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ABSTRACT 

Mount Graham, in Southern Arizona supports valuable, 

ecological communities and at least one endangered species, 

the Mt. Graham red squirrel. The area is managed by the U.S. 

Forest Service. 

Elevation, dryness, sky clarity and freedom from 

light pollution at Mt. Graham make it a desirable site for 

astronomy. The University of Arizona presented a proposal to 

the Forest Service for the development of a multi-telescope 

observatory on the mountain. This has generated much 

controversy due to the opposition of environmentalists who 

fear the potential impacts of development on the mountain. 

Eleven potential sites for astrophysical development 

have been identified, with varying impacts on the ecosystem. 

They are ranked according to their suitability for 

development, using multiple criteria decision making 

techniques. The results are very consistent and robust, both 

within and across techniques and can be useful for decision 

support and conflict management purposes. 

viii 



CHAPTER 1 

INTRODUCTION 

Initial considerations 

This study deals with the application of multiple 

criteria decision making in a facility location problem. 

Steward Observatory at the University of Arizona intends to 

develop a multi-telescope international observatory and 

after a comprehensive screening process selected Mount 

Graham, in Southern Arizona as the most preferred location. 

This mountain is a part of Coronado National Forest, managed 

by the U.S. Forest Service. 

Three important technical reports related to the Mt. 

Graham international observatory proposal are the Office of 

Arid Lands Studies Environmental Data Report (Office of Arid 

Lands Studies, 1985), the U.S. Forest Service Draft 

Environmental Impact Statement for the Proposed Mt. Graham 

Astrophysical Area (U.S. Forest Service, 1986), that relies 

heavily on the first, and the Steward Observatory Site 

Development Plan (Steward Observatory, 1986). While the 

first of these two reports address mostly environmental 

aspects of the problem and the last concentrates on 

astronomical and engineering issues, they all recognize the 

complex, multidimensional nature of the problem. 

1 
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Selecting one or more specific sites for locating 

the astronomical facilities of the proposed observatory is 

one among many decisions required by Steward Observatory's 

project. The reports referred to above deal with this 

problem and present tables where eleven previously 

identified sites, at various Mt. Graham peaks, are rated on 

their performance along several relevant dimensions. The 

Office of Arid Lands Studies (1985) and U.S. Forest Service 

(1986) reports evaluate potential impacts of the project on 

a series of ecosystem components, while Steward Observatory 

looks at quality for astronomical observation. 

The analysis of problems characterized by the 

ranking, or selection of one from among several alternatives 

described by a series of criteria, is the domain of multiple 

criteria decision making (MCDM). MCDM consists of a group of 

mathematical methods and techniques that were developed 

mostly during the last forty years and which originated in 

areas as diverse as operations research, utility theory and 

graph theory. After reformulating the site selection 

problem, to unify and integrate data from different sources, 

three MCDM techniques are used to rank the eleven pre

selected sites on their appropriateness for development, 

from the viewpoints of both environmental and astronomical 

criteria. The goal is to identify the best compromise sites 

that simultaneously satisfy the astronomers' needs, while 

keeping environmental impacts at the lowest possible levels, 
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if any such sites are in fact available. MCDM techniques 

require not only the more or less objective data of ratings 

of performance of each alternative on the different 

criteria, but also subjective judgements concerning the 

importance, or weight, each criteria should be assigned. The 

consequences of distinct, often conflicting value structures 

on the final choice can then be made explicit, providing 

useful information for decision support or conflict 

management purposes. 

Organization of the study 

Two clearly distinct parts can be identified in this 

study. The first includes chapters 2 and 3 and the second 

chapters 4 through 8. In chapter 2 single-criterion 

optimization, one of the most widely used methods of formal 

decision making is briefly described. Some of its 

assumptions and the limitations they impose on this 

technique's usefulness for environmental planning are also 

addressed. In chapter 3 the major groups of MCDM techniques 

(multiobjective mathematical programming, multiattribute 

utility theory, and outranking techniques) are introduced. 

This chapter also includes a literature review of 

applications of MCDM techniques to environmental problems, 

covering the period 1980-1986. This first part of the study 

is more generic in orientation, providing some necessary 

background and setting the stage for the second part. 



In chapter 4 the Mt. Graham international 

observatory site selection problem is introduced. The 

physical, biological and socio-cultural environments of Mt. 

Graham are described. Steward Observatory's project is also 

presented in greater detail. Chapter 5 deals with the 

multiple criteria formulation of the problem, that is 

hierarchically structured into objectives, specifications, 

criteria and alternatives. An evaluation matrix, combining 

noncommensurate data for the 11 alternative sites and 15 

environmental and astronomical criteria is put together. 

These data are then transformed, using value functions, into 

a payoff matrix of commensurate data. 

Chapter 6 consists of a description of the MCDM 

techniques selected to perform the analysis: ELECTRE I and 

II, of the outranking type, and composite programming, a 

mu1tiobjective mathematical programming distance-based 

technique. In chapter 7, the payoff matrix data, derived in 

chapter 5, are analysed with the MCDM techniques. Weights, 

threshold levels, distance metrics and other required model 

parameters are also provided. Extensive sensitivity analyses 

are performed and the results discussed. Chapter 8 presents 

the study's conclusions, exploring the implications of the 

results for the site selection process. Comments are also 

provided concerning the consistency and robustness of the 

results. An overall summary of the analysis concludes the 

study. 



CHAPTER 2 

SINGLE CRITERION OPTIMIZATION AND ENVIRONMENTAL PLANNING 

A decision is a global judgement of the abilities of 

a specific action to meet a set of objectives (d'Avignon and 

Winkels,1986). Decisions can be made in an unstructured, 

intuitive mode or with the support of mathematical 

formalisms. Until the late 60's and early 70's the dominant 

approach to formal decision making could be described as the 

optimization of a single objective function, subject to a 

set of constraints (Nijkamp and Voogd,1985). 

Several of the assumptions underlying the 

optimization approach were frequently overlooked, leading to 

inappropriate and unsuccessful applications (Roy,1981). 

Formal definitions of optimum and single criterion 

constrained optimization are given below, as well as an 

analysis of the constraints associated with both concepts 

and their implications for decision making. 

The optimization problem formulation 

Zeleny (1982) presents the following formal 

definition of the optimum concept: given a fixed set of 

alternatives X, a X = > a is feasible. Any single measure of 

goodness of any two alternatives can be compared in three 

different ways, according to two basic types of relation: 

5 
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f [a (1) ] >f [a (2) ] a(l) P a(2) (a(l) ispreferredover a(2)) 

f [a (2) ] <f [a (1) ] a(2) P a(l) (a(2) is preferred over a(l)) 

f [a (1) ] =f [a (2) ] a(l) I a(2) (the decision maker is 

indifferent between a (1) and a(2)) 

Both relations, P and I are transitive. Then: 

a* X is optimal iff a = a* , a X : f(a*) >= f (a) 

(a* Pa or a* I a) 

Goicoechea, Hansen and Duckstein (1982) give a 

general definition of the single objective constrained 

optimization problem, where the search for the optimal 

alternative is subject to a set of constraints: 

Maximize objective function Z( x )  

subject to g(i) (x)<=0 i = l,2,...,m 

x (j ) > = 0 j = 1, 2,...,n 

Both the objective function Z( x )  and the constraints 

g(i)(x) are defined on a vector space of decision variables: 

x = (xl,x2,...,xn) R 

The feasible region X is defined as: 

X = {x:x R, g(i) (x) <=0, x(j) >=0, i ,j } 

The optimization problem is then, to find x* X : 

Max Z(x) = Z(x*) 
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Underlying assumptions and constraints 

Both definitions above are implictly based on an 

existence axiom, stated by Roy (1981) in the following 

terms, "In any situation which necessarily involves a 

decision, there exists at least one decision which, with 

sufficient time and means, may be objectively proved as 

being optimal whilst remaining neutral in relation to the 

decision process." 

This postulate imposes three constraints on the 

process of finding an optimal alternative/decision 

(Roy,1981). The first is a globality constraint, under which 

the search for an optimum, among all potential actions 

implies the assumption that one action can be identified as 

the best. This requires each potential action to encompass 

all aspects of reality in the analysis, any two alternatives 

being, therefore mutually exclusive. 

The second constraint relates to the stability of 

the set of potential actions, imposing the definition of an 

a_ priori exact boundary, separating possible or potential 

actions (the set under search for an optimum) from 

impossible or non-potential actions. The initial set of 

potential actions must be exhaustive, in the sense that it 

cannot exclude any action susceptible of being recognized as 

possible, later in the decision process. Otherwise would 

allow for the possibility of the optimal solution not to be 
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a member of the set under search. If the initial set is 

exhaustive, it cannot be enlarged or improved and must 

remain fixed throughout the decision process. 

The last constraint is also the most stringent one 

requiring complete transitive comparability between any pair 

of alternative actions. Scharlig (1985) analyses the 

implications of this constraint and identifies three major 

consequences. Complete transitive comparability relations do 

not acknowledge cases of incomparabi1ity and ignore 

situations of intransitivity of indifference and/or 

preference. Incomparabi1ity is a concept related to the 

failure to state a preference between two alternatives. 

Fishburn (1970) mentions as reasons for this kind of 

relationship to arise, the complexity of issues, uncertainty 

about objectives, unwillingness to reveal true preferences 

and the omission of relevant variables from the problem 

formulation. Davidson, Suppes and Siegel (1957) clarify the 

distinction between indifference and incomparabi1ity. The 

former, just like preference is a judgement of relative 

worth that finds two alternatives to be equally attractive 

or unattractive, while the latter represents the failure to 

make such a judgement. 

Indifference relations frequently violate the 

transitivity requirement. They often hide situations of 

weak preference, a preference that isn't strong enough to be 

perceived and expressed by the decision maker. When A is not 
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explicitly preferred over B and B not explicitly preferred 

over C but A is explicitly preferred over C the transitivity 

assumption for the indifference relatio is violated. 

Scharlig (1985) interprets this situation with the concept 

of thresholds of preference. The lack of explicit preference 

in the example above may not be due to true indifference but 

to "below threshold", or weak, preferences between A and B 

and B and C, respectively. When A is compared with C, though 

the composite effect of two weak preferences may bring the 

relationship above the threshold and A is explicitly 

preferred over C, in an intransitive way. 

The treatment of intransitivity of preference 

relationships was pioneered in May (1954). He suggested two 

ways in which intransitive preference patterns may arise, 

i.e. due to intransitive choice, and from the aggregation of 

transitive preference patterns. May developed an experiment 

to find whether or not circularities would occur if 

alternatives were ordered in conflicting ways according to 

different criteria. In his experiment students were asked to 

perform pairwise choices among three hypothetical marriage 

partners who were characterized by the criteria 

intelligence, physical attractiveness and wealth. 

Indifference was ruled out. The results show that 27% of the 

students chose intransitive triads. May concludes that when 

judgements are performed along conflicting stimulus 

dimensions, intransitivities are likely to occur. 
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Shortcomings of single criterion optimization 

Ackoff (1979,1981), Roy (1981) and Scharlig (1985) 

show substantial agreement on the limitations of traditional 

operations research optimization techniques. The constraints 

associated with this approach restrict its success domain to 

problems that are substantially context independent 

(Scharlig, 1985). Ackoff (1981) considers these techniques 

more applicable to machine-like behavior than to purposeful 

human behavior or, in other words, inappropriate to deal 

with the social component of socio-technical systems. 

Roy (1981) criticizes several aspects of the 

optimization approach, beginning with the hypothesis of pre-

existence of coherent and stable preferences, excluding 

incomparabi1ity, as required by the complete transitive 

comparability and stability constraints. He remarks that 

real world situations often are very different, with fuzzy, 

incompletely formulated or non-transitive preferences, that 

are also likely to change during the decision process and 

differ between participants. Therefore, the concept of 

optimality loses most of its meaning. 

Another undesirable consequence of the complete 

transitive comparability requirement is the bias toward the 

consideration of problem aspects that can be easily 

quantified, even if they are not the most relevant or 

significant ones. 
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The stability constraint hinders cooperation between 

the decision maker and the decision analyst. The latter, 

when working under this assumption, ignores the possibility 

of reformulating the problem, by adding or dropping criteria 

or alternatives, and in his search for optimality whithin 

excessively rigid boundaries, risks being perceived as a 

nuisance, rather than as an aid to the decision maker. 

Other disadvantages of the optimization approach, 

when dealing with context-dependent, non-strictly technical 

problems, are the great complexity resulting from the 

globality constraint and what Ackoff (1979) and Roy (1981) 

respectively call "obsession with..." and "hypertrophy 

of..." calculation techniques. These authors complain 

against the selection and distortion of actual, real world 

problems to make them fit the mathematically sophisticated 

but contextually naive techniques available to analysts 

(Ackoff, 1981). 

Implications for environmental planning 

The constraints associated with single criterion 

optimization techniques analyzed above reduce their 

usefulness and appropriateness for solving environmental 

problems. A brief overview of some relevant aspects of 

environmental planning should help evaluate this reduction 

and also highlight desirable features of alternative 

approaches. 
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Environmental planning problems are typically complex 

and pluridimensional, with multiple, conflicting objectives. 

They often deal with "intangible" amenity resources, involve 

diverse constituencies, raise equity problems, generate 

and/or are affected by externalities and contain domains of 

uncertainty (Westman, 1985; Walters, 1986). 

