d� �b�y� �u�s�i�n�g� �t�h�e� �s�e�q�u�e�n�t�i�a�l� �a�n�a�l�y�s�i�s� �a�p�p�r�o�a�c�h� �a�l�o�n�g� �w�i�t�h� �t�h�e� �M�E�U� 

�p�r�i�n�c�i�p�l�e�.� 
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�T�h�e� �p�a�r�a�d�i�g�m� �o�f� �s�e�q�u�e�n�t�i�a�l� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �a�n�a�l�y�s�i�s� �i�n�c�l�u�d�e�s� �s�t�r�u�c�t�u�r�a�l� 

�a�n�a�l�y�s�i�s�,� �u�n�c�e�r�t�a�i�n�t�y� �a�n�a�l�y�s�i�s�,� �a�n�d� �u�t�i�l�i�t�y� �a�n�a�l�y�s�i�s�.� �A�c�c�o�r�d�i�n�g� �t�o� �L�i�n�d�l�e�y� �(�1�9�8�5�)�,� 

�t�h�r�e�e� �b�a�s�i�c� �p�r�i�n�c�i�p�l�e�s� �s�h�o�u�l�d� �b�e� �f�o�l�l�o�w�e�d� �i�n� �t�h�e� �d�e�c�i�s�i�o�n� �p�r�o�c�e�s�s�:� �a�s�s�i�g�n�i�n�g� 

�p�r�o�b�a�b�i�l�i�t�i�e�s� �t�o� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�;� �a�s�s�i�g�n�i�n�g� �u�t�i�l�i�t�i�e�s� �t�o� �p�o�s�s�i�b�l�e� �c�o�n�s�e�q�u�e�n�c�e�s�;� 

�a�n�d� �c�h�o�o�s�i�n�g� �t�h�e� �d�e�c�i�s�i�o�n� �t�h�a�t� �m�a�x�i�m�i�z�e�s� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y�.� �F�o�r� �e�v�a�l�u�a�t�i�n�g� 

�d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�,� �t�h�e� �a�p�p�r�o�a�c�h� �p�r�o�c�e�e�d�s� �i�n� �s�e�v�e�n� �s�t�e�p�s� �b�e�l�o�w�:� 

�S�t�e�p� �1�.� �I�d�e�n�t�i�f�y� �a�l�l� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �(�a�,�,� �a�,�,� �.�.�.�,� �a�,�,�)�.� 

�S�t�e�p� �2�.� �L�i�s�t� �t�h�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� �(�S�)�,� �S�y�,� �.�.�.�5� �S�p�)�:� 

�S�t�e�p� �3�.� �C�o�n�s�t�r�u�c�t� �a� �d�e�c�i�s�i�o�n� �t�r�e�e� �t�o� �l�i�n�k� �t�h�e� �d�e�c�i�s�i�o�n� �n�o�d�e�s� �a�n�d� �t�h�e� �c�h�a�n�c�e� 
�n�o�d�e�s�.� �T�h�e� �d�e�c�i�s�i�o�n� �t�r�e�e� �i�s� �w�r�i�t�t�e�n� �o�u�t� �i�n� �c�h�r�o�n�o�l�o�g�i�c�a�l� �o�r�d�e�r�,� �t�h�e� �d�e�c�i�s�i�o�n�s� �a�n�d� 

�u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s� �b�e�i�n�g� �d�e�s�c�r�i�b�e�d� �b�y� �b�r�a�n�c�h�e�s� �i�n� �t�h�e� �o�r�d�e�r� �i�n� �w�h�i�c�h� �t�h�e�y� �o�c�c�u�r�.� 

�S�t�e�p� �4�.� �A�s�s�i�g�n� �p�r�o�b�a�b�i�l�i�t�i�e�s� �t�o� �t�h�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�s�.� �P�r�o�b�a�b�i�l�i�t�i�e�s� �a�r�e� 

�a�t�t�a�c�h�e�d� �t�o� �t�h�e� �b�r�a�n�c�h�e�s� �e�m�a�n�a�t�i�n�g� �f�r�o�m� �r�a�n�d�o�m� �n�o�d�e�s� �i�n� �a�n�y� �c�o�h�e�r�e�n�t� �a�n�d� 

�c�o�n�s�i�s�t�e�n�t� �w�a�y�.� 

�S�t�e�p� �5�.� �D�e�t�e�r�m�i�n�e� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �f�o�r� �e�a�c�h� �a�l�t�e�r�n�a�t�i�v�e� 

�i� �u�n�d�e�r� �e�a�c�h� �p�o�s�s�i�b�l�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�,� �t�h�a�t� �i�s�,� �e�,�.� 

�S�t�e�p� �6�.� �A�s�s�i�g�n� �u�t�i�l�i�t�i�e�s� �t�o� �t�h�e� �v�a�l�u�e�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �U�t�i�l�i�t�y� �u�(�e�,�)� 

�i�s� �a�t�t�a�c�h�e�d� �t�o� �e�,� �f�o�r� �e�a�c�h� �p�o�s�s�i�b�l�e� �o�u�t�c�o�m�e�.� 

�S�t�e�p� �7�.� �C�h�o�o�s�e� �t�h�a�t� �a�l�t�e�r�n�a�t�i�v�e� �o�f� �m�a�x�i�m�u�m� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y�.� �P�r�o�c�e�e�d�i�n�g� 

�b�a�c�k� �f�r�o�m� �t�h�e� �t�e�r�m�i�n�a�l�s� �t�o� �t�h�e� �b�a�s�e�,� �(�1�)� �a�t� �a� �r�a�n�d�o�m� �n�o�d�e�,� �t�a�k�e� �a�n� �e�x�p�e�c�t�a�t�i�o�n� 

�o�f� �t�h�e� �u�t�i�l�i�t�i�e�s�;� �(�2�)� �a�t� �a� �d�e�c�i�s�i�o�n� �n�o�d�e�,� �c�h�o�o�s�e� �a�m�o�n�g� �a�l�t�e�r�n�a�t�i�v�e�s� �a�t� �t�h�i�s� �n�o�d�e� 

�w�h�i�c�h� �h�a�s� �a� �m�a�x�i�m�u�m� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y�;� �a�n�d� �(�3�)� �e�l�i�m�i�n�a�t�e� �t�h�e� �d�e�c�i�s�i�o�n� �n�o�d�e� �b�y� 

�c�r�o�s�s�i�n�g� �o�u�t� �a�l�l� �b�u�t� �t�h�e� �p�r�e�f�e�r�r�e�d� �a�l�t�e�r�n�a�t�i�v�e�.� �K�e�e�p� �m�o�v�i�n�g� �b�a�c�k�w�a�r�d� �b�y� �t�a�k�i�n�g� 

�e�x�p�e�c�t�a�t�i�o�n�s� �a�t� �r�a�n�d�o�m� �n�o�d�e�s� �a�n�d� �m�a�x�i�m�i�z�a�t�i�o�n� �a�t� �d�e�c�i�s�i�o�n� �n�o�d�e�s�.� �T�h�e� �b�e�s�t� 

�d�e�c�i�s�i�o�n�s� �a�n�d� �t�h�e�i�r� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�i�e�s� �a�r�e� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d�.� 
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�§�.�5�.�3� �J�u�s�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �u�s�e� �o�f� �t�h�e� �M�E�U� �p�r�i�n�c�i�p�l�e� 

�B�y� �a�d�a�p�t�i�n�g� �d�e�c�i�s�i�o�n� �t�h�e�o�r�y� �a�n�d� �u�t�i�l�i�t�y� �t�h�e�o�r�y� �f�o�r� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �m�a�k�i�n�g�,� 

�t�h�e� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�s� �r�e�c�o�m�m�e�n�d�e�d� �a�s� �t�h�e� �o�b�j�e�c�t�i�v�e� 

�f�u�n�c�t�i�o�n� �f�o�r� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n�.� �F�o�r� �e�a�c�h� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �E�,� �t�h�r�e�e� �m�e�a�s�u�r�e�s� 

�a�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �f�u�n�c�t�i�o�n�:� �t�h�e� �v�a�l�u�e� �o�f� �E�,� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �£�,� 

�a�n�d� �t�h�e� �u�t�i�l�i�t�y� �o�f� �t�h�e� �v�a�r�i�o�u�s� �l�e�v�e�l�s� �o�f� �E�.� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a�n� 

�a�t�t�r�i�b�u�t�e� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �i�t�s� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�.� �T�h�e� �r�e�l�a�t�i�v�e� �w�o�r�t�h� �o�f� �a� 

�d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e� �i�s� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �u�t�i�l�i�t�i�e�s�.� �B�y� �c�o�n�v�e�r�t�i�n�g� �t�h�e� �v�a�l�u�e�s� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �i�n�t�o� �u�t�i�l�i�t�i�e�s�,� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �d�i�f�f�e�r�e�n�t� �l�e�v�e�l�s� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �t�o� �t�h�e� �d�e�s�i�r�a�b�i�l�i�t�y� �o�f� �a� �d�e�s�i�g�n� �i�s� �d�e�t�e�r�m�i�n�e�d�.� �E�m�b�e�d�d�e�d� �i�n� 

