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ABSTRACT 

Conflict analysis and game theory models are applied to a case study in the upper 

Rio Grande river basin. The objective is to find which theory best describes past 

developments in the Rio Grande river basin and the status quo of water use strategies 

employed by the players (decision makers). By assuming that these past properties will 

propagate in the future, the preferable change in the eqUilibrium solution is derived under 

climate fluctuation, coupled with future population growth scenarios. 

Past and future Rio Grande resource allocation conflicts are analyzed using (1) 

multicriterion decision making (MCDM) techniques, such as distance based approach of 

compromise programming and outranking technique of the ELECTRE family and (2) 

voting scheme approach of game theory. MCDM and game theory model cases are 

classified according to the following categories: 

1. If decision makers consider each other payoff or if an authority above forces them 

to consider each other's payoffs, then the conflict analysis problem is a multi

actor/multiobjective problem. 

2. If decision makers only care about their own payoff and not what other players 

payoff are, then the conflict analysis problem is described and solved by game 

theoretic models. 

Fifteen decision makers from the Rio Grande water allocation and water 

management conflict are used as an example to present the different approaches to conflict 

modeling. From the MCDM techniques used, namely the compromise programming of 
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distance-based approach and the ELECTRE family of outranking relation, the former 

method stands out as being the most flexible and comprehensive methodology. Though 

these two methods are conceptually different, for this case study, both methods give 

approximately the same results. 

For the game theory analysis, the special voting scheme stands out as being the 

preferred approach because it better reflects the decision maker's preference and it also is 

easy to implement and apply. Finally, the climate change scenarios are considered, the 

1 XC02 and the 2XC02. Results obtained from these two scenarios indicate the Rio 

Grande river will face extreme water shortages that will require the development of a 

different set of water release rules. 
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CHAPTER! 

INTRODUCTION 

One of the primary problems of the upper Rio Grande River basin has been to 

provide a limited amount of surface water to increasing populations as people continue to 

migrate towards the Sunbelt of southwestern United States. The lack of surface water in 

the past and present management schemes has been compensated through inter basin 

diversions and ground water mining. However, extensive ground water withdrawal from 

stream-aquifer systems will inevitably result in a reduction of available surface water 

supplies of the Rio Grande river and thus not provide long-term management solutions. 

In addition, future economic activities and population growth for the region are 

expected to increase, especially with the recent signing of the North American Free Trade 

Agreement (NAFT A) with the Republic of Mexico and Canada. Furthermore, the future 

climatic uncertainties would impose severe hardships on water users in the basin as a 

whole, requiring the establishment of additional public policy. Thus, the major sources of 

conflict in the Rio Grande river basin are identified as follows: 

(1) lack of agreements on the usage of ground and surface water where increased 

demands may lead to increased pumpage and a possible lowering of the water, 

table, 

(2) increase in water quality problems due to more users, 

(3) increase in pressure on both sides of the border due to the NAFTA agreement 

and the migration of the United States popUlation towards the Sunbelt. 
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(4) decrease in rainfall due to climatic uncertainties, 

(5) lack of adjudication including the non-quantification of Indian rights, 

All of the above developments will place greater demands on water resources in 

the future that may require changes in public policies, presumably through negotiation. 

However, allocation changes designed to meet a diminishing water supply will be difficult 

to implement because of the complex web of international treaties, interstate compacts and 

local, state and federal laws (Waterstone, 1994). Therefore, this study applies contlict 

analysis and game theory models to the upper Rio Grande river basin to find which theory 

best describes past developments and the status quo of water use strategies employed by 

the decision makers. Then future water use scenarios are then considered from the most 

appropriate contlict analysis model to determine the possible effects of future climate 

uncertainties. 

The study of conflict analysis has a long tradition in politics, sociology and 

international relations. The movement towards systematically studying conflict analysis as 

phenomena began as early as the 1950's and corresponding conflict resolution began to 

emerge as a new discipline in many fields throughout the 1960's and 1970's. The first 

indicator showing contlict analysis as a new discipline is the increasing convergence of 

research theory and findings. Another indicator is the proliferation of survey articles and 

books that attempt to assimilate findings from all fields of contlict analy .• ;s, such as the 

surveys conducted by Dedring (1976) and Thomas (1976). In addition, the increase in 

the number of symposia, papers and journals produced have inevitably contributed in the 
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birth of the theory of conflict analysis. For example, the founding of Journal of Conflict 

Resolution (1957) and the Journal of Peace Research (1963) might be taken as significant 

maker dates. 

Another sure sign of the consolidation of research in conflict analysis, as pointed 

out by Paelinck and Vossen (1988), is due to the emergence of textbooks by various 

authors such as Kriesberg (1982), Himes (1980), (Meleskie, et aI., 1982), Wehr (1978), 

Michell (198l) and (Vorob'ev, 1994), to name a few. Furthermore, a great number of 

courses, curricula, students and even diplomas in conflict analysis have been produced. In 

summary, the most interesting developments in conflict analysis over the past several 

decades have been: 

1. application of conflict resolution problems across a broad spectrum of 

problems, 

2. publication of journals and textbooks. 

3. development of courses and institutions in the field of conflict resolution, and 

4. movement towards the professionalisation of the skills of conflict analysis 

(Wierzbicki, 1990, 1992). 

The valid assessment of such developments resides in the application of the theory of 

conflict analysis to very complicated real world problems such as the Rio Grande water 

allocation conflict. 

The next chapter briefly reviews some real world applications of conflict analysis 

in the existing literature while Chapters III and IV summarize multiciteria decision making 
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(MCDM) and game theoretic techniques applicable to conflict analysis, respectively. In 

addition, Appendix A provides alternative MCDM techniques which may be applicable in 

conflict analysis, but are not used in this research. Chapter V then presents the modeling 

efforts in terms of the problem formulation and solution methodologies as applied to a 

case study within the upper Rio Grande river basin of southwestern United States. The 

results of this research are summarized in chapter V which are based from the published 

journal papers presented in Appendix Band C. Future conflicts which may arise from 

global climatic change and population growth are addressed in Chapter V and in the 

working paper presented in Appendix D. Chapter VI concludes the research results 

obtained from the studies pertaining to the Rio Grande river basin water allocation .. 
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LITERATURE REVIEW 
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Conflict analysis problems in which decision makers consider each other's payoffs 

are modeled by multicriterion decision making (MCDM) techniques. MCDM is the 

process by which one defines conflicting objectives and selects the 'best" alternatives 

(Tabucanon, 1988; Yilmaz, 1992; Fishburn, 1990b). The use of MCDM for a single 

decision maker was first introduced independently by Kuhn and Tucker (1951) and 

Koopmans (1951). Many techniques since then, have been proposed to solve problems 

involving mUltiple objectives, in particular to resolve resource allocation conflicts (Colson 

and Bruyn, 1989; Bouyssou et ai, 1993; Cordeiro-Netto, et aI., 1993; Siskos and 

Assimakopoulos, 1989, Pereira and Duckstein, 1993; Rietveld, 1989; Rietveld and 

Ouwerioot, 1992; M1adineo, et aI., 1987; Munda, 1993; Romero and Rehman, 1989). In 

addition, MCDM has been used in many applications such as operations research 

(Belenson and Kapur, 1973; Van Huylenbroeck, 1990; Vanderpooten, 1989, Roy and 

Bouyssou, 1993), transportation, management sciences (Goicoechea et ai, 1982; 

Szidarovszky, et aI., 1986; Tabucanon, 1988; Van Huylenbroeck, 1990a, 1992; Van 

Huylenbroeck and Martens, 1990, 1992), and water resources management systems 

(Haimes and Hall, 1974; Laabs and Schultz, 1992). 

Managing water resources systems requires that several political, technological, 

economic, and environmental objectives must be satisfied simultaneously to guarantee 

survival of mankind and the environment (Stewart, 1992). For instance, properly 
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managing multipurpose reservoirs requires important needs to be supplied by regulating 

water supply, hydropower production, flood control, and water quality (Ko, et aI., 1992). 

The competing nature of these objectives is best suited for multicriterion analysis in 

multipurpose reservoir studies. The goal of MCDM for multipurpose reservoir operation 

is often to determine a low flow target measured at a control point downstream for each 

monthly time interval. However, reservoir operation represents a challenge in conflict 

analysis because the stochastic nature of inflows produces a curse of dimensionality which 

complicates the development of efficient solutions (Yeh, 1985). 

An example of applications of an MCDM technique to reservoir operation is found 

in Laabs and Schultz (1992). They present a three-step method for MCDM that reduces 

the decision maker interaction and renders his work easier. The first step of their model 

generates a set of nondominated alternatives by systematically varying weights associated 

with the different objective functions. The second step consists of statistically simulating 

the generated nondominated alternatives by analyzing their performance or reliability. The 

third and final step consists of selecting the optimal operating rule from the generated 

nondominated solution. 

When selecting operating rules for large reservoir systems, preliminary studies are 

often necessary to determine the best multiobjective methods. Ko, et aI., (1992) presented 

such a method to guide policy makers in the selection of operating policy for complex 

systems. The method in their study is summarized as follows. First, a simplification of the 

original large-scale system is made by using one of its sub-systems. Second, different 

-
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multiobjective methods are used to generate non-dominated solutions (Cohon and Marks, 

1973). Third, other multiobjective techniques are used to select the most preferred 

solution among the many Pareto optimum or nondominated solutions. Finally, 

comparisons between final solutions are made where the multiobjective method giving the 

most promising solution is selected and applied to the full-scale system. 

The Wupper Reservoir System (Yapo, et aI., 1992) is another application of an 

MCDM technique. The first step of the model used by Yapo, et aI., (1992), is the 

utilization of a classical optimization technique combined with a MCDM method, such as 

the stochastic dynamic programming (SDP) (Bertsekas, 1987) and the weighting method 

(Zadeh, 1963) which are formulated in Appendix A. SDP was employed by Yapo, et aI., 

(1992) because of the nature of application of the model and the inflows to the reservoir 

that were considered to be random, therefore a method incorporating their stochasticity 

and sequential nature is necessary. Other MCDM applications towards mUltipurpose 

reservoir operation are presented by Fontane (1992), Laabs, et aI., (1992) and Harboe 

(1992). 

The application of MCDM in watershed management is used to develop and apply 

plans to regulate water resources usage on a watershed. Plan development consists of 

economic benefit and environmental impact assessment of proposed projects. Plan 

application or management consists of implementation of operating rules which are 

selected from studies of several alternatives under different objectives such as water 
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supply for both agricultural and domestic uses, sediment control, water quality, etc ... 

Management of the watershed is therefore mainly concerned with: 

1) decreasing water runoff, 

2) increasing recreation and commercial benefits, 

3) maintaining wildlife levels in the area, and 

4) controlling sediment yield. 

Other examples of watershed applications can be found in Eskandari, et aI., (1995b), and 

Yapo, et aI., (1992). 

An example of MCDM approach used to calibrate a hydrologic model is the 

Precipitation-Runoff Modeling System (PRMS) of the U.S. Geological Survey (Yan and 

Haan, 1991 a, b). PRMS is used to predict daily storm runoff and sediment transport of 

several watersheds under different hydrologic regimes, climatic conditions, and land use. 

The objectives used were storm peak flow, volume, and daily runoff. The PRMS method, 

also called post-interactive, is basically a systematic application of the weighting method 

to generate nondominated solutions and it was developed to alleviate the time consuming 

process involved by finding the entire Pareto set (refer to Appendix A). Repeated 

optimization, however, is not avoided and this method has the potential of generating all 

nondominated solutions. 

Guidance for selecting a particular MCDM technique to solve water resources and 

management problems is not given in this research because the choice of a particular 

technique is typically based on the availability of a model, or it is based on the decision 
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maker's preference (Gershen and Duckstein, 1984; Tecle and Duckstein, 1992 and 1993; 

Duckstein, et aI., 1994). Several authors, such as Roy (1971), Louch (1975), and Cohon 

and Marks (1973), have already classified techniques and provided examples of MCDM 

analysis. Recently, Harboe (1992) provided examples ofMCDM techniques for reservoir 

operation while Hipel (1992) presented a historical evolution of decision making with 

multiple objectives. 

Another method for solving conflict situations such as mUltipurpose reservoir 

operation is to apply the ideas of game theory to conflict analysis for a set of practical 

models (Fraser and Hipel, 1984). Game theory is the study of mathematical properties of 

conflict that have been developed primarily in the past 30 years (Luce and Raiffa, 1957). 

Game theory originated from the works of Von Neumann (1920, 1929, 1930, and 1937), 

but it first achieved wide acceptance following the publication of Von Neumann and 

Morgenstern (1944). 

The participants in game theory are called players, and at each stage of the game 

they make moves according to some rules. Classical game theory involves: (i) personal 

moves or moves made by players, (ii) probabilistic moves or moves controlled by some 

probabilistic device (Venttsel, 1963). These latter games are called stochastic games and 

are described in greater detail in Chapter 4. 
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CHAPTER 3 

3. MULTIOBJECTIVE TECHNIQUES FOR CONFLICT ANALYSIS 

Multiobjective Decision Making (MCDM) techniques are useful for conflict 

analysis in water resources management by assisting decision makers select and rank 

alternatives appropriate for resource management purposes. Most studies that used 

MCDM techniques have received greater recognition in the past because were applied to a 

vast number of domains. The role of multi objective analysis in water resources appeared 

at first to be so important that the U.S. Water Resources Council (1973) recommended in 

the early 1980's procedures to develop multiobjective analysis into project evaluation. 

However, its use has been cut bac~ because other techniques seem easier to apply. 

MCDM techniques can evaluate and rank conflicting alternatives and they have been 

applied to address conflict related to water resources management alternatives. 