The complexity, multidimensional!ty and uncertainty 

of environmental planning, results from the nature of 

environmental systems, extensive networks of tightly 

connected physical, biological and cultural subsystems. Man 

considers many of these as valuable resources, and manages 

them for several different purposes. Due, among other 

factors to the population growth and their finite nature, 

resources become scarce. Its allocation to different uses 

originates conflicts betweens individuals or groups with 

distinct preferences and requires compromises and tradeoffs. 

Detrimental externalities are one the problems 

resulting from conflicting objectives regarding the use of 

natural resources, opposing those who control economic 

activities that cause incidental damage to the environment 

and those who, neither in control of these activities nor 

benefited by them, are nevertheless affected by their 

consequences (Baumol and Blinder, 1982). 

Equity issues come under the same category. Fairness 

considerations are relevant for decisions dealing with 

environmental planning, because the individuals who enjoy 
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the benefits, from such decisions are frequently not the ones 

affected by the disutilities (Ortolano, 1984). The ethical 

and technical questions raised by these issues are difficult 

to answer but a planning process open to public 

participation probably is the best way to arrive at a fair 

distribution of impacts. 

The frequent need to deal with intangibles is 

another feature of environmental planning. These are 

resources that do not lend themselves easily to measurement 

in a quantitative scale and raise problems of 

incomensurabi1ity with "hard" commodities. Recreation, 

landscape aesthetics and non-game wildlife are examples of 

amenity resources that tend to be overlooked, especially at 

the evaluation stage of the planning process. 

Several desirable features of decision aid 

methodologies that would be useful for environmental 

planning can now be listed. They include the ability to 

adress multiple, conflicting objectives, potentially 

measured in noncomensurate scales, to accept individual or 

group value judgements expressed a priori or interactively, 

to handle qualitative or fuzzy information, and deal with 

uncertainty. 

The group of methodologies and techniques 

collectively known as multiple criteria decision making 

(MCDM), or multiple criteria decision aid (MCDA), as 

europeans prefer to call it, has the required set of 
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features and has been succesfully used in dealing with 

environmental problems, especially water resources planning 

and management, forestry and energy issues. In the next 

chapter a short description of the major MCDM methodologies 

is given, followed by a review of the literature dealing 

with application of MCDM techniques to environmental 

problems. 



CHAPTER 3 

MULTIPLE CRITERIA DECISION MAKING AND ENVIRONMENTAL PLANNING 

The final statements of the last chapter, concerning 

the superiority of MCDM over single criterion optimization 

for solving environmental problems, need to be complemented 

by a cautionary note: it should not be claimed that all MCDM 

methods are completely free from each and every constraint 

or limitation affecting single objective optimization, nor 

that every MCDM technique possesses all the desirable 

features identified above. Multiple criteria decision making 

is a generic designation that covers an extensive, 

heterogeneous set of methodologies and techniques, with 

diverse conceptual foundations and implementation 

algorithms. Some of them originated from single criterion 

precursors, and still share with these some of their less 

desirable aspects, while others have very distinct 

backgrounds and specific characteristics. 

The following is an overview of the three major 

groups of methodologies in MCDM, according to the 

categorization of Vincke (1986), namely multiobjective 

mathematical programming (MOMP) , multiattribute utility 

theory (MAUT) and outranking techniques. A review of 

applications to environmental planning is also given. 

15 
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Multiobjective mathematical programming 

Goicoechea et al.(1982) describe the multiobjective 

mathematical programming problem (MOMP) as being 

characterized by a p-dimensiona1 vector of objective 

functions: 

z ( x )  = [zl( x ) ,  z2 ( x ) z p  ( x )  ]  

and a feasible region: 

X  =  { x :  x  R , g(i) (x)<=0 , x(j)>=0, i,j } 

Here, though unlike in the single criterion problem, the 

search is not for a single optimal solution but for a set of 

"non-dominated" solutions, a subset of the feasible region. 

The set of non-dominated solutions is characterized by the 

fact that, for each solution outside the set but still 

within the feasible region, there is a non-dominated 

solution for which all objective functions remain unchanged 

or are improved, at least one of them being necessarily 

improved. Determination of the non-dominated set imposes a 

partial ordering on the set of feasible solutions. One 

method of reducing the set of non-dominated solutions and, 

if desired, create a complete ordering is by assigning 

bounds to their distance relatively to an ideal point, 

defined as the vector: 

z *  =  (zl*, z2*,...,zp*) 
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where the zi* are the solutions of the problems: 

max zi( x f  i = l,2,...,p) 

subject to: 

x £  X  

The ideal point serves as a standard for evaluating 

the attainable non-dominated solutions (Goicoechea et 

al.,1982). As these are compared with the ideal, the more 

distant ones are eliminated from further consideration. At 

this point new alternatives can also be added. Both 

elimination and addition of alternatives can cause a shift 

in the maximum attainable score for some criteria and 

displace the ideal point. Intransitive preference orderings, 

due to multidimensionality of alternatives and/or mobility 

of the ideal point, are likely to occur. There is nothing 

irrational about them, given that the decision maker is 

consistently minimizing the distance between some non-

dominated alternatives and an ideal point (Zeleny, 1982). 

Consequently, this group of techniques doesn't 

require the complete transitive comparability assumption. 

Having set less ambitious goals than its single criterion 

precursor, MOMP methods are also not subject to the 

globality constraint and, accepting the addition of new 

alternatives after the decision process is initiated, do not 

need the stability constraint. 
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The ability to handle problems with continuous sets 

of alternatives and the abundance of interactive techniques 

characterize this group of MCDM methods. MOMP techniques are 

also available to deal with qualitative criteria, fuzzy and 

stochastic data and to solve group decision problems 

(Gershon and Duckstein, 1984). 

Multiattribute utility theory 

Duckstein, Gershon and McAniff (1982) define utility 

as the subjective benefits derived by the decision maker 

from the achievement of pre-specified goals or objectives 

under uncertainty. Utility theory is based on a set of 

axioms insuring that the decision maker's value and risk 

preference structure can be represented by a real valued 

function U, called a utility function (Raiffa, 1969; Keeney 

and Raiffa, 1976): 

U(a) > U(b) a P b : a is preferred over b 

U(a) = U (b) alb: a and b are indifferent 

Both P and I must be transitive. 

Multiattribute utility theory (MAUT) derives from 

unidimensional utility theory and shares with it a basic 

premise of rationality, assuming that, once every possible 

alternative in a decision problem is assigned an appropriate 

utility and its expected utility is calculated, the rational 

decision maker selects the alternative with the highest 

expected utility (Zeleny, 1982). 
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The main concepts of MAUT concern independence 

conditions that permit the decomposition of the complex 

problem of assessing a multiattribute utility function (MUF) 

into the assessment of a series of single criterion utility 

functions. These are subsequently aggregated into an overall 

MUF. 

Two independence conditions are sufficient for the 

use of MAUT (Duckstein et al., 1982), namely preferential 

independence and utility independence. According to Keeney 

and Raiffa (1976), the pair of attributes [X(1),X(2)] is 

preferentially independent of the other attributes 

X (3) ,..., X (p) if the preference order for alternatives 

involving only changes in the levels of X(l) and X(2) 

does not depend on the levels at which attributes 

X (3) ,..., X (p) are fixed. 

Attribute X (1) is utility independent of attributes 

X (2),..., X (p) if the preference order for lotteries that 

involve only changes in the level of X(l) doesn't depend on 

the levels at which attributes X (2),... ,X (p) are fixed. A 

lottery is defined by specifying a set of possible 

consequences, together with the probability of occurrence 

for each consequence (Keeney, 1980). 

The three major assumptions of MAUT are strongly 

interdependent. If intransitive choice behavior occurs, then 

the utility maximization and MUF decomposability assumptions 

may be violated (Zeleny, 1982). Given the evidence gathered 
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by behavioral and organizational decision theory 

researchers, including Tversky and Kahneman (1974f 1981), 

Kahneman and Tversky (1984), Simon (1957) and March (1981), 

intransitive choice and satisficing -- as opposed to 

utility maximizing -- behavior are very frequent in human 

decision making. Based on these findings Roy and Vincke 

(1981), Zeleny (1982) and Vincke (1985) recommend a cautious 

use of MAUT, with emphasis on checking for verification of 

the method's basic premises. 

Other limitations of MAUT concern complexity of the 

technique, that poses problems to its use in an interactive 

mode or in group decision situations (Gershon and Duckstein, 

1984). 

Outranking techniques 

In this class of techniques the decision maker's 

preference structure is modelled not by means of a function, 

as in MAUT, but with the help of a binary relation. A 

basic notion in this approach is that it is not always 

necessary to obtain a complete ranking of all feasible 

solutions in a problem. The decision maker doesn't need to 

know if decision a^ is better than decision b , if both of 

them are obviously worse than several others. The objective 

is to build a relation on the set of decisions for modelling 

only the sure part of the decision maker's preferences, 

given the available information (Roy, 1975; Vincke, 1986). 
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Scharlig (1985) traces the concept of outranking 

relations back to Condorcet's 18th. century political 

thinking and, in his definition, an action or decision 

outranks another one if it is at least as good as the second 

one relatively to a majority of the criteria, without being 

excessively worse than it relatively to the remaining 

criteria. 

More formally (Roy, 1975; Jacquet-Lagreze, 1983), 

the outranking relation S (from the french "surclasser", to 

outrank) defined on a set of actions A is such that, given 

actions a_ and b, three basic situations can be modelled: 

a S b and b S a : a is preferred over b (a P b) 

a S b and b S a : there is indifference between a 

and b (alb) 

a S b and b S a : a and b are incomparable (a R b) 

A fourth fundamental situation creates a distinction within 

the concept of preference above, between strict preference 

(P) and weak preference (Q) (Roy, 1975): 

a  P  b  o r  a l b :  i t  i s  i m p o s s i b l e  t o  d e c i d e  w h e t h e r  

there is strict preference or 

indifference between a and b (a Q b) 

The weak preference relation was discussed above, 

when analysing the shortcomings of traditional single 

criterion optimization (pp. 4-5). 
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The acknowledgement of incomparabi1ity and weak 

preference releases outranking relations techniques from the 

complete transitive comparability constraint, resulting in a 

type of relation that is poorer, but also probably more 

reliable than the utility function. In MAUT, a unique value 

is associated with each and every alternative, automatically 

generating a complete ranking. With outranking relations, 

given the weaker nature of the assumptions regarding the 

decision maker's preference structure, the final ranking is 

not necessarily complete (Roy, 1975; Goicoechea et al., 

1982; Chankong and Haimes, 1983; Vincke, 1986). 

A large variety of outranking methods is available, 

differing on the type of data input required and output 

produced: ordinal or cardinal criteria, with or without 

indifference and/or preference threshold, numerical weights 

or qualitative indicators of criteria importance, 

deterministic or fuzzy preferences, choice of the best 

action, sorting or complete ranking of alternatives. The 

most commonly mentioned criticism of outranking relations 

methods regards the lack of basic theory and axiomatic 

foundations (Vincke, 1986). 

Literature review 

Introduction 

Applications of MCDM methodologies to environmental 

planning and management problems are reviewed here, covering 
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the years 1980 through 1986. The previous decade was 

analysed by Goicoechea et al. (1982), who listed several 

applications, classified by subject area and with special 

emphasis on water resources planning and development issues. 

The motivation for the present review is to cover work 

developed in the 1980's, using a structured framework 

capable of providing insights into the types of methods 

being used, the subject areas addressed and the 

contributions of several different journals. 

Methods 

The review deals exclusively with journal articles. 

Books, technical reports and proceedings are not included. 

A two-dimensional classification --technique and 

subject area— was developed using Vincke's (1986) 

categorization of M CD M for the techmiques, and the 

"Environmental Abstracts" breakdown of the environmental 

literature into 21 categories (Table 1) for the subjects. 

The review covered 22 journals (Table 2), a 7-year 

period (1980-86) and dealt exclusively with applications. 

Introductions to the methods, descriptions of their 

potential usefulness or reviews of prior applications were, 

excluded from the study. The journals reviewed were also 

divided in two groups, the natural resources/environmental 

(NR/E) group, with 14 journals, and the operations 

research/management science (OR/MS) group, with 8 journals. 
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Table 1. Environmental Abstracts classification categories 

# Abbrev. Category 

01 AP Air Pollution 

02 CBC Chemical and Biological Contamination 

03 EN Energy 

04 * Environmental Education 

05 ED Environmental Design and Urban Ecology 

06 FD Food and Drugs 

07 GEN General 

08 * International 

09 LU Land Use and Misuse 

10 * Noise Pollution 

11 NRR Non-Renewable Resources 

12 OE Oceans and Estuaries 

13 * Population Planning and Control 

14 RC Radiological Contamination 

15 RRT Renewable Resources—Terrestrial 

16 RRW Renewable Resources—Water 

17 SW Solid Waste 

18 TRA Transportation 

19 WP Water Pollution 

20 * Weather Modification & Geophysical Change 

21 * Wildlife 

Note: * marks subject areas without relevant articles 
Abbreviations refer to use in Table 3 and Figures 2 
and 4. 
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Group Journal 

OR/MS/Applied Applied Mathematics and Computation (AMC) 
Mathematics 

Applied Mathematical Modeling (AMM) 

* Decision Sciences 

European J. Operations Research (EJOR) 

Interfaces (INT) 

J. Operations Research Society (JORS) 

Management Science (MS) 

Operations Research (OR) 

Nat. Resources/ American J. Agricultural Economics (AJAE) 
Environment 

* Ecological Modeling 

Environment and Planning A (EPA) 

Environment and Planning B (EPB) 

* Environmental Management 

Forest Science (FS) 

* J. Environmental Economics and Management 

Journal of Environmental Management (JEM) 

* Journal of Forestry 

J. Water Resources Planning and Management 
(JWRPM) 

* Landscape Planning 

* Natural Resources Journal 

Water Resources Research (WRR) 

Note: * marks journals without relevant articles 
Abbreviations refer to use in Figures 2 and 4 
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Results 

The results of the review are summarized in Table 3 

and figures 1-4. Multiobjective mathematical programming 

(MOMP) is the most widely used methodology, 59.2% of the 

articles reviwed dealing with techniques of this type 

(fig 1). Water resources is the largest substantive area, 

representing 40.8% of the papers analysed. 