�t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �a�r�e� �t�h�e� �d�e�s�i�g�n�e�r�'�s� �v�a�l�u�e� �j�u�d�g�m�e�n�t�s� �a�n�d� �a�t�t�i�t�u�d�e�s� �t�o�w�a�r�d� �r�i�s�k�.� 

�P�r�o�b�a�b�i�l�i�s�t�i�c� �u�t�i�l�i�t�y� �a�n�a�l�y�s�i�s� �i�s� �e�m�p�l�o�y�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� 

�u�n�c�e�r�t�a�i�n�t�y� �i�n� �t�h�e� �l�e�v�e�l� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �o�n� �t�h�e� �u�l�t�i�m�a�t�e� �d�e�s�i�r�a�b�i�l�i�t�y� �a�n�d� 

�o�r�d�i�n�a�r�y� �r�a�n�k�i�n�g� �o�f� �a�l�t�e�r�n�a�t�i�v�e�s�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y� �o�v�e�r� �a� �r�a�n�g�e� �o�f� 

�p�o�s�s�i�b�l�e� �u�l�t�i�m�a�t�e� �l�e�v�e�l�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �r�e�f�l�e�c�t�s� �t�h�e� �n�e�g�a�t�i�v�e� �i�m�p�a�c�t� 

�t�h�a�t� �u�n�c�e�r�t�a�i�n�t�y� �h�a�s� �o�n� �t�h�e� �d�e�s�i�r�a�b�i�l�i�t�y� �o�f� �a� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� 

�t�h�e� �i�m�p�a�c�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �d�e�g�r�e�e� �o�f� �r�i�s�k� �a�v�e�r�s�i�o�n� �e�x�h�i�b�i�t�e�d� �b�y� �t�h�e� �D�M� �a�n�d� 

�t�h�e� �e�x�t�e�n�t� �o�f� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �t�h�e� �a�t�t�r�i�b�u�t�e� �l�e�v�e�l�.� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �o�f� �t�h�e� 

�o�u�t�c�o�m�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �v�a�r�i�o�u�s� �s�t�a�t�e�s� �o�f� �n�a�t�u�r�e� �a�n�d� �p�r�e�f�e�r�e�n�c�e�s� �f�o�r� �v�a�r�i�o�u�s� 

�l�e�v�e�l�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �a�r�e� �p�r�o�c�e�s�s�e�d� �i�n� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n� �o�f� �e�x�p�e�c�t�e�d� 

�u�t�i�l�i�t�y�.� �S�i�n�c�e� �t�h�e� �o�u�t�c�o�m�e�s� �a�r�e� �t�h�e� �r�e�a�l�i�z�a�t�i�o�n� �o�f� �r�a�n�d�o�m� �q�u�a�n�t�i�t�i�e�s�,� 

�m�a�t�h�e�m�a�t�i�c�a�l� �e�x�p�e�c�t�a�t�i�o�n� �i�s� �t�a�k�e�n� �f�o�r� �t�h�e� �u�t�i�l�i�t�i�e�s�.� 

�T�h�u�s�,� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y� �c�o�m�b�i�n�e�s� �i�n�f�o�r�m�a�t�i�o�n� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �u�t�i�l�i�t�y� �o�f� 

�o�u�t�c�o�m�e�s� �a�n�d� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �o�u�t�c�o�m�e�s� �i�n�t�o� �a�n� �e�s�t�i�m�a�t�e� �o�f� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y�.� 

�T�h�e� �o�v�e�r�a�l�l� �o�b�j�e�c�t�i�v�e� �i�s� �t�o� �m�a�x�i�m�i�z�e� �t�h�e� �e�x�p�e�c�t�e�d� �u�t�i�l�i�t�y� �f�o�r� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e� �b�y� �c�h�o�o�s�i�n�g� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e� �v�e�c�t�o�r�.� �T�h�i�s� �p�r�i�n�c�i�p�l�e� �i�s� �i�n� 

�k�e�e�p�i�n�g� �w�i�t�h� �T�a�g�u�c�h�i�'�s� �d�i�c�t�u�m� �t�h�a�t� �g�o�o�d� �q�u�a�l�i�t�y� �i�s� �t�h�a�t� �w�h�i�c�h� �m�i�n�i�m�i�z�e�s� �t�h�e� �t�o�t�a�l� 

�l�o�s�s� �t�o� �s�o�c�i�e�t�y�.� �H�o�w�e�v�e�r�,� �t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �i�s� �m�o�r�e� �g�e�n�e�r�a�l� �a�n�d� �c�o�m�p�l�e�t�e� �t�h�a�n� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �T�a�g�u�c�h�i�'�s� �l�o�s�s� �f�u�n�c�t�i�o�n�.� �I�t� �i�s� �c�a�p�a�b�l�e� �o�f� �c�o�n�s�i�d�e�r�i�n�g� �v�a�r�i�o�u�s� 

�a�t�t�r�i�b�u�t�e�s� �o�f� �c�o�n�c�e�r�n�,� �i�n�c�l�u�d�i�n�g� �s�y�s�t�e�m� �l�i�f�e�-�c�y�c�l�e� �c�o�s�t�s� �a�n�d� �t�h�e� �c�o�s�t� �o�f� �s�e�l�e�c�t�i�n�g� �a� 

�p�a�r�t�i�c�u�l�a�r� �a�l�t�e�r�n�a�t�i�v�e�.� 
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�5�.�6� �O�u�t�c�o�m�e� �D�o�m�i�n�a�n�c�e� �a�n�d� �S�t�o�c�h�a�s�t�i�c� �D�o�m�i�n�a�n�c�e� 

�W�i�t�h� �t�h�e� �h�e�l�p� �o�f� �u�t�i�l�i�t�y� �t�h�e�o�r�y�,� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e� �r�u�l�e�s� �c�a�n� �b�e� �d�e�v�e�l�o�p�e�d� 

�f�o�r� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �u�n�d�e�r� �u�n�c�e�r�t�a�i�n�t�y�.� �T�h�e�s�e� �r�u�l�e�s� �i�n�c�o�r�p�o�r�a�t�e� �t�h�e� �D�M�'�s� 

�p�r�e�f�e�r�e�n�c�e�s� �a�n�d� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� 

�5�.�6�.�1� �O�u�t�c�o�m�e� �d�o�m�i�n�a�n�c�e� 

�T�h�e� �m�o�s�t� �b�a�s�i�c� �m�e�t�h�o�d� �o�f� �c�h�o�o�s�i�n�g� �t�w�o� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �i�s� �t�o� �c�o�m�p�a�r�e� 

�t�h�e�m� �d�i�r�e�c�t�l�y� �a�n�d�,� �u�s�i�n�g� �s�o�m�e� �i�n�t�u�i�t�i�v�e� �p�r�o�c�e�s�s�,� �s�e�l�e�c�t� �o�n�e� �o�v�e�r� �t�h�e� �o�t�h�e�r�.� �I�n� 

�s�o�m�e� �c�a�s�e�s� �d�e�s�i�g�n�e�r�s� �m�a�y� �f�i�n�d� �t�h�i�s� �m�e�t�h�o�d� �a�d�e�q�u�a�t�e�.� �H�o�w�e�v�e�r�,� �a�s� �t�h�e� 

�c�o�m�p�l�e�x�i�t�y� �o�f� �a� �p�r�o�b�l�e�m� �i�n�c�r�e�a�s�e�s�,� �i�t� �i�s� �h�a�r�d� �t�o� �r�e�s�o�l�v�e� �t�h�e� �p�r�o�b�l�e�m� �d�i�r�e�c�t�l�y�.� 

�T�h�e�r�e� �a�r�e� �t�w�o� �w�a�y�s� �t�h�a�t� �o�u�t�c�o�m�e� �d�o�m�i�n�a�n�c�e� �c�a�n� �a�r�i�s�e�.� �T�h�e� �f�i�r�s�t� �i�s� �w�h�e�n� 

�t�h�e� �w�o�r�s�t� �o�u�t�c�o�m�e� �f�o�r� �A�l�t�e�r�n�a�t�i�v�e� �A� �i�s� �a�t� �l�e�a�s�t� �a�s� �g�o�o�d� �a�s� �t�h�e� �b�e�s�t� �o�u�t�c�o�m�e� �f�o�r� 

�A�l�t�e�r�n�a�t�i�v�e� �B�.� �I�n� �t�h�i�s� �c�a�s�e�,� �A� �d�o�m�i�n�a�t�e�s� �B�.� �A�n�o�t�h�e�r� �t�y�p�e� �o�f� �o�u�t�c�o�m�e� �d�o�m�i�n�a�n�c�e� 

�m�a�y� �e�x�i�s�t� �w�h�e�n� �t�w�o� �a�l�t�e�r�n�a�t�i�v�e�s� �a�r�e� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �u�n�c�e�r�t�a�i�n� �e�v�e�n�t�,� �s�a�y� 