In this chapter, the mathematical formulations of MCDM techniques that are 

commonly used to analyze and rank water allocation conflicts are presented. First, the 

basic properties of MCDM are introduced followed by a formulation of the general 

problem. Next, the concept of nondominated solution is introduced. Then the solution 

procedure employed in this research, compromise programming, is presented where it 

finds the distance of every alternative point to the ideal solution and computes the minimal 

distance. Finally, another MCDM technique, the ELECTRE family of outranking 

techniques, is presented where the ELECTRE family techniques are based on a pairwise 

combination of alternatives. 



3.1 Basic Properties of MuItiobjective Decision Making Techniques 

As indicated by Duckstein, et al., (1982), Szidarovszky, et aI., (1986), Bana e 

Costa (1990), Keeny (1992) and Bardossy and Duckstein (1992), common problems in 

formulating MCDM for a crisp (non-fuzzy) framework include the following: 

1. diversity of objectives, 

2. different importance and compensation among objectives, 

3. undefined numerical scales for some objectives. 
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For instance, Teele and Duckstein (1992) classified multicriterion decision making 

(MCDM) techniques into five categories: utility-type, outranking relations, distance

based, direction-based and mixed techniques. Simulation techniques such as river basin or 

forest management schemes constitute additional tools that can be used to model decision 

making processes in conjunction with MCDM analysis (Bogardi, et aI., 1991~ Eskandari, 

et aI., 1995a, 1995b ~ Brown, 1990). 

3.1.1 Formulation of Multiobjective Problems 

Single objective programming problems consist of optimizing one objective subject 

to a constraint set. On the other hand a multiobjective programming problem is 

characterized by a I-dimensional vector of objective functions 

z(x) = [Zt(x), ~(x), ....... , ZI(X)] (3.1) 

and a feasible region X. However, instead of seeking a single optimal solution, a set of 

nondominated solutions is sought which is a subset of X. A feasible solution for 



25 

multiobjective problem is said to be nondominated if there exists no other feasible solution 

that will cause an improvement in anyone objective without making at least one other 

objective worse. One of the first step in solving multiobjective problems consists of 

identifYing the set of nondominated solutions within the feasible region X (Wang, 1991). 

The problem is formulated as follows: 

max-dominate z(x) = [zJ(x), Z2(X), ........ , ZI(X)] 

subject to XE X 

(3.2) 

where the word max-dominate conveys the intent to search and identifY the set of 

nondominated solutions. In this formulation it is assumed that there is only one decision 

maker, wh,o decides the value of the decision variable x obtained by solving equation (3.2) 

(Dean and Sharfinan, 1994). Since in conflict analysis there is more than one decision 

maker, the mathematical formulation depends on their mutual relationship. 

3.1.2 Set of Nondominated Solutions 

The concept of a nondominated solution mostly appears in the literature under the 

names of Pareto optimum and efficient solution. Pareto (1896), considered the problem of 

a single optimality criterion from a number of noncomparable elementary criteria. The 

pioneering work of Koopmans (1951) in the economic analysis of production and 

allocation introduced the term "Pareto optimality" to operations research (Wang, 1993). 

Definition: Given a set of feasible solutions X, the set of strictly nondominated solutions 

denoted S is defined as follows: 



S = {x: XE X, there exists no other X'E X such that 

Zj(x') > Zj(x) for some iE {l, 2, ....... , I} 

and Zj(x') ~ Zj(x) for all i:;tj} 
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(3.3) 

Thus, from the definition above, as one moves from one nondominated solution to 

another, the objective function z(x) improves. Then one or more of the other objective 

functions must decrease in value. 

Definition: A point x* E X and element of S is said to be a strongly nondominated 

solution if there is no x E X such that for i = 1, 2, ....... , I, Zj(x) > Zj(x*). A point X*EX 

and element ofS is said to be a weakly nondominated solution if there is no XEX such that 

for i = 1, 2, .... , I, Zj(x) ~ Zj(x*) and for at least one value of i, Zj(x) > Zj(x*). If x* is 

strongly nondominated, then it is also weakly nondominated. 

3.2 Efficient Solution set by Distance-Based Techniques 

Distance-based techniques assume that the decision maker visualizes the decision 

making process within the framework of a spatial coordinate system. Let us first assume 

that the decision maker specifies ideally preferred (or ideal solutions) values z; for all 

objectives. The vector z* = (z; , ...... , z;) is therefore the collection of ideal payoff values, 

and is called the ideal point. If z* belongs to the feasible payoff set, then our problem is 

to solve the set of equations: 

Zj(X) = z; (i = 1,2, ..... , I) (3.4) 
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If the ideal point is not feasible, then we may wish to find a feasible solution that is as 

close to the ideal point as possible (Mareschal and Brans, 1988). The method for finding 

such a solution can be summarized by the mathematical programming problem: 

minimize p(z(x), z*) 

subject to xeX 

(3.5) 

where z(x) = (Zj(x)) and p is a distance of points in the I-dimensional space. Thus, 

equation (3.5) and its solutions depend on the choice of the ideal point, z*, and the 

distance metric, p, used in the model. The method is illustrated in Figure 3. 1, where S is 

the feasible payoff set and z* is the ideal point. 

Z 1 (x) 

z* (Ideal solution) 

solution 

Figure 3.1. Illustration of Distance-Based Methods 
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3.2.1 Distance I-Dimensional Vectors 

In practical cases, one of the following distances is used. Let a = ai and b = bi be 

I-tuples, then 

(3.6) 

I 

PI (a, b) = Lwilai - bil (3.7) 
i = I 

(3.8) 

I 

PG (a, b) = I1lai - bil
w, 

(3.9) 
i = I 

where Wi are weighting factors that may include norming a scaling. Note thatpo is called 

the geometric distance. Equations (3.6) to (3.8) are also called Lp-norms for p = 1, 2, 00 

and are used in compromise and fuzzy (non-crisp or uncertain) compromise programming 

methods (Duckstein, et aI., 1994). The parameter, Pm, is called the Chebyshev metric. It 

can be proven that distance Po in equation (3.9) does not satisfY the usual properties of 

distances, since Po (a,b) = 0, if ai = bi and all other components are different. It can also 

be shown that the triangle inequality is not satisfied, since the special choice WI = W2 = 1, 

a = (1,2), b = (1,3) and c = (2,3) yields: 

PG (a, b) + PG (c, d) = 0 + 0 = 0 < PG (a, c) = 1. (3.10) 

The use of the geometric distance will be made clear in the section of contlict resolution 

based on axiomatic concepts. Observe that the general distances Pm, PI' and P2 are 
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particular cases of the distance function 

(p ~ 1) (3.11) 

In equation (3. 11), the parameter Pp is also called the Minkowski metric. 

3.2.2 Compromise Programming 

Several techniques for MCDM analysis are available including the ones listed in 

Appendix A (Goicoechea, et aI., 1982). Compromise Programming (CP) has been 

selected in this research because of its ability to integrate fully the different elements of 

water management alternatives into a common framework. In addition, it represents a 

compromise between mathematical sophistication and ease of use. CP is a distance-based 

technique designed to identifY nondominated solutions that are closest to an ideal solution 

by some distance measure (Zeleny, 1973, Duckstein and Opricovic, 1980). Each 

component of the ideal point is obtained by maximizing an individual objective. If two or 

more objectives are in conflict then this solution is not feasible and is sometimes called 

"utopia". An ideal solution is defined as: 

. (.. .) z = Zt' Z2' ..... , ZI (3.12) 

where z~ is the solution of the so called marginal problem (i=l, 2, ..... , I) 

(3.13) 

subject to xeX 
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X is the feasible set for x, I is the total number of objective functions, and Zi(.) is the ith 

objective function. The ideal solution is then defined as the vector of best values selected 

from the payoff matrix. The vector of minimal values if it exists, is composed of the 

minimum objective function values denoted as z;·. Both the z; and z;· are used in 

scaling the objective function and then determining the degree of closeness of an 

alternative to the ideal solution yielding the Lp metrics (Zeleny, 1982) expression 

[ ( )
P]IIP I z~ - z. (x) 

Lp (x) = ~ Wi 1 ~ _ 1 ~. 
1= 1 Zl ZI 

(3.14) 

where the Wi'S are the criterion weights and p is the balancing factor (p ~ 1), whose 

interpretation is given below. After determining the distance between each alternative and 

the ideal solution, the alternative with the minimum distance is selected as the compromise 

solution: 

(3.15) 

The set of all compromise solutions for a particular set of weights (WI, ...... , WI) and for all 

1:::;; p :::;; 00 constitutes a compromise set. Usually, only three points of the compromise set, 

corresponding to p=I,2 and 00, are calculated. For p = 1 there is full compensation 

between weighted deviations. For p = 2, each deviation is weighted in proportion to its 

magnitude. The larger the deviation, the larger is the weight. When p =00, there is no 

compensation between objectives. In the paper presented in Appendix B we used the 

compromise programming technique to model a water allocation conflict involving 30 
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alternatives and 18 criteria. Compromise programming is applied in this research to 

evaluate and rank alternative options. It is quite common to solve water resources related 

conflicts through negotiation as shown in chapter 4; and CP is used as a decision aid for 

such a negotiation. Unlike outranking techniques formulated in the next section, CP has 

the advantage of being simple and not data intensive. The only data required includes a 

payoff matrix of alternatives versus criteria, a subjective set of weights assigned by the 

decision maker for each criterion, and a balancing factor p. In many MCDM problems, 

the objective functions have two level structures. That is, they can be divided into certain 

group indicating different types such as economic objectives, biological resources 

objectives, environmental objectives and so on. In such cases, composite programming is 

used where a distance type is selected between the different groups, and different distance 

types are selected between the objectives belonging in the same group. In this 

dissertation, we used only compromise programming since no data was available to 

compare the different objective groups. 

Next the ELECTRE family of outranking techniques will be introduced for use as qecision 

aids for negotiation support in conflict situations. 

3.3 Outranking Methods of the ELECTRE Family 

Among several existing outranking techniques, the ELECTRE family was selected 

because it provides a clear and concise understanding of the comparison between 

alternatives. While ELECTRE I is a procedure that reduces the size of the set of 
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nondominated solutions, ELECTRE II is an ordering of the nondominated alternatives. 

Both tasks are accomplished by the construction of outranking relations based on the 

preferences of the decision maker. On the other hand, ELECTRE III is based on a fuzzy 

outranking relation. Though these methods seem to be more efficient than the distance

based techniques, they require on the other hand a greater number of parameters such as 

the payoff matrix of alternatives versus criteria, a weight as in the case of CP, the direction 

of preference, the coefficient of indifferent and strict preference, and a veto threshold. All 

of the above parameters must be assigned by the decision maker for each criterion. 

3.3.1 ELECTRE I 

The ELECTRE I (elimination and choice translating reality) multi criterion 

algorithm was initially suggested by Benayoun, et aI., (1966) and improved by Roy 

(1971), The ELECTRE I method is a procedure that reduces the size of the set of 

nondominated solutions (Bouyssou, 1990). It is only suitable for problems with a discrete 

number of alternatives. Three concepts are developed in this methodology: concordance, 

discordance and threshold values. The procedure essentially searches for a subset of 

nondominated alternatives in which a certain degree of discordance is accepted in the 

dominance relationship (Bouyssou, 1992). That is, an alternative i qualifies for 

membership in the subset if it is preferred to alternative j from enough viewpoints but is 

not too "discordant" on any given criterion. Thus, the method structures a partial 

ordering of alternatives that is stronger than the incomplete ordering implied by 
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nondominance, but allows some incomparability to remain. The construction of the subset 

is accomplished by the definition of a binary relation, R. This relation is called an 

outranking relationship and it is built from certain value judgments supplied by the 

decision maker (OM). The relationship between the ith and jth alternatives for a given 

criterion can be represented as follows: 

i >- j (i preferred to j) 

i -< j (j preferred to i) 

1 - J (i indifferent to j) 

(3.16) 

Thus, preference relationships between the ith and jth alternatives can be established for 

each criterion. 

ELECTRE I synthesizes preferences for each alternative to produce the desired 

outranking relationship between alternatives. The synthesis is achieved through a 

concordance index, c(k, j) and a discordance index, d(k, j). The concordance index 

measures the weighted relative frequency of viewpoints where alternative j is preferred to 

alternative k. It can be viewed as a measure of the satisfaction the DM receives in 

choosing alternative j over alternative k. The discordance index measures the strength of 

the viewpoints in greatest disagreement assuming j is chosen over k. It can be viewed as a 

measure of the dissatisfaction of choosing j over k. 

Preliminary to defining the concord index, let i = {I, ........ , I} represent the set of I 

criteria. Furthermore, as before, let {Wk: k = 1, ........ , I} represent the set of weights 

associated with the I criteria. The criterion weights are determined by the value judgments 
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of the DM. The criterion considered the most important receives the highest weight, the 

next most important receives the next highest weight, etc. For each pair of alternatives 0, 

k), define 

W+ = LWk where 1+ = 1+0, k) = {k el:j?-k} 
kel+ 

W= = LWk where 1= = ro, k) = {k el: j- k} (3.17) 
kel" 

w· = LwkwhereI" = I"O,k) = {kel:j~k} 
kel' 

Using the weights the concordance index is defined as: 

+ 1_ 
w + -w-

cO, k) = 2 (3.18) 

The concordance indices are presented in a matrix C where cO, k) is the 0, k) element of 

the matrix. To define the discordance index, an interval scale common to all criteria is 

defined first. The desire is to be able to compare the discomfort caused by going from 

level kl to level k2 of criterion iI, with the discomfort of going from level k3 to level kt of 

criterion h. This objective is achieved by defining an interval scale such that a certain 

number of points out of a maximum of 100 ( for example) are assigned to every criterion. 

