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(ABSTRACT) 

System complexity has continued to increase with the development and application of new 

technologies. This increased complexity has created great concerns among people about 

the potential impact of a system on its ecological environment when considering such as 

plants, wildlife and clean air. A complete awareness of the potential impact requires a 

thorough understanding of how a system interacts with its ecological environment, and the 

results are dependent on the expertise of the engineer who is responsible for the design of 

the system and the analyst who evaluates the system Due to the complexity of these 

interactions and the difficulty in measuring the appropriate cause-and-effect relationships, 

a system's impact on its ecological environment has not received due attention. 

The above complexity and difficulty have led to two deficiencies in the current research of 

the system's environmental impact. One is the insufficient evaluation of its qualitative 

attributes. The other is an unstructured evaluation process where the analyst has to rely 

on qualitative attributes as major inputs while his/her expertise could not be modeled. As 

a consequence, the current research and evaluation process is deficient because of biases 

and lack of clarity. 



This report seeks to instill the necessary clarity into the decision-making process by 

structuring the decision maker's subjective knowledge. It is concluded that subjective 

preferences can be quantified and evaluated through utility function assessment. 

Alternatives are ranked and a final choice is made based on their utility. The modeling 

process described herein is made a lot more efficient and economical because of the 

computer software that integrates the assessment mechanisms into a user-fiiendly 

operational environment. After the deficiencies in the current evaluation process are 

identified, possible solutions are explored. The effectiveness of the Analytic Hierarchy 

Process (AHP}, Multi-attribute Value Theory (MA VT), and Multi-attribute Utility Theory 

(MAUT) are compared. MAUT is the preferred approach based on solution requirements. 
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CHAPTER! 
INTRODUCTION 

System complexity has continued to increase with the development and application of 

new technologies. This increased complexity has created great concerns among people 

about the potential impact of a system on its ecological environment when considering 

such as plants, wildlife and clean air. A complete awareness of the potential impact 

requires a thorough understanding of how a system interacts with its ecological 

environment, and the results are dependent on the expertise of the engineer who is 

responsible for the design of the system and the analyst who evaluates the system Due 

to the complexity of these interactions and the difficulty in measuring the appropriate 

cause-and-effect relationships, a system's impact on its ecological environment has not 

received due attention. 

lbis project investigates the deficiencies in the current research of the system's 

environmental impact and proposes alternative approaches from a system engineering 

perspective. Chapter 1 provides an overview of the current situation of evaluating the 

interactions and identifies specific problems. Also in chapter 1, possible methods to 

address these problems are evaluated and recommendations provided. The author 

concludes that the effective approach is to model the system's impact on its ecological 

environment using multiattribute utility theory (MAUT) with computer software 

(KAPPA-PC) that will add in soliciting expert knowledge, and to quantify it to reach a 

conclusion on the possible environmental impact of the system Chapter 2 provides a 
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brief introduction to MAUT and KAPPA-PC. In chapter 3, the coding processes of the 

computer software are discussed, and their validity in modeling MAUT is also discussed 

by using a real world case study. Chapter 4 discusses the software's strength, limitations 

and future implementation. Chapter 5 provides a summary of conclusions, and includes 

some recommendations for future research. 

1.1 What Is System Engineering? 

System engineering involves the integration of scientific, engineering, and management 

efforts and the application of them to the development of a system with a life-cycle 

viewpoint. It transforms system operational needs into performance requirements and a 

system specification, describes a system configuration in functional terms, and integrates 

system components to achieve overall system performance objectives. The integration 

ensures that each aspect of the system is addressed in relation with others. The purpose 

of system engineering is to (a) integrate system components in a systematic and timely 

manner to achieve maximum system effectiveness, (b) investigate causal relationships 

between system components, and ( c) minimize the time and cost for system development. 

The system engineering process is the application of system engmeenng to the 

development, operation, maintenance, and retirement of the system. It is a continuous 

and iterative process that incorporates feedback actions that are necessary to ensure 

integration of the system components [Blanchard and Fabrycky, 1990]. Throughout the 

system life-cycle (i.e., problem investigation, need identification, performance parameter 

specification and allocation, design and development, test and evaluation, deployment 
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and operation, and retirement), a system is analyzed in an iterative, systematic, and 

step-by-step manner which provides a suitable framework for addressing the complexity 

ofa system 

The study of a system and its interactions with its ecological environment should be 

conducted exactly in the manner described above in order to achieve a thorough and 

comprehensive understanding of the various relationships that exist. To evaluate the 

quality of a system, it needs to include the whole life-cycle from conceptual design to 

retirement and the system's impact on the ecological environment at each stage. Tue 

evaluation of the system's environmental impact should be approached from a wide array 

of angles including domain, magnitude, timing, and the constraints of the system's basic 

performance. All these factors should be funneled into the overall evaluation process. 

For instance, the construction of a power plant starts from the need identification. 

Different technology approaches including nuclear power, gas power, coal power, are 

then selected for feasibility analysis based on identified needs. Tue feasibility analysis 

must consider environmental impact. The impact analysis for the construction of a power 

plant is shown in Figure 1. To analyze environmental impacts, evaluation criteria must be 

specified to measure the impact on animals and plants, on agriculture, and on future land 

use. These criteria are hard to measure because of their qualitative characteristics and, as 

a result, increase the difficulty and complexity of the decision-making process. 
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Figure 1 . Environmental Impacts Analysis in the Life-Cycle of a Power Plant 
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1.3 Study of Current Deficiencies 

To measure the impact, attributes which represent specific aspects of the impact must 

first be defined and their degree quantified. The quantification of these qualitative 

attnlmtes can be performed through developing a constructed scale based on experts' 

judgments. Unlike natural scales which have common usage and wide interpretation, a 

constructed scale is often developed to address a specific problem For instance, one of 

the objectives for power plant siting is to minimize the detrimental effects on wildlife. 

Because no natural scale on environmental impact exists, it is necessary to construct one. 

The environmental impact of a nuclear power plant on local wildlife could be specified 

with an integer level from I to 5, in which I is made to represent no impact at all while 5 

represents the complete loss of productive wetlands and endangered species habitat. Due 

to difficulties in modeling these qualitative attributes, they are often not analyzed as 

sufficiently as the quantitative attributes. This, in turn, leads to analysis results based on 

quantitative measures only. 

1.3.1 Deficiency of Local Optimality 

Analyses which lean heavily on quantitative measures and neglect qualitative elements 

result in biased decisions. This is referred to as local optimality. Engineers prefer to deal 

with attributes having natural quantitative scales rather than those that need constructed 

scales because the latter are hard to measure and require subjective judgments. This 

phenomenon is rooted in the structural requirements of the engineering discipline which 
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demands preciseness and objectivity. Therefore, attributes needing constructed scales 

have often been avoided in the decision-making process. 

Local optimality is not unique to the study of a system's environmental impact; it is 

common to all analyses that involve qualitative attributes. During the system life-cycle, 

difficulties in measuring qualitative attributes are met when tradeo:ffbetween alternatives 

are analyzed. For instance, when an air traffic control center has identified the need for 

new control software, it must decide from which supplier to buy. Tradeo:ff analyses 

must be performed to determine the optimal supplier. In general, the commonly used 

criteria for tradeo:ff analysis are those having natural scales (e.g., purchasing cost, 

maintenance cost, reliability, maintainability, etc.) However, attributes like performance, 

quality of logistics support, technical experience, and reputation of a supplier are either 

evaluated subjectively or ignored. The consequence of focusing on quantitative 

attributes may lead to a poor purchase decision. Therefore, it is necessary to integrate 

qualitative attributes into the decision-making process. Under most circumstances, such 

evaluations require the expertise of the decision maker to understand the nature of the 

attributes and to put them into the constructed scale. 

1.3.2 Deficiency of Expertise Integration into the Decision-making Process 

During the system engineering process, the engineer has to make decisions based on 

his/her expertise and on the technical information provided to him/her. The expertise is 

especially important where technical information is not sufficient. For instance, when a 

company plans to develop a new product, product designers may not have enough 
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information to decide on the features of the product. They could, however, obtain such 

information from marketing managers who have more knowledge about market trends 

and customer tastes. The question is how to represent the marketing manager's 

knowledge in quantitative terms .. 

The methods used to quantify the decision maker's knowledge must be capable of 

modeling his or her personal preference in a format that is easy to understand and 

interpret. One possible way is to quantify the decision maker's preference into a 

mathematical function. 

1.4 Requirements for Proposed Solutions 

The two deficiencies discussed in 1. 3 .1 and 1. 3. 2 suggest the need to answer the 

question: How could the deficiencies be corrected in a way that qualitative attributes can 

be analyzed and the preference of the decision maker modeled? The selected possible 

solutions have to meet the following requirements: 

1. Ability to analyze qualitative attributes and represent them quantitatively. 

2. Ability to integrate the decision maker's preference into the tradeoff analysis process, 

and to provide a mathematical function to represent the preference in selecting a 

recommended approach. 
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1.5 Feasibility of three Possible Solutions: AHP, MA VT and MAUT 

Three solutions are proposed to address the identified deficiencies in the ahernatives 

tradeoff analysis. They are: 

Alternative 1: Analytic Hierarchy Process (AHP) --- AHP is a multi-objective 

multi-criteria decision-making approach that employs a method of multiple 

paired comparisons to rank alternative solutions to a problem formulated 

in hierarchical terms [Ramanujam and Saaty, 1981]. AHP is performed 

through the construction of a hierarchy which states the relationship 

between criteria (and their sub-criteria) and their contribution to the 

subjective score of an alternative. Every alternative in the hierarchy shares 

the same criteria which are used to evaluate the priority of the alternatives. 

The priority is determined by calculating an alternative's score on every 

criteria and summing these scores, and the alternative with the highest 

score will be selected for making decision. 

Alternative 2: Multiattribute Value Theory (MAVTl --- MAVT is used in a 

multi-attribute environment. It models decision maker's rational 

preference to circumstances of perfect certainty. The decision maker 

knows for certain the outcome of each course of action that is available to 

him MA VT is performed to assess the preference of alternatives of the 

decision maker. The preference of the decision maker is assumed to have 

an additive (linear) format and represented by the following linear value 
function: v(a) = w1a 1 +w2a2 + ... +wnan, where W; is the weighting 
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factor of every attribute ai, and v(a) is the preference of an alternative 

with the decision maker's perspective. During the assessment process, 

weighting factors are determined through the value tradeoff between 

attributes. The value tradeoff delineate the relative importance of the 

attributes. For instance, when you purchase a car, you will need to 

consider such factors as cost and safety. The tradeoff between the two 

factors depend upon the decision maker's rational preference, and the 

tradeoff process helps the decision maker to picture the relative 

importance of the two factors in a quantitative manner, i.e., cost = .35 

versus safety= .22. 

Alternative 3: Multiattribute Utility Theory (MAUT) --- MAUT is also used in a 

multi-attribute environment, but it models rational preference in an 

uncertain decision environment. The decision maker is less certain about 

the outcomes of the actions available to him and measures the uncertainty 

with different degrees of risk. The decision maker's preference for an 

alternative is quantified and represented by the alternative's utility, where 

utility is a measure of value, calculated using a utility function. A 

multi-attribute utility function is used to calculate an alternative's utility in 

a multi-attribute decision environment. Two types of multi-attribute 

utility function are assumed for representing the decision maker's 

preference: 

9 



n 
u(x) = L: k;u;(x;) (1) 

i=l 

which is a linear utility function in which u(x) is the utility of an 
alternative, k; is the weighting factor of attribute~ and u;(x;) is the utility 

of attribute i. 

or 
n 

1 + ku(x) = Il[l + kk;u;(x;)] (2) 
i=l 

which is a multiplicative utility function in which u(x), k; and u;(x;) are the 

same as described in equation ( 1 ), and k is a constant. 

To conclude which function will be used depends upon the preference 

structure of the decision maker. If the summation of the weighting factors 

(ki) equals to 1, the linear utility function is selected. Otherwise, the 

multiplicative utility function is used. The weighting factors are determined 

through the value tradeo:ff as discussed in MA VT, and the uncertainty is 

addressed by allowing the decision maker to consider the risk associated 

with each decision outcome. 

The strength of AHP lies in its ability to breakdown a complex decision problem into a 

hierarchy which illustrates the elementary decision factors. Compared to the other two 

analysis tools, AHP is more efficient to reach a conclusion because the multiple paired 

comparisons method in AHP does not take as much time as the value tradeo:ff method 

used in MAUT and MA VT. AHP is performed under the assumption that the decision 

maker's preference can be represented by a linear function. However, due to the nature 

of decision problems, linearity seldom exists in reality. 
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The advantage of MA VT is its ability to represent the decision maker's preference for an 

alternative by measuring the alternative's achievement level against a number of 

important criteria (attributes). Another advantage of MA VT is that it is more efficient to 

quantify the preference of the decision maker when compared with the quantification 

process in MAUT, since the decision maker's risk attitude (uncertainty) is not explored 

during the assessment of the value function. However, the above advantage is at the 

expense of ignoring the existence of uncertainty in reality. MA VT also assumes a linear 

function for the preference of the decision maker. The linearity assumption is another 

disadvantage when compared with MAUT. 

MAUT has the same advantage as MA VT in the ability to represent the decision maker's 

preference by a number of important criteria. Another advantage is that, during the 

assessment of the utility function, the uncertainty is addressed by exploring the risk 

attitude of the decision maker. The exploration of the risk attitude enables more 

thorough assessment of the preference structure of the decision maker, since risk is often 

considered by the decision maker during the decision-making process. The other 

advantage of MAUT is its ability to construct a non-linear utility function to represent 

the decision maker's preference structure. When compared with MA VT, MAUT is less 

efficient to perform because it requires the assessment of the risk attitude of the decision 

maker. 

To determine which solution is suitable to address the deficiencies discussed in section 

1.3, the selected solution has to fu1fi11 the requirements identified in section 1.4. AHP, 

MA VT and MAUT all satisfy the ability to quantify qualitative attributes (local 
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optimality) requirement. For the requirement of representing the preference of the 

decision maker, MAUT is considered to be more feasible because of its ability to address 

the uncertainty characteristic and to provide a non-linear utility function, as discussed in 

the previous paragraph. 

Based on the above feasibility discussion, MAUT has been selected for this project to 

address these deficiencies. The remainder of this report focuses on MAUT and its 

application. 

1. 6 Using KAPPA-PC to Code MAUT 

Due to its elaborate utility function assessment processes (they will be described in 

chapter 2 and 3), MAUT requires more time to reach a conclusion when compared with 

MA VT and AHP. However, the assessment can be made more efficient with the aid of 

computers. 

MAUT can be performed economically and efficiently by coding it into a computer 

program through the application of expert system methodology. The expert system 

methodology, at least as discussed in this paper, refers to (1) Programmable graphical 

user interface, (2) Object Oriented Programming feature, and (3) Modular program 

coding design. This integration ofMAUT with the expert system methodology has been 

made possible by using KAPPA-PC. 
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KAPPA-PC is a rule-based expert system software which enables the program designer 

to represent experts' knowledge with rules. It offers the three components of an expert 

system; knowledge base, inference engine and a graphical user interface by which users 

can develop their software. Although KAPPA-PC is mainly used in the expert systems 

category, it is also appreciated for its capability of having the advantages of traditional 

programming languages and the Object Oriented Programming feature. 