�t�h�e� �s�a�m�e� �s�e�t� �o�f� �d�e�s�i�g�n�-�i�n�d�e�p�e�n�d�e�n�t� �p�a�r�a�m�e�t�e�r�s�.� �T�h�a�t� �i�s�,� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e�s� �d�i�f�f�e�r� 

�o�n�l�y� �i�n� �t�h�e� �c�o�n�s�e�q�u�e�n�c�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �o�u�t�c�o�m�e�s�.� �i�n� �t�h�i�s� �c�a�s�e�,� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �r�u�l�e� �a�p�p�l�i�e�s�:� 

�O�u�t�c�o�m�e� �D�o�m�i�n�a�n�c�e� �R�u�l�e�:� �l�f� �A�l�t�e�r�n�a�t�i�v�e� �A� �i�s� �a�t� �l�e�a�s�t� �a�s� �p�r�e�f�e�r�r�e�d� �a�s� 

�A�l�t�e�r�n�a�t�i�v�e� �B� �f�o�r� �e�a�c�h� �o�u�t�c�o�m�e�,� �a�n�d� �i�f� �A� �i�s� �s�t�r�i�c�t�l�y� �p�r�e�f�e�r�r�e�d� �t�o� �B� �f�o�r� �o�n�e� 

�o�u�t�c�o�m�e�,� �t�h�e�n� �A� �d�o�m�i�n�a�t�e�s� �B�.� 

�A�n� �e�x�a�m�p�l�e� �o�f� �o�u�t�c�o�m�e� �d�o�m�i�n�a�n�c�e� �i�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.�1�.� �T�h�e�r�e� �a�r�e� �t�w�o� 

�d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�.� �T�h�e� �l�i�f�e�-�c�y�c�l�e� �c�o�s�t�s� �f�o�r� �e�a�c�h� �a�l�t�e�r�n�a�t�i�v�e� �a�r�e� �g�i�v�e�n� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �d�i�f�f�e�r�e�n�t� �s�t�a�t�e�s� �o�f� �n�a�t�u�r�e�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �O�u�t�c�o�m�e� �D�o�m�i�n�a�n�c�e� 

�R�u�l�e�,� �A�l�t�e�r�n�a�t�i�v�e� �B� �d�o�m�i�n�a�t�e�s� �A�l�t�e�r�n�a�t�i�v�e� �A�.� 
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�T�a�b�l�e� �5�.�1�.� �A�n� �E�x�a�m�p�l�e� �o�f� �O�u�t�c�o�m�e� �D�o�m�i�n�a�n�c�e� 

� � 

�O�u�t�c�o�m�e� �(�l�i�f�e�-�c�y�c�l�e� �c�o�s�t�)� 
�S�t�a�t�e� �o�f� �N�a�t�u�r�e� �|� 
� � 

� � 

�A�l�t�e�r�n�a�t�i�v�e� �A� �A�l�t�e�r�n�a�t�i�v�e� �B� 

�1� �$�2�,�5�0�0�,�0�0�0� �$�2�,�5�0�0�,�0�0�0� 

�2� �$�2�,�8�0�0�,�0�0�0� �$�2�,�7�0�0�,�0�0�0� 

�3� �$�3�,�0�0�0�,�0�0�0� �$�2�,�9�0�0�,�0�0�0� 

� � 

�5�.�6�.�2� �S�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e� 

�I�f� �t�h�e� �o�u�t�c�o�m�e� �d�o�m�i�n�a�n�c�e� �r�u�l�e� �i�s� �n�o�t� �s�u�f�f�i�c�i�e�n�t� �t�o� �r�e�s�o�l�v�e� �a� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� 

�p�r�o�b�l�e�m�,� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e� �c�a�n� �b�e� �a�p�p�l�i�e�d�.� �T�h�e� �m�o�s�t� �g�e�n�e�r�a�l� �f�o�r�m� �o�f� 

�s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e� �m�a�k�e�s� �n�o� �a�s�s�u�m�p�t�i�o�n� �a�b�o�u�t� �t�h�e� �f�o�r�m� �o�f� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �u�s�e�r� �d�o�e�s� �n�o�t� �h�a�v�e� �t�o� 

�a�s�s�u�m�e� �t�h�e� �s�p�e�c�i�f�i�c� �f�o�r�m� �o�f� �t�h�e� �D�M�'�s� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�s�.� �T�h�e�r�e� �a�r�e� �t�h�r�e�e� 

�p�r�o�g�r�e�s�s�i�v�e�l�y� �s�t�r�o�n�g�e�r� �a�s�s�u�m�p�t�i�o�n�s� �a�b�o�u�t� �t�h�e� �D�M�'�s� �b�e�h�a�v�i�o�r� �t�h�a�t� �a�r�e� �u�s�e�d� �i�n� 

�s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e� �l�i�t�e�r�a�t�u�r�e� �(�E�l�t�o�n� �a�n�d� �G�r�u�b�e�r�,� �1�9�8�1�)�.� �T�h�e�y� �l�e�a�d� �t�o� �f�i�r�s�t�-�,� 

�s�e�c�o�n�d�-�,� �a�n�d� �t�h�i�r�d�-�o�r�d�e�r� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e�.� 

�D�e�f�i�n�i�t�i�o�n� �o�f� �S�t�o�c�h�a�s�t�i�c� �D�o�m�i�n�a�n�c�e� �(�H�a�n�o�c�h� �a�n�d� �L�e�v�y�,� �1�9�6�9�)�:� �G�i�v�e�n� �t�w�o� 

�r�a�n�d�o�m� �v�a�r�i�a�b�l�e�s� �X� �a�n�d� �Y� �w�i�t�h� �c�u�m�u�l�a�t�i�v�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n� �F�(�X�)� 

�a�n�d� �G�/�(�Y�)�,� �w�e� �s�a�y� �t�h�a�t� �X� �d�o�m�i�n�a�t�e�s� �Y� �i�f� 

�E�[�u�(�x�)�]� �=� �E�[�u�(�y�)�]� 

�f�o�r� �e�v�e�r�y� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �i�n� �t�h�e� �c�l�a�s�s� �o�f� �f�u�n�c�t�i�o�n�s�,� �a�n�d� �i�f� �t�h�e� �i�n�e�q�u�a�l�i�t�y� �h�o�l�d�s� 

�s�t�r�i�c�t�l�y� �f�o�r� �a�t� �l�e�a�s�t� �o�n�e� �f�u�n�c�t�i�o�n� �i�n� �t�h�e� �c�l�a�s�s�.� 
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�F�i�r�s�t�-�O�r�d�e�r� �S�t�o�c�h�a�s�t�i�c� �D�o�m�i�n�a�n�c�e� �T�h�e�o�r�e�m� �(�H�a�n�o�c�h� �a�n�d� �L�e�v�y�,� �1�9�6�9�)�:� 

�L�e�t� �F�(�X�)� �a�n�d� �G�(�Y�)� �b�e� �c�u�m�u�l�a�t�i�v�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e�s� �X�Y� �a�n�d� �Y�.� �L�e�t� 

�u� �b�e� �a�n�y� �n�o�n�d�e�c�r�e�a�s�i�n�g� �f�u�n�c�t�i�o�n� �w�i�t�h� �f�i�n�i�t�e� �v�a�l�u�e�s� �f�o�r� �a�n�y� �f�i�n�i�t�e� �x�.� �A� �n�e�c�e�s�s�a�r�y� 

�a�n�d� �s�u�f�f�i�c�i�e�n�t� �c�o�n�d�i�t�i�o�n� �f�o�r� �X� �t�o� �d�o�m�i�n�a�t�e� �Y� �i�s� �t�h�a�t� 

�F�(�x�)�<� �G�(�x�)� �f�o�r� �e�v�e�r�y� �x� 

�a�n�d� �F�(�x�,�)�<�G�(�x�,�)� �f�o�r� �s�o�m�e� �x�,�.� 

�T�h�e� �t�h�e�o�r�e�m� �s�t�a�t�e�s� �t�h�a�t� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n� �(�C�D�F�)� �o�f� �X� �m�u�s�t� 

�l�i�e� �b�e�l�o�w� �t�h�a�t� �o�f� �Y� �f�o�r� �a�t� �l�e�a�s�t� �o�n�e� �v�a�l�u�e� �a�n�d� �m�u�s�t� �l�i�e� �n�o�w�h�e�r�e� �a�b�o�v�e� �i�t�.� �T�h�i�s� 

�t�h�e�o�r�e�m� �i�s� �e�q�u�a�l�l�y� �v�a�l�i�d� �f�o�r� �c�o�n�t�i�n�u�o�u�s� �a�n�d� �d�i�s�c�r�e�t�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�s�.� 

�A�p�p�l�y�i�n�g� �t�h�e� �t�h�e�o�r�e�m� �t�o� �e�v�a�l�u�a�t�e� �t�w�o� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s�,� �w�e� �h�a�v�e� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�d�e�c�i�s�i�o�n� �r�u�l�e�:� 