The most important clusters of applications of 

a given type of method to a specific topic are MOMP in water 

resources (32.9%), MOMP in terrestrial resources --mostly 

forestry problems-- with 11.8%, MAUT in energy related 

issues (6.6%) and outranking techniques in water resources 

(5.3%). The remaining 44.2% applications are scattered 

through 21 method/subject clusters (fig 2). 

Table 1 shows that no articles were found for the 

following 6 subject areas: environmental education, 

international, noise pollution, population planning and 

control, weather modification and geophysical change and 

wildlife. 

The two groups of journals mentioned above were also 

analyzed for the number of articles published and the 

relative frequency of techniques used. Seven of the 14 NR/E 

journals didn't publish articles falling within the scope of 

this review. On the other hand, only one of the OR/MS 

journals contained no relevant articles (Table 2). 



Table 3. Articles by subject area and type of methodology 

Subject MOMP MAUT Outranking 

AP [35] 

CBC [62] 

EN [41] , [57] [24], [36]f [38] [55], [61] 
[55],[58] 

ED [50] , [72] 

FD [4] [54] 

GEN [6],[28],[51] 

LU [23],[53] [9] [33] 

NRR [2] 

OE [5] [52],[69]f [71] 

RC [37],[44] 

RRT [1],[11] , [12]f [68] [17] 
[18],[30], [32] 
[40] , [46] , [47] 

..j, RRW [7],[8]f[10], [21],[43] [15] , [20], [21] 
[13] , [14] , [16] , [31] 
[19], [21] , [22] f 
[25] ,[26] , [27] , 
[29], [34] , [39] , 
[45],[48], [49] , 
[59],[60] , [64] , 
[65] ,[66] f[70] , 
[73] 

SW [63] 

TRA [56],[67] 

WP [3]f[42] 

Note: The code for this table is given as Appendix 1. 
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Figure 2. Methods used by subject area 
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The distribution of articles between the two groups of 

journals was exactly even: 38 in the NR/E journals and 38 in 

the OR/MS journals. However, since the initial samples were 

of 14 of the first group and 8 of the second, the OR/MS 

journals constitute a proportionally larger share of the 

total. 

The results for the analysis of techniques used in 

the articles published by different journals are represented 

in figures 3 and 4. MOMP applications strongly dominate the 

NR/E group, while the OR/MS journals display a more balanced 

use of the three types of techniques. 

Conclusions 

Traditional engineering fields, like water resources 

management and energy issues, represent an important part of 

the applications of MCDM to environmental problems, for the 

period and the journals covered. Forestry, classified under 

"renewable resources-terrestrial", is the most significant 

subject area concerned with the management of biological 

resources that has made use of MCDM techniques. More 

biologically oriented problems could benefit from the use of 

these methodologies, as well as those dealing with 

aesthetics, wildlife, recreation and, probably more than 

any others, the complex interdisciplinary problems so common 

in environmental planning. 
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CHAPTER 4 

MOUNT GRAHAM AND THE INTERNATIONAL OBSERVATORY PROJECT 

Mt. Graham is located in the Pinaleno Mountains of 

Graham County, Arizona, 125 miles NE of Tucson and eight 

miles S of Safford. The Pinalenos are part of the Basin and 

Range physiographic province, and Mt. Graham (max. elevation 

10720') is the highest peak in Arizona, South of the 

Mogollon Rim (USDA, 1986). The mountain is surrounded on the 

South and West by the Sulphur Springs/Aravaipa Canyon, the 

San Simon Valley on the East and the Gila Valley on the 

North (Office of Arid Lands Studies, 1985). The Mount Graham 

Astrophysica1 Area (MGAA), outlined by the University of 

Arizona's Steward Observatory in its proposal to the Forest 

Service, covers approximately 3500 acres of the mountain top 

(Steward Observatory, 1986). 

The rest of the site description will rely heavily 

on the Office of Arid Lands Studies (OALS) Environmental 

Data Report (Office of Arid Lands Studies, 1985). 

The Ecology of Mt. Graham 

Climate 

Climatic conditions at Mt. Graham are characterized 

by large contrasts. The altitude gradient from the desert 

31 
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floor to the mountain top is very steep and, at higher 

elevations low density, dry air favors rapid radiant heating 

during the day and cooling at night. Due to its location, 

Mt. Graham is less cloudy than coastal mountains of 

equivalent elevation, and less or equally windy than 

comparable continental mountains, such as Mt. Hopkins or 

Kitt Peak (Office of Arid Lands Studies, 1985). 

Most Arctic-Pacific cyclonic winter storms pass to 

the north of the mountain and the summer monsoons lose most 

of their moisture over the desert before reaching Mt. 

Graham. Limited meteorological records suggest an average 

annual precipitation of about 30 inches, 50% of which, or 

more, occurs during the months of July and August, as a 

consequence of convective thunderstorms. Winter 

precipitation falls predominantly under the form of snow and 

represents a major limitation and operation cost to the use 

of Mt. Graham (Office of Arid Lands Studies, 1985). 

Bedrock 

The largest part of the Pifialeno Mountains is 

composed of Precambrian metamorphic and igneous rocks. Along 

the northern flank there are some lineated myolinitic rocks, 

while the southern part of the range is dominated by 

volcanic and plutonic rocks from the Tertiary. The type of 

terrain where the MGAA is located, includes gneisses, 

granitic plutons, meta-quartz latite dykes and diabase 
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bodies, all between 1100 and 1700 million years old (Office 

of Arid Lands Studies, 1985). 

Soils 

The lower elevations of Mt. Graham (3000-7000 ft.) 

contain mesic sub-humid soils. The higher elevations ( >6500 

ft.), including the MGAA, have frigid sub-humid soils. These 

are shallow to deep, gravelly to very cobbly sandy loams and 

rock outcrops. There is the possibility that rare or unique 

soils be found at Mt. Graham, due to its southern latitude, 

high elevation and vegetative cover, especially the relict 

spruce-fir forest (Office of Arid Lands Studies, 1985). 

Hydrology 

The proposed MGAA is the source of six small 

streams: Marijilda, Deadman, Frye and Ash creeks, that drain 

towards the Gila River and Grant and Big creeks, that drain 

into the Sulphur Springs Valley. The number of perennial 

streams on Mt.Graham is exceptional for southern Arizona. 

There are three "cienegas" on the mountain. These 

are alpine meadowlands, occurring at elevations above 10000 

ft. and that produce perennial surface water as a result of 

large accumulations of snowmelt in bowl-shaped watersheds. 

Their bog-like environment supports a very diverse biotic 

community. 
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Vegetation and flora 

Mt. Graham's steep topography creates the sharpest 

ascent from desert grassland to spruce-fir forest in 

Arizona. The intermediate life-zones are the chaparral, oak 

woodland, ponderosa pine and mixed conifer zones. The 

floristic composition of the mountain is influenced by both 

Neartic and Neotropical floras: the spruce-fir forest is the 

southernmost pure stand in North America and, at the life 

zone immediately below, the Chihuahuan and Mexican white 

pines of the mixed conifer zone are at the northern extreme 

of their distribution area. This reflects the presence of a 

major biotic divide that crosses the southwest and has high 

scientific value to help clarify questions related to 

climatic cycles and glacial periods. The biogeographic 

isolation of the Pinalenos in general and particularly of 

Mt. Graham, restrict the gene flow of several species. This 

"sky-island" character of the mountain facilitates the 

evolution of endemisms both among plants and animals. The 

Pinalenos have eight endemic plant species, two of which 

probably have estabished populations inside the MGAA, 

located in the old-growth spruce-fir forest. Cienegas and 

rocky outcrops also support some of the most rare and 

interesting plant species of the study area (Office of Arid 

Lands Studies, 1985). Some comments about the rare, 

threatened and endangered species present in Mt. Graham will 

be made when describing the evaluation criteria used for 
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ranking the potential astronomical sites on their 

suitability to that type of development. Complete lists and 

descriptions can be found in the OALS Data Report (Office of 

Arid Lands Studies, 1985). 

Fauna 

Mt. Graham has a very high faunistic diversity, as a 

consequence of remarkable habitat diversity, favored by its 

topography and biogeography. The OALS Report (Office of Arid 

Lands Studies,1985) focused particularly on the area above 

9000 ft., where the potential for impacts due to development 

of astronomical facilities is higher. Here, 21 species of 

mammals have either been observed or are expected to occur, 

as well as 8 species of reptiles, 50 avian species and an 

unknown number of invertebrate species. Three of the mammal 

species are rare endemics, subject to special protection 

status: Tamiasciurus hudsonicus qrahamensis (Mt. Graham red 

squirrel), Microtus lonqicaudus leucophaeus (White bellied 

vole), and Thomomis bottae qrahamensis (Western pocket 

gopher). 

Among the herpetofauna, considered the more abundant 

and diverse of Southern Arizona, Crotalus pr icei pr icei 

(Twin spotted rattlesnake) is probably the rarest species 

and is also protected. Four bird species are protected, 

namely Strix occidentalis (Spotted owl), Meleagris gallapavo 

merriana (Wild turkey), Accipiter genti1 is (Goshawk) and 
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Falco peregrinus (Peregrine falcon). The significance and 

protection status of these species will be discussed in more 

detail in the section on evaluation criteria. 

Mt.Graham also supports populations of huntable 

species, including Odocoileus virginianus couesi (Coues's 

white tailed deer), £®.£a„Li. Ta j acu (Javelina) , CJr sus 

americanus amblyceps (Black bear), Columba fasciata (Band-

tailed pigeon), Felis concolor (Mountain lion), Sciurus 

aberti aberti (Abert squirrel) and other small game. The Mt. 

Graham spruce squirrel was huntable until 1986 when, due to 

the proposed endangered listing, hunting the species was 

declared illegal. 

The bear and mountain lion populations are the 

largest in Arizona, south of the Mogollon Rim. The bear 

population is considered the best managed one in the entire 

southwest and has grown up to 150 animals. 

Fish faunaare poor and most species live too far 

downstream to be at risk of impact from Steward 

Observatory's project. Ten insect species, potentially 

endemic, are also found inside the proposed MGAA, as well as 

two endemic snail species. None of these are considered 

rare, threatened or endangered. 

The diversity of Mt. Graham's habitats reflects its 

unique biogeographic and topographic characteristics and 

determines the high species diversity existing in the 

mountain. The old-growth spruce-fir forest, although 
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displaying low floristic richness supports a dense and very 

diverse avifauna and the endemic red squirrel population. It 

also has great value for several other animal species. 

The mixed conifer life zone's high habitat diversity 

also supports a very diversified fauna. Two of the most 

remarkable species living in this zone are the introduced 

Abert squirrel and the spotted owl. Deer, gophers, 

hummingbirds, bears and birds-of-prey make intense use of 

forest clearings in early serai meadow stage, while the 

white bellied vole and pocket gophers select the cienegas as 

their primary habitat. Bear and several bird species also 

use the food resources provided by the cienegas. The twin 

spotted rattlesnake, Arizona rattlesnake, Yarrow's spiny 

lizard and the endemic snails live predominantly in the rock 

outcrops. 

Mt. Graham and astronomy 

Steward Observatory goals and siteselection 

The University of Arizona's Steward Observatory 

(S.O.) is an internationally recognized astronomical 

research institution. In 1980, S.O. initiated a search for a 

site for a new astronomical observatory (Steward 

Observatory, 1986). The need for this project is described 

in S.O. (1985) and U.S. Forest Service (1986) as resulting 

from: 
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--The development of new types of telescopes and 

other instrumentation sensitive to a wider range of the 

electromagnetic spectrum; 

--The different site requirements of this new 

instrumentation, compared to those of previous technology; 

—The costs and incipient development of space-based 

astronomy; 

—The increasing demand for observation time, that 

already excedes supply; 

--The interest of conducting ultraviolet/infrared 

and sub-mi 1imeter wave observations from a single site; 

—The light pollution problems faced by most 

existing facilities; 

S.O. focused its attention on U.S. sites, since 

nothing indicates these to be inferior to other northern 

hemisphere sites, and because of extra costs and complexity 

of working in foreign countries (Columbus Project Science 

Advisory Committee, 1987). 