KAPPA-PC works in an OOP environment. In KAPPA-PC the components of programs 

are represented by structures called objects. Users first create objects like class or 

instance to represent the basic structure of the system Then rules specifying logical 

relationships between objects can be written into the knowledge base, and an efficient 

user interface can be created to facilitate operation of the program (specific details about 

KAPPA-PC programming mechanism are given in chapter 3) 

Tue advantages of KAPPA-PC can be described as follows: 

1. An OOP environment is given to connect objects to methods which specify what 

objects can do. 

2. A graphical user interface design environment is offered in which programmers can 

construct operational windows to facilitate operation of the program 

3. A prototype testing feature is offered which allows programmers to test the program in 

a timely manner. 
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4. Several features are provided to facilitate coding. For instance, Rule Relations, Rule 

Trace and Inference Browser. 

5. KAPPA-PC is a programming environment, not a shell. 

6. A rule based expert system environment is provided, but applications other than expert 

systems are easy to construct by using KAPPA-PC. For example, numerical analysis. 

7. KAPPA-PC is easy to understand in terms of language structure. 

8. KAPPA-PC provides Dynamic Data Exchange (DDE) that can be used with many 

Windows 3. 0 or 3 .1 applications. Exchanging data dynamically means that one 

application can send and receive data to and from other applications. 

The integration of the methodology provides a user-friendly MAUT program with the 

following features: 

An easy-to-operate user interface --- The procedures used in MAUT to assess utility 

function require a large amount of communication between the decision maker and 

analysts. Putting these procedures into computer means that the user (decision maker) 

must interact with the computer (analysts) frequently. Therefore, an efficient user 

interface can benefit these operations. 
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Real time monitoring of the assessed results --- Tue procedures in MAUT, as discussed 

in section 2.2, are done in a systematic way. Steps used to assess utility function are 

performed in an sequential manner and are related to each other. Tue outputs from 

previous steps are used as the inputs for the next step. Therefore, an instant display of 

the accessed status (for example, checking and computation results) will help users 

understand all the results of different assessment procedures. The use of OOP can 

provide such a real time monitoring feature. 

Modular design of codes --- Because MAUT contains many different analytical and 

computational processes, it is much more efficient to write the program in a modular 

format. Therefore, to put MAUT in a computer program format, the programming 

environment should be able to provide the advantages of modular design. 
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1.7 Project Objectives 

The objective of this project is to develop a MAUT program for the purpose of 

addressing the deficiencies discussed in this chapter and providing an efficient way to 

perform MAUT. The other objective is to discuss how well MAUT can be modeled by 

using KAPPA-PC. In a word, the objectives of this project are: 

1. Apply KAPPA-PC (a rule-based expert system) to the development of a MAUT 

software named Multi-attribute Utility Function He]per (MAUFH). 

2. Investigate the feasibility of applying expert system methodology in the MAUT 

environment. 
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CHAPTER2 
MULTI-ATTRIBUTE UTILITY THEORY (MAUT) 

2.1 Overview 

An introduction of MAUT is presented in this chapter to provide a background for 

understanding the utility function assessment process in MAUT. Also a review of real 

world MAUT applications is presented. 

2.2 What is Multi-attribute Utility Theory? 

MAUT is one of the models used for decision analysis. The term decision analysis 

refers to a set of quantitative methods for analyzing decisions based on the "axioms of 

consistent choice" [Pratt, Raiffa, and Schlaifer 1964, Keeney 1982]. The focus of 

decision analysis is on "transforming opaque decision problems into transparent decision 

problems by a sequence of transparent steps," which "offers the possibility to a 

decision-maker of replacing confusion by clear insight into a desired course of action . " 

[Howard 1988]. 

MAUT offers a systematic approach to model decision problems mathematically and 

search for an optimal decision. For an easy-to-read case study, see Belton (1985); for a 

complete review of the theory, see Keeney and Raiffa (1976). The purpose is to quantify 

the subjective judgments of experts and decision makers such that the quantified results 
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can be used as a tool in decision-making. Following is a brief explanation of how the 

utility function assessment is performed in MAUT through a sequential manner (more 

detailed descriptions of every step performed in MAUT are presented in chapter 3): 

2.2.1 Identifying Feasible Alternatives 

The identification of feasible alternatives requires deep knowledge about the current 

decision environment; that is, the analyst should be an expert in that problem domain, or 

should have access to that deep knowledge through consulting with experts. In this 

step, criteria for evaluating attributes are first determined, followed by an investigation 

of possible candidates. Then a screening process is conducted to determine feasibility of 

these candidates and eliminate those which are un-feasible. The final results are 

alternatives and attributes for evaluation. Howard ( 1988) discusses the use of a Strategy 

Generation Table to facilitate creation of alternatives. 

2.2.2 Specifying Objectives and Attributes 

This step involves the investigation and determination of the objectives and attributes 

which measure the degree to which objectives are achieved. An objective indicates the 

direction to move in order to do better [Keeney and Raiffa, 1976], and it is used for the 

evaluation of alternatives in their achievement in that objective. Objectives may never be 

completely achieved ; it is their degree of achievement that is important and meaningful 

to the analysts and decision makers. Not all objectives can be achieved simultaneously 

as there may be conflicts between objectives (e.g., maximum performance vs. minimum 
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cost). For integration of conflicts between objectives, see Donald and Bernard (1986). 

An objective hierarchy [Simon French, 1993, p.105] is useful for evaluation of 

objectives. After the determination of objectives, measurement of attributes must be 

constructed to evaluate the degree of achievement of these objectives. For qualitative 

attributes the constructed scale must be established in a clear manner to reduce the 

confusion in determination of values. Keeney (1980, p. 128) provides guidance for 

constructing such a scale. 

2.2.3 Determining the General Preference Structure 

The examination of preferential independence and utility independence in MAUT are 

important because they specify the structure of the utility function. The preferential 

independence condition states that the relationship of two attributes (Xi, Xj) are 

preferentially independent of other attributes. This is the same as saying the preference 

order for (Xi, Xj) combinations does not depend on fixed levels of other attributes. 

(section 3.2.2.1 shows an example of this condition) For utility independence, attribute 

Xi is defined to be utility independent of other attributes if the preference order for 

lotteries on Xi does not depend on fixed levels of the other attributes. A lottery is 

defined by specifying a set of consequences which may occur and the probability of each. 

(for an example, see section 3.2.3.1) The above independence conditions, which are 

verified as appropriate in MAUT, allow us to conclude that the structure of the utility 

function has to be either Equation (I) or Equation (2), as discussed in section 1.5. 

Therefore, representation of the decision maker's preference by using either of the these 
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multi-attribute utility functions requires the verification of the two independence 

condition. 

2.2.4 Assessing the Single Attribute Utility Functions 

To calculate the utility of an alternative, one must know in advance the single attribute 

utility function of every attribute selected for alternative evaluation. Unlike the 

multi-attribute utility function which is used to calculate the utility of an alternative, the 

single attribute utility function is used to calculate the utility of an attribute. Then the 

calculated utility of all attributes are substituted into the multi-attribute utility function 

for the calculation of an alternative's utility. The assessment of single attribute utility 

functions requires investigation of the following three conditions: Risk Aversion, Risk 

Neutrality and Risk Proneness (description of these conditions is given in section 3.2.6). 

These conditions quantify the relationship between the value of an attribute and its 

utility. Therefore, by assessing the single attribute utility function, the transformation of 

an attribute's value to its utility can be done. 

2.2.5 Evaluating the Scaling Constants ki 

To quantify the relative importance of each attribute to the other, the scaling constants 

of every attribute must be determined. The scaling constants are assessed by ranking 

attributes and then representing the ranking numerically. To rank attributes, questions 

like "Given that all attributes are at their worst level, which attribute would you most 

like to have at its best level ?" will be asked by the analysts. After the ranking of 
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attributes, numerical values are assigned by performing value tradeoff between pairs of 

attributes. These value tradeoff measure how much one is willing to give up on one 

attribute to gain a specific amount on another attnbute [Keeney, 1980, p.67]. For 
instance, one of the value tradeoff results may be K 2 = .25K1 , which indicates the 

relative importance of the attributes to the decision maker. 

2.2.6 Determining the Structure of the Utility Function 

To determine whether Equation ( 1 ), which is a linear multi-attribute utility function, or 

Equation (2), which is a non-linear multi-attribute utility function, is used to address the 

decision maker's personal preference, the summation of all scaling constants derived 

from the previous step must be checked. If the summation is 1, Equation ( l) holds; 

otherwise, one more step is required to determine the k value and Equation (2) is used. 

2.2. 7 Comparing and Analyzing the Alternatives 

The utility of an alternative is calculated by summing the utility values of individual 

attributes. This is done for each alternative and the ranking of alternatives can be 

performed by comparing the utility of every alternative. To further analyze the problem, 

sensitivity analysis can be performed to evaluate, for example, the relationship between 

scaling constants ki and utility of alternatives or the ranking results. A thorough 

discussion of sensitivity analyses in MAUT is presented in section 3.2.9. 
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2.3 How MAUT Is Applied to the Real World Situations 

MAUT is applied in various decision environments such as product and project 

selection, regulation, site selection, technology choice, strategy planning and government 

policy planning. It is one of the analysis tools available for decision analysis. Comer and 

Kirkwood ( 1991) provide a general idea for the application of decision analysis : 

Decision analysis provides tools for quantitatively analyzing decisions with 
uncertainty and/or multiple conflicting objectives. These tools are especially 
useful when there is limited directly relevant data so that expert judgment 
plays a significant role in the decision-making process. Such situations include 
government policy making and regulation, strategic business decisions, and 
such risky personal decisions as selecting a treatment for a serious medical 
problem (Comer and Kirkwood, 1991, p 206) 

Many specific MAUT applications are in the literature. Lathrop and Watson (1982) 

apply an expected utility approach to develop risk indices for uncertain health-effect 

consequences of a nuclear waste management system; Keeney (1979) presents a 

multi-attribute decision analysis to select a site for a pump storage facility in the 

Southwest United States; Merkhofer and Keeney ( 1987) present a multi-attribute 

decision analysis conducted to aid the U.S. Department of Energy in its selection of 

three locations to study in more detail as potential sites for a mined geologic repository 

for nuclear waste; Brooks and Kirkwood (1988) present a multi-attribute decision 

analysis of a public utility's strategies for dealing with local area networking to link their 

microcomputers; Keefer and Kirkwood consider the allocation of a department's annual 

product engineering budget; Anandalingam (1987) evaluates acid rain policy; Buehring 
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and Foell (1974) have tried to assess the impact of various alternatives for producing 

electrical energy in Wosconsin from now until year 2000. The examples are numerous. 

From the above examples, the applications of MAUT in real world cases indicate a 

certain environment in which MAUT is used frequently---an environment where: 

1. Decisions are complex with qualitative attributes. 

2. Expert judgment is important for analyzing the problem 

3. Uncertainty (Risk) needs to be considered and evaluated in the analysis process. 

4. Decisions will impact society, economics, national safety or welfare of people. 
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CHAPTERJ 
:METHODOLOGY AND CASE STUDY 

This chapter explains MAUFH by comparing it to a real world case, the Wisconsin Case 

Study (WCS) [Keeney, 1980]. In WCS, MAUT assessment of the utility function was 

performed in a step-by-step manual fashion. During the assessment, questions asked by 

the analyst to assess the preference of the decision maker and answers by the decision 

maker were clearly documented and analyzed. This case study provides a convenient 

framework for explaining the process of using MAUFH by parallel comparisons between 

MAUFH and WCS, and a method for validating MAUFH by comparisons of WCS 

published results (shown in Appendix 1) to those obtained using MAUFH. In the 

following 2 sections, WCS is introduced, and then the procedure used to make 

comparisons is outlined. 

3.1 Case Introduction 

3.1.1 Case Name 

THE ENVIRONMENTAL IMPACT OF ALTERNATE ENERGY DEVELOPMENT 

SCENARIOS IN THE STATE OF WISCONSIN (WCS) 
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3.1.2 Case Description 

The state of Wisconsin decided to study the impact of various alternatives for producing 

electrical energy in Wisconsin. The purpose of this study is to construct a multi-attribute 

utility function as described in section 1.5 to model possible environmental impacts of 

different power-generating technologies. 

3.2 Procedures of Performing MAUFH 

In the following sections, a consistent procedure is followed to perform a step-by-step 

comparison between the results from WCS and the outputs from MAUFH. The 9 

sections follow according to the 9 steps as shown in Figure 2. In each of the 9 steps, the 

following procedure is used. First, each step in WCS is identified and described. Second, 

the multi-attribute utility theory behind each step is explained. Third, the method for 

translating each MAUT step into KAPPA-PC code is discussed. And finally, results of 

MAUFH are validated by comparison to WCS results shown in Appendix 1. 

In every step, a logic flow diagram explaining the information flow in KAPPA-PC codes is 

given, and the methodology used to model that step is discussed. Results from MAUFH 

at each step were obtained using data from WCS as the inputs to MAUFH. 
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3.2.1 Step 1. Inputting Attributes 

At the beginning of the utility function assessment, attributes and their worst and best 

performance levels are determined as shown in Table 1. These attributes were used to 

describe and evaluate the environmental impact of different technologies and for 

constructing the utility function. 

Table 1. Attributes in WCS 

(for detail descriptions of the attributes, see Keeney, 1980, section 7.6) 

Attribute Measurement Worst Level Best Level 

Xl, Fatality Deaths 700 100 

X2, Permanent Land Use Acres 2,000 0 

X3, Temporary Land Use Acres 200,000 10,000 

X4, Water Evaporation Gallons 1,500,000,000,000 500,000,000,000 

X5, S02 Pollution Tons 80,000,000 5,000,000 

X6, Particulate Pollution Tons 10,000,000 200,000 

X7, Thermal Energy kWhr (Thermal) 6,000,000,000,000 3,000,000,000,000 

X8, Radioactive Waste Metric Tons 200 0 

X9, Nuclear Safeguard. Tons of pollution 50 0 

XlO, Chronic Effects Tons oflead 2,000 0 

X 11, Electricity Generated kWhr (electric) 500,000,000,000 3,000,000,000,000 
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3.2.1.1 Multi-attribute Utility Theory 

To decide what attributes should be used to construct a utility :function, preferable 

alternatives for decision-making must be determined first. The purpose is to study those 

alternatives in two areas: characteristics used to describe these alternatives, and the 

measurements of these characteristics. The results (characteristics and their 

measurements) are used as one of the inputs for the determination of attributes and their 

best and worst performance levels. 