The choice of the number depends on the level of importance the DM wishes to attach to 

the range between the best and worst levels of each criterion because the higher the point 

assignment, the greater the possible discomfort as one moves from one level to the next of 

each criterion. With this understanding, the discordance index is defined as 



maximum interval where j -< k 
dO, k) = total range of scale = 

maximum interval where j -< k 

100 
(3.19) 
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Thus the normalized discord interval is calculated for each criterion where alternative k is 

preferred to alternative j, and the largest normalized discord interval of these criteria is 

defined as the discord coefficient for alternatives j and k. Again a discord matrix D can be 

constructed in which dO, k) is the 0, k) element. The concordance and discordance 

conditions are used to define the outranking relation R. The remaining nodes are 

eliminated from further consideration. The outranking relation R is defined by controlling 

the concordance index and the discordance index of the preferences allowed to belong to 

R. Specifically, alternative j is preferred to alternative k if and only if 

(3.20) 

and 

dO, k) ~ Q (3.21) 

where P and Q are thresholds values. Thus, the ELECTRE I steps are: 

Step 1. Select the weights Wi, for i = 1, ...... , I; 

Step 2. Calculate the concordance index cO, k) for each pair O:;t:k) of alternatives; 

Step 3. Compute the discordance index dO. k); 

Step 4. Specify the values of thresholds P and Q; 
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Step 5. Check the inequalities: cO, k) ~ P and dO, k) s; Q. If both inequalities 

hold, then alternative j is preferred to alternative k. Otherwise there is no 

preference order between j and k; 

Step 6. Construct the preference relationship, where the nodes are the alternatives 

and the directed arcs are the preferences among these alternatives. 

Step 7. Ask the OM whether he/she is satisfied with this partial ordering. If the 

answer is yes, then the algorithm terminates. If the answer is no, then go 

back to step 4. 

In summary, the result of ELECTRE I is a preference relationship that shows a partial 

ordering of the alternative systems. ELECTRE II is then used as the second stage to 

obtain a complete ordering. 

3.3.2 ELECTRE n 

ELECTRE II is an extension of ELECTRE I developed by Roy (1968, 1974, 

1975), and Roy and Bertier (1971). Similar to ELECTRE I, it provides an ordering of 

nondominated alternatives as discussed below. Again this ordering is accomplished by the 

construction of outranking relationships based on preferences of the OM. As in the case 

of ELECTRE I, alternative j is preferred to alternative k (i.e., j outranks k) if and only if 

the concordance and discordance conditions are both satisfied. However, in contrast to 

ELECTRE I, there are multiple levels of concordance and discordance that are specified 

and these are used to construct two outranking relationships based on a strong 
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relationship Rs, and a weak relationship Rw. These two relationships, in turn, may be used 

to construct a final ranking of the alternatives. 

Now define the concordance index for ELECTRE II the same way as for 

ELECTRE I using the parameters defined in (3.17): 

w+ + w= 
c(j k) -, w+ + w- + w- (3.22) 

The concordance test is a necessary condition for alternative j to outrank alternative k, and 

is expressed by the following inequalities: 

c(j, k) ~ p (3.23) 

and 

(3.24) 

where 0 ::;; p ~ 1 is a coefficient specifying the minimum level of concordance. To define 

the discordance condition, let X = {k i = 1, 2, ........ , I} be the set of alternatives and hj(x) 

represents the worth of alternative j on criterion i. The discordance condition is used to 

handle the criteria for which alternative j is not preferred to alternative k. Thus, the 

discordance test is a necessary condition for j to outranks k. The test of all alternatives 

satisfYing this necessary condition is defined by every (j, k) element the product set X such 

that 

<q (3.25) 
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where q < 1 is a coefficient specifying the maximum level of discordance; O(i, niG) is 

introduced for each criterion as a parameter imposed by the decision maker and the 

analyst. 

Now that the concordance and discordance conditions are defined, it is possible to 

define the outranking procedure for ELECTRE II that may be used to establish a complete 

ordering on the set of alternatives satisfying the following: 

1. the test of concordance that determines if the measure of concordance is above 

some minimum level of acceptability, and 

2. the test of discordance that determines if the discordance measure is below some 

maximum level of allowable discordance. 

The outranking procedure consists of constructing two relationships, Rs and Rw. defined as 

strong and weak relationship, respectively. 

Let us introduce the following level of concordance p*, po, and p- where 0 ~ p- ~ po ~ p* ~ 

1. Furthermore, let qO and q* represent two increasing levels of discordance such that 0 < 

qO <q* < 1. With these specifications Rs is defined if and only if one or both of the 

following sets of conditions holds: 

I. 1. cO, k) ;::: p* (3.26) 

2. dO, k) ~ q* (3.27) 

3. W+;:::W (3.28) 

II. 1. cO, k) ;::: po (3.29) 

2. dO, k) ~ qO (3.30) 
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(3.31) 

If I or II (or both) holds, then alternative j strongly outranks k (i.e., j Rs k). The weak 

relationship Rw is satisfied if and only if the following conditions hold. 

l. cO, k) ~ p' 

2. dO, k) ~ q* 

3.W+~W 

(3.32) 

(3.33) 

(3.34) 

If the above conditions are satisfied, then alternative j weakly outranks alternative k (i.e., j 

Rwk). As a result of the two pairwise relationships, two graphs can be constructed (one 

for the strong relationship and one for the weak relationship). These graphs are then used 

in an iterative procedure to obtain the desired ranking of the alternatives (Goicoechea, et 

aI., 1982). 

As shown from the formulation ofELECTRE I and II, the DM is capable of giving 

the relative importance of the criteria. These two methods require a well-defined set of 

alternative versus criteria. ELECTRE III on the other hand deals only with pseudo

criteria. The term of pseudo-criteria allows the analyst to integrate explicitly criteria not 

well defined or uncertain, and in this case the DM is not capable of estimating the relative 

importance of the criteria. ELECTRE III was therefore used in the Rio Grande river basin 

conflict because the decision makers and analyst cannot determine the relative importance 

of each water use criterion and mainly because some of the criteria such water demands 

are uncertain. 
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3.3.3 ELECTRE ill 

ELECTRE III is a multi criterion method designed to describe the behavior 

rationale of a decision maker (Roy, 1991). It is based on a fuzzy outranking relationship 

in which the concept of pseudo-criterion is used to model the decision maker's 

preferences. ELECTRE III allows to construct indifference, weak preference and strict 

preference relations as a result of combining preference thresholds for the various criteria. 

By constructing pairwise concordance and discordance tables it provides a representation 

of the DM's preferences. It allows to solve the following problem: a finite set of 

alternatives evaluated on a coherent family of pseudo-criteria is partitioned into 

equivalence classes, yielding a non necessarily total order and the relative position of these 

classes. Applications of ELECTRE III include rural water supply systems (Roy, et aI., 

1992), multi criterion ground water management (Duckstein, et aI., 1994) and 

multicriterion water allocation conflict in the Upper Rio Grande Basin (Bella, et aI., 1995). 

ELECTRE III is used in such a manner so as to bring out two pre-orders 

constructed differently (Skalka, et aI., 1992). The first pre-order is obtained by selecting 

first the best alternatives and then arriving at the worst. The second is constructed by 

proceeding in the inverse direction. The intersection of these two complete pre-orders 

gives a partial pre-order that makes the incomparable nature of alternatives evident when 

these exist. It also reveals the most reliable part of the global preference. ELECTRE III 

starts by comparing each pair of alternatives G, k). The purpose of doing this is to assess 

a credibility level of the affirmation that "j outranks k" or G S k). This means that j is 
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considered to be at least as good as k. The value of the degree of credibility dG, k) of this 

affirmation is essentially based on the two concepts mentioned above: concordance and 

discordance (Roy, 1991). The degree of credibility follows some qualitative principles 

that exclude the possibility that a major disadvantage on one criterion might be 

compensated by a number of minor advantages on other criteria. The concordance index, 

CiG, k) for criterion i is given by the following expression for a maximization problem: 

ifzi(k) - ZiG) ~ qi 

if qi < zi(k) - ZiG) :s; Pi 

ifZi(k) -ZiG) > Pi 

(3.35) 

where G, k) is the pair of alternatives to be compared, and qi and Pi are respectively fixed 

indifference and preference thresholds (i= 1 ,2, .... .I), and ZiG) is the value of alternative j on 

criterion i. The goal of the concordance concept is to use the values of indifference and 

preference thresholds associated with each criterion so that a group of criteria is 

considered to be in concordance with the affirmation being studied. These comparisons 

act as an assessment of the relative importance of that group compared with the remainder 

of the criteria. From the concordance index and also using the weight or coefficient of 

importance Wj, the degree of concordance is given by: 

CG,k) = .:.,;;;i:;...!..I-"'I __ 

LW i 
i" 1 

(3.36) 
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The index CG, k) expresses the concordance degree of the affirmation being studied. Next, 

the other concept, discordance, is applied to determine which criteria are not in 

concordance with the affirmation under consideration. This affirmation is the one whose 

opposition is strong enough to reduce the credibility that would result from taking into 

account just the concordance. The discordance index is expressed as: 

if Zi (k) - Zi G) S Pi 

if zi(k) - ZiG) S Vi 

if zi(k) - ZiG) > Vi 

(3.37) 

where Vi is called a veto threshold. The veto threshold gives criterion i the power to take 

all credibility away from the affirmation being studied even when opposed to all the other 

criteria in concordance with the affirmation. Finally, the fuzzy outranking relation index 

dG, k) is given as follows. Define 10 = {i: DiG, k) > CO, k)}, then dO, k) is calculated as: 

{

CG,k) 

dG,k) = CG,k)n 1 - Di~,k) 
i E I, 1 - CG, k) 

ifI. = 0 

if I. :;f; 0 (3.38) 

By using dO, k), a complete order of alternatives can be constructed. The set of 

values of this index given by equation (3.38) summarizes the results of the comparison of 

all possible pairs of alternatives. As a final step, ELECTRE III constructs by "distillation" 

(Roy, 1991) the final pre order resulting from the set theoretical intersection of the two 

above preorders. 

The ELECTRE family techniques, as well as the compromise programmmg 

approach, presented in Chapter 3 dealt with cases when decision makers consider each 
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other payoff. In the next chapter, techniques of game theory applicable to contlict 

analyses are presented. In these techniques, the decision makers only care about their 

payoff and they do not care about other players' payoffs. 



CHAPTER 4 

GAME THEORY 
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Game theoretic approaches applicable to conflict analyses are presented in this 

chapter. The notion of strategic games is defined as: 

1) two-persons nonzero-sum games, 

2) n-players bargaining games, and 

3) bargaining games with incomplete information. 

These definitions follow the axiomatic developments for bargaining games based of the 

generalization of the system of axioms as proposed by Nash in 1953. They are sufficient 

to determine a unique function that allows solutions for any bargaining game. The 

modified version of the Nash bargaining problem that treats the axiom of monotonicity 

follows next. Finally, the relationship between negotiation and bargaining is given based 

on the existence of a unique limiting point. The major assumptions of the techniques given 

next focus on an interactive decision making. The DM is rational and Pareto optimal. 

That is, there exists no outcome that gives every player the same or larger payoff than the 

solution, and every player must obtain at least a greater payoff than one could get 

unilaterally. Each DM chooses an action one at a time. The advantage of using strategic 

game is that there is no restriction on the set of actions available to a player whose payoff 

can contain just a few elements or be a large set containing complex strategies. 
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4.1 General Approach 

For a bargaining game to exist, there must be at least two players and each player 

must have at least one strategy or option. A strategy is a complete description of how a 

player will behave under every possible circumstance (Davis, 1970). The two definitions 

for strategies that are commonly used in classical bargaining game theory are pure and 

mixed strategy. Pure strategy is when a player selects a strategy, or option on his own. 

Mixed strategy is when a player randomly selects a strategy from his set of pure strategies. 

In other words, a mixed strategy is a probability distribution over the player's pure 

strategies. In a stochastic bargaining game, a payoff for a player is expressed in terms of 

reward. Usually real conflict situations do not have payoffs in easily manageable units like 

money. To express the value of an outcome to a player, the theory of utility is often used. 

Utility is a numerical value assigned to an outcome for a player. It is determined in such a 

manner that a higher utility means a more preferred outcome. Also, the utility of a lottery 

or probabilistic occurrence of an outcome from a specific group is desirable and 

comparable to the utility of other outcomes or lotteries. The goal of players in a 

bargaining game such as the Rio Grande river basin conflict is then to maximize their 

utilities. There are many different types of bargaining games in strategic form, some of 

which include the following: two-person nonzero-sum games, n-person bargaining games, 

and bargaining games with incomplete information. 
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4.2 Strategic Games 

The strategic approach to the bargaining problem was first studied by Stahl (1972) 

for the finite horizon case, but it became widely known ten years later when Rubinstein 

(1982) treated the infinite horizon case. The literature on bargaining has grown rapidly 

since 1982. Good reviews of this literature are found in Binmore and Dasgupta (1987), 

Osborne and Rubinstein (1990), and Binmore, Osborne, and Rubinstein (1990). The 

axiomatic approach of strategic games given in section 4.3 was suggested in Nash (1950, 

1953). Many different systems of axioms have been proposed and analyzed since 1953 

due to the criticisms of Nash's axioms. 

A strategic game is a model of interactive decision making in which each decision 

maker chooses his action once and for all, and these choices are made simultaneously. 

The model consists of a finite set N of players and, for each player i, a set Ai of actions 

and a preference relation on the set of action profiles. An action a = (a j) jEN is referred to 

as an outcome, and denoted the set x jjENA j of outcomes by A. The requirement that the 

preference of each player i be defined over A, rather than Aj, is the feature that 

distinguishes a strategic game from a decision problem. Thus, each player may not care 

only about his own action, but also about the actions taken by the other players. In 

summary, a strategic game consists: 

i) a finite set N (the set of players) 

ii) for each player ieN, a nonempty set Aj (the set of actions available to player i) 
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iii) for each player ieN, a preference relation >- on A = x
J
" A

J
. (the preference 

JEN 

relation of player i). 