Mauna Kea, Hawaii has excellent characteristics but 

is becoming saturated with astronomical facilities and is 

far from the continental U.S., implying higher construction 

and operation costs. Also "...it is scientifically 

inappropriate to concentrate all the front line astronomical 

facilities in the northern hemisphere at one site" 

(Columbus Project Science Advisory Committee,1987) . 
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For these reasons, S.O. conducted a survey of all 

continental U.S. peaks above 9000 ft., excluding Alaska, in 

the attempt to identify a site suitable to satisfy the needs 

and goals listed above. 280 sites passed the initial 

screening condition (elevation > 9000 ft.). A second 

screening, focusing on number of sunshine hours per year and 

cloud cover reduced this number to 22 mountains. To these 

were added 5 other logistically attractive sites, that 

either already support an observatory or have easy access. 

Quality indices were then derived to provide 

quantitative evaluations of merit for each of the remaining 

27 sites. These indices evaluated sky clarity, sky darkness, 

water vapor in the atmosphere and wind speed. Three 

different rankings, based on these indices were developed, 

assessing the sites on their quality for general purposes, 

for infrared/submi1imeter observations and for "dark sky" 

astronomy. Combinations of these three rankings were also 

considered. The analysis of this data identified Mt. Graham 

as an exceptional site, deserving further research 

(Columbus Project Science Advisory Committee, 1987). 

Additional on-site measurements confirmed Mt,. Graham's 

outstanding quality as an astronomical site. The mountain 

has very clear skies during most of the year, steady, low to 

moderate winds, low % of water in the atmosphere, very dark 

skies and a convenient location, close to the University of 

Arizona and Tucson International Airport. 
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The Mt. Graham International Observatory project 

The realization of Mt. Graham's quality as an 

astronomical site led Steward Observatory to submit an 

astrophysical site and facility development proposal to the 

Coronado National Forest in June of 1984 (U.S. Forest 

Service, 1986). In this proposal S.O. outlined an area of 

approximately 3500 acres of land on the top of Mt. Graham, 

including High Peak, the highest point in the mountain. The 

area was designated the Mount Graham Astrophysical Area 

(MGAA) and defined on the base of both astronomical and 

logistic considerations (Steward Observatory, 1986). The 

MGAA was sized to permit adequate buffering to the 

astronomical facilities and control over activities that 

could interfere with their operation. Eleven potential 

astronomical sites and three possible logistic sites were 

identified within the MGAA (Steward Observatory, 1986). 

Steward Observatory's proposed project initially 

consisted of thirteen telescopes, twelve of which could be 

placed on three to five of the eleven potential astronomical 

sites. Additionally, one of the three logistic sites would 

be chosen as the loction for support facilities.Seven of the 

telescopes are considered large ( > 7.5 meters in diameter), 

and five small ( < 4.0 meters in diameter). The thirteenth 

would be a movable interferometer, operated on a roadway 

with nine turnouts. 
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The project is planned to be carried out in 3 

phases, covering a period of about 30 years and its expected 

life-span is 100 years. 



CHAPTER 5 

MULTIPLE CRITERIA PROBLEM FORMULATION 

The multiple criteria problem formulation is an 

adaptation of the cost-effectiveness methodology, in which a 

set of alternatives is evaluated and ranked from the 

viewpoint of various qualitative and quantitative criteria. 

The modified procedure consists of six steps (Duckstein and 

Opricovic, 1980; Gershon,et al. 1982; Tecle,1986): 

— Define the objectives the system is desired to 

attain; 

Identify specifications associated with each 

objective; 

Select evalution criteria, relating the system's 

capabilities to specifications and objectives; 

Determine measurement scales to describe each 

alternative's performance in terms of the 

criteria selected; 

Obtain or generate alternative means of 

attaining the objectives defined in 1; and, 

Formulate alternatives versus criteria array, 

where each element represents the performance of 

a specific alternative from the viewpoint of a 

given criterion. 

42 
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The Mt. Graham Observatory location analysis 

The present analysis has the goal of ranking eleven 

pre-identif ied potential astronomical sites on their 

suitability for development, and uses information contained 

in a set of technical reports put together by the Office of 

Arid Lands Studies (Office of Arid Lands Studies, 1985), 

Steward Observatory (Steward Observatory, 1986), Forest 

Service (U.S. Forest Service, 1986) and Columbus Project 

Science Advisory Committee (Columbus Project Science 

Advisory Committee, 1987). None of these reports was 

designed to support a multiple criteria study and so, to 

implement the required procedure different types of data had 

to be worked into a consistent framework. 

The actual multiple criteria formulation of the Mt. 

Graham Observatory location analysis problem started from 

what is usually the last step, the alternatives by criteria 

array. This was due to the availability of two tables of 

this type, one dealing with the environmental aspect of the 

problem (Office of Arid Lands Studies, 1985) and the other 

with the astronomical viewpoint (Steward Observatory, 1986). 

The purpose of both tables was to rank sites respectively on 

ecological sensitivity and astronomical quality. The goal of 

this study being a multiple criteria approach to the site 

selection problem, the data in the two tables were combined 

into one single array of alternatives versus criteria. 
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This also made it possible to overcome some 

perceived incorrections and limitations of the two original 

evalution matrices. In the environmental matrix (Office of 

Arid Lands Studies, 1985) an ordinal scale was used to rate 

each alternative's performance on each criterion. These 

ratings were then added to produce a final score, 

determining each site's position in the ranking. The 

addition of ordinal data is a mathematically inappropriate 

operation and the result may be an incorrect site ranking. 

The astronomical matrix (Steward Observatory, 1986) uses 

both ordinal and interval data to rate the sites on a series 

of criteria, but fails to generate a ranking. 

The multiple criteria analysis methodology used here 

can deal with both the aggregation of ordinal data and its 

integration with interval data, to produce mathematically 

consistent rankings. 

Objectives 

Objectives are directions of change of a system 

leading to an improvement in its state, according to some 

decision maker's desires or preferences (Zeleny, 1982). Four 

objectives were defined for the Mt. Graham problem, two 

dealing with the environmental aspect, and two concerning 

the astronomical viewpoint. They are as follows: 

1. Project impacts on the natural environment should 

be minimized. Mt. Graham is an environmentally sensitive 
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area, with very high biological diversity and rare species 

and ecosystems that deserve special protection. Any type of 

development considered for the mountain ought to pay special 

attention to minimizing detrimental consequences for the 

natural environment. 

2. Impact on cultural/socio-economic environments 

should be minimized. This objective concerns the protection 

of Mt. Graham's archeo1ogica1 resources, landscape, 

dispersed recreation and hunting opportunities. 

3. Logistics of the astronomical development should 

be optimized, the development of the Mt. Graham 

International Observatory has minimum area requirements that 

must be satisfied in order to insure project feasibility. 

Also included under this objective are cost minimization 

considerations regarding access improvement and site 

preparation. 

4. Astronomical observation quality is to be 

maximized. this objective deals with the factors that 

influence the quality of astronomical observation for both 

the visible and invisible regions of the electromagnetic 

spectrum. These are primarily related to atmospheric water 

vapor content and stability, and altitude of the sites. 

Specifications 

Specifications are subdivisions of an objective that 

clarify its meaning and help define it in more operational 
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terms. This operational definition should provide the means 

to determine the extent to which objectives are attained. 

Specifications should also include a definition of baseline 

conditions, constraints relevant to the achievement of 

individual objectives, and expected effectiveness of 

possible mitigation measures. The specifications underlying 

the criteria used in this study are given in Office of Arid 

Lands Studies (1985), chapter 5, especially table 5.3.1 and 

Columbus Project Science Advisory Committee (1987), section 

3.5 and table 5. They are not described here. 

Criteria and measurement scales 

In MCDM criteria are defined as measurable aspects 

of judgement by which a dimension of the alternatives under 

consideration can be characterized (Voogd, 1983). 

The criteria used here were obtained from the 

original evaluation matrices (Office of Arid Lands Studies, 

1985; Steward Observatory, 1986). Three new criteria were 

added to the astronomical component of the analysis. In the 

following description, the first nine criteria serve to 

assess the potential negative impacts of development on the 

environmental processes and resources of the MGAA. These 

impacts were subjectively estimated by environmental 

experts, using a six point ordinal scale, where "0" means no 

impact and "5" is the highest possible impact: 
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1. Geology. Refers to potential impacts of 

development on processes such as landslides and mass 

movements, and resources like Pleistocene glacial features. 

2. Plant communities. Refers to the impact of 

development on the vegetation of the MGAA. Construction 

activities required by the Observatory project imply cutting 

and clearing of vegetation, affecting the plant community. 

Enhanced tree windthrow due.to the opening of clearings in 

the forest is also considered. 

3* Plant species. Deals with the detrimental 

consequences of development for rare, threatened and 

endangered plant species with legal protection status at the 

federal or state level. Lists of species and respective 

protection status are provided in Office of Arid Lands 

Studies (1985). 

4. Cienegas. Addresses the issue of interference 

of construction activities with the natural waterflow 

process. These can occur in the form of interruptions of the 

soil zone, pumping of water from the groundwater basin of 

the cienegas, and diversion of surface flow above the 

cienegas1 outlet. 

5. Fauna. Refers to the potential impacts of the 

project on rare, threatened and endangered animal species 

with legal protection status at the federal or state level. 

Lists of species and respective protection status can be 

found in Office of Arid Lands Studies (1985). 
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6.Erosionfrunoff and sedimentation.Deals with 

the impact of landform changes required by road and building 

construction on natural runoff and erosional processes. 

7. Cultural resources. Refers to the potential 

project impacts on pre-historic and historic archeological 

resources at some of the sites, such as the pre-historic 

shrine on Hawk Peak and the rock cairns near High Peak. 

8. Visual resources. Evaluates how the clearing and 

cutting of vegetation and construction of facilities 

required by the project will impact the visual qulity of Mt. 

Graham's landscape. This criterion considers three distance 

zones: foreground (0 - 0.5 miles), where tree clearing and 

road building are the primary visual impacts, middleground 

(0.5 - 5 miles) and background (over 5 miles), where the 

form and color of buildings, contrasting with the background 

vegetation, represents the predominant impact. 

9. Socio-economy. Refers to the socio-economic 

consequences of the project in terms of the number of 

campsites lost that would be lost to development, the impact 

on hunting opportunities, and the costs of extending utility 

networks. 

Criteria 10 through 15 refer to the astronomical 

component of the study and are measured using either an 

ordinal or an interval scale as indicated below. 

Criteria 13, 14 and 15 were not present in the 

initial astronomical evaluation matrix and were added for 
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the purposes of this study. The ratings for criterion 13 — 

wind flow -- were given by Mr. J.T. Williams, head of the 

Steward Observatory Mt. Graham Task Force, to help complete 

the overall evaluation matrix. Altitude data are taken from 

Steward Observatory (1986) and costs data are figured on the 

basis of in formation found in the same source. The 

astronomical criteria are: 

10. Area available (in acres). Measures the area 

available for development at each site. Larger sites, where 

various telescopes can be clustered, help minimize 

development costs, and are therefore preferred over smaller 

sites. 

11. Water vapor. Measures the amount of water vapor 

present in the atmosphere above each site. High water vapor 

levels have a negative effect on the quality of astronomical 

observation. This criterion is measured on a three point 

ordinal scale, where "1" is best and "3" is worst. 

12. Optical seeing. Refers to the extent to which 

atmospheric turbulence affects the image of astronomical 

bodies. Atmospheric turbulence is sharply reduced at 

altitudes above the inversion layer and so, higher sites 

offer the potential for better seeing. 

13. Wind flow. Wind direction and speed affect 

image quality, through their effects on seeing, amount of 

dust in the air and telescope stability. The most preferred 

conditions are steady winds, ranging in speed from 2 to 10 
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m.p.h. and perpendicular to the mountain ridges. Wind flow 

quality is measured in a five point ordinal scale where "1" 

is best and "5" is worst. 

14. Altitude. Measures site elevation above sea 

level, in feet. Higher sites tend to be drier and have more 

stable atmospheric conditions, being therefore preferred for 

both optical and sub-milimeter/infrared astronomy. 

15. Costs. Refers to site clearing and road 

construction costs, measured in 10000 US$. The estimates per 

acre for clearing and per mile for road construction are 

provided by Steward Observatory (1986). Spur road lenghts 

were measured from aerial photos in the same source. 

Alternatives 

Within the multiple criteria analysis framework, 

alternatives are defined as "the mutually exclusive sets of 

means engaged toward achieving the stated objectives and 

prespecified goals or targets" (Zeleny, 1982). 

The eleven potential astronomical sites (table 4) 

identified at Mt. Graham (Office of Arid Lands Studies, 

1985; Steward Observatory, 1986; U.S. Forest Service, 1986) 

are the alternatives of the present problem formulation. The 

following brief description of the sites summarizes section 

4.2.5 of Steward Observatory (1986): 
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Table 4. Alternative sites for locating MGIO telescopes 

Site # Site name 

1 Emerald Peak 

2 Hawk Peak 

3 High Peak 

4 Plainview Peak 

5 Plainview Peak Southwest 

6 High Peak Ridge-1 

7 High Peak Ridge-2 

8 Hawk Peak Southwest 

9 South Optical-1 

10 South Optical-2 

11 South Optical-3 

1. Emerald Peak. This was the first potential site 

considered for astronomical development by Steward 

Observatory, in 1980. It is located at the western end of 

the summit ridge, and is an extended flat summit, 

appropriate for large telescopes. Wind flow at the site is 

very stable. Utilities extension costs and snow clearance 

costs are likely to be high. Emerald Peak is expected to 

provide excellent image quality. The spruce-fir community 

that covers this site is prime habitat for the Mt. Graham 

squirrel. 
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2. Hawk Peak. This site is also expected to give 

very high image quality. The peak is covered by a very dense 

stand of spruce-fir and is not very large, but would be 

appropriate for one big telescope. The dense vegetation 

could help screen built structures. Snow clearance costs are 

also predictably high. A pre-historic shrine is located 

here, and special measures would have to be taken to 

preserve it in case of development. This site is also very 

important squirrel habitat. 