Another approach which contributes to the determination of attributes is to identify the 

desired objectives of the study. For instance, to evaluate the environmental impact of a 

nuclear power plant, the objectives may be: reduce the influence on wild life and decrease 

the impact on the local water system Then attributes for measuring the degree to which 

the objectives are achieved are identified. (For systematic procedures of identifying 

attributes for evaluation, see Keeney, 1980, Ch.5). The final results of the above two 

approaches are the attributes and their best and worst performance levels, as shown in 

Table 1. 
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3.2.1.2 KAPPA-PC Coding Method 

Before describing how KAPPA-PC coded each step, the follows briefly describe 

KAPPA-PC coding mechanism: 

The components of the domain being coded in KAPPA-PC are represented by structures 

called objects. The characteristics of an object are represented by its slots. Objects can be 

either classes or instances. A class is a general object, which represents a group of 

collection of objects; while an instance represents a specific object. A hierarchy is used to 

represent the relationships among objects by linking them together into a hierarchy 

structure. A session window is used to provide a medium for communication between an 

application and its users. Images are used in session windows to represent graphic 

objects. Methods are used to specify what objects can do with respect to different inputs 

from the user. Menus are used to display operational functions of an application for the 

user to select. The combination of methods, images, menu and session windows enables 

an application being operated in an user-friendly environment. 

The inputs of attributes vary from one application to another. For instance, attributes for 

siting an energy facility and those for selecting a Ph.D. program are different. MAUFH 

must be capable of being applied to these various applications. To solve this problem, a 

hierarchy structure is constructed in MAUFH to serve as a basic framework in the utility 

function assessment. The hierarchy will be modified dynamically according to different 

application scenarios specified by the user. Table 2 illustrates the hierarchy structure. 
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Table 2. Object Hierarchy in MAUFH 

Objects Purposes 

CLASS: Root 

CLASS: Menu Methods operations 

INSTANCE: Display: Show necessary information upon user's request 
Mother: All menus are stored in this instance 

Explanation: Explain how MAUT is performed 
File: Store, retrieve files ; 
PI Check: Perform preferential independence. check 

Edit Window: Reset window to edit mode in case edit window needed 
Analysis: Perform sensitivity analyses 

Change_ Risk_ Attitude One of the sensitivity analyses 
Change_ki_ Values One of the sensitivity analyses 
ill Check: Perform utility independence check 
Value Tradeoff: Perform value tradeoffbetween attributes 
Calculate Utility: Calculate utility of alternatives 

CLASS: Image For building graphical user interface 
CLASS: ComboBox 

INSTANCE: ComboBoxl Display constructed scales 

CLASS: MultipleListBox 

INSTANCE: Display results during assessing process in a dynamic 
MultipleList manner 
Box1~9 

CLASS: Slider Display current values of parameters 

CLASS: Button 

INSTANCE: Buttonl~Button 11 Function operations 

CLASS: Transcript 

INSTANCE: Transcriptl,2 Display information, questions for assessment of utility 
function; Display alternatives utility values 

CLASS: Drawing 

INSTANCE: Drawing! For user-interface 

CLASS: KWindow 

INSTANCE: SESSION, Session I, SESSION : Main operation window, 
Sensitivity Analysis Session 1 : For the input of attributes' values 

Sensitivity Analysis : For sensitivity analysis 

CLASS: Attributes For storing input attributes and assessing utility function 

CLASS: Utility For calculating utility of alternatives 
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The coding methodology regarding to Figure 4 is discussed as follows : 

1. After attributes are input to a multiple value slot "Attributes: All", a set of instance Ai is 

generated to represent each one of the attributes by: 

For i From 1 To (number of input attributes) Do Make Instance(Ai). 

Also slots of these instances are generated in accordance with the characteristics of 

attributes. 

2. Name of Ai is assigned by using : Set Ai's Name as the ith element in object ( 

Attributes: All) 

3. Methods (for OOP operation) used in the utility function assessment are generated with 

respect to the input attributes. That is, for a certain number of attributes, a certain 

number of methods is generated. To generate methods, a variable is assigned to tell 

MAUFH how many methods are already generated. The generation process will not 

stop until that variable equals to a certain upper limit which is determined by the number 

of attributes. For instance, consider the following codes : 

For i From 1 To (Number of Attributes - 1) Do { 

For j From ( i + 1) To Number of Attributes Do { 

Name of Method = P!CheckAiAj, Method contents = Parameter i * 
Parameter j I ... 

Therefore, the variable i and j, in this case, will determine how many methods will be 

generated and what attributes will be coded into these methods. The significance of this 

coding methodology is that it enables MAUFH to adjust to different problem scenarios. 

Every time when attributes are input, MAUFH generates methods according to the 

input attributes. Different methods are generated automatically for different 
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applications, and those methods increase adaptability and flexibility of MAUFH. The 

same coding methodology is applied to the generation of images and menus in the other 

steps. 

3.2.1.3 Inputting Attributes in MAUFH 

To input attributes in MAUFH, just click the "Input attributes" button. The user will be 

asked to perform two operations: Input attributes and assign best and worst performance 

levels for every attribute. 

An input box will be displayed on the middle of the window for the user to input the name 

of every attribute (The user can input up to 15 attributes). Then another box will be 

displayed to request whether the user wants to create a constructed scale for any of the 

input attributes. If the user clicks "Yes", a constructed scale box appears to allow the user 

to input scales and their explanations. Otherwise, the user is required to input the best and 

worst performance level of every one of the input attributes. 

As a result, the current attributes' names and the constructed scales for attributes (if a 

constructed scale is required by the user) are shown on the window. The best and worst 

performance levels of every attribute can be displayed upon user's request by using 

Display !BestWorstLevel . 
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3.2.1.4 Validation of Inputting Attributes 

The validity ofMAUFH in modeling MAUT is discussed through the comparison between 

MAUFH and WCS in this section. As discussed in section 3.2, the comparison was 

conducted by examining results from MAUFH and discussing their validity by comparing 

them with results from WCS. The same validation method will be applied to other steps. 

Through the validation process, the following information with respect to this step were 

obtained: 

Results: The assessment results of this step from MAUFH are as follows: 

Attribute Units Worst Best 
------------------------------------------------------------------------------------------------------
Fatality Deaths 700 100 

Permanent land use (PLU) Acres 2000 0 

Temporary land use (TLU) 1000 Acres 200 IO 

Water evaporated 1012 Gallons 1.5 .5 
S02 pollution 106 Tons 80 5 
Particulate pollution 106 Tons 10 .2 
Thermal energy needed 1012 kWhr (thermal) 6 3 

Radioactive waste Metric tons 200 0 

Nuclear safeguard Tons of plutonium produced 50 0 

Chronic effects Tons oflead 2000 0 

Electricity generated 1O 12 kWhr (electric) .5 3 

Those results can be seen in MAUFH by (1) observing the box under the "Input 

Attributes" button (as shown in Appendix 2) to see the attributes just input and (2) 

choosing Display/BestAndW orstLevel to see the best and worst performance level of all 
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attributes. By comparing the above results with those derived form WCS (that is, step 

I in Appendix 1 ), the outputs form MAUFH are the same as the outputs from WCS. 

Discussions: The importance of this step is that it stores the information input by the user 

and uses the information to modify MAUFHs operational environment. The 

modifications include the generation of methods for calculating the indifference points 

in the preferential and utility independence check, generation of images for displaying 

the current assessment results, and the modification of the hierarchy structure for the 

utility function assessment process. After the modifications, MAUFH is able to operate 

in various decision environments. 

3.2.2 Step 2 • Preferential Independence Check 

The preferential independence check in WCS proved that the preferential independence 

condition hold for every pair of the 11 attributes. This means that the preference order for 

any two of the attributes does not depend on fixed levels of the other attributes. The 

checking process was done by checking 2 out of the 11 attributes at a time. For instance, 

attribute Xl (Fatality) has to be compared with attribute 2, 3, 4, ... to attribute 11, and 

attribute X2 (PLU) has to be compared with attribute 3 to attribute 11, and attribute 3 has 

to be compared with attribute 4 to attribute 11, etc. If the preferential condition holds for 

all pairs of attributes, the existence of the condition is concluded. Otherwise, the existence 

is not concluded. 
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3.2.2.1 Multi-attribute Utility Theory 

Keeney ( 1980) explained the preferential independence condition as : 

The pair of attributes (Xl, X2) is preferentially independent of the other 
attributes X3, ... , Xn if the preference order for consequences involving only 
changes in the levels of X 1 and X2 does not depend on the levels at which 
attributes X3, ... , Xn are fixed. 
.. . The usefulness of preferential independence is that it allows us to determine 
the preference order of consequences in only one X, Y plane and transfer this to 
all others. If (X, Y) is preferential independent of Z, it does not follow that any 
other pairs are preferentially independent. However, for any number of 
attributes, if two pairs of attributes overlap, and are each preferentially 
independent, then as proved in Gorman ( l 968a,b ), the pair of attributes involved 
in only one of the two given conditions (i.e., not in the overlap) must also be 
preferentially independent, This means, for our example, that if (X, Y) is 
preferentially independent of Z, and (X, Z) is preferentially independent of Y, 
then (Y, Z) must be preferentially independent ofX. 

(Keeney, 1980, p230~ p232) 

The preferential independence check is one of the requirements for concluding the 

existence of a multi-attribute utility function. The checking procedures verify the 

preferential independence condition between every pair of attributes through the 

assessment of the indifference point. For instance, consider the pair: Fatality (Xl) and 

Permanent Land Use (PLU, X2) in WCS. The decision maker was asked what level of XI 

would make (XI, No permanent land damage<O>) indifferent to (Best Fatality 

level< 100>, Worst land damage<2000> ), given that the other 9 attributes were at their 

best levels. The answer obtained was 105 Fatality. It then examined the same question 

with the other attributes at their worst levels. It was still felt that an appropriate response 

for XI was I05 fatality. Therefore, by the conclusion that the preferential order of 

attributes (XI, X2) does not depend on fixed levels of other attributes, the existence of 
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preferential independence condition is concluded for the pair of attributes (Xl, X2). Once 

the preferential condition holds for the input attributes, one more condition (utility 

independence) must be verified to determine the existence of an utility function. 

3.2.2.2 KAPPA-PC Coding Method 

The preferential independence check is performed through methods generated in the 

"Input Attributes" step. Those methods are used to calculate the indifference point 

between two attributes by the mid-point technique. For instance, consider the two 

attributes Cost and Safety. The performance level of Safety is fixed and the Cost attribute 

is assigned a range from 4 to 10. To calculate the value of Cost (between 4 and 10) which 

is indifferent to the fixed Safety level, the mid-point 7 = ( 4+ 10 )/2 is first chosen as the 

indifference point. Then 5.5 = (7+4)/2 or 8.5 = (7+ 10)/2 may be selected for the next 

iteration, depends on the user's response. If 5.5 is chosen by the user, the next mid-point 

will be 6.25 = (5.5+7)/2. Otherwise, it will be 8.75. The process continues until the user's 

true indifferent point has been reached. The above calculation is done through methods in 

MAUFH by the following codes : 

Set New Mid-Point =((Get Previous Assessed Value) + (Get Current Assessed 

Value)) 12 

n-1 
In this step, the number of methods generated is L i , where n = number of attributes. 

i=l 
11 

Therefore, in WCS, there are 55 methods (L n = 55) generated for the preferential 
n=l 

independence check among the 11 attributes. An information flow diagram is shown in 
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Figure 5 to explain how KAPPA-PC works to perform the preferential independence 

check. 
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Figure 5. Information Flow of Step: Preferential Independence Check 

After the user :finished the preferential independence check for one pair of attributes, the 

result will be shown in the monitoring box under "PI Check " button. The monitoring 

box contains a successful column and a fail column to indicate the status of results. If one 

or more than one pair of attributes is displayed in the fail column, the color of "PI Check" 

button becomes red and this means the preferential independence condition for the current 
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pair of attributes has failed. Under the above condition, the user has to reconsider these 

two attributes and their best and worst performance level 

3.2.2.3 Performing Preferential Independence Check in MAUFH 

The preferential independence check is performed by clicking the "PI Check" button. The 

user is asked to answer the question shown in the "Questions And Information" box. 

Based on the above question, the indifference point is assessed by calculating the 

mid-point after every iteration, and the questioning process continues until the indifference 

point of the decision maker is reached. As a consequence, results from the preferential 

independence check (failed or succeeded) of the current pair of attributes will be displayed 

on the operation window. 

3.2.2.4 Validation of Preferential Independence Check 

This section follows the validation method discussed in section 3.2.1.4 and provides the 

following information: 

Result: The results from MAUFH show that preferential independence condition exists for 

each pair of attributes (Xi, Xj) where i = 1 to 11 and j = 1 to 11 and i * j. Those 

results are displayed in the monitoring box under "PI Check" button (see Appendix 2). 

By comparing the results form MAUFH with that of WCS (as seen in step 2 of 

Appendix 1 ), the outputs from MAUFH and WCS are the same. 
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Discussion: The reason of using mid-point technique in MAUFH is that it provides 

advantages for mathematical calculation. Instead of assuming indifference point 

arbitrarily, MAUFH always locates the middle point between the current assessment and 

the pervious one as the indifference point. This ensures a step by step search (which is 

easy to be programmed) of the indifference point somewhere between the best and 

worst performance levels of an attribute. 

In expert-assisted assessment (e.g., WCS) the analysts can choose any point between 

the best and worst performance levels as the assumed indifference point. To chose the 

indifference point in preferential independence check is an art, and it depends on the 

experience of the analyst. The analyst has to structure and modify the questions to 

collect information about the decision maker's preference. This process is done in a 

dynamic environment such that the current question asked depends on the previous 

question answered. However, in MAUFH there is no such dynamic feature provided 

for the difficulty of modeling this dynamic feature into the program. 

The above discussion points out the difference between a human expert and a computer 

which is programmed to mimic that human expert. In MAUFH the way to choose the 

indifference point is standardized and programmed by the mid-point technique, while in 

WCS the analyst could choose any point according to his expertise. Therefore, the 

human expert can make judgment about the current assessment situation and responds 

to that situation by structuring the question. This will help the decision maker to 

determine the indifference condition, and make the checking process more efficient and 

informative for allowing interactions between the analyst and the decision maker. 
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3.2.3 Step 3 • Utility Independence Check 

The utility independence check in WCS showed the utility independence condition held for 

every attribute. This means attnlmte Xi is utility independent of the other attributes 

because the preference order for lotteries on Xi does not depend on fixed levels of other 

attributes. 

3.2.3.1 Multi-attribute Utility Theory 

Keeney gave a clear description about utility independence condition: 
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suppose the consequence B is 
indifferent to the lottery yielding either A 
or C , each with probability 0.5. Then if 
X is utility independent of Y, the same 
preference relationship can be translated 
to all levels of Y, This means , for 
instance, that B' must be indifferent to a 
lottery yielding either A' or C', each with 
probability 0.5, and that B* must be 
indifferent to the 50 - 50 lottery yielding 
either A* or C*. 

(Keeney, 1980, p.232) 



The existence of preferential independence and utility independence conditions concludes 

that the structure of the utility function has to be either 

n 
u(x) = L k;u;(x;) 

i=I 

or 
n 

1 +ku(x) =IT [1 +kk;u;(x;)] 
i=l 

Where n is the number of attributes, ui is the single attribute utility function, ki is the 

scaling constants associated with each attribute, u is the final utility function and k is the 

scaling constant used in the multiplicative utility function case. 