�F�i�r�s�t�-�O�r�d�e�r� �S�t�o�c�h�a�s�t�i�c� �D�o�m�i�n�a�n�c�e� �R�u�l�e�:� �_�\�f� �t�h�e� �d�e�s�i�g�n�e�r� �p�r�e�f�e�r�s� �m�o�r�e� �o�f� 

�t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �t�o� �l�e�s�s�,� �a�n�d� �i�f� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e� �f�o�r� �A�l�t�e�r�n�a�t�i�v�e� �A� �i�s� �n�e�v�e�r� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �p�r�o�b�a�b�i�l�i�t�y� �f�o�r� 

�A�l�t�e�r�n�a�t�i�v�e� �B� �a�n�d� �s�o�m�e�t�i�m�e�s� �l�e�s�s�,� �t�h�e�n� �A� �i�s� �p�r�e�f�e�r�r�e�d� �t�o� �B�.� 

�O�b�v�i�o�u�s�l�y�,� �o�u�t�c�o�m�e� �d�o�m�i�n�a�n�c�e� �i�s� �c�o�n�t�a�i�n�e�d� �i�n� �t�h�e� �F�i�r�s�t�-�O�r�d�e�r� �S�t�o�c�h�a�s�t�i�c� 

�r�u�l�e�.� �I�f� �A�l�t�e�r�n�a�t�i�v�e� �A� �d�o�m�i�n�a�t�e�s� �A�l�t�e�r�n�a�t�i�v�e� �B� �b�y� �o�u�t�c�o�m�e� �d�o�m�i�n�a�n�c�e�,� �A� 

�d�o�m�i�n�a�t�e�s� �B� �b�y� �f�i�r�s�t�-�o�r�d�e�r� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�v�e�r�s�e� �m�a�y� �n�o�t� 

�b�e� �t�r�u�e�.� �T�h�a�t� �i�s�,� �i�f� �A� �d�o�m�i�n�a�t�e�s� �B� �b�y� �f�i�r�s�t�-�o�r�d�e�r� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e�,� �A� �m�a�y� �n�o�t� 

�d�o�m�i�n�a�t�e� �B� �b�y� �o�u�t�c�o�m�e� �d�o�m�i�n�a�n�c�e�.� �A� �s�t�o�c�h�a�s�t�i�c�a�l�l�y� �d�o�m�i�n�a�t�e�d� �a�l�t�e�r�n�a�t�i�v�e� �c�a�n� 

�h�a�v�e� �a�n� �a�c�t�u�a�l� �o�u�t�c�o�m�e� �t�h�a�t� �i�s� �b�e�t�t�e�r� �t�h�a�n� �t�h�e� �a�c�t�u�a�l� �o�u�t�c�o�m�e� �f�r�o�m� �t�h�e� 

�a�l�t�e�r�n�a�t�i�v�e� �d�o�m�i�n�a�t�e�d� �i�t�.� �B�u�t� �t�h�e� �d�o�m�i�n�a�t�i�n�g� �a�l�t�e�r�n�a�t�i�v�e� �h�a�s� �h�i�g�h�e�r� �c�h�a�n�c�e� �o�f� 

�o�b�t�a�i�n�i�n�g� �a� �f�a�v�o�r�a�b�l�e� �o�u�t�c�o�m�e�.� 

�S�e�c�o�n�d�-�O�r�d�e�r� �S�t�o�c�h�a�s�t�i�c� �D�o�m�i�n�a�n�c�e� �T�h�e�o�r�e�m� �(�H�a�n�o�c�h� �a�n�d� �L�e�v�y�,� 

�1�9�6�9�)�:� �L�e�t� �F�(�X�)� �a�n�d� �G�(�Y�)� �b�e� �c�u�m�u�l�a�t�i�v�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e�s� 

�a�n�d� �Y�.� �L�e�t� �«� �b�e� �a�n�y� �n�o�n�d�e�c�r�e�a�s�i�n�g�,� �c�o�n�c�a�v�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�.� �A� �n�e�c�e�s�s�a�r�y� �a�n�d� 

�s�u�f�f�i�c�i�e�n�t� �c�o�n�d�i�t�i�o�n� �f�o�r� �X� �t�o� �d�o�m�i�n�a�t�e� �Y� �i�s� �t�h�a�t� 
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�[�F�@�a�t�s� �[� �G�@�a�t�_� �f�o�r� �e�v�e�r�y� �x� 

�a�n�d� �s�t�r�i�c�t� �i�n�e�q�u�a�l�i�t�y� �h�o�d�s� �a�t� �s�o�m�e� �x�,� 

�T�h�i�s� �t�h�e�o�r�e�m� �s�t�a�t�e�s� �t�h�a�t� �t�h�e� �i�n�t�e�g�r�a�l� �o�f� �t�h�e� �C�D�F� �o�f� �X� �m�u�s�t� �l�i�e� �b�e�l�o�w� �t�h�a�t� �o�f� �Y� 

�f�o�r� �a�t� �l�e�a�s�t� �o�n�e� �v�a�l�u�e� �a�n�d� �m�u�s�t� �l�i�e� �n�o�w�h�e�r�e� �a�b�o�v�e� �i�t�.� �B�y� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e� �t�h�e�o�r�e�m� 

�i�n� �n�o�n�-�m�a�t�h�e�m�a�t�i�c�a�l� �t�e�r�m�s�,� �t�h�e� �d�e�c�i�s�i�o�n� �r�u�l�e� �i�s�:� 

�S�e�c�o�n�d�-�O�r�d�e�r� �S�t�o�c�h�a�s�t�i�c� �D�o�m�i�n�a�n�c�e� �R�u�l�e�:� �_� �l�f� �(�1�)� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� 

�p�r�e�f�e�r�s� �m�o�r�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �t�o� �l�e�s�s�,� �a�n�d� �(�2�)� �t�h�e� �d�e�c�i�s�i�o�n� �m�a�k�e�r� �i�s� 

�r�i�s�k�-�a�v�e�r�s�e�,� �a�n�d� �(�3�)� �t�h�e� �s�u�m� �o�f� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �p�r�o�b�a�b�i�l�i�t�i�e�s� �f�o�r� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e� �i�s� �n�e�v�e�r� �m�o�r�e� �w�i�t�h� �A� �t�h�a�n� �B� �a�n�d� �s�o�m�e�t�i�m�e�s� �l�e�s�s�,� �t�h�e�n� �4� �d�o�m�i�n�a�t�e�s� �B� �b�y� 
�s�e�c�o�n�d�-�o�r�d�e�r� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e�.� 

�T�h�i�r�d�-�O�r�d�e�r� �S�t�o�c�h�a�s�t�i�c� �D�o�m�i�n�a�n�c�e� �T�h�e�o�r�e�m� �(�W�h�i�t�m�o�r�e�,� �1�9�7�0�)�:� �L�e�t� �F�Y�)� 

�a�n�d� �G�(�Y�)� �b�e� �c�u�m�u�l�a�t�i�v�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �r�a�n�d�o�m� �v�a�r�i�a�b�l�e�s� �X�Y� �a�n�d� �Y�.� �L�e�t� �u� �b�e� �a�n�y� 

�n�o�n�d�e�c�r�e�a�s�i�n�g�,� �c�o�n�c�a�v�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �w�i�t�h� �n�o�n�n�e�g�a�t�i�v�e� �t�h�i�r�d� �d�e�r�i�v�a�t�i�v�e�.� �A� 

�n�e�c�e�s�s�a�r�y� �a�n�d� �s�u�f�f�i�c�i�e�n�t� �c�o�n�d�i�t�i�o�n� �f�o�r� �X�¥� �t�o� �d�o�m�i�n�a�t�e� �Y� �i�s� �t�h�a�t� 

�L�E� �F�(�t�)�d�t�d�w� �<� �E�L� �G�(�t�)�d�t�d�w� �f�o�r� �e�v�e�r�y� �x� 

�a�n�d� �s�t�r�i�c�t� �i�n�e�q�u�a�l�i�t�y� �h�o�d�s� �a�t� �s�o�m�e� �x�,� �a�n�d� �E�(�X�)� �>� �E�(�¥�)�.� 

�T�h�u�s�,� �a�n�o�t�h�e�r� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e� �r�u�l�e� �f�o�r� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�s�:� 

�T�h�i�r�d�-�O�r�d�e�r� �S�t�o�c�h�a�s�t�i�c� �D�o�m�i�n�a�n�c�e� �R�u�l�e�:� �A�l�t�e�r�n�a�t�i�v�e� �A� �d�o�m�i�n�a�t�e�s� 

�A�l�t�e�r�n�a�t�i�v�e� �B� �i�f�:� �(�1�)� �t�h�e� �D�M� �p�r�e�f�e�r�s� �m�o�r�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �t�o� �l�e�s�s� �o�f� �t�h�e� 

�a�t�t�r�i�b�u�t�e�,� �a�n�d� �(�2�)� �t�h�e� �D�M� �i�s� �r�i�s�k� �a�v�e�r�s�e� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �a�b�s�o�l�u�t�e� �r�i�s�k� �a�v�e�r�s�i�o�n�,� 