3. High Peak. High Peak is located right next to 

the main road that serves the MGAA and can therefore be 

developed with very little road construction. Very low air 

humidity makes this site appropriate for submilimeter or 

infrared astronomy. Wind flow is probably not as stable as 

at the previous sites. There is enough space for one large 

telescope and a few smaller ones. Pleistocene glacial 

features, considered to be a valuable scientific resource 

are located here and could be impacted in case of 

development. In the neighborhood of High Peak, and 

presenting the same kind of limitation, are historic rock 

cairns. The site is also intensively used by the squirrel 

population 

4. Plainview Peak. Air drainage is not favorable at 

Plainview, probably allowing for poor image quality. This 

site could support one large telescope. Preliminary 

observations also indicate it as having clear skies, 
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increasing the the time available for observation. 

5. Plainview Southwest. Plainview SW is also 

located close to the road and is potentially, one of the 

sites capable of providing very sharp images. It is, 

however, a small site, unable to support more than one large 

telescope. Its proximity to the road and relatively small 

size can create problems for daytime use, due to dust and 

radio interferences generated by auto traffic. 

6. High Peak Ridge-1. Site 6 is one of the highest 

sites, considered good for infrared astronomy. Image 

sharpness, however, is expected to be suboptimal. It is a 

small site, unable to support more than one telescope and is 

also considered valuable squirrel habitat. 

High Peak Ridge-2. Similar to the previous site 

but with poorer access, located at a lower altitude, on 

steeper slopes and subject to the same area constraints. 

8. Hawk Peak Southwest. Hawk Peak SW is located 

near a cliff that intercepts the air flow before it would 

reach a potential telescope. The site is expected to give 

excellent image quality but is too small for large 

telescopes. It is located on Emerald Spring road and, 

therefore would not require much road construction. 

Snow plowing would be needed for winter use of the site. 

9. South Optical-1. Sited on Amphibolite Ridge, 

parallel to road FR 507 to High Peak. Steward Observatory 

considers this site to present three disadvantages: small 
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size, making it inappropriate for more than one telescope, 

relatively low altitude and implicitly higher humidity, 

undesirable for infrared astronomy, and the significant 

visual impact that a built structure would have here, 

especially when seen from Swift Trail. The site could 

possibly be used for one small optical telescope. 

10. South Optical-2. Very similar to site 9» but 

slightly worse from the elevation and area viewpoints. 

11. South 0ptical-3. Also located on Amphibolite 

Ridge, at the opposite end from High Peak. Slightly larger 

than sites 9 and 10, it can support one large telescope. 

Otherwise it is similar to the two previous sites. 

Evaluation matrix, value functions and payoff matrix 

The evaluation matrix for the multiple criteria 

location analysis problem (table 5) was derived by 

combining the two original tables (Office of Arid Lands 

Studies, 1985; Steward Observatory, 1986), and adding 

criteria 13 through 15. The eleven alternative sites can now 

be evaluated from the viewpoint of nine environmental and 

six astronomical criteria. 

The data in the evaluation matrix represent 

measurements in five different, non-commensurate scales that 

need to be standardized before applying the MCDM techniques. 



Table 5. Evaluation matrix 

CRITERIA 

SITES 

GEO BIO PLT CI E FAU ERO CLT VIS SOC ARE 
(ac.) 

WAT SEE WND ALT CST 
(ft.)(10000 

US$) 

1 0 5 1 5 5 5 0 3 3 4.8 B A A 10471 11.36 

2 0 5 1 5 5 3 5 5 3 9.6 A A A 10640 15.86 

3 5 4 3 5 5 3 5 2 1 6.8 A B C 10720 0.00 

4 0 5 5 5 5 5 0 4 1 2.2 B C E 10370 5.28 

5 0 5 1 5 4 5 0 5 1 1.9 B B E 10300 .92 

6 0 5 1 0 5 3 0 4 1 3.5 B C D 10520 6.86 

7 0 5 1 5 4 5 1 5 1 2.6 B C D 10470 9.24 

8 0 3 1 0 4 5 0 2 3 2.9 B B B 10400 2.64 

9 0 1 1 0 3 5 0 3 0 1.3 C B C 10150 1.06 

10 0 1 3 0 3 5 0 2 0 1.3 C B C 10130 1.93 

11 0 1 1 0 3 5 0 2 0 2.6 C B C 10090 1.05 

Note: GEO through SOC are on a 6-point ordinal scale where 0=best, 5=worst 
WAT and SEE are on a 3-point ordinal scale, where A=best and C=worst 
WND is on a 5-point ordinal scale, where A=best and E=worst. 
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For the ordinal criteria this transformation is accomplished 

using value functions (figures 5-8), that convert the 

original measurement scale into one common value scale (the 

0-1 interval), through judgements of relative value or 

preference strenght. Value functions, unlike utility 

functions, are not obtained by methods based on gambles, and 

do not incorporate risk attitudes or handle uncertainty. 

The cardinal data are also mapped into the same 0-1 

interval, using the expression (Voogd, 1983): 

V(e ( i , j)) = (e (i , j )) - m in (e (i , j ) )/max (e (i , j )) - min(e(i,j)) 

Most of the value functions used to standardize the 

evaluation matrix are non-linear, their shapes reflecting 

beliefs and assumptions about the significance of moving 

from one point to the next in the original scales. For 

example, in figure 5 , moving from "no impact" (0 in the 

x-axis) to the lowest impact level, 1, is more significant, 

i.e. represents a proportionally higher loss, than moving 

from impact level 4 to the maximum of five. This is because 

of the belief that, for the rare and fragile resources in 

question, the difference from pristine to impacted is more 

important than from high to very high impact levels. 

The value functions dealing with astronomical 

criteria have a different, convex shape (figs. 7 and 8). The 

assumption is that a drop in quality from the highest to the 

intermediate range of the scale is not too detrimental, 
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Table 6. Payoff matrix 

Sites 

Criteria 

1 2 3 4 5 6 7 8 9 10 11 

GEOLOGY 1 1 0 1 1 1 1 1 1 1 1 

BIO. COMM. 0 0 .1 0 0 0 0 .3 .9 .9 .9 

PLANT SP. .4 .4 .1 0 .4 .4 .4 .4 .4 .1 .4 

CIENEGAS 0 0 0 0 0 1 0 1 1 1 1 

FAUNA 0 0 0 0 .05 0 .05 .05 .1 .1 .1 

EROSION 0 .4 .4 0 0 .4 0 0 0 0 0 

CULTURAL 1 0 0 1 1 1 .4 1 1 1 1 

VISUAL .1 0 .2 .05 0 .05 0 .2 .1 .2 .2 

SOCIO-ECON. .4 .4 .8 .8 .8 .8 .8 .4 1 1 1 

AREA .4 1 .65 .1 .07 .27 .16 .19 0 0 . 16 

WATER VAPOR .7 1 1 .7 .7 .7 .7 .7 0 0 0 

SEEING 1 1 .5 0 .5 0 0 . 5 .5 .5 .5 

WIND FLOW 1 1 .6 0 0 .3 .3 .8 .6 . 6 .6 

ALTITUDE .6 .87 1 .44 .33 .68 .6 .49 .1 .06 0 

COSTS .2 0 1 .67 .94 .57 .42 .83 .93 .88 . 93 

Note: All ratings are on a [0-1] interval scale. 

0 = worst ; 1 = best 
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because of the somewhat distinct requirements of 

respectively, optical and sub-milimeter/infrared astronomy. 

A decrease in seeing quality, undesirable for optical 

observation, is less significant for sub-milimeter/infrared 

studies, the opposite being true for a criterion such as 

water vapor. 

A set of assumptions distinct from the one used here 

would have generated differently shaped value functions, and 

ultimately a different standardized matrix. If considered 

desirable, a sensitivity analysis can be performed to assess 

the consequences for the final ranking, of changes in the 

form of value functions. The matrix of standardized data 

(table6) is called a payoff matrix, and provides the data 

input to the application of MCDM techniques to site ranking. 



CHAPTER 6 

MULTIPLE CRITERIA DECISION MAKING TECHNIQUES 

Three MCDM techniques are used to address the Mt. 

Graham International Observatory location analysis problem. 

ELECTRE I and II are of the outranking type and composite 

programming is a distance-based MOMP technique. It is 

expected that the use of more than one technique will help 

establish convergent validity of the ranking of the 

alternative sites for astronomical development. 

Outranking techniques 

Outranking techniques are used to rank a discrete 

set of alternatives from the viewpoint of a set of criteria. 

In the ELECTRE family of techniques (ELECTRE stands for 

ELimination and (Et) Choice Translating REality), this is 

accomplished through pairwise comparisons between the 

alternatives. The final product of these models is an 

ordering of the alternatives, which may be a partial, quasi, 

semi or complete order. 

ELECTRE I 

ELECTRE I was initially developed by Benayoun, Roy 

and Sussman (1966) and later perfected by Roy (1971). 

61 
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The essence of ELECTRE I is the use of pairwise 

comparisons between alternatives in order to eliminate a 

subset of less attractive alternatives and select those 

preferred for most of the criteria, but "acceptably" 

undesirable for any one criterion (Gershon et al., 1982; 

Scharlig, 1985; Tecle, 1986). 

Three key concepts of the technique are concordance, 

discordance and threshold values. Concordance between 

alternatives £ and b is a weighted measure of the number of 

criteria for which alternative a_ is preferred to alternative 

b. Discordance represents the maximum level of discomfort 

experienced by the decision maker when confronted with the 

criteria for which alternative a_ is not preferred to 

alternative b (Goicoechea et al., 1982; Tecle, 1986). The 

threshold values £ and g., defined in the interval 0-1 are to 

be chosen by the decision maker, and specify respectively, 

the minimum level of required concordance and the maximum 

level of discordance acceptable in the definition of the 

outranking relationships (Scharlig, 1985; Tecle, 1986). The 

ordering of alternatives by ELECTRE I is only partial. 

ELECTRE II 

ELECTRE II is an extension of ELECTRE I, (Roy and 

Bertier, 1971) created to establish a complete ranking of 

the set of non-dominated alternatives (Goicoechea et al., 

1982; Scharlig, 1985; Tecle, 1986). 
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ELECTRE II requires the definition of multiple 

levels of concordance and discordance conditions, necessary 

to construct two distinct outranking relationships, the 

so called weak and strong outranking relationships. These 

are used to create a strong and a weak graph; the first 

results from the use of the more demanding threshold values, 

that is a high level of concordance p is required and only a 

low level of discordance q is tolerated. For the weak graph, 

less stringent values of the threshold parameters are 

selected. The rankings determined by these two graphs may 

then be combined to produce a final complete ordering of the 

decision alternatives (Scharlig, 1985; Tecle, 1986). 

For a more detailed, technical presentation of 

ELECTRE I and II, Goicoechea et al. (1982), Chankong and 

Haimes (1983), Jacquet-Lagreze (1983, 1985), Tecle (1986) 

and Szidarovszky et al. (1986) should be consulted. 

Pi stance-based techniques 

In distance-based MCDM techniques, the non-dominated 

alternatives are evaluated by comparison with a goal point. 

In the case of composite programming, this is the ideal 

point, defined as a point in an n-dimensional space (where n 

is the number of criteria), such that all criteria are at 

their highest attainable levels. 

Composite programming 

Composite programming (Bogardi and Bardossy, 1983; 
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Bardossy, Bogardi and Duckstein, 1984; Duckstein, Bogardi 

and Bardossy, 1986; Bogardi, David, Duckstein and Kelly, 

1987) is an extension of compromise programming (Zeleny, 

1973, 1982), a technique which defines the most preferred 

solution as that minimizing the distance from a goal point 

— the ideal point — to the set of non-dominated solutions. 

In compromise programming, the distance measure used 

is the family of Lp metrics, given as (Zeleny, 1982; Bogardi 

and Bardossy, 1983): 

Lp(x) = [ E a(i)Pf ( i) -f (i) (x)/f (i)-f (i min)P] VP 

where a(i) are the weights, f(i) is the optimal value for 

the i-th criterion, f(i min) is the worst value obtainable 

for the i-th criterion, and f(i)(jO, the rating of 

alternative £ from the perspective of the i-th criterion. 

When p=l, all deviations from fj_ are considered in direct 

proportion of their magnitudes. For , the largest the 

deviation, the highest its influence. When p= only the 

largest deviation is taken into account, reducing the 

distance measure to a minimax criterion (Zeleny, 1982; 

Bardossy and Bogardi, 1983; Yu, 1985). 

Composite programming was developed to address 

problems requiring more than one level of tradeoff analysis. 