3.2.3.2 KAPPA-PC Coding Method 

The utility independence checks are performed through a set of methods which were 

generated during the inputs of attributes. There are n-1 methods made (n is the number of 

attributes) for utility independence check. The mathematical calculations in these methods 

also use the mid-point technique but with more complicated calculations than that used in 

the preferential independence check. The mid-point is calculated through the following 

algorithm: 

SetValue(new mid-point, GetValue( current mid-point) - .5 *Abs( GetValue( current 

mid-point) - Get Value( previous mid-point))) 

SetValue(new previous mid-point, GetValue(current mid-point)); 

SetValue( current mid-point, GetValue(new mid-point)); 
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This process can be illustrated by the following Figure 6: 

T4 (m) 

a T2 T3 Tl b 

Tl= (a+b)/2 T2 = ( a+Tl)/2 T3 = {Tl+T2)/2 T4 = (T2+T3)/2 

Figure 6. IDustration of the Mid-Point Technique 

{Assume point i is the indifferent point, and mis the first middle point, Tl means iteration 

l, and T2 means iteration 2, etc.) 

To approach the indifferent point, a do-loop is performed by usmg Send.Message 

command if the point assessed is not considered as the indifference point by the user. 

The results of this check are shown in the box under "UI Check" button (see Appendix 2) 

and are updated whenever a check has performed. If any attribute failed in the utility 

independence check, the button turns red and the user has to reconsider the attributes. An 

information flow diagram in Figure 7 shows how this step is coded in MAUFH. 
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1111 ~ ______ :-----.t Warning 

PopupMenu 
UICheck 

Select Attribute for UICheck 

Initiate Method UIChecki 

UICheck about Any One of the Input Attributes 

I Update Image I 

Yes 

No 

~ 
Figure 7. Information Flow of Step: Utility Independence Check 

3.2.3.3 Performing Utility Independence Check 

To perform utility independence check in MAUFH, just click the "UI Check" button, 

select one attribute, read information in the "Questions And Information" section and 

answer the questions by clicking the answers in the middle part of the operation window. 

3.2.3.4 Validation of Utility Independence Check 

Results: The results from MAUFH show that the attribute Fatality is utility independent to 

other attributes. Those results are displayed in the monitoring box under the "UI 

Check" button (see Appendix 2). By comparing results from MAUFH with those from 

WCS (as shown in step 3 of Appendix 1), both of the results are the same. 
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Discussions: As discussed in the preferential independence check, the utility independence 

check in MAUFH lacks the dynamic assessing characteristics which are inherited in the 

manual assessing process. Although the mid-point technique facilitates the 

mathematical calculations of assessing the indifference point, the calculation can be 

done only if the decision maker knows exactly that the current point is not the 

indifference point. However, there is a possibility that the decision maker (the user) 

may not know clear enough ifthe current point is the indifference point. For instance, 

ifthe decision maker is made to consider two attributes (Safety, Cost) and to decide if 

point (Safety=O, Cost=6) is indifferent from point (Safety=2, Cost= IO), he or she may 

have difficulty in ascertaining the nature and the degree of the indifference. Under that 

condition, it is important that MAUFH would be able to investigate the current 

situation thoroughly and present informative suggestions to the decision maker. This 

feature is, however, not available in MAUFH due to the difficulties of modeling the 

analyst in a dynamic environment. 

3.2.4 Step 4. Ranking of Attributes 

This step investigates the preference order of attributes in the decision maker's viewpoint. 

This was done in WCS by comparing every pair of attributes to decide which attribute is 
n-I 

preferred to the other. The number of pair that need to be evaluated for this step is L i 
i=l 

,where n = number of attributes. In WCS there are 55 steps to verify the ranking of 

scaling constants. The result of the preference order in WCS is: 
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3.2.4.1 Multi-attribute Utility Theory 

The ranking of the scaling constants means the relative importance of attributes from the 

decision maker's point of view. It indicates how much attention the decision maker will 

pay to every attribute when they are evaluated together. The higher the order of an 

attribute is, the more attention that attribute will receive from the decision maker, and the 

more efforts the decision maker would be willing to carry out to control or increase the 

performance level of that attnoute. The results from this step are used to calculate the 

scaling constants ki in the next step. 

n n 
To calculate ki in the utility function: u(x) = L k;u;(x;) or 1 +ku(x) =II [I +kk;u;(x;)], 

i=l i=l 

the order of ki must be known. This is done in this step by asking the following question : 

For attributes Xi and J(j, assuming they are all at their worst performance level, 

which one you would like to increase its performance to its best level ? 

The above question is asked for every pair of attributes until all of them are verified. Then 

the answers from all questions are compared to obtain the preferential order of attributes. 

3.2.4.1 KAPPA-PC Coding Method 

Figure 8 shows the information flow of this step in MAUFH. To rank the scaling 

constants, a 0 value is assigned to every attribute. Then every pair of attributes will be 

examined to determine the their preferential order. If the decision maker prefers attribute 

A over attribute B, the ranking value of A will be added by 1, otherwise, ranking value of 
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B will be added by 1. Then A is compared with the next available attribute and, if A is still 

preferred, the ranking value of A will be added by another point, otherwise the other 

attribute's ranking value will be added by 1. The same process will be repeated until all 

pairs of attributes are examined. As a result, every attribute has its score on the ranking 

value. By comparing these scores the ranking of the scaling constants can be determined. 

11111r No 

No 

Want to Redo the Rankin 

Wamin 

Jncoosistmcy Exists 
Between Attributes. 

~+-- Display Results 

Figure 8. Information Flow of Step: Ranking of Attributes 

3.2.4.3 Ranking Attributes in MAUFH 

To rank attributes in MAUFH, just click the "Rank Attributes" button, read questions in 

the "Questions And Information" section and click the answer in the middle part of the 
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operation window. When all questions are answered, the result will be displayed to show 

the ranking of the scaling constants. 

3.2.4.4 Validation of Ranking Attributes 

Result: The results from MAUFH with respect to this step are: 

ki > k10 > ku > k9 >ks >ks > k2 > k3 > k4 > k6 > k1 , and it is shown in the box 

under the "Rank Attributes" button (see Appendix 2). The results were compared with 

those form WCS (see step 4 in Appendix 1). The comparison shows that the outputs 

from MAUFH is no different to the outputs from WCS. 

Discussions: In this step MAUFH provides a method for checking the inconsistency of the 

decision maker by observing ranking scores of every attribute. If there are at least two 

attributes having the same ranking score, then the decision maker is inconsistent in those 

attributes. For instance, consider the following case: 

Total attributes : Al, A2 and A3 

Step 0: Al =A2 =A3 = 0. ( > means " is prefe"ed to ") 

Step 1: Al> A2. Therefore, Al= 0 + 1=1 

Step 2 : A2 > A3 . Therefore, A2 = 0 + 1 = 1 

Step 3: A3 >Al. Therefore, A3 = 0 + 1=1 

As a result, the ranking scores of Al, A2 and A3 are all equal to I. This reveals 

inconsistency of the decision maker in the relative importance between attributes. In 

that case, MAUFH will post a message showing the existence of inconsistency and no 

conclusion is made about the ranking of the scaling constants. 
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3.2.5 Step 5. Value Tradeoff between Attributes 

The results from the previous step indicate the relative importance of every attribute with 

respect to the other. This step evaluate those results and quantify the relative importance 

through value tradeoff among pair of attributes. The results from WCS are shown in 

Table 3. 

Table 3. Value tradeoffResults ofWCS 

Implied equations Measure ( units ) 

k10 = k1u1(500) deaths 

k11 = k1u1(6l6) deaths 

k9 = k10U10(1500) tons 

ks = k10U10(1600) tons 

ks = k10u10(1700) tons 

k2 = ksus(50) metric tons 

k3 = ksus(75) metric tons 

k4 = ksus(lOO) metric tons 

k6 = ksus(150) metric tons 

k7 = ksus(l80) metric tons 
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3.2.5.1 Multi-attribute Utility Theory 

This step quantifies the relative importance of attributes by first looking at the results from 

the previous step (ranking of scaling constants), then by value tradeo:ff between 

attributes. Consider the following example: if the ranking of scaling constants shows a 

result of A3>Al>A4>A2, the objective in this step is to quantify how important attribute 

Ai is over attribute Aj with a numerical representation. For instance, the numerical 

representation may be that the scaling constant of attribute 1 (kl) is more important than 

that of attribute 3 {k3) to the degree of [u1(100)r1 . Where UJ(JOO) is the single 

attribute utility of attribute 1 when its value equals 100. 

To perform value tradeoff: the decision maker will be presented questions concerning 

identification of the indifference point between two attributes. Once the indifference 

points for all pair of attributes are identified, the quantitative relationship can be 

determined for every pair of attributes. For instance, a possible result from the above 

example may be : k3 =k1u1(30); k.,, =k1u1(50)and k4 =u3(43), etc, where the 

numerical values (indifferent points) associated with each attribute are derived from the 

value tradeo:ff process. 

3.2.5.2 KAPPA-PC Coding Method 

MAUFH performs value tradeo:ff among attributes by using methods created in the "Rank 

Attributes" step. To create those methods, 46 functions are used in the "Ranking 

Attributes" step to perform the following actions in a sequential manner: creating slots in 

every attribute for calculating indifferent points, identifying how many methods should be 
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generated, generating methods using do-loop, creating menu, appending the generated 

methods to the created menu, and assigning initial values for parameters used to calculate 

indifferent points. Figure 9 shows information flow of this step. 

Yes 

___ N_o __ ~ 

Figure 9. Information Flow of Step: Value Tradeoff 

The number of pairs of attributes for value tradeoff is equal to n-1, where n is the number 

of attributes. Therefore, there are 10 pairs of attributes for value tradeoff in the WCS 

case. The value tradeoff between attributes is performed by first presenting two options 

for the decision maker to compare and decide which option is preferred. Then the 

mid-point technique is used to calculate the next iteration point for comparison. This 

iteration process continues until the decision maker identifies the indifference point. Then 

MAUFH uses that indifference point to quantify the relationship between the current pair 

of attributes and display the result in the operation window. 
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3.2.5.3 Performing Value Tradeoff in MAUFH 

This step is performed by clicking the "Value Tradeo:fl'' button. A popupmenu will be 

displayed for the user to select one pair of attributes for value tradeo:ff. After the 

indifference point is identified, the result is displayed and the user continues value tradeoff 

for the next pair of attributes. 

3.2.5.4 Validation of Value Tradeoff 

Results: The results from MAUFH are shown as follows : 

KChronic=KFatality* U ( 500.1953125) 

KElectri=KFatality* U ( 616.2109375 ) 

KSafegrd=KElectri* U ( 1.3251953125) 

KS02Pollu=KElectri* U ( 1.084716796875 ) 

KWaste=KS02Pollu* U ( 30.1953125) 

KPLU=KS02Pollu* U ( 45.4296875 ) 

KTLU=KPLU* U ( 333.718916791887) 

KWaterEva=KPLU* U ( 667.559391871) 

KPartPollu=KWaterEva* U ( 1.1109018992545) 

KThermal=KWaterEva* U ( 1.354212388495) 

The results ofMAUFH are different from those ofWCS (see Table 3) because the pairs 

of attributes used for value tradeoff are different. For instance, WCS uses Nuclear 

Safeguards (Safeguard) and Chronic Effects (Chronic) as a pair for value tradeo.£t: while 

in MAUFH these two attributes are paired with other attributes in the value tradeoff 
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process (SafeGuard is paired with Electric, and Chronic is paired with Fatality). In 

practice, the analyst can choose any pair of attributes for value tradeo:ff. In MAUFH, 

assigning pair of attributes has to be standardized to facilitate coding. MAUFH has a 

certain method to pair attributes for value tradeo:ff. Consider the following example : 

If the ordering of attributes is A3 > A4 >Al> A5 > A2 > A6, 

the pairs for valuetradeoffwill be (A3, A4), (A3, Al), (Al, A5), (Al, A2) and (A2, A6). 

Therefore, MAUFH takes the highest ranked attribute and pairs it with the second and 

third ranked attributes, then the third ranked attribute is paired with the fourth and fifth 

ranked attributes, etc. The results of this pairing method contribute directly to the pairs 

shown on the previous page. 

To compare results from MAUFH with those from WCS, the attributes in that pair have 

to be the same for both MAUFH and WCS. There are two pairs of attributes, i.e., 

(fatality, chronic effect) and (fatality, electricity), happen to be in common at both 

MAUFH and WCS. Therefore, the two pairs of attributes are compared to verify the 

value tradeoff results of MAUFH and WCS. The result of that comparison concludes 

the value tradeoffresults are the same in both MAUFH and WCS. 

The above conclusion applies to other parrs of attributes as well because the 

methodology used for performing value tradeoff is the same for every pair of attributes. 

If one pair of attributes in MAUFH has the same value tradeoff result as the same pair 

of attributes in WCS, all other pairs of attributes should also be the same. 
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Discussions: The value tradeo:ffbetween attributes is an important task in MAUT because 

it establishes the quantitative relationships among all attributes and provides data for 

assessing utility function. Improper value tradeo:ff may lead to inaccurate or less 

meaningful utility function. In practice, the degree of indifference between two 

attributes can easily confuse the decision maker. For instance, consider the following 

example: 

Attribute 1 : Cost with best performance level = 1000 and worst level = 2000 

Attribute 2 : Safety with best performance level = 5 and worst level = 1 

Option A (Cost= 1000, Safety= 1) and Option B (Cost = 1700, Safety= 5) 

Question : Which option will you chose ? or are the two options indifferent? 

To answer the question, the decision maker may perceive the existence of the 

indifference condition, but it is the degree of indifference that confuses him or her. In 

this case, the analyst should help the decision maker identify the degree of indifference 

by investigating the current situation and providing suggestions. The suggestions may 

be given as follows : 

Option A means tha.t you can save as much money as possible, but at the 
expense of having safety at the lowest acceptable level. If you are driving 
in an environment in which no foreseeable hazard exists which may cause 
critical damages to your car or personnel , it might be worth to stay in this 
option instead of paying 700 dollars more to increase safety level. On the 
contrary, if the protection of valuable objects (car and personnel) is 
important and the operational environment is not safe for driving, it is 
reasonable to go for option B. 
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The above information is helpful in evaluating whether the two options are indifferent. 

Ideally, MAUFH should investigate the degree of indifference from the interaction with 

the decision maker and be able to provide informative suggestions, but due to the 

difficulty of modeling analysts expertise in a dynamic environment, MAUFH does not 

have this feature of advising the decision maker. Detail discussions are left to chapter 4. 