In many applications we can find a value function g such that: 

a >- b if and only ifg(a»g(b). (4.1) 

The advantage of using strategic game is that this model places no restrictions on the set 

of actions available to a player, which may contain just a few elements or be a huge set 

containing complicated plans that cover a variety of contingencies. However the range of 

application is limited by the requirement that each player has a preference relation. 

4.2.1 Two-Person Nonzero-Sum Games 

Such bargaining games reflect the real world more accurately than zero-sum 

games, but have the disadvantage that they generally have no universally accepted solution 

(Davis, 1970). Two-person nonzero-sum discrete bargaining games are also called bi-

matrix games because the matrix can be considered an ordered pair of matrices, each 

representing the payoffs to one of the players. One basic consideration in nonzero-sum 

games is that of cooperation. Cooperative games occur when two players can 

communicate their choice of strategy before they select it. In this case, they can both do 

better agreeing on one of the payoffs that is not a minimum for either one of the players. 

Thus, an outcome is cooperative if it requires an outside enforcement mechanism to make 

it stable. Therefore equilibrium points are self enforcing because once an equilibrium point 

is agreed upon, it is not worthwhile for any player to deviate from it. 
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Many complications arise in nonzero-sum games because in real world cases they 

are usually not purely cooperative or non cooperative. As pointed out by Rasmusen 

(1989), the key differences between cooperative and non-cooperative games are in the 

modeling approaches used. Cooperative game theory is axiomatic and is based on 

principles such as fairness, equity and Pareto optimality. Non-cooperative games are 

generally used for cases of mixed strategies. In non-cooperative games, solution concepts 

explain the ways in which players can behave in the process of competitively reaching an 

equilibrium. Real world conflicts are usually mixed motive games in which the players 

have some common interests and some competing ones (Dresher, 1961). 

4.2.2 n-Player Bargaining Games 

General n-player bargaining games are used when more than two decision makers 

are present. For example, in voting schemes (Hamburger, 1979, Bella and Szidarovszky, 

1992) it is appropriate to consider finite number of players and finite number of strategies 

for each player. n-Player bargaining games constitute the most general kind of ordinal 

game. One key principle in n-player game theory is that of coalition (Limand Benbasat, 

1992). Single players often do not have much individual power to control the selection of 

an outcome or gaining a good corresponding payoff. However, groups of players 

working together can obtain preferred outcomes for each player through cooperation 

(Gear and Read, 1993). 
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Two assumptions that are often basic to n-player cooperative game solutions are 

those of Pareto optimality and individual rationality. Pareto optimality means that there 

must be no outcome that gives every player the same or a larger payoff than the solution. 

Individual rationality means that every player must obtain at least as great a payoff as he 

or she could get unilaterally (Davis, 1970). Notice that Pareto-optimality is the basic 

concept in multi criterion decision making. 

4.2.3 Bargaining Games With Incomplete Information 

The analysis of bargaining games conducted under the assumption that the 

complete description of the game with the complete knowledge of the strategy sets and 

payoff functions are called games with complete information. In such games, all players 

know the exact payoffs that opponents can obtain. Information about the opponents' 

payoffs is not important for determining the maximum strategies. It is crucial, however, 

for predicting which strategies are best responses of other players, and therefore to predict 

the actions of others. When players are incompletely informed about their opponents' 

payoffs but fully informed about the strategy set of all players, then the game is called a 

game with incomplete information. Harsanyi (1967) suggested a method for transforming 

games of incomplete information into games of imperfect information in which some 

actions are known to the players while others are randomly selected. For such games best 

responses and equilibrium behavior are well defined. For example, a player with 

incomplete information about some other player's payoff will be treated as if he/she were 
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uncertain of the type of player he/she will face. Thus, incompleteness of information 

about payoffs is transformed into uncertainty about the move of nature, or that of some 

artificial players. The probability distribution that nature uf.'~S is the mixed strategy of this 

player. Thus, no additional payoff function has to be introduced. Next, the axiomatic 

developments of any bargaining game are formulated. 

4.3 Axiomatic Developments 

4.3.1 Nash's Axioms 

The system of axioms next presented is a generalization of the system proposed by 

Nash (1953). The following five axioms are sufficient to determine a unique function that 

selects a solution for any bargaining problem with a concave payoff possibility frontier. 

Four of these axioms characterize a bargaining solution in terms of one parameter that can 

be interpreted as a player's bargaining strength. In this case, the degree of confidence in 

regard to the predicted outcome depends on the arguments advanced to justify the axioms. 

Nash (1953) suggested supplementing the axiomatic approach to bargaining with the 

strategic approach (Eichberger, 1993). 

A bargaining problem is usually identified by a pair (X, d), where XcR 2 is the 

feasible payoff set, and deX is the disagreement payoff vector. It is assumed that there is 

a feasible outcome xeX such that x > d, and the Pareto frontier can be characterized by a 

strictly decreasing concave, continuously differentiable function x 2 = '!'(x l ). It will also 
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be assumed that there exists a pair of payoffs (x;, x;) such that d 2 = V'(x;) and 

x; = V'( d \ ), where d 1 and d2 are the elements of d. The outcome of the bargaining 

process must satisfy the following two assumptions: 

(i) Rational players never accept an outcome that is worse than their outcome if no 

agreement is reached. 

(ii) Rational players will exhaust potential gains from trade. 

These properties show that for any outcome (X., X2), Xl ~ d., X2 ~ d2, the point (X., X2) is 

on the Pareto frontier, that is, x2 = V'(x\). Notice that there are usually infinitely many 

outcomes satisfying these outcomes. The particular outcome of a given bargaining 

situation must depend on the point itself, or on the additional specific axioms required to 

be satisfied by the solution. 

The first two axioms require the outcome of any bargaining problem to be strongly 

individually rational and Pareto-optimal. 

Axiom J (Strongly individual rationality): The outcome of a bargaining problem, 

(x;, x;) = ftX, d), must be strictly better for both players than the disagreement payoff. 

That is, dl < x; and d2 < x; . 

Axiom 2 (Weak Pareto optimality): There is no feasible payoff combination (X., 

X2) that has a higher payoff for both players than the bargaining solution (x;, x;) = ftX, 

d): Xl > x; and X2 > x; implies (Xl> x2h~X. A bargaining outcome that satisfies these two 

axioms (Figure 4.1) lies on the Pareto frontier (or nondominated set of solution) of the 
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bargaining problem and is strictly preferred to the respective disagreement payoff by both 

players. 

d 2 

Payoff combination 

satisfying axioms 1 and 2 

~ ________ ~ ________ ~ ______ ~x 
1 

d1 
Figure 4.1. Illustration of axioms 1 and 2 

The next axiom identifies bargaining problems as essentially identical if they can be linearly 

transformed into one another. Except for this linear transformation, such problems must 

have the same solution. 

Axiom 3 (lnvariance): If a bargaining problem (Y, d') is related to another 

bargaining problem (X, d) such that (Yl> Y2) = (AI + BI' XI> A2 + B2' x2)eY if and only if 

(XI, x2)eX and Yi = Ai + Bi' xi. (i = 1, 2), then the solutions of the bargaining problems 

(X~, x;) = ttx, d) and (y~, y;) = tty, d'), must satisfy 

(4.2) 
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This axiom makes it possible to treat a large number of bargaining problems as essentially 

equivalent. In particular, all bargaining problems with a linear Pareto frontier are 

equivalent in this sense. By choosing AI. A2, BJ. and B2 appropriately, one can transform 

any bargaining problem with a linear Pareto frontier into any other bargaining problem 

with the same requirement. Thus, finding the solution for any bargaining problem with a 

linear Pareto frontier is equivalent to finding the solution with Pareto frontier {(x), x2)lx), 

The fourth axiom requires the solution of a bargaining problem to be independent 

of payoff combinations that are feasible and individually rational but do not affect the 

solution. Removing such irrelevant alternatives must leave the solution unchanged. 

Axiom 4 (Independence of irrelevant alternatives): Consider a bargaining 

problem (X, d) which has the solution (x;, x;). If another bargaining problem (Y, d) 

with Y c X contains the solution (x;, x;), then (x;, x;) must be the solution for the 

bargaining problem (Y, d) as well. 

An immediate implication of axiom 4 is that the solution of a bargaining problem with 

linear Pareto frontier remains the solution of all bargaining problems contained in it. It 

also has a Pareto frontier that is tangent to this solution. The final axiom is the symmetry 

requirement. 

Axiom 5 (Symmetry): Ifa bargaining problem (X, d) satisfies 
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4.3.2 Nash Solution 

The following theorem shows that the first four axioms yield a unique bargaining 

outcome for the set tJ of convex bargaining problems. 

Theorem 4.1: Suppose that, for all (X, d)e tJ, ",(XI) is a concave function and 

there exists (Xl. x2)eX with Xl > d, and X2 > d2. If the bargaining solution ft.) satisfies 

axioms 1,2,3, and 4, then there exists <xe(O,I) such that 

ftX, d) = argmax{(x I - dl)a . (X2 - d 2 )I-a l(x l , x 2) e X} . (4.3) 

where <X is called the bargaining power index. If the solution also satisfies axiom 5, then 

<X = 0.5 holds (Eichberger, 1993, Chapter 9). Roth (1979) has shown that axioms 1, 3, 

and 4 imply axiom 2 (Pareto optimality). Theorem 4.1 makes it possible to derive the 

bargaining solution of a given bargaining problem (X, d) by solving an optimization 

problem on the set X. 

Nash (1953) showed that the five axioms are sufficient to predict a unique payoff 

combination as the outcome of a bargaining problem, which is the above with <X = 0.5. 

The solution of the optimization problem is called Nash bargaining solution. When <X :t:-

0.5, in contrast, one refers to this solution as the asymmetric Nash bargaining solution. 

<X > 0.5 indicates that player 1 is stronger than player 2, and if <X < 0.5 then player 1 is 

weaker than player 2. 

In fact, the parameter <X that distinguishes the possible bargaining solutions can be viewed 

as a power index for the bargaining parties. By choosing <X appropriately, every Pareto 
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optimal and individually rational payoff combination can be obtained as a bargaining 

solution. 

4.3.3 Modified Models 

Other solutions to Nash's bargaining problem were developed because Nash 

axioms came under a certain number of criticism, particularly, axiom (4) of independence 

of irrelevant alternatives (Luce and Raiffa, 1957). Nash proved the surprising result that 

there is one and only one solution which satisfies the axiom of independence of irrelevant 

alternatives. Nash's unique solution has the following very simple geometric 

interpretation: Given a bargaining pair (d, X), for every point x = (XI. x2)eX, consider the 

product (area ofa rectangle) (xJ - dJ) . (X2 - d2). Then ftd, X) is the unique point in X that 

maximizes this product. 

Consider a pair (d, X)eU (a given utility level) and let b(x) = (bJ(x), b2(x)) be 

defined in the following way: 

bJ(x) = sup{xeR: for some yeR, (x, y)eX}, 

b2(x) = sup{yeR: for some xeR, (x, y)eX}. 

Let gs(x) be a function defined for x:::; bJ(x) in the following way: 

gs(x) = Y if(x, y) is Pareto of(d, X) 

= b2(x) if there is no such y. 

(4.4) 

(4.5) 

(4.6) 

Then gs(x) is the maximum player 2 can get if player 1 gets at least x. The modified axiom 

of independence of irrelevant alternative is given as (Kalai and Smorodinsky, 1975): 
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Axiom of Monotonicity: If (d, X2) and (d, Xl) are two bargaining pairs such that 

bl(Xl) = bl(X2) and gsl ~ gs2, then f2(d, Xl) ~ f2(d, X2), 

where 

(4.7) 

Refer to the proof by Kalai and Smorodinsky (1975). This axiom states that if, for every 

utility level that player 1 may demand, the maximum feasible utility level that player 2 can 

simultaneously reach is also increased. Thus, the unique monotonic solution is given in 

the following theorem. 

Theorem 4.2: There is one and only one solution, x·, satisfying axioms 1, 2, 3, 5, 

and the above axiom. 

Kalai and Smorodinsky (1975) proved the above theorem. Limiting properties of 

monotonicity has been investigated by Rubinstein (1982), van Damme (1991), Okada 

(1991), and Houba (1993). With the development of Nash's axioms, negotiation and 

bargaining are presented next. 

4.4 Negotiation and Bargaining 

The negotiation process may be modeled using the tools of game theory (Zeuthen, 

1930; Bui, 1992). Because the presence of a conflict of interest is central to game 

theoretical situation, the theory of bargaining is more than just an application of game 

theory. Models of bargaining lie at the heart of the subject and have attracted a great deal 
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of attention since its inception (Krus and Bronisz, 1993; Krus, et aI., 1990). Most of the 

early work uses the axiomatic approach initiated by John Nash. 

4.4.1 Some Special Voting Schemes 

The special voting scheme does not correspond to the well-known solution 

concepts since no equilibrium exists, there are several decision makers, and there is no 

one-to-one correspondence between the actions and the decision makers, and between the 

objectives and the decision makers. In game theory, there are two methods to overcome 

the difficulty of nonexistence of an equilibrium. In the first method, the dynamic existence 

of the game can be considered: starting from the status quo, sequences of unilateral 

improvements by the players are analyzed and their asymptotic properties are examined. 