In the Mt. Graham case study, the first level of analysis 

will seek one compromise solution within the criteria 

representing the environmental objectives and another one 
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within those related to the astronomical objectives. The 

second level of analysis explores tradeoffs between the 

environmental and the astronomical objectives. 

The composite metric satisfies the mathematical 

properties of distances and is a real extension of 

compromise programming, i.e. compromise distances are 

a specialcase of composite distances, but not every 

composite distance can be replaced by an equivalent 

compromise distance. Furthermore, every solution minimizing 

a composite distance also minimizes a compromise distance, 

such as a weighted L2-distance (Bogardi and Bardossy, 1984). 

In order to find the most preferred alternative, an 

ideal point is selected, defined by the vector y_, such 

that all criteria in the payoff matrix (table 6) are at 

their best level. The optimal solution is the one that 

minimizes the distance between the ideal point y and the 

_jr(i) in the payoff matrix. 

In the Mt. Graham example, given the set of nine 

environmental criteria ( E( 1), E(2),..., E( 9)) and the set of 

six astronomical criteria (AC 1),A(2),..., A( 6)), values for 

the compromise parameter p and a set of weights a(i) are 

defined for each group. Then, an overall composite function, 

with parameter q and weight set B is defined. The following 

objective functions are obtained: 

CF(E)(k) = { a CE(1)(max)-E(1)(k) / EC 1)-EC 1) C m i n) ] PE + 

...+ EEC9)Cmax)-E (k) / EC9)-E (9)(min)]PE }1/PE 
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and 

CF(A) ( k ) = {  a  [AC 1 ) ( m a x )-AC 1 ) ( k)/A(1)—A(1 ) ( m i n ) ] p A  +  

... +  [A( 6)(m a x)-A( 6)( k) /  AC 6 )-AC 6 ) ( m i n ) ] P A ] 1 / p A  

The overall composite goal function is: 

CF(k) = [B(E) CFCEMk)^ +BCA) CFUMk)^ ]1/q 

This function measures the composite distance between 

alternative k and the ideal point. Therefore, alternatives 

with smaller values of CF are closer to the ideal point and 

located higher in the final ranking. 



CHAPTER 7 

APPLICATION OF MODELS, RESULTS AND DISCUSSION 

Decision support information relevant to the Mt. 

Graham site selection problem was obtained by analyzing the 

data summarized in the payoff matrix, with the three MCDM 

techniques described in the previous chapter. Weights, 

scales and other parameters were also derived, to satisfy 

the model requirements. A sensitivity analysis was performed 

to assess robustness of the rankings. Finally, the results 

are compared across techniques in order to determine 

convergent validity. 

ELECTRE I 

The first MCDM technique applied to the payoff 

matrix (table 6), ELECTRE I, generates only a partial 

ordering of the alternatives. ELECTRE I requires the 

specification of weights on the criteria, to take into 

account the decision-makers' preferences, and an interval 

scale common to all criteria, representing the importance 

attached by the decision-maker to the range between the best 

and worst levels on each criterion (Goicoechea et al., 

1982) . 
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Description of inputs 

Five weight sets were used, to account for different 

priorities associated with the various criteria. They are 

shown in table 7 and range from a strongly pro-environmental 

bias (SPE) to a strongly pro-astronomical bias (SPA), with 

moderately pro-environmental (MPE) , balanced (BAL) and 

moderately pro-astronomical (MPA) weightings in between. 

Throughout all five weight sets, the importance of criteria 

relatively to each other were kept fairly constant, 

within both astronomical and environmental groups of 

criteria, with changes being made on the global importance 

of one group in comparison with the other. 

The scale used for computing the discordance index 

(table 7), has a range of 0-100. The values assigned to each 

criterion are related to the expected effectiveness of 

mitigation measures, for the environmental impact criteria 

(U.S. Forest Service, 1985) and to the discomfort 

associated with moving down from one level to another, for 

the astronomical criteria. The environmental criteria for 

which effective mitigation measures are not easily available 

and the astronomical criteria that produce great discomfort 

as their levels drop, are assigned larger ranges, out of the 

total of 100. 

With the payoff matrix data and the weights and 

scale of table 7, the ELECTRE I algorithm generates 
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Table 7. Weight sets and discordance scale for ELECTRE I. 

Weights SPE MPE BAL MPA SPA Scale 

Criteria 

Geology 2 3 2 2 1 40 

Biotic 
Community 9 8 6 4 4 80 

Plant 
Species 9 8 6 5 4 80 

Cienegas 9 8 5 4 4 60 

Fauna 9 8 6 5 4 100 

Erosion 2 2 3 2 1 40 

Cultural 
Resources 5 4 3 2 2 80 

Visual 
Resources 5 3 3 3 2 80 

Soci o-
Economic 2 2 3 2 1 80 

Area 3 4 6 7 8 60 

Water 
Vapor 5 7 8 9 9 80 

Seeing 5 7 8 9 9 100 

VJind 
Flow 5 7 8 9 9 100 

Altitude 2 2 3 4 6 60 

Costs 3 4 5 7 8 60 

Note: Weights are measured on a 9-•point interval scale. 

Discordance scale is an interval 100 -point scale. 



70 

concordance and discordance matrices (tables 8 and 9) that 

are used to define the outranking relation. By controlling 

the values of threshold parameters p and g_, composite graphs 

are derived from the outranking relation (figures 9 and 10). 

The preferred alternatives are those that belong to the 

graphs' kernels (Goicoechea et al.f 1982). The kernel of a 

graph is obtained by selecting a subset of alternatives such 

that all alternatives eliminated are outranked by at least 

one alternative selected, and that no alternative selected 

is outranked by any other also in the kernel (Roy, 1971). 

The computations were performed on an MS-DOS PC using a 

Microsoft V3.3 Fortran program and an user interface for 

data entry written in Microsoft Quick Basic VI.0 by Ananda 

Rakshit. These programs compute the concordance and 

discordance matrices and the digraphs. The kernels were 

determined manually. 

Results and sensitivity analysis 

Figure 10 shows the frequency of presence of each 

alternative in the fifty kernels resulting from the 

combination of ten pairs of £ and with five sets of 

weights. Alternatives 8, 1, 11, 3 and 2 are the most 

frequently present in the kernel, i.e. non-dominated, while 

alternatives 4, 7, and 10 are those most frequently absent 

from the kernel, i.e. dominated. The remaining sites occupy 

intermediate positions. 
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Table 8. Concordance matrix for the BAL weight set 
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1 

1 

2 .842 

3 .632 

4 .553 

5 .632 

6 .671 

7 .618 

8 .671 

9 .566 

10 .487 

11 .566 

2 3 

.737 .513 

.737 

.605 

.447 .263 

.526 .447 

.566 .382 

.526 .342 

.526 .632 

.526 .632 

.447 .671 

.526 .671 

4 5 

.895 .816 

.803 .763 

.921 .763 

.671 

.842 

.934 .750 

.842 .776 

.961 .895 

.776 .776 

.776 .632 

.855 .855 

6 7 

.750 .816 

.737 .763 

.776 .763 

.592 .618 

.632 .776 

.921 

.618 . 

.803 .921 

.737 .776 

.658 .697 

.737 .855 

8 9 

.671 .671 

.618 .579 

.513 .579 

.263 .342 

.592 .592 

.526 .487 

.408 .368 

.737 

.632 

.592 .816 

.671 .961 

10 11 

.632 .632 

.579 .579 

.658 .579 

.342 .263 

.592 .513 

.487 .487 

.368 .368 

.737 .737 

.961 .882 

.776 

.961 

Note: All values on the main diagonal are equal to 1. 

The partial orderings generated by ELECTRE I are 

sensitive to variations of the threshold parameters. For 

stringent combinations of threshold values (high £, low g), 

ELECTRE I shows little discriminatory power. The first seven 

combinations of £ and g. consistently produced kernels with 

7-9 elements for all weight sets (table 10). It should be 

recalled that the simultaneous presence of these elements in 

the kernel indicates absence of preference relationships 

among them, all being considered as non-comparable or 

equally desirable. 
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1 2 3 4 5 6 7 8 9 10 11 

1 .360 .420 .320 .390 .600 .320 .600 .720 .720 .720 

2 .800 .600 .800 .800 .800 .320 .800 .800 .800 .800 

3 .800 .500 .800 .800 .800 .400 .800 .800 .800 .800 

4 1.00 1 .000 .600 .500 .600 .320 .800 .720 .720 .720 

5 1.00 1 .000 .600 .060 .600 .300 .800 .720 .720 .720 

6 1.00 1 .000 .500 .060 .500 .050 .500 .720 .720 .720 

7 1.00 1 . 000 .500 .480 .500 .600 .600 .720 .720 .720 

8 .500 .500 .320 .320 .320 .320 .320 .480 .480 .480 

9 .560 .800 .800 .560 .560 .560 .560 .560 .080 .090 

10 .560 .800 .800 .560 .560 .560 .560 .560 .240 .240 

11 .560 .800 .800 .560 .560 .560 .560 .560 .060 .030 

Note: All values on the main diagonal are equal to 0. 

Alternatives 4 and 7 are the first to drop out of 

the kernel for all priorities at p = 0.8 and q = 0.2. The next 

major change occurs at p=0.7 and q=0.4, when alternatives 5 

and 6 also become dominated, but it is necessary to relax 

the threshold values to p=0.6 and q=0.5 before the kernel 

can be reduced to a size of 1-3 elements. Site 8 is the only 

one in the kernel for the above mentioned values of the 

threshold parameters and sets SPE and MPE. For other 

priority sets site 8 is joined in the kernel by alternatives 

2, 2 and 3, and 1 and 3, respectively (table 10). 
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Table 10. Kernels of ELECTRE I. 

p q SPE MPE BAL MPA SPA 

.9 .1 1 2,3,5, 1 2,3,5, 1,2,3,5, 1,2,3,5, 1,2,3,4, 
6 7,8,11 6 7,8,X 6,8,11 6,8,11 5,6,8,11 

.9 .2 1 2,3,5, 1 2,3,5, 1,2,3,5, 1,2,3,5, 1,2,3,4, 
6 7,8,11 6 7,8,11 6,8,11 6,8,11 5,6,8,11 

.9 .3 1 2,3,5, 1 2,3,5, 1,2,3,5, 1,2,3,5, 1,2,3,4, 
6 7,8,11 6 7,8,X 6,8,11 6,8,11 5,6,8,11 

.8 .2 1 2,3,5, 1 2,3,5, 1,2,3,5, 1,2,3,5, 1,2,3,5, 
6 8 ,X 6 8, X 6,8,X 6,8,X 6,8, X 

.8 .3 1 2,3,5, 1 2,3,5, 1,2,3,5, 1,2,3,5, 1,2,3,5, 
6 8, X 6 8, X 6,8,X 6,8 ,X 6,8 ,X 

.7 .2 1 2,3,5, 1 2,3,5, 1,2,3,5, 1,2,3,5, 1,2,3,5, 
6 8, X 6 8, X 6,8 ,X 6,8,X 6,8,X 

.7 .3 1 2,3,5, 1 2,3,5, 1,2,3,5, 1,2,3,5, 1,2,3,5, 
6 8, Y 6 8, Y 6,8,Y 6,8, Y 6,8, Y 

.7 .4 1 8 ,Y 1 

>
-< 

•k 
O

O
 

1 ,3,8, Y 1,3,8, Y 1,2,3,8, 
Y 

.6 .4 1 8 ,Y 1 8, Y 1,8, Y 1,3,8, Y 1,3,8, Y 

.6 .5 8 8 2,8 2,3,8 1,3,8 

Note: X is a cycle between alternatives 9 and 11. 
Y is a cycle between alternatives 9, 10 and 11. 

The substantial relaxation of £ and £ necessary to 

obtain a small- {_< 3) kernel, reveals weak dominance and 

strong incomparability/indifference relations between the 

alternatives. It was also noted the very weak sensitivity of 

the kernel composition to variations in priority sets, in 
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agreement with the findings of Gershon et al. (1982) and 

Tecle (1986). The only significant exception is for the less 

stringent pair of £ and g_,as described above. 

ELECTRE II 

ELECTRE II is used to create a complete ordering of 

the alternatives going beyond the simple distinction between 

dominated and non-dominated alternatives of ELECTRE I. 

Description of inputs 

ELECTRE II also uses the payoff matrix data (table 

6), and the same weight sets as ELECTRE I. Beyond this, it 

requires three levels of concordance (high, average and low) 

and two levels of discordance thresholds (average and low). 

Also, three discordance scale sets reflecting the importance 

attached by the decision-maker to changes in levels of the 

different criteria, were tested. Scale type 1 is made up of 

the best scores for each individual criterion on the payoff 

matrix, multiplied by ten to overcome non-integer 

limitations of the ELECTRE II computer program. Scale types 

2 and 3 lead to static discordance measures through using 

constant values of respectively 5 and 15 for all criteria. 

Larger values of the scale set relax the severity of the 

discordance thresholds (Goicoechea et al., 1982) and, 

consequently let a more complex set of preference relations 

become effective (Duckstein and Gershon, 1983). 
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Ten different combinations of weight sets, threshold 

parameters and scale type sets were used with this technique 

and are listed in table 11. The computations were performed 

using a Microsoft Fortran program written for the MS-DOS PC 

by Ananda Rakshit. 