3.2.6 Step 6. Assessing ki Values and K Value for Multi-attribute Utility Function 

The calculation of the scaling constants (ki) in the utility function must consider the value 

tradeoffresults from the previous step. For example, 

kchronic = kjatality x u(500.1953125) 

is one of the results derived from the previous step. To calculate KChronic and KFatality, 

the utility of fatality with the fatality level equals 500 ( i.e.,UFa1m1y(500) ) has to be 

determined first by assessing the single attribute utility function of fatality. The 

verification of the following risk characteristics: Risk Averse, Risk Neutral, and Risk 

Prone will determine what type of utility function an attribute has. Figure 10 shows the 

single attribute utility function associated with risk characteristics. Then curve fitting is 

performed to determine the single attribute utility function. Table 6 shows the single 

attribute utility function for every one of the attributes. (for detail assessment process, see 

Keeney, 1980) 
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Figure 10. Risk Attitudes and Single Attribute Utility Functions 

From Table 4 (next page): 

UFa1a1;1y(500) = Abs [(700-XJ)/(100-700)] =Abs [(700-500)/(100-700)} = .333. 
Therefore, kchronic = k1a1a1;1y x u(500) = k1a1a1;1y x .333. The same procedures apply to every 

one of the remaining 10 attributes. 

So far the numerical relationships between pairs of attributes are known and shown in 

Table 5. Therefore, according to Table 5, if one of the ki is known, the other ki values 

can be determined by substituting the known ki value to those numerical relationships. The 

determination of the first ki value is performed by a lottery. Normally the lottery is given 

to the highest ranked attribute's scaling constant (e.g., k1a1a1;1y in WCS case). Then by 

substituting the ki value derived from the lottery into value tradeoff results, the scaling 

constants can be determined. The results from WCS are shown in Table 6. 
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Table 4. Single Attribute Utility Functions in WCS 

(RA means Risk Averse, RN means Risk Neutra~ and RP means Risk Prone) 

Attribute Utility Function Units Worst Best 

Level Level 

X 1, Fatality (RN) u1(x1) = (700-x1)/600 Deaths 700 100 

X2, Permanent Land U2(X2) = (2000 - X2)/2000 Acres 2,000 0 

Use (RN) 

X3, Temporary Land U3(X3) = 1.496 - 0.466e·005Slx3 
1000 Acres 200 10 

Use (RA) 

X4, Water Evap.(RA) U4(X4) = 1.784-0.52e·822x4 10 12Acres 1.5 0.5 

X5, S02 Pollu.(RA) U5(X5) = 1. 784 - 0. 742e·011x, 106Tons 80 5 

X6, Particulate U6(X6) = (10-X6)/9.8 106Tons 10 0.2 

Pollu. (RN) 

X7, Thermal Energy U7(X7) = 4.26 - 2.495e·0892x1 10 12kWhr 6 3 

(RN) 

XS, Radio. Waste(RN) us(xs) = (200-xs)/200 Metric Tons 200 0 

X9, Nuclear Safe.(RA) U9(X9) = 1.198 - 0.198e·OJ6x9 Tons of poll. 50 0 

XIO, Chronic Effects u10(x10) = 3.017 - 2.017e·0002013x Tons oflead 2,000 0 

(RA) 

X 12, Electricity Un (xn) = 1.039- 2.003e-l.Jl3xu 10 12kWhr) 0.5 3 

Generated (RA) 
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Table 5. Numerical Relationships between Pairs of Attributes 

Implied equations Measure ( units ) 

k10 = k1u1 (500) = k1 * .333 deaths 

k11 = k1u1(6l6) = k1 * .14 deaths 

k9 = k10u10(1500) = k 10 * .289 tons 

k5 = k10u10(1600) = k 10 * .233 tons 

ks = k10U 10(1700) = k10 * .177 tons 

kz = ksus(50) =ks *. 75 metric tons 

kJ = ksus(75) =ks * .625 metric tons 

k4 = ksus(lOO) =ks * .5 metric tons 

k6 = ksus(150) =ks * .25 metric tons 

k1 = ksus(180) =ks * .1 metric tons 
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Table 6. Scaling Constants ki in WCS 

Attribute Scaling Constant (ki) 

XI, Fatality (RN) 0.6 

X2, Permanent Land Use (RN) 0.0266 

X3, Temporary Land Use (RA) 0.0221 

X4, Water Evap.(RA) 0.0177 

X5, S02 Pollu.(RA) 0.0468 

X6, Particulate Pollu. (RN) 0.00885 

X7, Thermal Energy (RN) 0.00354 

X8, Radio. Waste(RN) 0.0354 

X9, Nuclear Safe.(RA) 0.0576 

XIO, Chronic Effects (RA) 0.1998 

Xl 1, Electricity Generated (RA) 0.084 
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3.2.6.1 Multi-attribute Utility Theory 

In this step, first the single attribute utility :function is identified for every attribute, then a 

lottery is given to the decision maker to calculate the scaling constant of the first ranked 

attribute. For instance, in WCS, the first ranked attribute is Fatality, and the lottery given 

is: 

Option A: Fatality at best level (JOO deaths) and all other attributes at worst levels; 

Option B: p probability all attributes at best levels and (1- p) probability all attributes 

at worst levels 

Question: What value of p makes the two options indifferent? 

During the evaluation of the lottery, different p values are used to identify the indifference 

condition. After the p value (which makes the two options indifferent) is assessed, the 

scaling constant of the first ranked attribute (Fatality, in WCS case) is made equal top, 

that is, KFatality = p. Since KFatality is known, the ki values of the remaining 10 

attributes can be calculating from KFatality in straightforward substitutions. 

In MAUT, whether the utility :function is linear is determined by the summation of the 

individual ki value. If the summation of ki equals to 1, a linear utility :function exists, 

otherwise, the multiplicative utility :function will be used. In the WCS a linear utility 

function was used after this examination. 
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3.2.6.2 KAPPA-PC Coding Method 

The p value in the lottery is first assigned a value of .2 by MAUFH for evaluation. 

Therefore, the lottery first appears as : 

Option A: Fatality at best level {JOO deaths) and all other attributes at worst levels; 

Option B: .2 probability that all attributes at best levels and .8 probability all 

attributes at worst levels 

Question: Are you indifferent about the two options? 

The answer from the above question determines MAUFHs follow-up operation. If the 

answer is not indifferent, the p value will be recalculated by the mid-point technique and 

the same lottery with a different p value will be presented. For instance, if option A is 

preferred, this means thatp=.2 is not safe enough to take the risky option B. Therefore,p 

is increased to .6 by using mid-point calculation ( .2 + ( 1 - .2 )/2, where 1 is the previous 

p value), and a revised lottery with p = .6 is given to the decision maker. If option Bis 

preferred at this time, p value will be decreased to .4 = .6 - ( .6 - .2 )/2 because that will 

decrease the preference of option B. The idea behind these calculations is to explore the 

balance point which makes the two option indifferent. This process continues until the 

indifference condition is assessed. The individual ki values can now be calculated by first 

equating KFatality to the assessed p value. 

The calculations of the other scaling constants require the information about the single 

attribute utility function. In MAUFH all single attribute utility functions are assumed to be 

linear unless specified by the user. During the calculation of the scaling constants, 

MAUFH asks the user to specify whether the single attribute utility function is linear. If it 
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is linear, the calculation of the scaling constant is performed automatically, otherwise, the 

user is required to input the utility value for the current attribute for calculation. This 

manual input process is required because MAUFH does not calculate the utility of an 

attribute having a non-linear single attribute utility function. The inability of such a 

calculation is due to the difficulty of performing curve fitting required in the calculation. 

However, by allowing manual input of such an attribute's utility, non-linearity can still be 

considered in this step. As a result, the k value for every attribute can be calculated and 

the results will be displayed in the box under the 11 Find Coefficients of Utility Function 11 

button (see Appendix 2 ). 

Tue format of the utility function is determined by examining the summation of ki values. 

A summation of 1 indicates the existence of a linear utility function, otherwise, a 

multiplicative utility function is assumed and another lottery will be presented to assess the 

multiplicative utility function. In MAUFH, instead of regulating the summation ofki equal 

to 1, a range (i.e., [.85, 1.15]) is specified in MAUFH for concluding the existence of a 

linear utility function. The purpose is to preserve the benefits of using a linear utility 

function (a linear utility function means less assessment procedures and easy to be 

analyzed) in case that the summation of Ki is close enough to 1. 

Tue assessment of the multiplicative utility function is by presenting a lottery with the 

following format: 
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Option A: Fatality at best level and Chronic Effect at worst level, all other attributes 

at worst levels. 

Option B: p probability of getting Fatality and Chronic Effect at best levels and (1 - p) 

probability of getting them at worst levels, assuming all other attributes at 

their worst levels. 

Question: what p value makes the two options indifferent? 

The assessed p value from the above lottery is combined with Kta1aJity and Kchronic to 

determine the multiplicative utility function. Figure 11 shows the information flow in this 

step. 

~ ------ Warning 

Yes Initiate Method: 
MethodUFSelect 

Calculate 
Mid-Point ofp 

~-------
Display Multiplicative utility Fl.Uldicn Display Linear Utility Fllllcticn 

I c31CU1ate Mid-Pomt I Yes 

+ 

Yes 

Do Fl.Uldicn : FindKValue 

Figure 11. Information Flow of Step: Assessment of Scaling Constants 
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3.2.6.3 Assessing ki values in MAUFH 

The assessment is performed by clicking the "Find Coefficients of Utility Function" button, 

then by answering the lottery the first ranked attribute's scaling constant can be determined 

and used for calculating the other scaling constants. The result will either be the linear or 

non-linear utility function. 

3.2.6.4 Validation of Assessing ki and K 

Results: Results from MAUFH are shown in Table 7 with results from WCS for 

comparison. The results from MAUFH are the same as that in WCS. (the differences 

of some scaling constants are caused by formatting values during calculation in 

MAUFH) 
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Table 7. Scaling Constants from MAUFH and WCS 

Attribute ki from MAUFH kifromWCS 

Xl, Fatality (RN) 0.6 0.6 

X2, Permanent Land Use (RN) 0.0262 0.0266 

X3, Temporary Land Use (RA) 0.0218 0.0221 

X4, Water Evap.(RA) 0.0175 0.0177 

X5, 802 Pollu.(RA) 0.0467 0.0468 

X6, Particulate Pollu. (RN) 0.0085 0.00885 

X7, Thermal Energy (RN) 0.0035 0.00354 

XS, Radio. Waste(RN} 0.035 0.0354 

X9, Nuclear Safe.(RA) 0.0576 0.0576 

X 10, Chronic Effects (RA) 0.1998 0.1998 

Xl 1, Electricity Generated (RA) 0.0838 0.084 
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Discussions: The assessment of the non-linear single attribute utility function in WCS is 

performed by assuming a format for such a function : 

where u(x) is the utility of attribute X with its value equals x. 

To calculate attribute's utility given its value (i.e.,u(x)) requires known values of 

parameters a, band c. For the calculation of these parameters see Keeney (I980). 

In MAUFH the assessment of the above equation is not coded. This means that, given 

the condition of non-linearity for an attribute, MAUFH is unable to calculate u(x) 

through the above equation. However, the u(x) is allowed to be input by the user 

through his or her own calculation in case of the non-linearity condition. In WCS case, 

the utility of those attributes having non-linear utility function (X3, X4, X5, X7, X9, 

XIO, and XI I) were input manually in MAUFH to calculate ki values. 

The summation of ki in WCS indicates a total of I. I, which falls into the pre-specified 

linear utility function range: [.85, 1. I5]. As a result, a linear utility function for the WCS 

case from MAUFH is derived with the following format : 

Total Utility = 0.6 U (Fatality) + 0.0262 U (Permanent Land Use) + 0.0218 U 

(Iemporary Land Use) + 0.0175 U (Water Evaporated) + 0.0467 U (S02 

Pollution) + 0.0085 U (Particulate Pollution) + 0.0035 U (Ihermal Energy 

Needed)+ 0.0350 U (Radioactive Waste) +0.0576 U (Nuclear Safeguards) + 

0.1998 U (Chronic Effects)+ 0.0838 U (Electricity Generated) 
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3.2.7 Step 7. Inputting Alternatives 

Three alternatives are generated in MAUFH for the pmpose of validation and discussion, 

since no alternatives information are available in WCS. 

Alternative 1: Nuclear power 1. During operation, the technology is clean, efficient and 

with law cost. However, the radioactive waste has a devastating damage on 

the environment and available technology to control the hazard from the 

dumping waste will not available until the year 2000. 

Alternative 2: Nuclear power 2. The technology is clean, efficient and expensive. 

Compared with alternative 1, it has more environmental impacts. 

Alternative 3: Nuclear power 3. The technology is the most environment-friendly one 

among the three technology. However, power generated is not very 

efficient. 

3.2.7.1 Multi-attribute Utility Theory 

Although the selection of alternatives is not included in the theory of MA.UT, it is related 

to the identification of attributes used in the utility function. The selection of alternatives 

contributes to the investigation and identification of attributes. By studying the selected 

ahematives, information about the characteristics of alternatives can be obtained and used 

for attnlmte evaluation. Especially in a large scale system the attnlmtes are both too many 

and too complicated such that the selection of attnbutes is not an easy task. Therefore, the 
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study of alternatives in their characteristics provides an approach for the evaluation of 

feasible attributes. 

3.2.7.2 KAPPA-PC Coding Method 

A PostlnputForm command is used in MAUFH to allow the user to input the following 

information : number of alternatives, names of alternatives and descriptions of alternatives. 

At first MAUFH identifies how many alternatives are input by the user, then instances are 

generated for storing data (for example, name, description, alternative utility, and tradeoff 

analysis data, etc.) with respect to the input alternatives. Figure 12 shows information flow 

in this step. 

~ -1111--j Warning I 

ll•il-+ Input Informatim ---
about ahemative i 

Figure 12. Information Flow of Step: Inputting Alternatives 
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3.2.7.3 Inputting Alternatives in MAUFH 

This step is performed by clicking the "Input Alternatives" button. An information box will 

appear on the screen and the user will be asked to input the number of alternatives. After 

that, the user will be asked to input the name and description of every alternative. 

3.2.7.4 Validation of Inputting Alternatives 

Results: The results (shown in page 67) from MAUFH can be seen in the information box 

by choosing Display/Alternatives. Although the results ofMAUFH in this step were not 

compared with WCS because of the unavailable alternative information in WCS, 

MAUFH demonstrates its ability to perform this step by displaying the alternative 

information correctly on the screen. 

Discussions: The significance of this step is that it automatically generates methods for 

calculating utility. The number of alternatives determines how many methods will be 

generated. For every alternative there will be one method generated. These methods 

will be used to display the slider bars on the screen so that the user can input the values 

of attributes by moving those slider bars. 
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3.2.8 Step 8. Calculating Alternative's Utility 

An alternative's utility is calculated by first assigning a value to every attribute. Those 

assigned values indicate the level of performance of those attributes with regard to the 

alternative. Table 8 shows these values. 