In the second approach, the stochastic extension of the game is considered. The actions 

are randomized so that the strategy of each decision maker is a discrete distribution on the 

original set. If there is no sense for such randomization, then the following three related 

methods can be used: 

Method 1: As previously indicated, no equilibrium exists. For each decision maker 

(DM), the optimal action and the number of DMs for whom the action is optimal are first 

determined. The action that is optimal to most decision makers is considered to be the 

overall best. This method can be explained by a simple voting procedure. Assume that all 

decision makers vote one by one on each action. Each DM gives 1 point to his optimal 
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action and 0 to all others. The total vote obviously equals the number of decision makers 

for whom the action is optimal. 

Method 2: Method 1 has the disadvantage that it makes the distinction between 

only the best and not the best actions, therefore, the second best, third best, and so on, 

actions are considered equal. However, from the decision maker's point of view, they are 

different. To overcome this difficulty, Method 1 can be modified in the following way. 

For each DM, the best action gets 1 point, the second best action gets 2 points, the third 

best receives 3 points, and so on. These points are added up for each action, and the 

action with the smallest sum is considered the best. 

Method 3: Method 2 has the following theoretical problem: the distance between 

the best and worst actions becomes larger if the DM has more actions to select from. 

Therefore the point for worst alternative becomes also larger. This point system is 

questionable since the value of the worst action may become different for different DMs. 

Therefore the following point system can be used. The best action for each DM gets 1, 

the worst action obtains 0 point. The other actions are placed uniformly between 0 and 1. 

For example, in the presence offour actions for a DM, the best action gets 1, the second 

best 2/3, the third best 1/3, and the worst 0 point. Alternatively, uniform distribution can 

be replaced by any other possibility, e.g., which is indicated by a utility function. 
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4.4.2 Nash's Model 

Nash's model of bargaining, as stated in section 4.3.2 relies heavily on the theory 

of rational individual choice behavior as initiated by von Neumann and Morgenstern 

(1944). He defined a solution to the bargaining problem to be a function f: B~R such 

that f{X, d) is an element of any set (X, d) in B because a solution is a rule that assigns to 

each bargaining game a feasible utility payoff of the game. Nash proposed an equilibrium 

state of a strategic game {N, (Ai), >- } to be a set a* EA of actions with the property that 

for every player iEN we have 

(a~i' a~) >- (a~i' a) for all aiEAi. 

where >- is a preference relation. 

(4.8) 

For a* to be Nash equilibrium, no player i must have an action yielding a better 

action than a~, given that every other player j chooses his equilibrium action a j. Briefly, 

no player can profitably deviate, given the actions of the other players. Not every 

strategic game has a Nash equilibrium. The conditions under which the set of Nash 

equilibria of a game is nonempty have been investigated extensively. The strategic game 

{N, (ai), >- } has a Nash equilibrium if for all iEN 

i) the set Ai of actions of player i is a nonempty compact convex subset of an 

Euclidean space and the value function defining the preference relation >- is 

ii) continuous and 

iii) quasi - concave on Ai in the strategy set of player i. 
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Nash has proved that there exists a unique solution such that 

n n 

I1 (Xj - dJ > I1 (yj - d j), is satisfied (4.9) 
j = 1 j = 1 

where x ~ d and for all y in X such that y ~ d and y ~ x. See proof in chapter 2 of 

Osborne and Rubinstein (1994). Nash solution is a unique outcome that maximizes the 

geometric average of the gains which the players realize by reaching an agreement instead 

of settling for the disagreement outcome, d ( Figure 4.2). 

largest geometric distance 

x 1 

Figure 4.2 Nash Solution 

4.4.3 Harsanyi's Extension 

The problem facing players in an n-person bargaining game is the selection of a 

payoff vector among the set of all payoff vectors. This choice must be an unanimous 

agreement by all n players. Harsanyi (1963) extended the Nash procedure to n-person 

games (n~3). The Nash-Harsanyi model is of the following form: 
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n 

max TI (Xj - d j ) (4.10) 
j = I 

subject to Xi ~ di , XEX 

where d = (d}, d2, ..... , dn) and X are the disagreement and payoff vectors, respectively. 

The payoff vector represents the payoffs the players would receive if they cannot agree on 

final payoffs. As already mentioned, this agreement must be unanimous. The Nash-

Harsanyi model can be derived from the five Nash axioms stated in section 4.3.1. The 

only solution that satisfies these five axioms is the one obtained by solving equation 

(4.10). The proof of this is demonstrated by Harsanyi (1977, chapter 10). 

4.4.4 A Probabilistic Model 

Probabilistic models which describe situations in which the players are faced with a 

choice under uncertainty were first introduced by Butterworth (1977). The rules of this 

model describe a game (X, d) played by each player i = 1, 2 who submits a demand Xi such 

where 

(4.11) 

If the demand vector X = (XI, X2) is contained in X, then each player receives his demand 

Xj, otherwise the outcome is d = (dh d2). 

Suppose player 1 believes that player 2 will make a random demand, chosen from a 

uniform distribution on the interval [d 2' X 2 ]. Then player 1, who is by assumption a 
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rational player (i.e., one who makes choices so as to maximize his expected utility), is 

faced with the problem of choosing his own demand. For any demand xl. his expected 

reward is Xl times the probability that (XI. X2) is in X, plus d l times the probability it is not. 

This is denoted by: 

Because X is a set with disposable utility, the expected reward is: 

where 

'!'(XI) = max x2 
(XI' Xl)EX 

(4.12) 

(4.13) 

(4.14) 

for any Xl in the internal [d I' XI]' and because X2 is uniformly distributed on [d 2' x2 ], it 

equals 

(4.15) 

So player 1 wants to choose his demand Xl so as to maximize his expected reward, which 

is written as: 

(4.16) 

Because (X2 - d 2) is a positive constant, player 1 maximizes his reward by choosing Xl 

to maximize (XI - dl)·[('!'(x l) - d 2 )]. In other words, he maximizes his expected utility 

by demanding his share of the outcome selected by the Nash solution. If player 2 follows 

the same line of reasoning, the demand vector is equal to the symmetric Nash solution. 
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In this model, each player is assumed to behave as if the other followed a random 

process rather than a utility-maximizer because the Nash solution is the result only when 

each player makes an incorrect assumption about the behavior of the other. However, the 

model can be restated so that it does not require each player to act as if he were in 

possession of analytical abilities of a sort unavailable to the other player. 

Consider the game (X, d), where player 1 is under the assumption that he knows 

player 2's preferences. Suppose that player 2 has the same sort of information about 

player 1, and that each player is aware of all the information in possession of each other. 

Unless he possesses a theory about rational behavior in game situation, it is still not clear 

that all of this information helps player 1 to decide what to demand. Because he wants his 

demand to be compatible with player 2's demand, he needs to have some idea of how 

player 2 will behave. However, player 2's behavior depends on how he thinks player 1 will 

behave, and so the circle is complete. 

4.4.5 The Alternating Offer Process 

The rules by which the alternating offer game (X, d) is to be played follow. At 

each odd period, player 1 names an outcome x = (XI. X2) in X, and in each even period, 

player 2 names an outcome y = (YI. Y2). For simplicity, assume that both x and yare 

individually rational and Pareto optimal. If player 2 accepts player l's offer of payoff X2 in 

odd time period, then the bargaining process terminates with the outcome (f/I-I (x 2 ), x2 ) • 

Otherwise, the process breaks down with probability d I and d is the terminal outcome, and 
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with probability 1 - d), player 2 makes the next offer. Ifplayer 1 's offer (XI) is accepted, 

then the process terminates with the outcome (XI' ",-I (x2» .Otherwise, with probability 

d2, bargaining breaks down and (d), d2) is the outcome, or player 1 gives a new offer with 

probability 1 - d2. This process continues until termination. 

As shown by Eichberger (1993), the solution of the above alternating offer process 

and its modification with discount factors 1 - d I, 1 - d2 and infinite time horizon is 

characterized by the following equation: 

which is also equivalent to the system of equations 

XI = ",-I (x2), 

X2 = old 2 + (1 - 01)Y2' 

YI = o2d l + (1 - 02)XI, 

Y2 = "'(YI)' 

If qJ(x I ) denotes the left hand side of equation (4.17), then 

furthermore, 

(4.17) 

(4.18) 

(4.19) 

(4.20) 
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Therefore, there is a uruque solution x ~ (0 \> O2 ) of equation (4. 17), and the 

corresponding other components of the equilibria are given as: 

X~(OI' O2 ) = IJI(X~(OI' O2 )), 

y~ = 02dl + (1 - 02)X~(01' O2), and 

y; = IJI(Y~). 

4.4.6 Mathematical Properties of Solution 

From equation (4.17) it follows that 

(4.22) 

(4.23) 

(4.24) 

implying x~ ~ y~ and x; ~ y;. If 0 1 -)0 0, then x; - y; -)0 0; and if O2 -)0 0, then 

x; - y; -)0 0, i.e. when the break down probabilities converge to zero, the offers of the 

two players converge to each other. This limit relation is not surprising because in the 

absence of possible break downs (that is, when no threat is present) the two players must 

reach a common resolution. Furthermore, notice that 

(4.25) 

where (x~, x;, y;, y;) denote the equilibrium coordinates with fixed values of 01 and 02. 

Now denote xI(d l ) the solution of equation (4.17), and denote the left hand side of 

equation (4.17) by tp(xl, 0 1), We will next prove that XI(OI) increases in d l . In contrast, 
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Then 

(4.26) 

which is an obvious contradiction. From equation (4.17), y; also increases and both x; 

and y; decrease in d I. The symmetry of the two players implies that with fixed values of 

d}, and d2 , x; and y; decrease in d}, and x; and x; increase in d2, showing that any 

increase in break down probabilities of the other player has an increasing effect on 

equilibrium payoff. Similarly, an increase of the disagreement payoff of any player has 

also an increasing effect on his equilibrium payoff. 

4.5 Relationship Between the Two Concepts 

As shown above, there are two approaches to arrive at a prediction of the outcome 

of bargaining situations. The first approach is based on some properties that any 

bargaining outcome must satisfy (Nash bargaining solution) and the second approach is 

based on the description of the bargaining process (alternating offer process). It will be 

demonstrated that a very strong relation exists between these approaches. In particular, it 

will be examined the alternating offer method with different break down probabilities. 

For instance, consider now the alternating offer method with the additional 

assumption that d2 = Kd}, where K > 0 is a given constant. Because the solution depends 

on only d}, then x; = x; (8\) . For the sake of simplicity, assume that d l = d2 = 0; 

otherwise, both coordinates must be shifted without changing the solution. Then equation 

(4. 17) simplifies as 
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(4.27) 

which can be rewritten in the following way: 

Since x; (°1) is bounded, for 01 ~ 0, at least one limit point exists, and each limit point 

x; satisfies the following equation: 

(4.29) 

Next, notice if this equation has a unique solution, there is a unique limit point or 

x;· = lim x; (°1) exists. In addition, the left hand side strictly decreases in x; 
°1-+0 

because rp is strictly decreasing and concave. Furthermore, 

(4.30) 

and 

(4.31) 

These facts imply the existence of a unique solution of equation (4.29), which is in 

(0, x;). Now introduce x;· = rp(x;·), into equation (4.29) 

•• . •• _ x2 rp (XI) - ---•• ' 
KXI 

Next consider the function 

x~x~·a = C. 

When assuming that X2 = X2(Xl), simple differentiation shows that 

(4.32) 

(4.33) 



68 

axa.IX I.a + x a (1 a)x·ax· - 0 
12 I - 22-' (4.34) 

which simplifies as 

(4.35) 

By comparing equations (4.33) and (4.35), the limit point (X;-, x;-), the concave function 

'I' and the convex function from equation (4.15) with a = 1 have a common 
K + 1 

tangent line. This observation implies that (x;-, x;-) coincides with the nonsymmetric 

Nash solution (refer to Theorem 4.1). 

The above proof shows the existence of a very strong relation between the 

alternating offer process and the generalized Nash solution concept. The alternating offer 

process is a particular bargaining mechanism, while the Nash concept is based on a certain 

set of axioms that does not directly offer a bargaining procedure implementing this 

outcome. Our analysis offers such a procedure. If a non symmetric Nash solution is 

obtained, then the alternating offer process must be considered with small values of d 1 = d 

and 8 2 = 1 - a 8, and the non symmetric Nash solution must be found: 
a 

(4.36) 

In the non symmetric Nash solution concept, parameter ex. is called the power index 

for the bargaining parties. In the case of the alternating offer process, parameter K = d2/d) 

can also be viewed as an index to measure the relative power of the players. Notice that 
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d I represents the probability that player 2 will not present a counter offer to an 

unacceptable offer obtained from player 1. Similarly, d2 is the probability that player 1 

simply walks away from the negotiation table after receiving an unacceptable offer from 

player 2. Therefore, the parameter K = d2/d l shows how much more important it is for 

player 2 to continue the negotiation process than it is for player 1. Hence, K may be 

referred to as the relative power factor of player 1. Notice finally that a. and K are 

interrelated by equation 

K 
__ 1+a __ 1 

- - 1. (4.37) 
a a 

The value of a. must be in (0, 1) but K can take any positive values. In addition, the above 

comments apply to that equation (4.37) and the well-defined meaning of the power index 

in the case of non symmetric Nash solutions. The assumption that function If! is 

continuously differentiable has served only technical purposes. 

In the next chapter, the Rio Grande water allocation problem is formulated in 

terms of decision makers, their option alternatives, the solution methodologies used to 

solve the conflicts and the results obtained. 



70 

CHAPTER 5 

PRESENT CASE STUDY: UPPER RIO GRANDE RIVER BASIN 

The case study to be presented in this chapter is a special decision problem where 

several decision makers are present, and each DM has several criteria. In the previous 

chapters, we have outlined methodologies for solving multiobjective programming 

problems as well as resolving conflict situations. 