�a�n�d� �(�3�)� �t�h�e� �m�e�a�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �f�o�r� �A� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �f�o�r� �B�,� �a�n�d� 

�(�4�)� �t�h�e� �s�u�m� �o�f� �t�h�e� �s�u�m� �o�f� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� �a�l�l� �v�a�l�u�e�s� �o�f� 

�t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �a�r�e� �n�e�v�e�r� �m�o�r�e� �w�i�t�h� �A� �t�h�a�n� �B� �a�n�d� �s�o�m�e�t�i�m�e�s� �l�e�s�s�.� 
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�S�i�n�c�e� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �u�n�d�e�r�l�y�i�n�g� �t�h�e� �t�h�r�e�e� �r�u�l�e�s� �a�r�e� �p�r�o�g�r�e�s�s�i�v�e�l�y� �s�t�r�o�n�g�e�r�,� 

�i�f� �A�l�t�e�r�n�a�t�i�v�e� �A� �d�o�m�i�n�a�t�e�s� �A�l�t�e�r�n�a�t�i�v�e� �B� �b�y� �f�i�r�s�t�-�o�r�d�e�r� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e�,� �A� 

�a�l�s�o� �d�o�m�i�n�a�t�e�s� �B� �b�y� �s�e�c�o�n�d�-� �a�n�d� �t�h�i�r�d�-�o�r�d�e�r� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e�.� �S�i�m�i�l�a�r�l�y�,� �i�f� 

�A� �d�o�m�i�n�a�t�e�s� �B� �b�y� �s�e�c�o�n�d�-�o�r�d�e�r� �d�o�m�i�n�a�n�c�e�,� �i�t� �i�s� �c�e�r�t�a�i�n� �t�h�a�t� �A� �d�o�m�i�n�a�t�e�s� �B� �b�y� 

�t�h�i�r�d�-�o�r�d�e�r� �d�o�m�i�n�a�n�c�e�.� �T�h�u�s�,� �i�f� �a� �d�e�s�i�g�n� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� �c�a�n� �b�e� �r�e�s�o�l�v�e�d� 

�u�s�i�n�g� �a� �l�o�w�e�r� �o�r�d�e�r� �r�u�l�e�,� �a� �h�i�g�h�e�r� �o�r�d�e�r� �r�u�l�e� �d�o�e�s� �n�o�t� �n�e�e�d� �t�o� �b�e� �u�s�e�d�.� 

�I�n� �o�r�d�e�r� �t�o� �i�m�p�l�e�m�e�n�t� �a�n�y� �o�f� �t�h�e� �t�h�r�e�e� �s�t�o�c�h�a�s�t�i�c� �d�o�m�i�n�a�n�c�e� �t�e�s�t�s�,� �w�e� �n�e�e�d� 

�d�e�t�a�i�l�e�d� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� 

�m�e�a�s�u�r�e�.� �T�h�e� �a�n�a�l�y�s�i�s� �m�a�y� �b�e�c�o�m�e� �c�o�m�p�l�i�c�a�t�e�d� �a�n�d� �t�e�d�i�o�u�s� �f�o�r� �a� �l�a�r�g�e� �n�u�m�b�e�r� 

�o�f� �a�l�t�e�r�n�a�t�i�v�e�s�.� 

�5�.�7� �M�e�a�n�-�V�a�r�i�a�n�c�e� �A�n�a�l�y�s�i�s� 

�A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �p�h�i�l�o�s�o�p�h�y� �o�f� �T�a�g�u�c�h�i�'�s� �r�o�b�u�s�t� �d�e�s�i�g�n�,� �t�w�o� �o�b�j�e�c�t�i�v�e�s� �n�e�e�d� 

�t�o� �b�e� �a�c�h�i�e�v�e�d� �i�n� �o�r�d�e�r� �t�o� �d�e�v�e�l�o�p� �a� �b�e�s�t� �d�e�s�i�g�n�:� �(�1�)� �m�a�k�e� �t�h�e� �m�e�a�n� �a�s� �c�l�o�s�e� �t�o� 

�t�h�e� �t�a�r�g�e�t�,� �a�n�d� �(�2�)� �m�a�k�e� �t�h�e� �v�a�r�i�a�n�c�e� �a�s� �s�m�a�l�l� �a�s� �p�o�s�s�i�b�l�e�.� �I�f� �t�h�e� �D�M�'�s� 

�p�r�e�f�e�r�e�n�c�e�s� �f�o�r� �g�a�i�n�s� �a�n�d� �l�o�s�s�e�s� �c�a�n� �b�e� �f�u�l�l�y� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �m�e�a�n� �a�n�d� 

�v�a�r�i�a�n�c�e� �o�f� �t�h�e� �s�y�s�t�e�m�'�s� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�,� �a� �n�a�t�u�r�a�l� �w�a�y� �t�o� �e�v�a�l�u�a�t�e� �d�e�s�i�g�n� 

�a�l�t�e�r�n�a�t�i�v�e�s� �i�s� �t�o� �c�o�m�p�a�r�e� �t�h�e�i�r� �m�e�a�n�s� �a�n�d� �v�a�r�i�a�n�c�e�s�.� �T�h�i�s� �a�p�p�r�o�a�c�h� �i�s� �n�a�m�e�d� 

�M�e�a�n�-�V�a�r�i�a�n�c�e� �a�n�a�l�y�s�i�s�.� �T�h�e� �t�e�r�m� �o�r�i�g�i�n�a�t�e�d� �f�r�o�m� �M�a�r�k�o�w�i�t�z�'�s� �o�u�t�s�t�a�n�d�i�n�g� 

�b�o�o�k� �o�n� �p�o�r�t�f�o�l�i�o� �s�e�l�e�c�t�i�o�n� �(�1�9�5�9�)�.� 

�5�.�7�.�1� �M�e�a�n�-�V�a�r�i�a�n�c�e� �(�E�-�V�)� �r�u�l�e�s� 

�I�f� �a� �D�M� �i�s� �r�i�s�k� �a�v�e�r�s�e�,� �l�e�s�s� �r�i�s�k� �i�s� �p�r�e�f�e�r�r�e�d� �t�o� �m�o�r�e� �r�i�s�k�.� �T�h�e� �n�o�t�i�o�n� �o�f� �r�i�s�k� 

�i�n�v�o�l�v�e�s� �b�o�t�h� �u�n�c�e�r�t�a�i�n�t�y� �a�n�d� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �B�u�t� 

�t�h�e�r�e� �i�s� �n�o�t� �a� �p�r�e�c�i�s�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �r�i�s�k� �t�h�a�t� �c�a�n� �b�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �a� �v�a�l�u�e� �o�f� 

�r�i�s�k�.� �A�n� �o�f�t�e�n�-�u�s�e�d� �s�u�r�r�o�g�a�t�e� �f�o�r� �r�i�s�k� �i�s� �t�h�e� �v�a�r�i�a�n�c�e� �(�o�r� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�)� �o�f� 

�t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e�.� �S�i�n�c�e� �t�h�e� �v�a�r�i�a�n�c�e� �i�s� �a� 

�m�e�a�s�u�r�e� �o�f� �d�i�s�p�e�r�s�i�o�n�,� �i�t� �c�a�n� �b�e� �t�h�o�u�g�h�t� �o�f� �a�s� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� 

�u�n�c�e�r�t�a�i�n�t�y�,� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y�,� �i�t� �c�a�p�t�u�r�e�s� �a�n� �i�m�p�o�r�t�a�n�t� �p�a�r�t� �o�f� �t�h�e� �n�o�t�i�o�n� �o�f� �r�i�s�k�.� 

�F�o�l�l�o�w�i�n�g� �t�h�i�s� �l�i�n�e� �o�f� �r�e�a�s�o�n�i�n�g�,� �a� �r�i�s�k�-�a�v�e�r�s�e� �D�M� �w�o�u�l�d� �w�a�n�t� �t�o� �m�i�n�i�m�i�z�e� 

�t�h�e� �v�a�r�i�a�n�c�e�,� �e�v�e�r�y�t�h�i�n�g� �e�l�s�e� �b�e�i�n�g� �e�q�u�a�l�.� �T�h�u�s�,� �i�f� �a� �D�M� �p�r�e�f�e�r�s� �m�o�r�e� �o�f� �t�h�e� 
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�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �a�n�d� �i�s� �r�i�s�k� �a�v�e�r�s�e�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �r�u�l�e�s� �o�f� �t�h�u�m�b� �r�e�s�u�l�t� �f�o�r� 

�c�h�o�o�s�i�n�g� �b�e�t�w�e�e�n� �t�w�o� �a�l�t�e�r�n�a�t�i�v�e�s�:� 

�E�-�V� �R�u�l�e� �1�:� �A�l�t�e�r�n�a�t�i�v�e� �1� �i�s� �p�r�e�f�e�r�r�e�d� �t�o� �A�l�t�e�r�n�a�t�i�v�e� �2� �i�f� 