Table 8. Alternatives and Their Values 

(please refer to Table 4 in page 57for units of these attributes) 

Attribute Alternative 1 Alternative 2 Alternative 3 

XI, Fatality 350 400 280 

X2, Permanent Land Use 1,500 1,200 1,750 

X3, Temporary Land Use 80 120 60 

X4, Water Evap. 0.8 1.2 0.6 

X5, S02 Pollu 30 25 40 

X6, Particulate Pollu. 0.6 2 0.8 

X7, Thermal Energy 5 5 4 

XS, Radio. Waste 20 60 40 

X9, Nuclear Safe. 40 35 5 

XIO, Chronic Effects 1,100 800 200 

X 11, Electricity Generated 1.5 2.4 1 
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3.2.8.1 Multi-attribute Utility Theory 

The calculation of an alternative's utility is performed by first converting the attnlmte's 

value to its single attribute utility, then substituting that utility into the utility function. For 

example, considering the following linear utility function : U (x) = .3 U (Al) + .5 U (A2) 

+ .2 U (A3) , where attributes Al, A2 and A3 all have the linear single attribute utility 

function, and the best and worst performance levels of every attribute are: 

Al 

A2 

A3 

Best level 

40 

30 

40 

Worst level 

0 

15 

10 

If the values of Al , A2 and A3 are 10, 20 and 30 respectively, under the assumption of 

linearity, the utility of attributes is calculated as follows: 

Al 

A2 

A3 

Attnbute Value 

10 

20 

30 

Attribute Utility 

.25 = Abs[(0-10)/(40-0)] 

.333 = Abs[(15-20)/(30-15)] 

.667 = Abs[(l0-30)/(40-10)] 

Therefore, the utility of this alternative is calculated by substituting the single attnbute 

utility into the utility function : 

U (x) = .3 U (Al) + .5 U (A2) + .2 U (A3) 

= .3*.25 + .5*.333 + .2*.667 

=.3749 
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3.2.8.2 KAPPA-PC Coding Method 

The calculation of an alternative's utility is performed by the "AltValue" method in the 

"Utility" instance. Whenever the value of an attribute is input by the user, that method is 

activated. Figure 13 shows the information flow of this step. 

!Waring I·~ 
No 

Display Windo 
·.un-_;;,,.;;;,;;~1 for inputting 

attribute's value 

:1:1:1:!:!:!:!:::1·1111:::11!:li!l!:l:!:1:1 

l!i-i 
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

Do FWlction: 
Sensitivity Analysi 

Window 

MakeMetho 
Summary 

Make Sliders, Set Value 
Make Methods for 
Sensitivity Analysis 

Yes 

Post Alternative t-----i.- Move Slider Bar 

Display Utility 

Calculate 
Alternative's 

Utility 

Initiate Method 
Alt Value 

No 

-----Input Attribute's Utility 

Figure 13. Information Flow of Step: Calculating Utility 

The calculations are performed by first examining whether the current attribute posses a 

linear utility function. If it does, MAUFH calculates the attribute's utility directly through 

linear transformation from its value to its utility; otherwise, MAUFH will stop the linear 

transformation process and allow the user to input the attribute's utility. 
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3.2.8.3 Calculating Alternative's Utility in MAUFB 

The user has to go to CalculateUtility!Alternative to perform the calculation. A window 

with slider bars will be displayed for the user to input the attnlmte's value or utility (the 

utility of an attribute is input if that attribute has a non-linear single attribute utility 

function). As a resuh, alternative's utility will be calculated and displayed immediately in 

the monitoring box right after the users inputs (see the lower right comer of Appendix 2). 

3.2.8.4 Validation of Calculating Alternative's Utility 

Results: The results of MAUFH are shown as follows (the following information can be 

seen by choosing Ca/culateUtility/Summary): 

*************SUMMARY OF UTILITY VALUES OF ALTERNATIVES************* 

Alternative 1 ---------- Nuclear power 1 

Values of attributes :Fatality = 352 

Values of attributes :PLU = 1500 

Values of attributes :TLU = 0. 75 

Values of attributes :WaterEva = 0.78 

Values of attributes :S02Pollu = 0. 75 

Values of attributes :PartPollu = 0.592 

Values of attributes :Thermal = 0.36 

Values of attributes :Waste= 20 

Values of attributes :Safeguard= 0.36 

Values of attributes :Chronic= 0.5 

Values of attributes :Electri = 0. 76 

Utility= 0.644819 
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Alternative 2 ----------Nuclear power 2 

Values of attributes :Fatality = 400 

Values of attributes :PLU = 1200 

Values of attributes :TLU = 0.56 

Values of attributes :WaterEva = 0.39 

Values of attributes :S02Pollu = 0.8 

Values of attributes :PartPollu = 1.964 

Values of attributes :Thermal= 0.36 

Values of attributes :Waste = 60 

Values of attributes :Safeguard= 0.5 

Values of attributes :Chronic = 0.65 

Values of attributes :Electri = 0.95 

Utility= 0.637883 

Alternative 3 ----------Nuclear power 3 

Values of attributes :Fatality = 280 

Values of attributes :PLU = 1748 

Values of attributes :TLU = 0.84 

Values of attributes :WaterEva = 0.93 

Values of attributes :S02Pollu = 0.63 

Values of attributes :PartPollu = 0. 788 

Values of attributes :Thermal = 0. 7 

Values of attributes :Waste = 40 

Values of attributes :Safeguard= 0.96 

Values of attributes :Chronic = 0.92 

Values of attributes :Electri = 0.5 

Utility= 0.8067612 
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Although there is no comparison made in this step due to the lack of alternatives 

information in WCS, the validity of MAUFH in calculating ahernatives' utility can 

still be verified by putting the three alternatives in MAUFH into WCS and 

calculating their utility manually. It is concluded that MAUFH is able to produce 

the same results as those from manual calculations. 

Discussions: The OOP feature in KAPPA-PC enables MAUFH to provide a 

user-friendly operational environment in which the input values (attribute's value) 

and the output results (alternative's utility) are displayed graphically using slider 

bars. Whenever the user inputs the value of an attribute by moving the slider bar, 

the alternative's utility is calculated and displayed instantly. Therefore, the 

calculation of an alternative's utility is performed in an user-friendly environment 

and the user is able to monitor the results by observing the slider bars. 

3.2.9 Step 9. Sensitivity Analysis 

The purpose of the sensitivity analyses in MAUFH is to analyze the causal relationship 

between the utility function and the ranking of alternatives. For instance, in WCS, the 

scaling constant of Fatality may be increased by 10% and the impact over the ranking of 

alternatives can be evaluated. 

The sensitivity analyses in MAUFH are sensitivity analysis of the risk attitude (p value), 

sensitivity analysis of the scaling constants (ki values), sensitivity analysis of the best and 

worst performance level of attributes, and sensitivity analysis of the value of attribute in 

an alternative. 
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3.2.9.1 Multi-attribute Utility Theory 

The sensitivity analysis is essential because the analysis explores the relationship 

between the utility function and ranking of alternatives in detail. The analysis resuhs 

help the decision maker evaluate possible outcomes of the ranking of alternatives by 

changing the decision parameters. For example, the break-even point between the 

utility of alternatives can be investigated by changing scaling constants (ki) or risk 

attitude (p ). There are many different ways to perform sensitivity analysis, and each one 

is different from the others in complexity. Some of them only need to change the values 

of attributes and analyze the ranking of alternatives, and others may change the 

structure of the problem and, as a result, the utility function has to be modified or even 

reassessed in response to the changes. 

The most straightforward sensitivity analysis is to change the values of attributes and 

analyze their impacts on alternative's utility. The analysis will not change the utility 

function and can be done quickly. More complicated analyses include changes of 

scaling constants and the risk attitude. Those two analyses will change the utility 

function by changing the scaling constants. Other sensitivity analyses not only will 

change the constants of the utility function, but also will change the problem structure. 

In consequence, the utility function has to be reassessed because the attribute's best and 

worst performance levels have been changed. 

Uses of sensitivity analyses depend on how detail the causal relationship between the 

utility function and the ranking of alternatives is intended to be explored, what 

information is to be collected, time available for analyses and cost to conduct the 
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analyses. For detail information and procedures about sensitivity analysis, see Keeney 

(1980). 

3.2.9.2 KAPPA-PC Coding Method 

In MAUFH, sensitivity analyses are performed over the following parameters: Scaling 

constants (ki values), Risk attitude (p value), values of attributes in an alternative and 

the best and worst performance levels of attributes. They are discussed as follows. 

Sensitivity Analysis of Scaling Constants (ki values) 

The analysis is done by first creating an SAK and an SAU slot for every attribute and 

alternative respectively. SAK slots are used to store ki values which will be changed in 

the analysis, and SAU slots are used to store the utility of alternatives as a result of the 

above change. Therefore, whenever the scaling constants are changed, the utility of 

alternatives will be changed simultaneously and the changed utility will be stored in the 

SAU slot. The purpose of creating new slots for storing ki values and the utility of 

alternatives is to separate the assessed values from those which will be changed in the 

sensitivity analysis such that the originally assessed ki and the utility values can be 

preserved. 

The second step is to generate slider bars to represent those changing SAK and SAU 

values. The user can change scaling constants by moving SAK slider bars and observe 

the SAU slider bars to evaluate the impacts of changing ki values on the alternatives' 

utility. To calculate the resultant utility caused by the changes ofki, an SAK method is 
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generated for every attn"bute. The methods are activated whenever the user changes the 

ki values. The iterated ki values and the utility of alternatives can be reset to their initial 

values if the user wants to perform the analysis with the initial assessment values. 

Sensitivity Analysis of Risk Attitude (p value) 

The analyses are performed on the risk attitude of the utility :function by using 

"SAKMethod" method. Whenever p is changed, the method is activated and two 

calculations will be performed: the recalculation ofki values, since ki is a :function of p; 

and the recalculation of alternatives' utility. The methodology used to recalculate ki 

values and alternatives' utility is similar to those used in the utility calculation section. 

To preserve the originally assessed p value, a slot is generated to store the changed p 

value. The change ofp will cause the change ofki. To calculate ki values with regard 

to the changed p value, MAUFH first examines the single attribute utility :function of 

every attribute. If it is linear, automatic calculation of the revised ki value will be 

performed. Otherwise, MAUFH will recall the information entered by the user in the 

"Find Coefficients of Utility Function" step and use the information to calculate ki. 

After all attributes are examined and their associated ki values are calculated, the final ki 

and alternatives' utility will be displayed in the slider bars . Those revised values can be 

reset to their original assessed values if the user wants to conduct another sensitivity 

analysis starting from the original parameters. 
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Sensitivity Analysis over the Values of Attributes 

The analysis is performed by repeating the "Calculate Utility" step. The user can go to 

CalculateUtility/Alternative and re-input the values of attributes. The resultant utility 

of alternatives will be displayed in the slider bars. 

Sensitivity Analysis over the Bset/Worst Performance Levels of Attributes 

The changes made to the best and worst performance levels of attributes will have 

impact on the entire utility function. The assessment of the utility function depends on 

the best and worst performance levels of attributes. For instance, the preferential and 

utility independence checks have to consider the best and worst levels, the value 

tradeoff between attributes also depends on the values, and the calculations of utility of 

alternatives need those values to compute the utility of an attribute. Therefore, to 

change the best and worst performance levels of attributes means to change the 

structure of the problem As a result, the utility function has to be assessed in MAUFH 

again to accommodate the changes made. Figure 14 shows the information flow of the 

sensitivity analysis step. 
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Figure 14. Information Flow of Step: Sensitivity Analysis 

3.2.9.3 Performing Sensitivity Analysis in MAUFH 

The user can perform the analysis by choosing one of the follows: 

Analysis/Change_ Risk_ Attitude/Linear_ Lottery, 

Analysis/Change_ Risk_ Attitude/Multiplicative_ Lottery 

Analysis/Change_ K _Values. 

Calculate Utility/ Alternative 

Environment 

Calculate 
Utility 

Display 
Utility 

A sensitivity analysis window will be displayed in which the user can perform the analysis 

by moving the slider bars and obseiving the outcomes. 
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3.2.9.4 Validation of Sensitivity Analysis 

Results: Since there are no sensitivity analysis information available in WCS, this section 

concentrates on the results from MAUFH only. The analysis results of changing ki values 

from MAUFH can be represented by an example in which the scaling constant of attribute 

Fatality (k1ara1;1y)is changed (the scaling constants of other attributes are remained 

unchanged). The results are shown in Table 9. 

Table 9. An Example of the Sensitivity Analysis of k1ara1;1y 

Fatality Alternative 1 Alternative 2 Alternative 3 
0.3 0.47 0.49 0.6 

0.36 0.51 0.52 0.64 
0.42 0.54 0.55 0.68 
0.48 0.58 0.58 0.72 
0.54 0.61 0.61 0.76 

0.6 0.64 0.64 0.81 
0.66 0.68 0.67 0.85 
0.72 0.71 0.7 0.89 
0.78 0.75 0.73 0.93 
0.84 0.78 0.76 0.97 

Those data are plotted in the following Figure 15: 
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Figure 15. Plot of the Sensitivity Analysis of kta1aJity 
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According to the figure 15, alternative 3 is always better than the other alternatives no 

matter what the scaling constant of Fatality is. Thus, alternative I should be considered 
first. Alternative I and alternative 2 have a break-even range at kta1aJ;1y e [.48, .6]. (the 

range is due to the formatting of values). It tells analysts that in the range, the utility of 

alternative I and alternative 2 are the same. However, alternative I is better than 
alternative 2 if kta1aJity > . 6, and alternative 2 is better than alternative I if kta1aJ;1y < . 48 . 

Other than changing only one scaling constant, the user can change several scaling 

constants at once and find out the break-even point between the alternatives. 
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The results from the analysis between alternatives' utility and risk attitude is shown in Table 

10 and plotted in Figure 16. 

Table 10. The Sensitivity Analysis of the Risk Attitude 

Risk Attitude Alternative 1 Alternative 2 Alternative 3 
0.42 0.46 0.45 0.58 
0.48 0.52 0.52 0.65 
0.54 0.58 0.58 0.73 

0.6 0.64 0.64 0.81 
0.66 0.71 0.7 0.88 
0.72 0.77 0.76 0.96 

.8 ····-······················································· ······················································ 

.7 ········································-· 

.6 ........................................ . 

.5 

.4 

Figure 16. Plot of the Sensitivity Analysis of the Risk Attitude 
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From figure 16, the utility of alternative 1 and alternative 2 are the same during the risk 

attitude range [.48, .60]. This means that if the risk attitude of the lottery falls in that 

range, alternative 1 and alternative 2 are equally preferred by the decision maker. If the 

risk attitude falls outside that range, alternative 1 is always preferred. As a result, 

alternative 3 will be the best one to chose for its highest utility. However, in case of 

alternative 3 can not be chosen, alternative 1 should be considered first because it is 

guaranteed to be no worse than alternative 2. 

Discussions: Sensitivity analysis is important to any alternative tradeoff analysis tool. 

KAPPA-PC has demonstrated the ability to program the anaJysis with the following 

techniques : 

Modularity: Sensitivity analysis requires calculations of the parameters of the utility 

function and the alternative's utility. Those calculations are dependent on each other 

such that outputs from an calculation contribute to inputs of the other. Therefore, a 

clearly defined interface between these calculations is required. KAPPA-PC addresses 

this requirement by providing a modular programming environment. In the environment 

a hierarchy structure is offered to allow the calculations of analyses to be separated into 

different functions and methods. 