In applying multiobjective programming it is usually assumed that there is only one 

DM and this DM wants to improve several objectives, criteria in the same time. The 

solution of such problems is the nondominated solutions. Since nondominated solutions 

are multiples and there are not equivalent to each other, the problem of selecting the most 

appropriate decision is not a pure mathematical problem. This selection has to be made by 

using additional preference information from the DM. Depending on the type of 

information, different method is used. For example, if the preferences are explained by 

weights, then the weighting method is applied. If the most important objective is specified 

and minimal acceptable levels are given to all other objectives, then the E -constraint 

method is used. Similar situation can be mentioned in all other types of methods, but we 

have to bear in mind that this preference information is based on the subjective judgment 

of the DM. Because of this subjectivity, the preference information has certain uncertainty 

and therefore cannot be considered perfect. In addition, the different kind of information 

needs different kind of judgment and therefore, the many subjective preferences may be 
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contradictory to each other. In such cases, by only mathematical method, it is impossible 

to find out which preference information was correct and which were not. The only way 

to answer this question is to repeat the decision process for all available preference 

information. If the results are the same, then we can be confident that the common result 

is correct based on the information available. If the results are contradictory, then it is not 

the fault of the mathematical methodology. Instead it is the result of the very limited 

capability of the human mind in expressing the same preference information in different 

ways. The best we can do is to present all the computational results to the DM. The 

decision maker then has to think over which contradictory elements of his preference 

orders are responsible for the discrepancy in the result. The DM will either modify some 

of his preference orders and the computation is repeated or he finds out most satisfactory 

results from his point of view. We strongly believe that every multiobjective programming 

problem has to be treated in this way. That is, several methods have to be applied, the 

results compared and if necessary, computations have to be repeated until satisfactory 

solution is obtained. In my research, I followed this path. In Appendix B, we compared 

results obtained from compromise programming and ELECTRE III. There is a strong 

reason why these two methods were selected. Compromise programming is the most 

frequently used method in hydrological applications. It is very flexible in the sense that the 

DM has the freedom in selecting the distance type and weights. As we have discussed 

earlier the type of distances reflect the level of compensation between the objectives. In 

addition, the weights show the relative importance of the objectives. Furthermore, the 
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second most frequently used method, the weighting method is equivalent to compromise 

programming approach, when p = 1 is selected. Compromise programming has the 

additional advantage that under realistic assumptions, any arbitrary nondominated solution 

can be obtained by the appropriate selection of the model parameters. The choice of 

ELECTRE III was made since it is the most advanced and most frequently used method 

from the class of outranking procedure. That is, the two most important method classes 

were represented by the most frequently used and most advanced members. 

In our case study, as we have mentioned earlier, several decision makers are 

present. In such cases, game theoretical methods are used. The application of MCOM 

methodologies is also possible if there is a higher authority enforcing the treaty between 

the OMs or the legal system gives the possibility to any of the participant to force others 

to keep the agreement. In our case study, the US federal government and the international 

treaties between the US and Mexico serve this purpose. To see a more accurate picture 

we also used special game theoretical methodology to solve the same problem. There are 

many alternative concepts and solution methods in game theory. This problem could be 

considered as a noncooperative game, however, we decided not to. There are 2 reasons 

to justify this decision. The first reason is that in this case the OMs are not completely 

independent, their objective is to get a common understanding and a solution that is 

satisfactory to all parties involved. The second reason is that the solution of 

noncooperative game is defined as an equilibrium and it is well known from the game 

theory literature that equilibria are not necessary nondominated. In our case the 
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participants will not accept any solution that can be improved for all participants 

simultaneously. This can be explained by saying that the players are rational. We 

therefore selected a special cooperative game theory idea known as social choice. There 

are several alternative methods to find the social choice solution. In the paper presented in 

Appendix C, we applied a sequence of voting procedures. This procedure has the 

advantage that it is easy to use, and there is no need for specified objective function 

values. This advantage is very important if some or all objective function values are 

uncertain even subjective. As we have discussed earlier, application and comparison in 

using several techniques in solving the same problem help the DM to understand the 

problem better to see the consequences, and in overall, to find the best decision from his 

point of view. 

The case study selected for this research is the upper Rio Grande river basin 

(Figure 5.1) located in southwestern United States. The Rio Grande river flows 

southward nearly 2,000 miles from its headwaters in southern Colorado, through the 

states of New Mexico and Texas, while fonning the international boundary between the 

United State and the Republic of Mexico. The Rio Grande river supplies drinking water 

for more than 3.5 million people, as well as water for agricultural, recreation, hydropower 

and industrial purposes. 

The water allocation problem between these uses is modeled respectively by the 

two published and a working paper appended to this dissertation (Appendices B, C and 

D). The water allocation problem is formulated in terms of the current management, the 
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decision makers and their options. In efforts to provide a solution using various solution 

methodologies the following critical questions are asked: 

1. What are the criteria by which decisions are made to hold water in reservoirs? 
2. Who makes those decisions and how do they affect downstream users? 
3. Who are the major players and what are their concerns? 
4. How technical water decisions affect users? 
5. How would the pressures on the existing system adapt to newly defined needs, 

requiring therefore that key de9isions be made. 
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Figure 5.1. Upper Rio Grande River Basin 
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5.1 Formulation of Water Allocation Conflicts 

The dynamics of decision-making in the upper Rio Grande river basin during this 

century have followed a pattern that is evident wherever choices must be made for a 

limited resource. Early in the century, initiative was taken by irrigation interests to build 

water projects that would provide relatively secure supplies and minimize flood and other 

problems. As urban areas grew dramatically after World War II, pressures mounted for 

further flood control and for new storage specifically to meet growing urban needs. Thus, 

the interests of economic growth in agriculture and urban expansion were the primary 

driving forces behind water development. 

Historically, the strategic division of sur.face waters has been carried out and 

monitored according to the Rio Grande compact of 1938 and the two U.S.-Mexico 

agreements of 1906 and 1944. The management objectives set by the above agreements 

include: 

1) Satisfaction of flood control. 

2) Allocation of municipal, industrial and agricultural supply. 

3) Adjudication of Indian rights. 

4) Recreation and ecological requirements. 

These objectives are characterized and measured by a set of criteria, which represent the 

various interest groups, agencies and treaties. The major user groups are the International 

Boundary and Water Commission (mWC), the U.S. Bureau of Reclamation, and the U.S. 

Army Corps of Engineers, who created the legal and institutional structure that now have 
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the principal responsibility for administration and management of the Rio Grande region 

water supply. The principal roles of these major groups of players are: 

• The International Boundary and Water Commission (lBWC): The mwc was 

established by the United States and Mexico to control, distribute, operate key 

reservoirs for the lower Rio Grande, and attempt to resolve both boundary and 

pollution issues along the border. Its primary role is to insure delivery of water to 

Mexico under international treaties. 

• The U.S. Bureau of Reclamation (USBR): The USBR administers major water 

development project in the Rio Grande river basin such as irrigation and municipal 

use. 

• The U.S. Army Corps of Engineers: The Corps of Engineers was directed by 

Congress in 1824 to begin work on improving navigation in the nation's 

waterways. Key roles of the Corps of Engineer include flood control, 

hydroelectric power generation, recreation enhancement, and wetlands protection. 

Beginning with the Flood Control Act of 1948, the Corps has been active in the 

Rio Grande basin. 

While the above three federal agencies play the most critical roles in Rio Grande 

decisions, numerous other agencies are involved in various aspects of resource 

management. 

• The Bureau of Indian Affairs (BIA) is an agency within the U.S. Department of 

Interior and it is involved in water resource management in the Rio Grande basin. 
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It was established to carry out the responsibilities legally owed to Indian tribes by 

the federal government. 

• The Bureau of Land Management plays a key role in regulating recreational use 

of rivers in the Rio Grande basin and has been at the center of decision making 

concerning use by rafters. 

• The Fish and Wildlife Service is charged with protection of endangered species 

as well as wildlife refuges. It has a critical role in water resource decision-making 

along the Rio Grande river basin. It is also required to issue biological opinions 

on the impact of new water projects on endangered species. 

• The U.S. Geological Survey does not take policy positions, but it plays an active 

role in operation gagging stations and providing data essential for enforcement of 

the Rio Grande Compact. 

• The Forest Service does not play a direct role in water management along the 

Rio Grande river, but the effect of its decisions and practices can be substantial. 

• The Soil Conservation Service operates a small reclamation project program that 

has local importance for many irrigators. It also performs the important service of 

monitoring, and reporting snowpack and spring runoff condition in collaboration 

with the U.S. Weather Service. 

In summary, the decision makers playing the most critical roles in Rio Grande 

decisions are illustrated in Figure 5.2. 
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Figure 5.2. Players Involved in the Rio Grande River Basin 
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Water management in the basin is complex because many of the water needs are 

incompatible. The current management of water resources is complicated by a multiplicity 

of governmental units on both sides of the border. On the Mexican side, the Federal 

government exercises the dominant role through a variety of agencies. On the U.S. side, 

prime responsibility is placed in three states, each having its separate, independent and 

different water laws. Furthermore, the high degree of complexity between inter-agencies 

makes it difficult for a decision maker to comprehend the water issue problems or reach a 

sound management decision. 
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The first problem is the continued population growth along the basin, especially 

urban areas such as Albuquerque, New Mexico; EI Paso, Texas; and Cuidad Juarez, 

Mexico; have caused unregulated pumping of ground water that affect surface water flow 

and may indirectly affect surface water treaty allocation in the future. 

The second factor resides on new pressures such as instream flows for fisheries 

protection, recreation, Indian water rights, water marketing and leasing. In the past, the 

needs of interstate and international allocations were some of the driving forces that 

shaped policies and legislation. Now, increasing populations added to these new pressures 

could result in further change in the system. 

The third major potential factor is the rise in demand due to the shift from the 

historically dominant agricultural use of water to emerging needs related to urban 

development, industrial, environmental and recreational uses. 

The fourth and final problem is the result of climate change scenanos. 

Climatologists predict that the increase in greenhouse gases may result in a warmer and 

drier climate in many parts of the world in the next century. The upper Rio Grande is 

extremely vulnerable to any climate change that would decrease available supply. A 

prolonged drought would impose severe hardships on water users that would require 

appropriate establishment of public policy to be set forth by practitioners. Although 

allocation changes required to meet diminishing water supplies would be difficult to 

implement, because of the complex international treaties, interstate compacts, and local, 

state and federal laws. 
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The challenge over the next several years in the upper Rio Grande river basin will 

be to satisfY increasing water needs while supplies continue to decrease. Also, many new 

conflicts of interests will have to be resolved in the future. Some will require new 

legislation, others may be resolved through litigation, many will require negotiation among 

affected groups to find workable solutions. All these resolutions will test the adaptability 

of the current water management system. 

The upper Rio Grande conflict is very complicated. Along with the complications 

mentioned above, many decision alternatives can be considered. The best way of handling 

such problem is to use a two-stage procedure. In the first stage the question of what "to 

do" should be decided (to build a reservoir or not, for example) and in the second stage, 

we have to decide how to do it. Therefore, in the first stage, the alternatives are 

qualitative and the quantitative elements enter the process only in the second stage. In the 

upper Rio Grande river basin case, we offered solution for the first stage only. In all the 

three methods (compromise programming, ELECTRE III, and voting scheme) the same 

30 alternatives and the same 18 criteria were used. That is, exactly the same problem was 

solved by these methods, therefore the comparison of the results is realistic and the 

discrepancies between the results show that the comparison in necessary. To reach a 

concrete agreement between the participants it is necessary to solve the second stage of 

the problem as well. This solution needs a more refined data set and analysis, and this will 

be the subject of further research in the Rio Grande river basin. 
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In view of the above conflicts, this dissertation research searches for solution 

techniques that best describe the past developments and status quo of water use strategies 

employed by the players (decision makers). Then, by assuming that these properties of the 

past will propagate into the future, the preferable change in the equilibrium solution is 

derived under climate fluctuation, coupled with future population growth scenarios. 

In the decision model we have to quantifY the consequences of the different 

decision scenarios. It is not sufficient in this case to use historical data since, we have to 

take into account the global change tendencies. In the paper presented in Appendix D, a 

comprehensive model is presented and used to estimate a mathematical operational release 

rule for managing the reservoirs. The fundamentals of the model were given to us by the 

Geophysical Fluid Dynamic Laboratory GeM model. We know that this model is under 

civil criticism especially for comparing IXC02 to the baseline (current conditions) and not 

comparing the different scenarios to each other. However, we still selected this model 

since there is no generally accepted better model available. This is an event based 

simulation model to simulate rainfall events and by using the Soil Conservation Service 

(SCS) approach, the runoff outputs are computed. These runoff data are finally used for 

reservoir releases and there are the quantities that were used in the decision model. 

5.2 Techniques Used and Results 

Different conflict resolution techniques were used to model the upper Rio Grande 

river basin. First the distanced based technique of compromise programming (CP) of 
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section 3.2.2 is used to rank the alternative defined by the decision maker. The published 

paper of Appendix B presents the compromise programming model and the results 

obtained. As mentioned earlier, the reasons for selecting CP as one of the techniques are: 

(a) CP is a simple transparent approach, 

(b) it requires little input from the decision maker (OM), 

( c) it is flexible by controling explicitly the compensation between objectives. 

The second technique employed is the outranking relation of ELECTRE III. The 

mathematical description of this technique is provided in section 3.3.3. The simulation 

model using ELECTRE ill is also provided in the published paper of Appendix B. 