�p�w�?� �=�p� �a�n�d� �[�o�2�] �� �<�[�o�2�] ��.� 

�E�-�V� �R�u�l�e� �2�:� �A�l�t�e�r�n�a�t�i�v�e� �1� �i�s� �p�r�e�f�e�r�r�e�d� �t�o� �A�l�t�e�r�n�a�t�i�v�e� �2� �i�f� 

�o� �<� �o�,�,� �a�n�d� �E�(�e�,�)� �>� �E�(�e�,�)�,� 

�w�h�e�r�e� �y�p �� �a�n�d� �[�o�?�] �� �d�e�n�o�t�e� �t�h�e� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e� �o�f� �E� �f�o�r� �A�l�t�e�r�n�a�t�i�v�e� �1�,� �a�n�d� 

�p�®� �a�n�d� �[�o�2�] �� �r�e�p�r�e�s�e�n�t� �t�h�e� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e� �o�f� �E� �f�o�r� �A�l�t�e�r�n�a�t�i�v�e� �2�.� 

�I�n� �o�t�h�e�r� �w�o�r�d�s�,� �t�h�e� �D�M� �p�r�e�f�e�r�s� �t�o� �m�a�x�i�m�i�z�e� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �a�n�d� �m�i�n�i�m�i�z�e� �t�h�e� 

�v�a�r�i�a�n�c�e�.� �T�h�u�s�,� �f�o�r� �t�w�o� �a�l�t�e�r�n�a�t�i�v�e�s� �w�i�t�h� �"�w�e�l�l�-�b�e�h�a�v�e�d�"� �s�y�m�m�e�t�r�i�c�a�l� �p�r�o�b�a�b�i�l�i�t�y� 

�d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �m�e�a�s�u�r�e�,� �a� �r�i�s�k�-�a�v�e�r�s�e� �d�e�s�i�g�n�e�r� �w�i�l�l� �p�r�e�f�e�r�:� 

�1�)� �T�h�e� �a�l�t�e�r�n�a�t�i�v�e� �w�i�t�h� �t�h�e� �l�o�w�e�r� �v�a�r�i�a�n�c�e� �i�f� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e�s� �a�r�e� �e�q�u�a�l�,� 

�o�r� �i�f� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �w�i�t�h� �t�h�e� �l�o�w�e�r� �v�a�r�i�a�n�c�e� �h�a�s� �a� �h�i�g�h�e�r� �e�x�p�e�c�t�e�d� �v�a�l�u�e�.� 

�2�)� �T�h�e� �a�l�t�e�r�n�a�t�i�v�e� �w�i�t�h� �t�h�e� �h�i�g�h�e�r� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �i�f� �t�h�e� �v�a�r�i�a�n�c�e�s� �a�r�e� �e�q�u�a�l�,� 

�o�r� �i�f� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �w�i�t�h� �t�h�e� �h�i�g�h�e�r� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �h�a�s� �a� �l�o�w�e�r� �v�a�r�i�a�n�c�e�.� 

�T�o� �c�o�m�p�a�r�e� �v�a�r�i�o�u�s� �a�l�t�e�r�n�a�t�i�v�e�s�,� �w�e� �p�l�o�t� �e�a�c�h� �p�a�i�r� �(�4�,�,�0�7�)� �o�n� �a�n� �E�-�V� �c�h�a�r�t�.� 

�T�h�e� �h�o�r�i�z�o�n�t�a�l� �a�x�i�s� �o�f� �t�h�e� �E�-�V� �c�h�a�r�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �v�a�r�i�a�n�c�e� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e�,� �w�h�i�l�e� �t�h�e� �v�e�r�t�i�c�a�l� �a�x�i�s� �d�e�n�o�t�e�s� �t�h�e� �m�e�a�n� �o�f� �t�h�e� �a�t�t�r�i�b�u�t�e�.� �F�i�g�u�r�e� �5�.�5� �i�s� 

�a�n� �e�x�a�m�p�l�e� �o�f� �t�h�e� �E�-�V� �c�h�a�r�t�.� 
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�M�e�a�n� �,� �;� 
�E�f�f�i�c�i�e�n�t� �f�r�o�n�t�i�e�r� �C�c� 

�N�\� 

� � �>� 
� � 

�V�a�r�i�a�n�c�e� 

�F�i�g�u�r�e� �5�.�5�.� �E�f�f�i�c�i�e�n�t� �f�r�o�n�t�i�e�r� 

�O�n� �a�n� �E�-�V� �c�h�a�r�t�,� �a� �p�o�s�s�i�b�l�e� �p�o�i�n�t� �(�4�,�0�7�)� �i�s� �c�a�l�l�e�d� �e�f�f�i�c�i�e�n�t� �i�f� �n�o� �o�t�h�e�r� 

�p�o�s�s�i�b�l�e� �p�o�i�n�t� �(�4�,�,�0�7�)� �h�a�s� 

�H�,�2�H�,� �a�n�d� �0�;� �s�a�y�.� 

�T�h�e� �e�f�f�i�c�i�e�n�t� �p�o�i�n�t�s� �f�o�r�m� �t�h�e� �h�i�g�h�e�s�t� �l�e�f�t� �b�o�u�n�d�a�r�y� �o�f� �t�h�e� �s�e�t� �o�f� �p�o�s�s�i�b�l�e� �p�o�i�n�t�s�.� 

�T�h�e� �b�o�u�n�d�a�r�y� �i�s� �c�a�l�l�e�d� �e�f�f�i�c�i�e�n�t� �f�r�o�n�t�i�e�r� �a�n�d� �t�h�e� �s�e�t� �o�f� �e�f�f�i�c�i�e�n�t� �p�o�i�n�t�s� �i�s� �c�a�l�l�e�d� 
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�e�f�f�i�c�i�e�n�t� �s�e�t�.� �I�n� �F�i�g�u�r�e� �5�.�5�,� �t�h�e� �e�f�f�i�c�i�e�n�t� �f�r�o�n�t�i�e�r� �d�c� �i�s� �a� �c�u�r�v�e� �d�r�a�w�n� �t�h�r�o�u�g�h� �t�h�e� 

�p�o�i�n�t�s� �r�e�p�r�e�s�e�n�t�i�n�g� �a�l�t�e�r�n�a�t�i�v�e�s� �t�h�a�t� �a�r�e� �n�o�t� �d�o�m�i�n�a�t�e�d� �b�y� �s�o�m�e� �o�t�h�e�r� 

�a�l�t�e�r�n�a�t�i�v�e�s�.� �A�n�y� �p�o�i�n�t� �b�e�l�o�w� �a�n�d� �t�o� �t�h�e� �r�i�g�h�t� �o�f� �t�h�e� �e�f�f�i�c�i�e�n�t� �f�r�o�n�t�i�e�r� �r�e�p�r�e�s�e�n�t�s� 

�a�n� �a�l�t�e�r�n�a�t�i�v�e� �d�o�m�i�n�a�t�e�d� �b�y� �o�n�e� �o�n� �t�h�e� �f�r�o�n�t�i�e�r�.� �F�o�r� �a�n�y� �o�b�t�a�i�n�a�b�l�e� �E�-�V� 

�c�o�m�b�i�n�a�t�i�o�n� �e�x�c�e�p�t� �o�n� �a�r�c� �d�c� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �f�i�n�d� �a� �f�e�a�s�i�b�l�e� �c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �a�t� 

�l�e�a�s�t� �a�s� �m�u�c�h� �m�e�a�n� �a�n�d� �l�e�s�s� �v�a�r�i�a�n�c�e�;� �o�r� �t�o� �f�i�n�d� �o�n�e� �w�i�t�h� �l�e�s�s� �v�a�r�i�a�n�c�e� �a�n�d� �n�o� 

�l�e�s�s� �m�e�a�n�,� �o�r� �b�o�t�h�.� �A�n�y� �s�u�c�h� �c�o�m�b�i�n�a�t�i�o�n� �i�s� �c�o�n�s�i�d�e�r�e�d� �i�n�e�f�f�i�c�i�e�n�t�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �f�r�o�m� �p�o�i�n�t� �2�,� �w�e� �c�a�n� �m�o�v�e� �t�o� �i� �o�b�t�a�i�n�i�n�g� �l�e�s�s� �v�a�r�i�a�n�c�e� �a�n�d� �n�o� �l�e�s�s� 

�m�e�a�n�;� �w�e� �c�a�n� �m�o�v�e� �t�o� �&� �t�o� �o�b�t�a�i�n� �m�o�r�e� �m�e�a�n� �a�n�d� �n�o� �m�o�r�e� �v�a�r�i�a�n�c�e�;� �o�r� �w�e� �c�a�n� 

�m�o�v�e� �d�i�a�g�o�n�a�l�l�y� �f�r�o�m� �h� �t�o� �j� �o�b�t�a�i�n�i�n�g� �b�o�t�h� �m�o�r�e� �m�e�a�n� �a�n�d� �l�e�s�s� �v�a�r�i�a�n�c�e�.� �T�h�e�s�e� 