OOP: The Object Orient Programming feature in KAPPA-PC provides an efficient 

approach for sensitivity analysis. Through the combinations of methods and functions 

the results of the analysis can be displayed immediately. Therefore, the efficiency of the 

analysis is increased because the results can be displayed in a real time manner. 
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bGraphical user interface: KAPPA-PC provides a programming environment which 

allows the programmer to construct a graphical user interface. When combined with 

OOP, the sensitivity analysis can be performed in an user-friendly environment. 

3.3 Summary of Comparisons between MAUFH and WCS 

lbis section summarizes the validation results discussed from section 3.2.1 through section 

3.2.9 with Table 11. In Table 11 the following information are shown: step name, results 

of the step performed by WCS, results of the step performed by MAUFH, and comparison 

results. Although comparisons between MAUFH and WCS on step 7, 8, and 9 could not 

be performed due to unavailability of information in WCS, the ability of MAUFH to 

perform these steps was examined by observing MAUFHs outputs and comparing them 

with the utility and sensitivity analysis obtained from manual calculations. The above 

examinations demonstrates MAUFHs ability to perform these steps correctly. 
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Table 11. Summary of Comparisons 

Step Name Results ofWCS Results of Comparisons 

MAUFH 

1. Inputting Attributes see Table 1 or see page 34 same 
step 1 in 

Appendix 1 

2. Preferential see step 2 in see page 39 same 
Independence Appendix 1 
Check 

3. Utility see step 3 in see page 44 same 
Independence Appendix 1 
Check 

4. Ranking of see step 4 in see page 48 same 
Attributes Appendix 1 

5. Value Tradeoffs see Table 3 or see page 52 same (after rearranging pairs of 
between Attributes step 5 in attributes such that each pair is 

Appendix 1 the same for WCS and 
MAUFH, as explained on page 

53 and 54) 

6. Assessing ki and K Table 7 or step 6 see Table 7 same (differences in Table 7 
Values for in are caused by the numerical 
Multiattribute Appendix 1 value formatting process in 
Utility Function MAUFH) 

7. Inputting no information see page 67 not applicable 
Alternatives available in WCS 

8. Calculating no information see page 73 not applicable 
Alternative's Utility available in WCS and 74 

9. Sensitivity Analysis no information see page not applicable 
available in WCS Sito page 
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CHAPTER4 
DISCUSSION 

Although the validity of MAUFH in addressing multi-attribute utility theory has been 

discussed in chapter 3, that discussion focus on the coding process of MAUT in 

KAPPA-PC. This chapter puts its emphasis on the development and application 

environment of MAUFH and concentrates on the following areas: (a) the system 

engineering process applied to the development of MAUFH; (b) MAUFHs application, 

limitations, and future implementation, and ( c) the feasibility of applying expert system 

methodology to MAUT. This chapter intends to answer the following questions: How 

does the system engineering process benefit the development of MAUFH? Does 

MAUFH really solve the deficiencies identified in chapter l? Does it meet all the 

requirements and objectives? How can it be applied to alternatives tradeoffi What are its 

limitations? And how suitable the application of expert system methodology for 

modeling MAUT? 

4.1 The System Engineering Process 

The system engineering process provides a systematic approach to investigate the 

current deficiencies in evaluating a system's environmental impact and establishes the 

needed performance requirements of the proposed solutions to address the deficiencies, 

as discussed in chapter 1. Figure 17 shows the functional diagram of this analysis 

process. 
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llntegratim of feasible methods 

MAUFH program 

Figure 17. The System Engineering Process in the Development of MAUFH 

Application of the system engineering process provides a systematic and step-by-step 

approach which guides analysts from an unstructured analysis situation to clearly defined 

procedures. At the beginning of the development process, the system engineering 

process is applied to investigate current situations in the evaluation of a system's 

environmental impact. First the domain of the problem is identified; then a top down 

analysis approach is conducted by evaluating the entire problem domain, identifying 

deficiencies of the current situation, and evaluating different approaches (alternatives) 

which can address the deficiencies. The result from the approach is the identification of 

the need to introduce a new tradeoff analysis tool and the performance requirements 

associated with the tool. 
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4.2 Applications of MAUFB 

MAUFH can be applied to modeling the preference of the decision maker at different 

stages of the system's life-cycle. Because the preference of the decision maker often 

changes with time, MAUFH assumes consistency in the preference structure. However, 

even when changes need to be considered, the user can simply adjust the preference by 

reassessing the utility function of the decision maker. 

The application of MAUFH depends on the decision problem at hand. If the decision 

problem has one or more of the following characteristics, MAUFH could be performed 

to its best value: 

1. A multi-attribute alternative tradeoff environment having qualitative attributes. 

2. A need to integrate knowledge of the decision maker into the tradeoff analysis process 

in such a decision environment where expertise of the decision maker is valuable and 

is required for providing information during the process. 

3. A need to represent expertise of the decision maker through a systematic approach 

and with mathematical results which are easy to interpret and analyze. 

4. A need for a through understanding about the impact of attributes on the utility of 

alternatives from the decision maker's perspective. 

89 



5. A need to analyze and integrate uncertainty characteristics into the alternative tradeoff 

process. 

6. A need to explore the utility function in an efficient manner by taking advantage of 

computerized calculations and assessment procedures. 

The application of MAUFH depends on available inputs and required outputs in the 

tradeoff environment. For instance, if there are few attributes (e.g., 2 or 3) used to 

evaluate alternatives, or if other tradeoff analysis tools can provide meaningful and 

decisive results, there may be no need to assess the utility function for alternatives 

tradeo:ff. The above viewpoint is derived from a cost-effective perspective; the 

assessment of the utility function requires man-hours from the decision maker. Given the 

condition that valuable information is already available for making prudent decisions, it 

may not be worthy to consume the valuable time of the decision maker in the utility 

function assessment. 

Although a reasonable amount of man-hours from the decision maker is required to 

assess the utility function, the time is shortened through the computerized assessment 

procedures offered by MAUFH. Therefore, compared with the manual assessment 

process, the time for acquiring a utility function in MAUFH is reduced. 
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4.3 Limitations of MAUFH 

The translation of the manual utility function assessment process into a computer 

program results in the loss of valuable advantages rooted in the manual assessment 

process and, in consequence, poses a limitation in the application of MAUFH. The 

limitation is caused by the difficulties of representing human knowledge with computer 

codes. Other limitations may be expected during the assessment of the utility function. 

The limitations are caused by the assumptions made in MAUFH for the purpose of 

simplifying the codes of the software. The overall effect of the above situations limits 

MAUFH in its application when compared with the manual assessment process. These 

limitations are discussed as follows. 

4.3.1 The Limitation of Available Human Experts 

In practice, the assessment of the utility function is performed by experts (analysts) who 

are knowledgeable with the assessment procedures and experienced in helping the 

decision maker evaluate the indifference condition. The expertise is valuable in two 

areas: (1) the evaluation of indifference condition and (2) the verification of 

inconsistency during the assessment process. The evaluation of the indifference 

condition is essential to the utility function because it determines the quantitative 

relationship between attributes and the utility; therefore, efforts must be conducted to 

ensure that the assessed indifference points truly represent the decision maker's 

preference. However, ambiguity arises when the decision maker is confused about the 

degree of the indifference. Under the above situation, expertise from the analyst is 

required to give the information for evaluating the degree of indifference. 
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The verification of inconsistency is also essential because humans are inconsistent by 

nature. The assessment requires the study of human preference, and the preference may 

vary from one situation to another. Therefore, the verification and discovery of 

inconstancy during the assessment 1s important because it contributes to the 

meaningfulness of the assessed results. To summarize, expertise is needed in the 

assessment and being unable to provide the expertise may induce difficulties in the 

assessment process. Unfortunately, MAUFH is not able to address that expertise and, 

thus, is limited in its application. 

These limitations make the assessment of the utility function in MAUFH more difficult 

than it one were to consult a human expert for verifying the degree of indifference and 

investigating inconsistencies, since situations in which the decision maker has difficulties 

in evaluating the degree of indifference may happen frequently. Therefore, it is 

reasonably possible that the assessed utility function by MAUFH may not be accurate 

enough to represent the preference of the decision maker. 

4.3.2 The Limitation of the Single Attribute Utility Function Assessment 

In MAUFH, the calculation of an attribute's utility is performed automatically if that 

attribute has a linear utility function. For an attribute having a non-linear utility function, 

that calculation cannot be done in MAUFH because it is not coded (for the simplicity of 

the program). Therefore, the benefit of computerized calculation is only provided to 

those linear single attribute utility function cases. This constraint makes the assessment 

process less efficient when most of the attributes have a non-linear utility function and 

thus results in the limitation of MA UFH. 
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To address the problem, MAUFH requires the user to specify the type of the single 

attribute utility function of every attribute. If it is non-linear, the following procedures 

must be performed manually: determine the shape of the utility function for that attribute, 

calculate that attribute's utility, and input it into MAUFH. This enables MAUFH to 

become applicable in those non-linear single attribute utility function cases. Nonetheless, 

the assessment of the single attribute utility fimction is still a limitation with regard to the 

automatic calculation inherited in the linear single attribute utility function cases. 

4.3.3 The Limitation of the Modification of the Linear Utility Function 

Theoretically, to conclude that a utility function is linear requires a summation of ki 

values equal to 1. In practice, if the summation is close enough to I (e.g., 1.04 in WCS), 

a linear utility function can still be assumed. The assumption is used to obtain the 

benefits of using a linear function. Under the assumption, ki values have to be modified 

to make the summation equal to 1. Therefore, the modification reverses the formal 

analysis process by first concluding linearity, then modifying ki values to support the 

conclusion of linearity. There is a risk associated with assuming a linear utility function 

when summation of ki values does not equal to 1. Fortunately methods are available to 

evaluate the error of that assumption [Keeney, 1980]. 

In MAUFH the linearity range for the ki summatio11 is specified as [.85, 1.15] (this range 

can be modified by the user). However, if linearity is assumed and the summation of ki 

does not equal to 1, no modification of ki values will be performed automatically in 

MAUFH. In that case, the user has to manually modify ki values and input them into 

MAUFH. This is another limitation in the application of MAUFH. 
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The above constraints, when compared with the manual assessment process, limit the 

application of MAUFH. These limitations must be understood by the user in order for 

MAUFH to be used properly. 

4.4 Requirements for User Awareness 

The purpose of applying MAUFH in alternatives tradeoff is to extract benefits of MA UT 

while overcoming previously identified deficiencies and obtaining the advantages of 

using the computerized assessment process with a graphical user interface. However, 

the application of MAUFH has to be done carefully in the following areas so that the 

user can be aware of and pay reasonable attention to the inherited limitations. 

It is important to recognize that the application of MAUFH is not the only tool for the 

alternatives tradeo:ff analysis. There are many tools available for the analysis, and the 

decision maker should not rely on one analysis output for making decisions. 

Furthermore, MAUFH does not provide expertise in evaluating the indifference 

condition. In the absence of a human expert, the decision maker may encounter 

situations in which confusion about the indifference condition exist, and thus, the 

judgments from the decision maker may be different from the true indifference condition 

which can be derived with the help of a human expert. Therefore, the user should always 

be aware of the results produced during the assessment process. 

Also one must be aware that the inconsistency may exist in the assessment results, and 

MAUFH does not automatically provide a checking process to verify the inconsistency. 
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Although the inconsistency in the ranking of attributes can be detected by MAUFH, 

other situations having inconsistencies cannot be detected automatically, and this will 

decrease the validity of results from MAUFH. However, users can still verify 

inconsistency conditions by examining every output from the assessment process; 

nonetheless, this process has to be done manually and expertise of the inconsistency 

verification is required. 

Given that the summation ofki values does not equal to 1, the awareness of the validity 

of assuming a linear utility function is also important. The assumption requires 

modifications be made to the ki values. In MAUFH, those modification features are not 

coded; therefore, the user has to be careful about the validity of the assumption of 

linearity. 

Finally, the user must realize the advantages from the computerized assessment process 

provided by MAUFH. MAUFH is programmed to simulate the manual assessment 

process of MAUT; although difficulties and limitations exist in MAUFH with regard to 

the assistance of human experts, they do not make MAUFH less applicable than the 

manual assessment process. By coding MAUT into a user-friendly operation 

environment, the user is able to perform MAUT in an efficient manner: the user can (a) 

perform the assessment efficiently and repeatedly, (b) try different inputs and see the 

outputs, ( c) perform sensitivity analyses without manual calculations, and ( d) perform a 

pre-analysis before conducting the formal assessment process (consulting the experts). 

The above actions can be performed in a timely and cost-efficient manner without 

consulting a human expert. Therefore, in sacrificing the advantages of the manual 

assessment process, the user also obtains the benefits of computerization. 
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4.5 Future Implementations of MAUFH 

This section proposes future implementations ofMAUFH to address the limitations just 

discussed and considers both the improvement of MAUFH in the utility function 

assessment, and the representation of human expertise in MAUFH. Problems are 

reviewed and implementations are discussed to improve its performance. 

4.5.1 The Representation of Multi-attribute Utility Theory in MAUFH 

As discussed in section 3.2.6, MAUFH is not able to provide: (1) an automatic 

assessment process for determining the non-linear single attribute utility function, and (2) 

a modification process to adjust ki values when linearity is assumed and summation of ki 

does not equal to l. The reason that MAUFH did not code the above processes is for the 

purpose of reducing the complexity of codes. Due to the nature of these processes, it 

should not be difficult to integrate them into MAUFH if more time were allowable. 

These processes are discussed in the following section 4.5. l.1 and 4.5. l.2. 

4.5.1.1 Assessing the Non-linear Single Attribute Utility Function 

The assessment of the non-linear single attribute utility function requires curve fitting to 

determine the function. Normally the function is assumed to have the following format: 

u(x) = a+ b(-e-cx), where b > 0, c > 0. 
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According to the assumption, three points are needed to determine the function. Two of 

them are immediately available, given that u (best performance level)= l; and u (worst 

performance level) = 0. The remaining one is derived by assigning a lottery to the 

decision maker to determine the value of X, for which u(X) = .5. Therefore, by 

substituting these points into the above equation, the non-linear single attribute utility 

function can be determined. 

Under the above assessment process of the non-linear single attribute utility function, 

solving that equation in KAPPA-PC should have no problem if more time were available. 

This provides an area for future implementation of MAUFH. 

4.5.1.2 Linear Utility Function Modification 

n 
The modification of ki, under the condition that linearity is assumed and L ki * 1 , is 

i=l 

performed by recalculating the scaling constant (k value) of the first ranked attribute 

such that the value makes summation of ki equal to 1. Then the calculated k value is 

verified by asking the decision maker how acceptable it is. If the decision maker feels 

the revised k value is reasonable, the modification is allowed. Otherwise, a linear utility 

function can not be concluded. Based on the coding experiences, it would be no 

problem to code this into MAUFH, if more time were allowed. 
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4.5.2 The Representation of Expertise in MAUFB 

As discussed before, the availability of the human expert assists the assessment process 

of the utility function. During the development ofMAUFH, efforts were made to model 

this expertise but without satisfactory results. The reasons for this are, first, the 

difficulty of modeling the human thinking process in a dynamic environment and, second, 

the difficulty of construct machine learning capability. 