ELECTRE III was used to compare the results found using the compromise programming 

technique and to deduce the importance of the incomparability of some alternatives to 

others. The main purpose for using ELECTRE III to model each DM's tradeoff is the 

flexibility provided by fuzzy outranking to a large scale problem such as the Upper Rio 

Grande river basin, which involves non-steady elements (supply and demand). In 

ELECTRE III, a pairwise comparison is the focus of ranking alternatives where, 

alternative i outranks j if and only if the concordance condition and the discordance 

condition are both satisfied. On the other hand, CP identifies solutions that are closest to 

the ideal (utopia) solution as determined by the measure of distance Lp. Therefore, the 

two methods are conceptually different, however they both give approximately the same 

results (alternative Q23 ranked first, refer to Appendix B). These two methods provide a 

better definition and ranking of the alternatives identified by the decision maker. 

Compromise Programming is easy to use and does require the decision maker to weight 
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the criteria. ELECTRE III, on the other hand, requires many parameters and coefficients 

to be fixed by the decision maker. A list of these coefficients is given in Chapter 3. These 

coefficients, as explained in chapter 3, do not have any physical meaning, but they express 

preferences of the decision maker. 

The third approach used is a sequence of voting schemes of game theory. This 

technique is described in section 4.4.1 and it is applied for solving the model in the 

published paper of Appendix C. The voting scheme method allows mUltiple decision 

makers to select an alternative by taking into account the payoff of other decision makers. 

This feature shows that this problem can be considered as a partially cooperative game. 

The voting scheme uses a simple voting procedure and three different schemes were 

modeled. The voting scheme method was chosen for this research because several 

decision makers are present, there is no one-to-one correspondence between the actions 

and the decision makers, and no equilibrium in the solution can be assumed such as in the 

Nash model of section 4.4.2. 

The first voting scheme assumes that all decision makers vote one by one on each 

action. Each DM gives 1 point to his optimal action and 0 to all others. The total vote 

obviously equals the number of decision makers for whom the action is optimal. In the 

second scheme, the best action gets 1 point for each DM, the second best action gets 2 

points, the third best receives 3 points, and so on. Points are summed for each action, and 

the action with the smallest sum is considered the best. The third and last scheme uses the 

following point system. The best action for each DM gets 1, the worst action obtains 0 
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point. The other actions are placed unifonnly between 0 and 1. For example, in the 

presence of four actions for a OM, the best action gets 1, the second best 2/3, the third 

best 113, and the worst 0 point. Alternatively, uniform distribution can be replaced by any 

other possibility, e.g., which is indicated by a utility function. The results obtained are 

provided in Appendix C. 

In the voting scheme analysis, decision makers are considered equal which makes it 

not the most appropriate approach, especially in cases when federal agencies or political 

institutions are among the decision makers. In such cases, a weight should be assigned to 

each decision maker where higher weight indicates more importance. Instead of adding 

up the points of each OM, the weighted sum should be computed where the weights are 

the above mentioned importance factors. The voting scheme approaches used did not 

follow this approach because it was not clear who is able to assign such weights. After 

the weights are given, it is also possible that decision makers with the lowest weights will 

resign from further negotiation based on the feeling that their opinion will not be 

considered appropriate. 

The results obtained from the different methods are different. We have analyzed 

the reasons of this discrepancy earlier in this chapter. It shows that the preference orders 

supplied by the OM in several different ways are not equivalent to each other. Our results 

proved the necessity of applying several techniques to solve the same problem. In 

addition, to find the best decision alternative another important property of this problem 

has been surfaced. Namely, the alternative QI (do nothing) became the best in the 
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compromise programming solution when p~oo, showing that the system is very rigid. 

That is, in this case the benefit of any other alternative turns out to be less than the trouble 

occurring by changing the status quo. 

The last approach utilized in this research was based on the effect of climate 

change on the Rio Grande river basin. The modeling approach adopted is given in 

Appendix D. The results obtained show that climate change will have a significant effect 

on water supply because water releases to satisfY demand will be severely diminished. 

Considering the results obtained in Appendix D, storage in most reservoir sites in the 

upper Rio Grande watershed will be severely affected by climate change if current water 

release rules are followed. As a conclusion, decision makers will need to revise and 

change these operational rules of release when faced with climate change in order to avoid 

possible severe conflict among users. 
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The main purpose of the research was to establish a comparison between several 

different conflict resolution models and to provide a decision tool to decision makers. 

Several approaches to conflict modeling are presented to determine which approach may 

be the best method for application along the Rio Grande river basin which has water 

allocation and management conflict. 

The upper Rio Grande river basin is an interstate river that is shared by Colorado, 

New Mexico, and Texas, and it is also an international river that defines the border 

between the United States and the Republic of Mexico. Water resources along the river 

are limited and a constant rate of increase in population is also increasing the number of 

decision makers along the river. The large scale nature of water conflict in the Rio Grande 

makes it challenging for any decision maker or analyst to decide which water use scenario 

is most efficient. 

The numerous decision makers and various water scenarios classified the Rio 

Grande conflict as a problem which is to be analyzed using multi criterion decision making 

(MCDM) techniques and game theory methodologies. Therefore, these two different 

models, the multicriterion decision making (MCDM) and the game theory, are chosen to 

analyze the water allocation conflict along the upper Rio Grande river basin to: 

(1) identify and rank the alternatives, 
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(2) resolve any possible conflict existing among the decision makers under climate 

change scenarios. 

The use of MCDM techniques for multiple decision makers requires extensive 

computations that involve large computer storage. However, on the other hand, game 

theory for conflict analysis is designed to handle multiple decision makers with multiple 

alternatives. Of these different approaches studied in this research, the distance-based 

technique of compromise programming stands out as being the most flexible and 

comprehensive approach for conflict analysis tools of single decision maker. For multiple 

decision makers on the other hand, the voting scheme stands out as being the most 

efficient method. Finally, the MDCM and game theory techniques described for the Rio 

Grande river basin should be applicable to other river basins which have multiple decision 

makers and users. 
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The team of Charnes and Cooper (1961) is credited with the development of the 

goal programming (GP) method and has played a key role in introducing the method to 

industrial problems. It may be noted that the initial purpose of developing the 

computation method was not to solve multiobjective decision making problems. Instead, 

its subsequent use justifies the credit generally given to Charnes and Cooper for 

pioneering in the field and it is useful for conflict analysis. Their work has been extended 

into many areas. For example, Lee (1972) has applied goal programming to problems in 

production planning, financial decisions, academic planning, and medical care, to mention 

a few. Kendall and Lee (1980) have applied the technique to the design of the operating 

policy of a blood bank. 

Goal programming can deal with both continuous or discrete decision variables. 

GP allows the decision maker to specifY a target for each objective function. A preferred 

solution is then defined as the one that minimizes the sum of the deviations from the 

prescribed set of target values; that is, the one that minimizes P I distances. A goal 

programming model can be stated as follows: 
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I 

mm :Llzdx) - Til (AI) 
i = 1 

subject to xeX 

Where Ti denotes the target or goal set by the decision maker for the ith objective function 

and X represents the feasible region from which the choices of vector x must be effected. 

Note that a more general formulation of the goal programming objective function is a 

weighted sum of the rth power of the deviation IZj (x) - Tj I; that is the use of the metric. 

From formulation (AI), the objective function is nonlinear. This function needs to be 

linearized in order to transform the goal programming formulation into a special linear 

programming problem (Charnes and Cooper, 1961). The transformation is done by 

defining new slack variables 

d; = ~ {IZi(X) - Til + (Zj(x) - TJ} 

d; = ~ {IZi(X) - Til - (Zi(X) - TJ} 

(A2) 

Where d; and d; constitute the positive and negative deviation respectively from the ith 

target to the ith objective function. It is seen that 

(A3) 

Both slack variables are nonnegative, that is d;, d; ~ 0 and d;· d; = 0 since it is not 

possible to achieve both deviations simultaneously. Thus, the equivalent linear 

formulation of (AI) which can also make use of the simplex method is: 
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I 

mm Wo - L(dt + dj) (A4) 
i = 1 

subject to 

XEX 

d+ d- > 0 . = 1 I i' i-,1 , ...... , 

In general the DM can assign weights w; and wi to the positive and negative deviations 

respectively for each target, Tj • Thus, the goal programming can be reformulated as 

I 

min So - L(wtdt + wjdj) (AS) 
i = 1 

subject to 

XEX 

z.(x) - d?" + d7 = T: 1 1 1 1 

dt, dj ~ 0, i = 1, ....... , I 

Since we are minimizing, choosing the w; to be larger than wi would be expressing 

preference for negative deviation. Next, we will present compromise programming which 

constitutes also a distance-based technique used to find an efficient solution. 
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A-1.2 Sequential Optimization 

Let us assume that the objective functions have been ranked according to the 

priority list z., Z2, ..... , ZI and thatthe first objective function is the most important to the 

decision maker. Hence, one solves the specified problem 

maximize Zl(X) 

subject to XEX 

(A6) 

Ifa.l denotes the optimal value ofz., then in the second step one solves the problem 

maximize Z2(X) 

subject to 

Zl(X) = a.., XEX 

If 0.2 denotes the optimal value of Z2, then in the third step the problem 

maximize Z3(X) 

subject to 

Zj(x) = a.j (i = 1,2), XEX 

(A7) 

(AS) 

is solved, and so on. In general, one solves the following problem at the kth step: 

maximize Zk(X) 

subject to 

Zj(x) = a.j (i = 1,2, ....... , k-1) 

XEX 

(A9) 
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Ifproblem (A9) is unbounded, then no solution is said to exit. Ifany of problems (A9) has 

a unique optimum, then this solution is selected as a preemptive optimal solution. 

Otherwise one proceeds to the (k+ l)th steps. This method is usually called the method of 

sequential optimization, (Fishburn, 1970; McGrew and Haimes, 1974; Waltz, 1967). It 

can be proven that any solution x* obtained by the sequential optimization method is 

strongly nondominated. 

The disadvantage of using the above method is that generally all nondominated 

solutions cannot be obtained. Observe that in the case when problem (A9) has a unique 

optimal solution, the procedure terminates. Consequently the algorithm and the solution 

do not depend on the other objectives Zk+l(X), ...... , Zp(x), which can then have very 

unfavorable values. This disadvantage of the sequential optimization method can easily be 

corrected if the optimality assumptions of problem (A9) are relaxed. The modified 

algorithm can be described as follows. One first solves the problem 

maximize ZI(X) 

subject to xeX 

(AI 0) 

and let 0.1 be the optimal value of ZI. Then, in the second step one solves the problem 

maximize Z2(X) 

subject to 

ZI(X) ~ (Xi - f3i, xeX, 

(All) 
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where Pi > 0 is the relaxation level in the first objective. If ai is the optimal value of Zi(X), 

then in the general step one solves the problem 

maximize Zk(X) (A12) 

subject to 

Zi(X) ~ ai - Pi (i = 1, ...... , k-1) 

XEX 

where Ph ....... , Pk-l are the relaxation levels of the objectives z., ...... Zk-l. The algorithm 

terminates if k = I, and any optimal solution of the last step can be accepted as the solution 

of the multiobjective programming problem. 

A-I.3 The Weighting Method 

The basic idea of assigning weights to the various objective functions, combining these 

weights into a single-objective function, and parametrically varying the weights to 

generate the nondominated set was first proposed by Zadeh (1963). The weighting 

method is directly related to the Kuhn-Tucker conditions for nondominated solutions. 

Mathematically, the weighting method can be stated as follows: 

maximize z(x) = WIZl(X) + W2Z2(X) + ...... + WIZI(X) (A13) 

subject to XEX 

In other words, a multiobjective problem has been transformed into a single objective 

optimization problem for which solution methods exist. The coefficient Wj operating on 

the ith objective function, Zj(x), is called a weight or worth of that objective when 
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compared to other objectives. The weights of the various objectives are interpreted as 

representing the relative preferences of some DM. Moreover, the optimal solution to 

equation (Al3) is a nondominated solution provided all the weights are positive. The 

reason behind the nonnegativity requirement is that allowing negative weights would be 

equivalent to transform the maximization problem to a minimization one, for which a 

different set of nondominated solutions will exist. The trivial case where all the weights 

are equal to zero will not distinguish between dominated and nondominated solutions and 

identify every xeX as an optimal solution. 

A-l.4 The e-Constraint Method 

Just as the weighting method is an appealing computational tool, in the sense that 

it can be used to incorporate the weights that a DM may want to associate with the 

various objective functions, the e-constraint method allows one to specify bounds on the 

objectives in a sequential manner. However, it should be noted that the e-constraint 

method leads to non dominated solutions, only under a set of specific conditions 

(Szidarovszky, 1979a). Marglin (1967) suggested the idea of using constraints to 

represent bounds on objective functions in public investment problems. However, 

Haimes, Lasdon and Wismer (1971) formally related the vector optimization problem to 

the e-constraint method through the equivalence theorem. Olagundoye (1971) 

investigated the computational efficiency of this approach, and applications to water 

resources management have been presented by many authors. As an example, refer to 

Haimes (1975). Given the general formulation: 



max-dominate z(x) = [Zl(X), Z2(X), ...... ZI(X)] 

subject to xeX, 

the 8-constraint method is represented by the following operational form: 

max Zj(x) 

subject to 

xeX 

Zk(X) ~ 8k (k * i) 
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(A14) 

(A15) 

where the ith objective function is arbitrarily chosen for maximization. Motivation for the 

use of constraints to specify bounds on the objective functions is often provided by the 

formulation requirement of the problem at hand. Also from the fact that at the optimal 

level of only one objective the others may have very unfavorable values. Appropriate 

parametric variation of the ~ values can generate the nondominated set. If the 8k values 

are varied at small increments, corresponding nondominated points will result but a larger 

number of computations may be required. On the other hand, if the 8k'S are varied using 

large increments some important regions of the nondominated set will be excluded. 