�p�o�i�n�t�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �i�n�e�f�f�i�c�i�e�n�t�.� �W�e� �c�a�n�n�o�t� �m�o�v�e� �u�p�w�a�r�d� �f�r�o�m� �a�n� �E�-�V� 

�c�o�m�b�i�n�a�t�i�o�n� �o�n� �t�h�e� �a�r�c� �d�c�,� �e�x�c�e�p�t� �f�o�r� �d�.� 

�T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �E�-�V� �r�u�l�e�s� �c�a�n� �b�e� �i�l�l�u�s�t�r�a�t�e�d� �w�i�t�h� �a�n� �e�x�a�m�p�l�e�.� 

�S�u�p�p�o�s�e� �w�e� �w�a�n�t� �t�o� �e�v�a�l�u�a�t�e� �f�i�v�e� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �w�i�t�h� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e� �f�o�r� �t�h�i�s� �c�a�s�e� �b�e�i�n�g� �r�e�l�i�a�b�i�l�i�t�y�.� �T�h�e� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e� �o�f� �t�h�e� �r�e�l�i�a�b�i�l�i�t�y� 

�f�o�r� �e�a�c�h� �a�l�t�e�r�n�a�t�i�v�e� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.�2�.� �P�l�o�t�t�i�n�g� �e�a�c�h� �p�a�i�r� �o�f� �m�e�a�n� �a�n�d� 

�v�a�r�i�a�n�c�e� �o�n� �F�i�g�u�r�e� �5�.�6�,� �w�e� �f�i�n�d� �t�h�a�t� �A�l�t�e�r�n�a�t�i�v�e� �1� �i�s� �n�o�t� �e�f�f�i�c�i�e�n�t�,� �s�i�n�c�e� 

�A�l�t�e�r�n�a�t�i�v�e� �2� �h�a�s� �a�n� �e�q�u�a�l� �m�e�a�n� �a�n�d� �l�e�s�s� �v�a�r�i�a�n�c�e�.� �S�i�m�i�l�a�r�l�y�,� �A�l�t�e�r�n�a�t�i�v�e�s� �3� �a�n�d� 

�4� �a�r�e� �n�o�t� �e�f�f�i�c�i�e�n�t�.� �T�h�e� �e�f�f�i�c�i�e�n�t� �s�e�t� �c�o�n�s�i�s�t� �o�f� �A�l�t�e�r�n�a�t�i�v�e�s� �2� �a�n�d� �5�.� 

�T�a�b�l�e� �5�.�2�.� �M�e�a�n�s� �a�n�d� �V�a�r�i�a�n�c�e�s� �f�o�r� �F�i�v�e� �A�l�t�e�r�n�a�t�i�v�e�s� 

� � 

� � 

�A�L�T� �1� �A�L�T� �2� �A�L�T� �3� �A�L�T� �4� �A�L�T� �5� 

�E�(�R�)� �0�.�9�0� �0�.�9�0� �0�.�8�5� �0�.�8�0� �0�.�8�0� 
�V�a�r�(�R�)� �5�.�0�0� �3�.�0�0� �3�.�5�0� �4�.�0�0� �2�.�5�0� 
� 
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�§�.�7�.�2� �U�t�i�l�i�t�y� �i�n�d�i�f�f�e�r�e�n�c�e� �c�u�r�v�e�s� 

�A�s� �d�i�s�c�u�s�s�e�d� �a�b�o�v�e�,� �t�o� �d�e�v�e�l�o�p� �a� �b�e�s�t� �d�e�s�i�g�n�,� �w�e� �m�u�s�t� �m�a�k�e� �t�h�e� �e�v�a�l�u�a�t�i�o�n� 

�a�t�t�r�i�b�u�t�e� �m�e�e�t� �a� �t�a�r�g�e�t� �v�a�l�u�e�.� �T�h�e� �t�a�r�g�e�t� �v�a�l�u�e� �c�a�n� �b�e� �a� �s�p�e�c�i�f�i�c� �n�u�m�b�e�r�,� �o�r� �a� 

�v�a�l�u�e� �a�s� �l�a�r�g�e� �a�s� �p�o�s�s�i�b�l�e�,� �o�r� �a� �v�a�l�u�e� �a�s� �s�m�a�l�l� �a�s� �p�o�s�s�i�b�l�e�.� �I�f� �t�h�e�r�e� �i�s� �m�o�r�e� �t�h�a�n� 

�o�n�e� �a�l�t�e�r�n�a�t�i�v�e� �w�h�i�c�h� �m�e�e�t�s� �t�h�e� �t�a�r�g�e�t� �v�a�l�u�e�,� �t�h�e� �d�e�c�i�s�i�o�n� �i�s� �e�a�s�y�.� �T�h�a�t� �i�s�,� 

�a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �E�-�V� �r�u�l�e�s�,� �p�i�c�k� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e� �w�h�i�c�h� �h�a�s� �t�h�e� �m�i�n�i�m�u�m� �v�a�r�i�a�n�c�e�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �p�r�o�b�l�e�m� �o�f� �d�e�s�i�g�n� �e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� �f�a�c�e� �o�f� �u�n�c�e�r�t�a�i�n�t�y� �i�s� �o�f�t�e�n� 

�m�o�r�e� �c�o�m�p�l�i�c�a�t�e�d� �i�n� �p�r�a�c�t�i�c�e�.� �I�n� �s�o�m�e� �c�a�s�e�s�,� �t�h�e� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e� �o�f� �t�h�e� 

�e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �f�o�r� �a� �d�e�s�i�g�n� �m�a�y� �b�e� �d�e�p�e�n�d�e�n�t�.� �A�s� �a� �r�e�s�u�l�t�,� �m�o�r�e� �t�h�a�n� �o�n�e� 

�e�f�f�i�c�i�e�n�t� �a�l�t�e�r�n�a�t�i�v�e� �c�a�n� �b�e� �i�d�e�n�t�i�f�i�e�d� �i�n� �t�h�e� �E�-�V� �a�n�a�l�y�s�i�s�.� �T�h�i�s� �m�a�k�e�s� �i�t� 

�i�m�p�o�s�s�i�b�l�e� �t�o� �a�c�h�i�e�v�e� �t�h�e� �o�p�t�i�m�u�m� �f�o�r� �b�o�t�h� �t�h�e� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e� �j�o�i�n�t�l�y�.� 

�S�i�n�c�e� �t�h�e� �E�-�V� �r�u�l�e�s� �c�a�n�n�o�t� �h�e�l�p� �u�s� �c�h�o�o�s�e� �b�e�t�w�e�e�n� �t�h�e� �a�l�t�e�r�n�a�t�i�v�e�s� �i�n� �t�h�e� 

�e�f�f�i�c�i�e�n�t� �s�e�t�,� �w�e� �m�u�s�t� �r�e�s�o�r�t� �o�t�h�e�r� �i�n�f�o�r�m�a�t�i�o�n� �t�o� �m�a�k�e� �a� �c�h�o�i�c�e�.� �T�h�e� �u�l�t�i�m�a�t�e� 

�c�h�o�i�c�e� �b�e�t�w�e�e�n� �t�h�e� �e�l�e�m�e�n�t�s� �i�n� �t�h�e� �e�f�f�i�c�i�e�n�t� �s�e�t� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �D�M�'�s� �t�r�a�d�e�-� 

�o�f�f� �b�e�t�w�e�e�n� �t�h�e� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e�,� �t�h�a�t� �i�s�,� �t�h�e� �t�r�a�d�e�-�o�f�f� �b�e�t�w�e�e�n� �t�h�e� �b�i�a�s� �a�n�d� 

�v�a�r�i�a�n�c�e�.� �T�h�u�s�,� �t�h�e� �D�M� �m�u�s�t� �m�a�k�e� �a� �t�r�a�d�e�-�o�f�f� �b�e�t�w�e�e�n� �a�t�t�a�i�n�m�e�n�t� �o�f� �a� �t�a�r�g�e�t� 

�v�a�l�u�e� �a�n�d� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �a�t� �t�h�e� �t�a�r�g�e�t� �v�a�l�u�e�.� �U�t�i�l�i�t�y� �t�h�e�o�r�y� �c�a�n� �b�e� �u�s�e�d� �t�o� 

�r�e�p�r�e�s�e�n�t� �t�h�e� �D�M�'�s� �w�i�l�l�i�n�g�n�e�s�s� �t�o� �m�a�k�e� �s�u�c�h� �t�r�a�d�e�-�o�f�f�s�.� 

�F�o�r� �a� �r�a�t�i�o�n�a�l� �d�e�c�i�s�i�o�n� �m�a�k�e�r�,� �h�e� �c�a�n� �b�e� �a�s�s�u�m�e�d� �t�o� �b�e� �i�n�d�i�f�f�e�r�e�n�t� �t�o� �s�e�t�s� �o�f� 

�(�u�,�,�0�7�)�.� �T�h�a�t� �i�s�,� �a�n� �i�n�d�i�f�f�e�r�e�n�c�e� �c�u�r�v�e� �o�f� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e� �e�x�i�s�t�s�.� �T�h�e� �D�M� �i�s� 