Results and sensitivity analysis 

The rankings obtained for the ten runs of ELECTRE II 

are presented in table 12. 

Site 8 is again identified as the most preferred 

alternative, ranking first in nine of the ten cases. Site 6 

ranks first in five of the cases (ELECTRE II allows ties) 

and second in four, for which it should also be considered 

one of the most preferred alternatives. Sites 1, 2, and 11 

all rank first twice. Site 11 never drops below second, site 

2 below third, and site 1 below fourth. They are also fairly 

good choices, according to ELECTRE II. Alternatives 4 and 10 

are the least desirable, with site 4 occupying the last rank 

in nine of the ten model runs. Site 10 ranks immediately 

above 4 eight times and in the last place once. Alternatives 

3, 5, 7, and 9 rank in intermediate positions, never above 

third place nor below fifth. The first five columns of table 

12 show the results of the sensitivity of ELECTRE II to the 

five weight sets SPE through SPA (table 7). The rankings of 

alternatives 3, 4, 8, 9, 10, and 11 remain virtually 

unchanged, for all five weight sets. 
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Table 11. Input data for ELECTRE II. 

Run # Weight set Concordance Discordance Scale type 
parameters parameters set 

1 SPE 

o
 

in •
 .75 .90 .20 .60 1 

2 MPE .50 .75 .90 .20 .60 1 

3 BAL .50 .75 .90 .20 .60 1 

4 MPA .50 .75 .90 

O
 

CM •
 .60 1 

5 SPA .50 .75 • 90 .20 .60 1 

6 BAL .50 .75 • 90 .10 .50 1 

7 BAL .60 .75 .95 .20 .60 1 

8 BAL U
l 

o
 

.65 .85 .20 .60 1 

9 BAL .50 .75 .90 .20 .60 2 

10 BAL .50 .75 .90 .20 .60 3 

Note: The weight sets are the same as in ELECTRE I. 
Scale type 1: best payoff matrix scores for each criterion. 
Scale types 2 and 3 are constant, 5 and 15 respectively. 

The alternatives whose rankings are sensitive to 

variations in priorities follow trends similar to those 

observed with ELECTRE I: alternatives 1 and 2, large sites, 

at high elevation, with excellent atmospheric conditions for 

astronomical observation, move upwards in the rankings when 

the weights shift towards pro-astronomical preference 

structures. This same change in priorities has the opposite 

effect on alternatives 5 and 7, that drop in rank when their 

drawbacks as astronomical sites are given more relevance. 
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Alter 
native 1 2 3 4 

Run 

5 6 7 8 9 10 

1 3 3 3 1 1 3 3 3 3 4 

2 2 2 2 1 1 2 2 2 3 3 

3 4 4 4 4 4 3 4 4 3 5 

4 7 7 7 7 7 4 7 7 4 8 

5 3 3 4 5 5 3 4 4 2 6 

6 1 1 2 1 1 1 2 2 2 3 

7 5 5 5 3 3 4 5 5 4 7 

8 1 1 1 1 1 1 1 1 3 1 

9 4 4 4 4 4 3 4 4 3 3 

10 6 6 6 6 6 4 6 6 5 5 

11 2 2 2 2 2 1 2 2 1 2 

In the following five model runs, the same weight 

set (BAL) was always used. Runs six through eight test 

sensitivity to changes in threshold parameters. For the 

first of these, the levels of acceptable discordance were 

reduced, and consequently the model loses discriminatory 

power, as observed with ELECTRE I. The ordering is reduced 

to four distinct categories. In run 7, concordance 

requirements are raised relatively to previous cases, 
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without major consequences on the rankings. Model run 8 is 

characterized by a relaxation of the concordance threshold 

that is probably too slight to have any significant effects. 

So far, all cases used discordance scale set 1. The 

last two- runs analyze model sensitivity to this parameter. 

Run 9, with a small constant value of discordance scale, led 

again to a loss in resolution that reduced the ordering to 

five levels. This agrees with the remark by Goicoechea et 

al. (1982) about the role of this parameter, quoted above. 

For the last run, the discordance scale value was raised to 

fifteen, resulting in the most discriminant of all rankings, 

with eight distinct levels. The relative positions of the 

alternatives though, remained fairly constant. 

ELECTRE II is found to be fairly robust regarding 

changes in weights and threshold parameters, and moderately 

sensitive to variations in the discordance scale type value. 

These results resemble those obtained in Duckstein and 

Gershon (1983) and Tecle (1986). 

Composite programming 

The third MCDM technique used to analyse the Mt. 

Graham International Observatory site selection problem, 

compromise programming (CP), is a mathematical programming 

distance-based technique, therefore conceptually different 

from the two previous ones, that are rooted in graph theory. 

CP requires quantitative data and, unlike the ELECTRE 
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techniques, could nothave been applied to the data in the 

evaluation matrix (table 5). It requires the interval data 

of the payoff matrix that were also used with ELECTEE I and 

II for the sake of consistency. 

Description of inputs 

CP was applied to the payoff matrix data (table 6) 

on a series of model runs characterized by different 

combinations of weights (a) and B,and compromise parameters 

£ and The "ideal point" selected is the vector of best 

values for all criteria in the payoff matrix. 

The make-up of the seventy combinations of 

parameters tested are presented in Table 13. The (a) are 

weight sets assigned to individual criteria, while B weights 

determine the relative importance of astronomical versus 

environmental groups of criteria. Two (a) sets were used,N 

(for "narrow") and W (for "wide"). These designations 

reflect differences in the range of weights between most 

important and least important criteria (table 14). Just like 

in ELECTRE, the relative ranking of criteria remains 

constant but differences in importance are emphasized. The 

second type of weights, B, deals with the higher level 

tradeoffs, between groups of criteria. Each one of the 

fourteen combinations of parameters displayed in table 13 

was run five times, for B (1) = (0.7 5,0.25) , B (2) = (0.6 0, 0.4 0) , 

B(3) = (0.50,0.50) , B (4) = (0.4 0, 0.6 0) and B (5) = ( 0.2 5 , 0.7 5) , 
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Table 13. Composite programming parameter inputs. 

Run # 

I 2 3 4 5 6 7 8 9 10 11 12 13 14 

(a) N N N N N N N W W W W W W W 

P (E) I 2 1 2 1 2 1 2 1 2 1 2 

P(A) l 2 1 2 2 1 1 2 1 2 2 1 

q l 1 2 2 1 1 1 1 1 2 2 1 1 1 

Note: The (a) weight sets, N and W, are given in Table 14. 
Each combination above was run five times, for 
weight sets B(l) through B(5). 

where the first value is the weight assigned to the 

environmental group of criteria and the second to the 

astronomical one. These preference structures are very 

similar to the SPE through SPA weights of the ELECTRE 

techniques. 

The compromise or tradeoff parameters, p(E), p(A) 

and £ define the type of metric used to determine distance 

from the ideal point. Parameter p(E) handles the compromise 

within environmental criteria, p(A) within astronomical 

criteria and q between both groups, at the higher 

hierarchical level. Compromise parameters £ were tested for 

values of 1, 2 and. Higher level tradeoffs were only tested 

for q= 1 and q= 2. 
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Table 14. Within group weights (a) for composite programming 

Environmental criteria 

1 2 3 4 5 6 7 8 9 

Narrow 
set 

0.7 1. 5 1.5 1.5 1.5 0.6 1.0 1.0 0. 7 

Wide 
set 

0.4 1. 8 1.8 1.8 1.8 0.4 0.8 0.8 0. 4 

As tronomical cri teria 

10 11 12 13 14 15 

Narrow 
set 

1.5 2.0 2.0 2.0 1.0 1.5 

Wide 
set 

1.0 2.5 2.5 2.5 0.5 1.0 

Results and sensitivity analysis 

Results for the seventy runs of CP are very 

extensive and so are presented as Appendix 2. They can be 

interpreted as follows. Alternative 8 is again identified as 

the most preferred one, with thirty-three first place 

rankings, and never droping below fifth place. At the 

opposite extreme are alternatives 4, 5, 7 and 10. Of these, 

only 10 ever ranks above fourth place -- three times as 

third -- and in the great majority of the rankings they 

occupy the bottom positions. Site 4 is the worst of all and 



83 

ranks last half of the times. 

In the intermediate levels, sites 1, 2 and 11 rank 

well, although 1 and 2 drop to the bottom half of the 

rankings in about 3^% of the runs. Sites 6 and 9 seldom show 

up near the extremes, usually appearing between second or 

third and seventh place. Site 3 has something of a bimodal 

distribution of frequencies, with the largest number of 

rankings in the top four levels, very few between fifth and 

eight places and a second cluster of presences at the bottom 

of the list. This probably reflects high sensitivity to 

distinct preference structures. 

The sensitivity analysis performed on CP was quite 

extensive, consisting on the seventy runs mentioned above, 

and organized according to table 13. 

The rankings are not very sensitive to differences 

between the N and V/ weight sets. However, sensitivity to 

variations in B weights is sharp, with consequences similar 

to those observed with the ELECTRE models, i.e. sites 1, 2, 

and 3 tend to be more preferred under pro-astronomical 

priorities, while sites 9 and 11 move upwards in the 

rankings when the weightings are biased towards 

environmental criteria. The best (8) and worst (4, 7), 

though, occupy fairly stable positions. 

Interactions between parameters were also observed 

with, for example, increased sensitivity of the rankings to 

changes in B weights when q=1. When q=2, sensitivity to B 
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is somewhat mitigated, and the shift in preference towards 

sites 1-3 under pro-astronomical weightings disappears. Site 

11, a small, low elevation, low environmental significance 

alternative, leads a couple of runs, under strongly pro-

environmental values of B ,but overall the rankings become 

much more stable and consistently dominated by site 8. 

Another interesting observation concerns the effect 

of having p(A)^ p(E), as in cases 5, 6, 12, and 13 of table 

13. Compared to the cases where p(E) = p(A), the set of 

criteria assigned the smaller value (p=1) is clearly 

favored. When p(E)=1 the small optical sites, especially 11 

rank very well. When p(A)=1 good astronomical sites 1, 2 and 

3 get better positions. This effect seems to be slightly 

stronger in favor of the astronomical criteria. 

In runs 7 and 14 (table 13), when p(E)=p(A)=«&, the 

site selection process is reduced to a minimax criterion. 

The CP model suffered a 50% loss of discriminant power under 

these conditions, with the number of levels in the rankings 

dropping from the usual twelve to only six. Also, the sites 

more preferred from the astronomical viewpoint were strongly 

favored, revealing the emphasis placed on this group of 

criteria by the minimax strategy. 



CHAPTER 8 

CONCLUSIONS 

To conclude the Mt. Graham Observatory location 

analysis, the overall site rankings are briefly reviewed, 

followed by a summary of the entire multiple criteria 

decision-making process, from problem definition and 

formulation to a final assessment of the approach's 

appropriateness and degree of success. 

Overall site rankings 

Hawk Peak Southwest (site 8), was consistently 

selected as the most preferred alternative by all three 

techniques, under a wide range of parameter combinations. 

Hawk Peak SW is a very good compromise solutionthat has 

less than desirable ratings on only two of the fifteen 

criteria: impact on fauna, and area available for 

development. This does not hurt its ranking, because all 

sites desirable from an environmental perspective are also 

small, and every good astronomical alternative would have 

significant impacts on fauna. Hawk Peak SW is not the best 

site from either a purely astronomical or purely 

environmental standpoint, but is the alternative that offers 

the most desirable combination of features required from 

both perspectives. 

85 
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Emerald Peak and Hawk Peak, sites 1 and 2 

respectively, are the most preferred under pro-astronomical 

priority structures. These are large sites, with space for 

several telescopes and excellent conditions for astronomical 

observation. However, their development would strongly 

impact both natural and socio-cultural resources. 

When the weights reflect a pro-environmental bias, 

site 11, known as South Optical-3, ranks as one of the most 

preferred. This is due to its location, away from the more 

fragile, sensitive natural areas, and also to the absence of 

valuable cultural resources from this site. For astronomy 

though, the site is small, low, and has poor atmospheric 

characteristics. 

High Peak (site 3), High Peak Ridge-1 (site 6) and 

South Optical-1 (site 9) most frequently rank in 

intermediate positions. High Peak is similar to sites 1 and 

2 and, therefore preferred for pro-astronomical weight sets, 

while South Optical-1, similar to site 11, ranks relatively 

high when preferences favor the environmental criteria. High 

Peak Ridge-1 ranks moderately well for a wide range of 

priority sets because it is neither very good nor very bad 

from both viewpoints. 

Plainview Peak (site 4), Plainview SW (site 5), High 

Peak Ridge-2 (site 7) and South Optical-2 (site 10), are 

found by all three techniques, with considerable robustness, 

to be the least desirable of all alternatives. 
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Sites 4, 5 and 10 are very small and 7 is medium 

sized. Site 4 is very sensitive, having the worst ratings in 

all but one environmental criteria. It also has poor wind 

flow and optical seeing . Sites 5 and 7 are similar to 4, 

although slightly better in some of the astronomical and 

environmental criteria. Finally, alternative 10 is a low 

environmental impact site but has poor astronomical 

characteristics due to low altitude and high air humidity. 