4.5.2.1 Human Thinking Imitation 

Experience from the development ofMAUFH demonstrates the difficulties of coding the 

analysts in a dynamic environment. To help the decision maker evaluate the indifference 

condition, experts involved in the utility function assessment must investigate current 

situations and provide suggestions for the decision maker. However, to try to predict 

what suggestions will be provided (by the analyst) in what situation is going to take a 

great amount of effort, since there are various situations and, thus, various suggestions; 

furthermore, different analysts have different approaches to conduct the investigation and 

provide suggestions. Therefore, the above situations decrease the feasibility of modeling 

the analyst by KAPPA-PC. 

Although KAPPA-PC is a rule-based expert system which is used for modeling the 

human experts, the prerequisite is the existence of knowledgeable and predictable rules 

which experts use for logical reasoning processes. Predictable means a finite number of 

rules exist. However, during the assessment of the utility function, there are an infinite 

number of possible situations which the analyst may have to investigate, and that makes 
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it very difficult to predict the outcome (suggestion). Therefore, in the assessment 

process it is very difficult to represent human expertise in a precise and predictable 

manner. As a result, the integration of human expertise was not satisfied in the 

development ofMAUFH and was left to not addressed. 

Because of the difficulties to model the expert in every possible situation discussed 

above, a feasible approach to address the problem is to offer general information to help 

decision makers identify the indifference condition. Here the general information stands 

for the general criteria which can be applied to any condition which may exist in the 

assessment process. The general information can be collected by consulting experts to 

acquire the following information : what are the commonly faced problems in the 

evaluation of the indifference condition? what information is most helpful to solve the 

problems? how can informative suggestions be provided to help decision makers? and 

what criteria are used to provide the above suggestions? The information collected can 

then be written in a rule format by KAPPA-PC, and those rules can be used to 

compensate the absence of experts in the assessment process. 

Another approach to solve the deficiency is to present examples which are informative 

and helpful in evaluation of the indifference condition. These examples have to be 

selected carefully to ensure informative implication can be perceived. To select 

examples, the problem scenario has to be classified into different categories such that 

every example can be specified to represent one and only one of the categories. As a 

consequence, the user first identifies which category the current situation is belong to, 

and then selects the feasible example for reference. The above approach can be coded by 

KAPPA-PC through the use of rules and forward chaining process; rule are used for 
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storing the classified examples, and the fotward chaining is used to search for the feasible 

example for reference. In KAPPA-PC the above approaches can be performed by 

providing the user an interface to communicate with the computer what kind of help the 

user needs. In the interface, different help information categories are presented and the 

user can select feasible information for reference. 

Although KAPPA-PC is able to address the implementations discussed above, the 

problem of modeling human experts in the assessment process still exists. To fully tackle 

the problem, the artificial intelligence technology has to be able to mimic the human 

expert under the dynamic environment which is inherited in the human thinking process. 

This remains a challenge for the development of AI technology. 

4.5.2.2 Machine Learning 

The term "Machine Learning" with regard to MAUFH, given that MAUFH is able to 

provide informative suggestions for evaluating the indifference condition (e.g., as 

described in the previous paragraph), is defined as follow: 

"the ability to remember how frequent a certain kind of help information is used 
by the decision maker and to refine the information based on the relative 
frequency of use." 

To remember the frequency of use, a variable can be assigned to every one of the help 

information to record the number of use; whenever a certain kind of information is used, 

the variable is added by 1. Then periodical reviews of these variables can be conducted 

to determine the frequency of use and the importance of these he1p information from 
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decision maker's perspective. The higher the number of the variable is, the more 

frequent that information is used ,and the more important that information is. The above 

condition suggests that more efforts should be spent to ensure that those frequently used 

information are easy to understand and informative. From the machine learning 

standpoint, the efforts to refine help information should be conducted by the computer. 

However, currently MAUFH is not able to provide the efforts, and future 

implementation is needed to in that area. 

4.6 Suitability of Applying Expert System Methodology in MAUT 

The suitability is discussed through the study of advantages and disadvantages of the 

application. The advantages of the application of the expert system methodology are the 

user-friendly operational interface, object oriented programming feature, modular design 

codes, and the graphical operational window for sensitivity analysis. The advantages 

provide the user an user-friendly utility function assessment environment. Therefore, for 

the purpose of developing an efficient user-interface and real-time results monitoring, the 

expert system methodology provides satisfied results. Figure 18 illustrates the 

relationship between the advantages and MAUFH. 
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Figure 18. Relationships between MAUFH and the Application of KAPPA-PC 

On the other hand, the suitability is decreased by the disadvantages of the inability to 

represent human thinking process in a dynamic environment and the inability to provide 

informative suggestions to evaluate the indifference condition. However, those 

disadvantages are inherited in any application which tries to code MAUT into a computer 

program, and they are inevitable since AI technology can not represent human thinking 

process and human knowledge in every aspect. 

From the above discussions, the suitability of the application of expert system 

methodology in this project is positively verified by considering the advantages provided 

by KAPPA-PC. As for those disadvantages, they should not be taken as a disapproval to 

the suitability of the application, since they will appear in any application. Nonetheless, 

these disadvantages point out the directions for further research. 
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4. 7 The Satisfaction of Development Requirements 

The development of MAUFH is based on the development requirements (which were 

intended to address the identified deficiencies) discussed in chapter 1. The requirements 

were used to set up the framework for the development ofMAUFH, and they have to be 

satisfied in order to assure that MAUFH is capable of fixing the current deficiencies. 

As discussed in the previous sections, MAUFH is unable to model the analyst with regard 

to the evaluation of the indifference condition and the provision of informative 

suggestions. Other than that, as far as the development requirements are concerned, 

MAUFH is able to satisfy them by providing an user-friendly assessment environment as 

summarized in Table 12. 
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Table 12. Satisfactions of Development Requirements 

Requirements Method to satisfy Resuh 
Ability to analyze Multi-attribute utility theory Qualitative attributes with 

qualitative which is capable of constructed scales. 
attributes through systematically analyzing 

systematic qualitative attributes. 
procedures. 

Mathematical Apply MAUT to establish Utility :function containing 
format to delineate quantitative relationship qualitative attributes in a linear or 

these qualitative between those attributes and non-linear :functional format. 
attributes. utility of alternatives. 

Ability to integrate Apply MAUT to explore the The preference of the decision 
the decision personal preference of the maker is investigated during the 

maker's preference decision maker. assessment process of utility 
into the :function. 

decision-making 
process 

Ability to provide Apply MAUT to quantify Linear or non-linear utility :function 
a mathematical personal preference in a addressing the preference of the 

function to address :functional format decision maker. 
the personal 

preference over 
multiple attributes. 
Ability to provide Development of a computer MAUFH utilizing expert system 

efficient use in program allowing the user to methodology to code MAUT into 
terms of cost and efficiently and economically a user-friendly assessment 

time spent. perform MAUT. environment. 
Ability to provide Apply MAUT to explore Utility :function representing 

meaningful and expertise of the decision maker knowledge of the decision maker 
informative with the result of the utility in the problem domain. 

results. :function. 
Ability to analyze Sensitivity analysis allowing A sensitivity analysis window 
the analysis results the user to change the inputs providing by MAUFH to conduct 
in an efficient way. of the utility :function and the sensitivity analysis in a 

analyze the corresponding efficient, real-time manner. 
outputs. 
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CHAPTERS 
CONCLUSIONS AND FUTURE RESEARCH 

A thorough evaluation of a system's environmental impact requires considerations of both 

quantitative and qualitative attributes. Using the system engineering approach, this study 

identifies two major deficiencies: qualitative attributes are not analyzed as vigorously as 

quantitative attributes; and the decision makers' knowledge is not structurally represented 

in the decision-making process. While the first deficiency results in biased evaluations, 

the second one affects the efficiency and effectiveness of decision-making. 

The above deficiencies are largely overcome by the development of a multi-attribute 

utility theory software, MAUFH. In the application of MAUFH, a set of stringent 

performance requirements were described before development of the software itself 

These requirements are: 

( 1) ability to quantify qualitative attributes in the process of analysis; 

(2) ability to structure decision makers' preference in the process of tradeoff 

analysis; 

(3) ability to provide a user-friendly operation environment; and 

( 4) ability to provide real time monitoring of utility function assessment results. 

The application of these requirements enables MAUFH to be performed effectively, 

efficiently and economically. 

MAUFH was coded with a rule-based expert system called KAPPA-PC. Although the 

KAPPA-PC coded software could not model the human expert's capability of helping 
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decision makers identify indifference conditions, it is able to perform every step of the 

utility function assessment from attributes input to utility calculation. It is also able to 

conduct sensitivity analyses of the utility function through a graphical interface. 

Further efforts could be initiated, leading toward the enhancement in MAUFHs capability 

to model human experts. MAUFH, as developed in this project, is only partially capable 

of modeling human experts. This limitation is caused by the difficulties of modeling the 

human thought-process. Although this situation will not be easily changed due to 

limitations in current computer technology, efforts in this direction can be made using 

KAPPA-PC through three approaches: (a) classification of application scenarios to 

reduce complexity of knowledge domain, (b) presentation of examples to provide 

informative suggestions on the identification of indifference conditions, and ( c) 

identification of the examples most frequently used for purposes of :further refinement. 

These three approaches could serve as guide to future research in improving MAUFHs 

modeling power. 

With the improved modeling power of MAUFH, a higher level decision-making expert 

system can be constructed by integrating MAUFH, domain dependent knowledge, and 

inference engine to form an expert system In the expert system, the expertise of the 

decision maker is extracted by using MAUFH, the knowledge of engineers is written into 

the knowledge base to provide expertise for the problem domain, and the inference 

engine is used to perform logical thinking given the knowledge of the decision maker and 

engineers. The objective of the above expert system is to use both the knowledge of the 

decision maker and engineers to approach an optimal decision. The expert system can be 

illustrated by Figure 19. 
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Figure 19. Expert system for a specified problem domain 
(e.g. weapon system selection) 

decision 
maker :==·=·: .. . 

MAUFH 
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APPENDIX I 

Final Assessment Results from WCS 

Step 1: Inputting Attributes (the data listed originates from Keeney, 1980, p.280, Table 
7.4) 

The attributes input in WCS for evaluating a power plant's environmental impact are 
listed as follows: 

Attribute Measure (units) Worst Level Best Level 

X 1, fatalities Deaths 700 100 
X2, permanent land use Acres 2000 0 
X3, temporary land use Acre 200,000 10,000 
X4, water evaporated Gallons 1,500,000,000,000 500,000,000,000 
X5, S02 pollution Tons 80,000,000 5,000,000 
X6, particulate pollution Tons 10,000,000 200,000 
X7, thermal energy needed kWhr 6,000,000,000,000 3,000,000,000,000 
XS, radioactive waste Metric tons 200 0 
X9, nuclear safeguards Tons of plutonium 50 0 

produced 
XlO, chronic effects Tons oflead 2,000 0 
X 11, electricity generated kWhr 500,000,000,000 3,000,000,000,000 

Step 2: Preferential Independence Check (the data listed originates from Keeney, 
1980, p.282 - p.290) 

The pairs of attributes selected for preferential independence check in WCS are: 
(Xl, X2), (X2, X3) and (X3, Xi) where i = 4, 5, ... , 11. The checking results showed 
that attributes in these pairs are preferentially independent to each other (e.g., X2 is 
preferentially independent to X3; and X3 is preferentially independent to X2) 
From a result of Gorman [1986a], if (Xi, Xj) is preferentially independent and (Xj, Xk) is 
preferentially independent, then (Xi, Xk) is also preferentially independent. Therefore, 
based on the above pairs, the preferential condition holds for every pair of attributes: (Xi, 
Xj) where i = 1 - J 1 and j = 1 - 11 and i:;e j. And the analyst in WCS concluded that the 
preferential independence condition holds. 
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Step 3: Utility Independence Check (the data listed originates from Keeney, 1980, 
p.290 - p.295) 

In WCS, attribute Fatality was used for the utility independence check. The checking 
results showed that Fatality is utility independent of the other attributes. The above 
conclusion indicates that the utility assumption holds. 

Step 4: Ranking of Attributes' Scaling Constants (the data listed originates from 
Keeney, 1980, p.295- p.297) 

The ranking results is shown as follows: 

Fatality> Chronic effect> Electricity generated> Nuclear safeguard> 802 pollution 
>Radioactive waste> Permanent land use> Temporary land use> Water evaporated 
> Particulate pollution > Thermal energy needed; 

Step 5: Value Tradeoff between Attributes (the data listed originates from Keeney, 
1980, p.297 - p.303) 

Implied equations 

k10 = k1u1(500) 
ku = k1u1 (616) 
k9 = k10U10(1500) 
ks = k10U10(1600) 
ks = k10U10(1700) 
kz = ksus(50) 
k3 = ksus(75) 
k4 = ksus(lOO) 
k6 = ksus(150) 
k1 = ksus(180) 

Measure (units) 

Xl in deaths 
Xl in deaths 
XlO in tons 
XlO in tons 
XlO in tons 
X8 in metric tons 
X8 in metric tons 
X8 in metric tons 
X8 in metric tons 
X8 in metric tons 

Step 6: Assessing ki and K Values for Multi-attribute Utility Function (the data 
listed originates from Keeney, 1980, p.304 - p.307) 

This step in WCS calculated the scaling constants of attributes and determined the utility 
function. The utility function derived is a linear utility function with the following scaling 
constants: 
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Attributes 

XI, Fatality 
X2, Permanent land use 
X3, Temporary land use 
X4, Water evaporated 
XS, S02 pollution 
X6, Particulate pollution 
X7, Thermal energy needed 
XS, Radioactive waste 
X9, Nuclear safeguard 
XIO, Chronic effects 
X 11, Electricity generated 

And the utility function is: 

Scaling Constants (ki) 

0.6 
0.0226 
0.0221 
0.0177 
0.0468 
0.00885 
0.00354 
0.0354 
0.0576 
0.1998 
0.084 

u(x) = 0.6(x1) + 0.0266(x2) +0.022l(x3) +O.Ol 77(x4) + 0.0468(xs) +0.00885(x6) + 0.003 
+o.0354(x8} +0.0576(x9} + 0.1998(x10) +0.084(x 11 

Step 7 to Step 9: In Keeney [1980] there were no data relating to the alternatives for 
evaluation. Therefore, data for step 7 (input alternatives), step 8 (calculate utility) and 
step 9 (sensitivity analysis) are not available in WCS. 
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APPENDIX2 

Final Assessment Results from MAUFH Window 

Multi-Attributes Utility Function Helper - MAUFH : 
File EditWindow Display Explaination CalculateUtility Analysis 
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APPENDIX3 

Codes List of MAUFH 

A disk containing codes list of MAUFH is attached. Access to the codes can be attained 

by opening the code.txt and new.kal files in the disk. The details of the codes are not 

included in this report in printed format because of their length. 
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