�i�n�d�i�f�f�e�r�e�n�t� �t�o� �a�n�y� �p�o�i�n�t� �o�n� �t�h�e� �i�n�d�i�f�f�e�r�e�n�c�e� �c�u�r�v�e�.� �S�o�,� �f�o�r� �t�h�e� �s�a�m�e� �l�e�v�e�l� �o�f� �u�t�i�l�i�t�y�,� 

�s�u�c�h� �a�n� �i�n�d�i�f�f�e�r�e�n�c�e� �c�u�r�v�e� �c�a�n� �b�e� �d�e�f�i�n�e�d�:� 

�U� �=�u�(�u�,�,�0�;�)�.� �(�9�.�5�)� 

�O�p�e�r�a�t�i�o�n�a�l�l�y�,� �t�h�e� �u�t�i�l�i�t�y� �i�n�d�i�f�f�e�r�e�n�c�e� �c�u�r�v�e� �t�h�a�t� �r�e�l�a�t�e�s� �t�h�e� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e� �o�f� 

�t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �p�r�o�v�i�d�e�s� �a� �f�o�u�n�d�a�t�i�o�n� �f�o�r� �M�e�a�n�-�V�a�r�i�a�n�c�e� �a�n�a�l�y�s�i�s�.� 

�T�h�u�s�,� �t�h�e� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� �c�a�n� �b�e� �s�o�l�v�e�d� �i�f� �w�e� �c�a�n� �d�e�t�e�r�m�i�n�e� �w�h�i�c�h� �p�o�i�n�t� �o�f� 

�(�u�,�,�0�2�)� �o�n� �t�h�e� �E�-�V� �c�h�a�r�t� �i�s� �o�n� �a� �h�i�g�h�e�r� �u�t�i�l�i�t�y� �c�u�r�v�e� �(�F�i�g�u�r�e� �5�.�7�)�.� 

�T�h�u�s�,� �t�o� �c�o�m�p�a�r�e� �d�e�s�i�g�n� �a�l�t�e�r�n�a�t�i�v�e�s� �i�n� �a�n� �e�f�f�i�c�i�e�n�t� �s�e�t�,� �w�e� �m�u�s�t� �d�e�f�i�n�e� �a� 

�u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �t�o� �a�c�c�u�r�a�t�e�l�y� �r�e�f�l�e�c�t� �t�h�e� �D�M�'�s� �p�r�e�f�e�r�e�n�c�e� �a�n�d� �w�i�l�l�i�n�g�n�e�s�s� �t�o� �m�a�k�e� 

�t�r�a�d�e�-�o�f�f�s� �o�v�e�r� �t�h�e� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �o�f� �m�e�a�n� 

�a�n�d� �v�a�r�i�a�n�c�e� �h�a�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �(�s�e�e� �F�i�g�u�r�e� �5�.�7�)�:� 
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�1�)� �I�t� �i�s� �a�n� �i�n�c�r�e�a�s�i�n�g� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�t�t�r�i�b�u�t�e� �(�f�o�r� �t�h�e� �l�a�r�g�e�r� �t�h�e� 

�b�e�t�t�e�r� �c�a�s�e�)�.� 

�2�)� �I�t� �i�s� �a� �d�e�c�r�e�a�s�i�n�g� �f�u�n�c�t�i�o�n� �o�f� �v�a�r�i�a�n�c�e�.� �T�h�e� �c�u�r�v�e� �i�s� �c�o�n�v�e�x� �o�n� �t�h�e� �E�-�V� 

�c�h�a�r�t�.� 
�3�)� �T�h�e� �i�n�t�e�r�s�e�c�t�i�o�n� �p�o�i�n�t� �o�f� �a� �c�u�r�v�e� �w�i�t�h� �t�h�e� �v�e�r�t�i�c�a�l� �a�x�i�s� �(�4�,�)� �r�e�p�r�e�s�e�n�t�s� �t�h�e� 

�c�e�r�t�a�i�n�t�y� �e�q�u�i�v�a�l�e�n�t� �f�o�r� �a�l�l� �p�o�i�n�t�s� �o�n� �t�h�a�t� �c�u�r�v�e�.� �S�i�n�c�e� �v�a�r�i�a�n�c�e� �i�s� �z�e�r�o� �a�t� 

�t�h�i�s� �p�o�i�n�t�,� �t�h�e� �o�u�t�c�o�m�e� �i�s� �c�e�r�t�a�i�n�.� 

�T�h�e�r�e� �a�r�e� �n�o� �e�a�s�y� �g�u�i�d�e�l�i�n�e�s� �c�u�r�r�e�n�t�l�y� �a�v�a�i�l�a�b�l�e� �f�o�r� �a�s�s�e�s�s�i�n�g� �s�u�c�h� �a� 

�g�e�n�e�r�a�l� �m�u�l�t�i�a�t�t�r�i�b�u�t�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� �i�n� �m�a�n�y� �c�i�r�c�u�m�s�t�a�n�c�e�s�,� �c�e�r�t�a�i�n� 

�c�o�n�d�i�t�i�o�n�s� �c�a�n� �b�e� �s�a�t�i�s�f�i�e�d� �i�n� �o�r�d�e�r� �t�o� �d�e�c�o�m�p�o�s�e� �t�h�e� �j�o�i�n�t� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �(�5�.�5�)� 

�i�n�t�o� �a� �f�u�n�c�t�i�o�n� �o�f� �s�i�n�g�l�e� �a�t�t�r�i�b�u�t�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n�s�,� �t�h�a�t� �i�s�,� 

�u�(�,�,�0�2�)�=� �f�[�u�,�(�1�4�,� �)�,�4�2�(�0�7�)�}�,� �(�5�.�6�)� 

�A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �m�u�l�t�i�a�t�t�r�i�b�u�t�e� �u�t�i�l�i�t�y� �t�h�e�o�r�y� �(�K�e�e�n�e�y� �a�n�d� �R�a�i�f�f�a�,� �1�9�7�6�)�,� �i�f� �t�h�e� 

�m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e� �a�r�e� �m�u�t�u�a�l�l�y� �u�t�i�l�i�t�y� �i�n�d�e�p�e�n�d�e�n�t�,� �t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �c�a�n� �b�e� 

�d�e�c�o�m�p�o�s�e�d� �i�n�t�o� �a� �m�u�l�t�i�p�l�i�c�a�t�i�v�e� �m�o�d�e�l�:� 

�u�(�u�,�,�0�,�)�=� �k�,�[�m� �(�4�,�)�]�+� �b�e�[�m�(�o�2�)�]� �+�1�,� �~� �k�e� �m�u�s�,� �I�,� �(�0�2�)�]� �(�5�.�7�)� 

�w�h�e�r�e� �k�,� �=� �s�c�a�l�i�n�g� �c�o�n�s�t�a�n�t� �f�o�r� �t�h�e� �m�e�a�n� 
�k�,� �=� �s�c�a�l�i�n�g� �c�o�n�s�t�a�n�t� �f�o�r� �t�h�e� �v�a�r�i�a�n�c�e� 
�u�,�(�u�,�)� �=� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �f�o�r� �t�h�e� �m�e�a�n� 

�u�,�(�o�7�)� �=� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �f�o�r� �t�h�e� �v�a�r�i�a�n�c�e� 

�I�f� �t�h�e� �m�e�a�n� �a�n�d� �t�h�e� �v�a�r�i�a�n�c�e� �a�r�e� �a�d�d�i�t�i�v�e�l�y� �i�n�d�e�p�e�n�d�e�n�t�,� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �(�5�.�6�)� 

�i�s� �t�h�e�n� �r�e�d�u�c�e�d� �t�o� �t�h�e� �a�d�d�i�t�i�v�e� �f�o�r�m�:� 

�u�(�s�s�,�,�0�7�)� �=� �k�,�[�m� �(�1�2�,� �)�]� �+� �k�y�[�u�,�(�0�2�)�]�,� �(�5�.�8�)� 

�S�i�n�c�e� �t�h�e� �r�a�n�d�o�m� �n�a�t�u�r�e� �o�f� �t�h�e� �d�e�c�i�s�i�o�n� �p�r�o�b�l�e�m� �i�s� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� 

�v�a�r�i�a�n�c�e�,� �n�o� �e�x�p�e�c�t�a�t�i�o�n� �i�s� �n�e�e�d�e�d�.� �T�h�u�s�,� �t�h�e� �u�t�i�l�i�t�y� �f�u�n�c�t�i�o�n� �i�s� �s�i�m�p�l�y� �a� �v�a�l�u�e� 

�m�o�d�e�l� �t�o� �h�e�l�p� �d�e�c�i�s�i�o�n� �m�a�k�e�r�s� �m�a�k�e� �a� �t�r�a�d�e�-�o�f�f� �b�e�t�w�e�e�n� �m�e�a�n� �a�n�d� �v�a�r�i�a�n�c�e�.� 
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