Summary 

The Mt. Graham International Observatory is a large 

and complex project involving many decisions, at several 

different hierarchical levels. This study attempted to model 

and provide support for only one of those decisions: the 

ranking and selection of alternative potential sites on the 

basis of their appropriateness for astrophysica 1 

development, taking into account both astronomical and 

environmental considerations. 

The problem nas many features typical of 

environmental decision processes, such as multiple criteria, 

conflicting objectives translated into different preference 

structures, and a mix of "hard" interval and "soft" ordinal 

level data. To handle these complexities, a multiple 

criteria problem formulation, inspired by the cost-

effectiveness approach, was used. This implied hierarchical 

structuring of the problem into objectives, specifications, 
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criteria and alternatives. The last two were organized as an 

evaluation matrix (table 5), still including non-

commensurate ordinal and interval scales of data. 

Value functions and a standardization equation were 

used to map all data in the evaluation matrix into a 

normalized [0,1] value scale, originating the payoff matrix 

of table 6. The three MCDM techniques selected to analyse 

these data have very distinct conceptual bases, which 

reinforces the convergent validity sought for the study. 

The results thus obtained are, indeed, very 

consistent and robust, both within and between techniques. 

One site is clearly identified as the most preferred one, 

under a wide range of parameter combinations. Others rank 

consistently high under more particular preference 

structures, almost regardless of the technique being used. 

Least desirable alternatives are also detected, their low 

rankings being, again, considerably robust. 

These results need to be considered keeping in mind 

that the information used in the study, had to be gathered 

from diverse, heterogeneous sources, not originally intended 

to support an MCDM analysis. Therefore, it appears safe to 

conclude that the choice of multiple criteria problem 

formulation and decision making techniques, to address the 

Mt. Graham International Observatory site selection process 

was methodologically appropriate and produced satisfactory 

results. 
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KEY OF AUTHORS/DATES FOR TABLE 3 

[1] Allen, 1986 

[2] Allett, 1986 

[3] Arikol and Basak, 1985 

[4] Barnett, Blake and Mc Carl, 1982 

[5] Belardo, Harrald, Wallace and Ward, 1984 

[6] Bogardi and Bardossy, 1983 

[7] Bogardi, Bardossy and Duckstein, 1983 

[8] Bogardi, Bardossy and Duckstein, 1985 

[9] Brinck, Duckstein and Thames, 1986 

[10] Can and Houck, 1984 

[11] Chang and Buongiorno, 1981 

[12] Cocklin, Lonergan and Smit, 1986 

[13] Dauer and Kruger, 1980 

[14] Dauer, Hullet and Lin, 1985 

[15] Duckstein, 1983 

[16] Duckstein and Opricovic, 1980 

[17] Duckstein and Gershon, 1983 

[18] Field, Dress and Fornston, 1980 

[19] Geis, Wood and Steuer, 1983 

[20] Gershon, Duckstein and Mc Aniff, 1982 

[21] Gershon and Duckstein, 1983 

[22] Gershon and Duckstein, 1984 

[23] Gilbert, Holmes and Rosentahl, 1985 
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[24] Golabi, Kirkwood and Sicherman, 1981 

125] Guariso, Haimes, Whittington and Youmis, 1980 

[26] Guariso, Rinaldi and Soncini-Sessa , 1985 

[27] Guariso, Rinaldi and Soncini-Sessa , 1986 

[28] Hafkamp and Nijkamp, 1981 

[29] Haimes, Loparo, Olenik and Nanda, 1980 

[30] Hallefjord, Jornsten and Eriksson, 1983 

[31] Hiessl, Duckstein and Plate, 1985 

[32] Hruber and Rensi, 1981 

[33] Janssen and Rietveld, 1985 

[34] Kaussas and Haimes, 1985 

[35] Keeney and Ozernoy, 1982 

[36] Keeney and Sicherman, 1983 

[37] Keeney, Sicherman and Smith, 1985 

[38] Kirkwood, 1982 

[39] Kitabatake, Miyazaki and Takahashi , 1980 

[40] de Kluyver, Daellenbach and White, 1980 

[41] Kok and Lootsma, 1985 

[42] Kovacs, Boros and Inotay, 1986 

[43] Krzysztofowicz, 1986 

[44] Lathrop and Watson, 1982 

[45] Lowie, Yeh and Hsu, 1984 

[46] Mattheis and Land, 1984 

[47] Mitchell and Bare, 1981 

[48] Nakamura and Riley, 1981 

[49] Neely, Sellers and North, 1980 



91 

Nijkamp, 1982 
\ 

Nijkamp and Spronk, 1983 

Nnaji, Fisher and Shabica, 1983 

Ollero, Aracil and Camacho, 1986 

Rausser and Yassour, 1981 

Roy and Bouyssou, 1986 

Roy/ Present and Silhol, 1986 

Samoulidis and Pappas, 1980 

Schulz and Stehfest, 1984 

Shamir, 1980 

Shamir, Bear and Gamliel, 1984 

Siskos and Hubert, 1983 

Siskos, Lombard and Oudiz, 1986 

Sobral, Hipel and Farquhar, 1981 

Szidarovszky, Duckstein and Bogardi, 1984 

Szidarovszky and Duckstein, 1986 

Tauxe, Mades and Inman, 1980 

Tavares, 1986 

Teeter and Dyer, 1986 

Ulvilla and Snider, 1980 

Vedula and Rogers, 1981 

von Winterfeldt, 1982 

Voogd, 1982 

Willis and Liu, 1984 



APPENDIX 2 

SUMMARY OF RESULTS OF COMPOSITE PROGRAMMING 

Weight set (a): N 
p(E)=p(A)=q=l 

Rankings for B (E) , B (A) equal to: 

Alternative .7 .3 .6 . 4 .5 . 5 .4 .6 .3 .7 

1 7 7 6 3 3 
2 10 6 2 1 1 
3 11 9 8 4 2 
4 9 11 11 11 11 
5 6 8 9 9 7 
6 2 2 3 5 5 
7 8 10 10 10 10 
8 5 1 1 2 4 
9 3 4 5 7 8 
10 4 5 7 8 9 
11 1 3 4 6 6 

Weight set (a): N 
p(E)=p(A)=2, q=l 

Rankings for B (E) , B (A) equal to: 

Alternative .7 .3 .6 . 4 .5 . 5 .4 .6 .3 .7 

1 7 4 2 3 3 
2 9 5 4 4 2 
3 10 6 3 2 1 
4 11 9 11 11 10 
5 6 7 9 9 7 
6 4 3 6 6 5 
7 8 8 10 10 9 
8 2 1 1 1 4 
9 3 3 7 7 6 
10 5 5 5 8 8 
11 1 2 5 5 5 
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APPENDIX B (continued) 

Weight set (a): N 
P(E)=p (A)=1, q=2 

Rankings for B(E),B(A) equal to: 

,7 .3 .6 .4 .5 .5 .4 .6 .3 .7 Alternative 

1 8 7 6 2 3 
2 9 9 8 4 2 
3 10 11 10 9 4 
4 7 10 11 11 11 
5 5 6 7 8 7 
6 1 2 2 3 5 
7 6 8 9 10 10 
8 4 1 1 1 1 
9 2 4 4 6 8 
10 3 5 5 7 9 
11 1 3 3 5 6 

Weight set (a): N 
p(E)=p(A)=2, q=2 

Rankings for B(E),B(A) equal to: 

,7 .3 .6 .4 .5 .5 .4 .6 .3 .7 Alternative 

1 7 6 2 2 3 
2 9 7 5 3 4 
3 10 9 6 4 2 
4 11 11 11 11 10 
5 6 8 9 9 6 
6 4 3 4 6 5 
7 8 10 10 10 9 
8 1 1 1 1 1 
9 3 4 7 7 7 
10 5 5 8 8 8 
11 2 2 3 5 5 
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APPENDIX B (continued) 

Weight set (a): N 
p(E)=l, p(A)=2, q=l 

Rankings for B(E),B(A) equal to: 

7 .3 .6 .4 .5 .5 .4 .6 .3 .7 Alternative 

1 9 8 7 5 2 
2 10 9 10 7 5 
3 11 10 11 9 7 
4 8 8 9 10 11 
5 6 6 6 6 9 
6 2 2 2 2 3 
7 7 7 8 8 10 
8 5 5 4 1 1 
9 3 3 3 3 6 
10 4 4 5 4 8 
11 1 1 1 2 4 

Weight set (a): N 
P (E) =2, p(A)=l, q=l 

Rankings for B(E),B(A) equal to: 

7 .3 .6 .4 .5 .5 .4 .6 .3 .7 Alternative 

1 4 4 3 3 3 
2 1 1 1 1 1 
3 5 2 2 2 2 
4 10 11 10 10 11 
5 8 8 7 6 5 
b 6 6 6 5 6 
7 9 10 9 9 10 
8 1 3 4 4 4 
9 6 7 7 7 8 
10 7 9 8 8 9 
11 3 5 5 6 7 
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APPENDIX B (continued) 

Weight set (a): N 
P(E)= f P(A)= ,q=l 

Rankings for B(E)fB(A) equal to: 

Alternative .7 .3 .6 .4 .5 .5 .4 .6 .3 .7 

1  2  1 1 2  2  
2 3 4 4 4 4 
3 13 3 11 
4 4 6 6 6 6 
5 4 6 6 6 6 
6 4 6 6 6 6 
7 4 6 6 6 6 
8 1 2 2 3 3 
9 3 5 5 5 5 
10 3 5 5 5 5 
11 3 5 5 5 5 

Weight set (a) : W 
p(E)=p(A)=q=l 

Rankings for B(E),B(A) equal to: 

Alternative .7 .3 .6 .4 .5 .5 .4 .6 .3 .7 

1 7 6 4 3 2 
2 8 5 2 1 1 
3 10 8 7 4 4 
4 9 10 10 11 11 
5 5 7 8 9 8 
6 2 3 5 7 7 
7 6 9 9 10 10 
8 4 1 1 2 3 
9 3 3 5 6 6 
10 ' 4 4 6 8 9 
11 1 2 3 5 5 
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APPENDIX B (continued) 

Weight set (a): W 
P(E)=p(A)=2 ,q=l 

Rankings for B(E) , B(A) equal to: 

Alternative .7 . 3 .6 .4 .5 .5 .4 .6 .3 

1 6 2 3 3 2 
2 7 1 2 1 1 
3 10 6 5 4 4 
4 11 9 11 11 11 
5 8 7 9 9 8 
6 4 4 7 7 9 
7 9 8 10 10 10 
8 2 3 1 2 3 
9 3 2 6 6 6 
10 5 5 8 8 7 
11 1 1 4 5 5 

Weight set (a) : W 
P (E) =p (A) =1 , q= 2 

Rankings for B(E),B(A) equal to: 

Alternative .7 .3 .6 .4 .5 .5 .4 .6 .3 .7 

1 9 7 6 2 2 
2 10 9 8 8 2 
3 11 11 10 9 3 
4 8 10 11 11 10 
5 6 6 7 7 7 
6 2 4 4 5 6 
7 7 8 9 10 9 
8 4 1 1 1 1 
9 3 3 3 4 5 
10 5 5 5 6 8 
11 1 2 2 3 4 
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Weight set (a) : W 
p (E) =p (A) =q=2 

Rankings for B(E),B(A) equal to: 

Alternative .7 .3 .6 .4 .5 .5 .4 .6 .3 .7 

1 8 6 2 2 2 
2 9 7 3 2 4 
3 10 9 6 3 3 
4 11 11 10 10 11 
5 6 8 8 8 8 
6 4 4 6 7 9 
7 7 10 9 9 10 
8 1 1 1 1 1 
9 3 3 5 5 6 
10 5 5 7 6 7 
11 2 2 4 4 5 

Weight set (a): W 
p(E)=l, p (A) = 2, q=l 

Rankings for B(E),B(A) equal to: 

Alternative .7 .3 .6 .4 .5 .5 .4 .6 .3 .7 

1 8 8 7 6 2 
2 9 10 8 7 3 
3 10 11 11 10 7 
4 7 9 10 11 11 
5 5 6 6 8 9 
6 2 2 4 4 6 
7 6 7 9 9 10 
8 4 5 2 1 1 
9 2 1 3 3 5 
10 3 4 5 5 8 
11 1 3 1 2 4 
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APPENDIX B (continued) 

Weight set (a): W 
p(E)=2, p(A)=1, q=l 

Rankings for B(E),B(A) equal to: 

Alternative .7 .3 .6 .4 .5 .5 .4 .6 .3 .7 

1 3 2 2 2 2 
2 2 1 1 1 1 
3 7 4 3 3 3 
4 11 11 11 11 11 
5 9 9 8 7 5 
6 5 7 7 8 8 
7 10 10 10 10 10 
8 1 3 4 4 4 
9 4 6 6 6 7 
10 8 8 9 9 9 
11 3 5 5 5 6 

Weight set (a): W 
P(E) = r P(A)= ,q=l 

Rankings for B(E),B(A) equal to: 

Alternative .7 .3 .6 .4 .5 .5 .4 .6 .3 .7 

1  1 1 1 1 1  
2 3 2 2 2 2 
3  4 4 4 4 4  
4 6 6 6 6 6 
5 6 6 6 6 6 
6 6 6 6 6 6 
7 6 6 6 6 6 
8 2 3 3 3 3 
9 5 5 5 5 5 

10 5 5 5 5 5 
11 5 5 5 5 5 
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