A-2 Efficient Solutions by Interactive Methods 

A-2.1 Surrogate Worth Trade-Off 

The Surrogate Worth Tradeoff (SWT) method, developed by Haimes and Hall, 

(1974) and Haimes, et aI., (1975) can be applied to problems involving differentiable 

functions. This method deals with only continuous variables and differentiable functions. 
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It assumes that the decision maker is able to exhibit an implicit multiattribute utility 

function as he compares two attributes at a time. The comparison is facilitated by the 

generation and explicit evaluation of a tradeoff function between the ith and the jth 

objectives. A set of optimal tradeoffs relative to the DM's preferences are then used to 

identity a best-compromise solution. It is important to realize that the SWT method 

makes no attempt to generate the entire set of nondominated solutions. Instead, it 

attempts to identity a set of promising solutions, orders them based on the given 

preference structure of the DM and, finally, selects a best solution. The objective function 

is stated as usual: 

max z(x) = [Zl(X), Z2(X) ........ , Zl(X)] 

subject to XEX 

(AI6) 

Duality theory in nonlinear programming is the basis for the construction of the desired 

tradeoffs between the ith and jth objective functions. First, the SWT method considers the 

problem 

max Zj(x) 

subject to 

XEX 

Zj(X) ~ Lj, j = 1,2, ......... , P andj :;t:i 

(AI7) 

where Lj is a lower bound on the jth objective. Notice that this step is equivalent to the 8-

constraint method (Haimes et al. 1971, 1975). Solution of equation (AI7) generates 

tradeoff functions. The basic steps in SWT method, including those needed to construct 
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the tradeoff functions are depicted in various textbooks. The method, as described by 

Geocoechea, et aI., (1982) follows: 

Step 1. Each objective function is maximized individually, independently of the other 

objective functions: 

max Zj(x) 

subject to xeX 

(AI8) 

The optimal solutions, xj, j = 1, 2, ...... , I are then used to calculate the corresponding 

optimal solution values, zj = Zj(xj). 

Step 2. L j = zj - E j become the minimum tolerable levels where 8j ~ 0, j=l, 2, ...... ,I. 

Specification of the appropriate value of 8j is accomplished through interaction 

with theDM. 

Step 3. One of the objective functions is arbitrarily selected to be maximized, whereas the 

remaining 1-1 objectives are expressed as constraints. 

A-2.2 Method of Satisfactory Goals 

This method was first proposed in Benayoun, et aI., (1966) and generalized, for 

example, in Monarchi (1972) and Benson (1975) and is based on the interactive use of the 

8-constraint method. First, the decision maker specifies a set of acceptable initial goal 

levels. Then, at each step, the objective function whose goal level is the least satisfactory 

is identified. This objective is maximized subject to the original constraints and the 
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additional constraints formed by the rest of the objectives. Thus, the steps of the method 

are the following: 

Step 1. The decision maker provides minimally acceptable goal levels, Ci, for each 

objective. 

Step 2. The decision maker identifies one objective whose goal level among the c's is the 

least satisfactory. Let Zio be this objective. 

Step 3. The single objective programming problem 

maximize Zio{X) 

subject to 

xeX 

Zj{x) ~ Ci (i * io) 

is next solved. Let the optimal value Zjo{x) be denoted by Z*io. 

(A19) 

Step 4. The decision maker has to indicate whether Zjo{x) found in step 3 is satisfactory. If 

not, then he/she should revise some values of Ci, and go to the previous step. If it 

is satisfactory, then the DM is asked whether the attained value of Zio{X) can be 

made smaller in order to improve other objectives. If not, then the optimal 

solution of problem (A19) is accepted as the solution of the original problem. If 

the computed value of Zio{X) can be relaxed, then let Ali. (x) be the amount of 

relaxation which is acceptable. Next, value of Cio should be changed to Z*io -
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Llzi• and the process is returned to step 2. The process is then repeated until a 

satisfactory solution is found. 

A-2.3 Method of Geoffrion 

The method of Geoffrion (Geoffrion, et aI." 1972) assumes that the arguments of the 

OM's utility function consist ofI objective functions. Let z = (Zt(x), Z2(X), ....... , Zt(x» be 

the multiple-objective problem reduced to a single-objective optimization problem, 

max u(z(x» 

subject to 

XEX 

(A20) 

Since the utility function is not known explicitly, the above problem cannot be solved 

directly. The, solution of equation (A20) is accomplished by a series of linear 

approximations (Frank and Wolfe (1956» and interaction with the OM. For convergence 

to occur, u(z(x» must be convex and continuously differentiable, and X must be convex 

and compact. Basically, the method of Geoffrion follows the Frank - Wolfe algorithm, 

with the added feature of interaction with the OM. First, using the Taylor series 

expansion, let y be the solution to the problem that uses the same constraints as equation 

(A20), but whose objective function is a linear approximation ofu(z) at a feasible point x\ 

u(y) = U(Z(Xk» + V xU(Z(Xk»(y - Xk) (A21) 

Next, substituting (A20) for (A21) results in the directional sub-problem 

max U(z(Xk» + V xU(z(Xk»(y - Xk) (A22) 
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subject to YEX 

But, since U(Z(Xk» and V x U(Z(Xk» are constant terms, we obtain the following sub

problem 

max V x U(Z(Xk» Y 

subject to YEX 

(A23) 

Assuming l is the solution to (A22), dk = l- Xk is a good direction in which to improve 

the objective function u(z(x». How far to move in the indicated direction is determined 

by solving the following problem, 

max u(z(xk + Tkdk» (A24) 

subject to 

O~Tk~l 

The solution of(A22) defines Tk, which in tum defines the next feasible point Xk+l, that is, 

Xk+1 = xk + Tkdk 

The process is then repeated until no further improvement can be attained. The solution 

can be realized by presenting z(Xk + Tkdk) to the OM for various values of Tk, 0 ~ Tk ~ 1. 

The vector of objectives that is most satisfactory to the OM defines the appropriate step 

size. This in tum defines the next feasible point and the algorithm continues. If at any 

time the OM indicates that the current solution is the most satisfactory, then the algorithm 

terminates and the best compromise solution is xk. It is easy to see that the method of 

Geoffiion requires a great deal of interaction with the OM. Moreover, the OM must make 
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two types of preference statements and indifference tradeoffs as well as a preference 

selection among several vectors of objective functions for each point considered. 
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APPENDIXB 

A MULTICRITERION ANALYSIS OF THE WATER ALLOCATION CONFLICT 
IN THE UPPER RIO GRANDE BASIN1 

Aimee Bella*, Lucien Duckstein* and Ferenc Szidarovszky* 

ABSTRACT 

The water allocation conflict in the Upper Rio Grande basin is a multi-objective decision 

problem with multiple decision makers. The problem is analyzed by two Multicriterion 

Decision Making (MCDM) techniques. The criteria used to rank alternatives consist of: 1 

- economic factors including operation, maintenance and allocation costs, damage losses, 

benefits for flood control, recreation, water supply, and water quality; 2 - environmental 

factors which comprise aesthetics (scenic reaches, social impacts), fish habitat (number of 

species by reach, catch-l per-hour, temperature), recreation (water quality, recreation by 

visitor-day), riparian land ( percent protection, development possibility), and erosion 

control (tons of sediment produced, capacity exceedance); 3 - groundwater management 

policies including equity of allocation, conjunctive use possibility and allocation subsidy; 

and 4 - biological resources factors consisting of flora and fauna species. These criteria 

are defined numerically. Compromise Programming and ELECTRE III are applied to 

rank the alternatives selected. The numerical results are analyzed, compared and 

interpreted. 

Key words: Climatic fluctuation, conflict analysis, distance based technique, fuzzy 

outranking, multi criterion decision making, Rio Grande Basin, water resources allocation 
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INTRODUCTION 

The purpose of the paper is to examine how Multicriterion Decision Making 

techniques (MCDM) can be used in analyzing conflict situations in water management 

problems. In a multiple criteria conflict with multiple DM, it may be assumed that each 

DM or GDM (group decision makers) makes different tradeoffs between the same 

conflicting criteri~ (Bella and Szidarovszky, 1994). In such cases, given that the problem 

is unstructured, techniques such as Metagames are quite suitable (Fraser and Ripel, 

1984). In more structured problems, game theory or other similar conflict resolution 

methods may be used and a certain kind of equilibrium determined as a solution. On the 

other hand, in the presence of multiple criteria with a single decision maker, MCDM 

techniques appear to be appropriate solution methods. In such a case, a nondominated 

solution is obtained. Since several DMs may reach different tradeoffs, we realize that 

MCDM can only model a first phase of conflict analysis: negotiations will have to be 

instituted in a second phase so as to seek an agreement on tradeoffs. For example a 

method is based on finding a common point in the sets of weight intervals, as described in 

Heidel, et al., (1992). 

In other words, MCDM provides efficient tools to deal with decision problems 

containing more than one objective. Furthermore, theoretical advances appear to yield a 

strong framework and foundation for decision making aid. Although application oriented 

papers, such as Heidel and Duckstein (1983), Parent and Lebdi (1992), Teele and 

Duckstein (1992) have tried to bridge the gap between theory and practice, much is still 
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left to be done to apply the MCDM approach to real engineering planning and design 

problems involving conflicting objectives or criteria such as the Rio Grande river basin 

conflict even for single DM. Accordingly, we provide MCDM techniques to show how 

each DM may proceed with the tradeoff once his/her preferences being expressed, for 

example, with different weights set, as in Cordeiro-Nelto et al (1993) or, more generally 

with sets of intervals of weights (Heidel et ai, 1992). The Rio Grande conflict will be 

structured in terms of multiple objectives. The present investigation does not deal with 

multiple decision makers - this case is left for further investigation. 

In the next section, the case study dealing with the Upper Rio Grande river basin 

management problem is briefly presented and then formulated. The problem is then 

described as an MCDM problem. It is then analyzed using two MCDM techniques, 

namely Compromise Programming and ELECTRE III. The last section concludes the 

paper. 

PROBLEM DESCRIPTION 

The Rio Grande river basin region is topographically and geologically diverse. It 

drains five physiographic provinces, namely, the Southern Rocky Mountains Province, the 

Basin and Range Province, the Colorado Plateau Province, the Great Plains Province, and 

finally the Coastal Plain Province. From Colorado to just upstream of Big Bend, the Rio 

Grande flows through a structural depression known as the Rio Grande Rift. This feature 

is a north-south trending break in the continental crust, separating the seismically active 

Colorado Plateau in the west from the relatively stable interior in the east (Chapin, 1988). 
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The Rio Grande heads at an elevation of 12,000 ft east of the Continental divide in 

the San Juan range of the southern Colorado Rockies. Descending to the southeast, the 

main stream is fed by several tributary creeks and the Conejos River as it flows into and 

through the San Luis Valley of Southern Colorado. During its course the river turns more 

directly south and enters New Mexico through a steep gorge. Several tributaries, 

principally the Rio Chama, the Rio Puerto, and the Rio Salado, merge with the Rio 

Grande in New Mexico (Figure I). The river then crosses into Texas 23 mi north of EI 

Paso. At EI Paso, 8,000 ft below its source, the river has completed roughly one-third of 

its journey to the sea. The rate and timing of the river's movement is controlled by a 

network of dams, reservoirs, diversions projects, and gauging stations on the mainstem 

and its tributaries. 

Water shortages may occur both because of increasing demand and decreasing 

supply. Increasing populations have caused unregulated pumping of ground water which 

affects surface water flow (McQuillan, 1984) and may indirectly affect surface water 

treaty allocation in the future. Water management in the basin is complex because many 

of the water needs are incompatible. Allocation changes designed to meet a diminishing 

water supply would be difficult to implement because of the complex web of international 

treaties, interstate compacts and local, state and federal laws (Waterstone, 1994). The 

high degree of complexity makes it difficult for a decision maker to comprehend the 

problem fully and eventually reach a reasonable decision. 
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Climatologists predict that the increase in greenhouse gases may result in a warmer 

and drier climate in many parts of the world in the next century. The Upper Rio Grande is 

one such area and it was already facing serious water shortages one decade ago (Stockton, 

et al., 1983). The basin will be extremely vulnerable to any change that would decrease 

available supply. Revell and Waggoner (1983) predicted that a 2-degree temperature 

increase and 10 percent decrease in annual precipitation would reduce runoff in the Rio 

Grande river basin by 76 percent. This represents the largest percentage reduction for any 

basin in the United States (Thomson and Stephen, 1990) and this is main reason for 

selecting this region as a case study. 

Sources of water allocation conflicts appear to be as follows: (1) The absence of 

agreements on ground water usage and water supply, especially since increased demands 

and possibly climate change may lead to increased pumpage and a possible lowering of the 

water table; (2) Water quality problems (McQuillan, 1984); (3) The non-quantification 

ofIndian rights which as a necessary requirement will require an adjudication (Lord, et al., 

1993). A multiple criterion decision making framework for resolving these water 

resources conflicts is formulated to provide a first phase conflict analysis (as explained in 

the introduction), and solutions are then obtained by using the Compromise Programming 

and the ELECTRE III techniques. 
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PROBLEM FORMULATION 

We have identified eighteen plausible criteria and thirty realistic alternatives. The 

criteria are as follows (Duckstein, et aI., 1994): 

- Economic factors in the region including operation, maintenance and allocation 

costs, damage losses, and benefits for flood control, recreation, water supply and water 

quality. These criteria are all expressed in millions of dollars. 

- Environmental protection. This category includes aesthetics (scenic reaches, 

social impacts), fish habitat (number of species by reach, catch-per-hour, temperature), 

recreation (water quality, recreation in visitor-days), riparian land ( percent protection, 

development possibility), and erosion control (tons of sediment produced, capacity 

exceedance). These criteria are expressed in numerical form or else in linguistic terms 

such as poor to excellent, which are then transformed into numerical values by using value 

functions. 

- Sustainability of groundwater management policies expressed in terms of 

performance and resource indices measured non-numerically as ordinal variables ranging 

from 1 to 5, where 1 indicates poor indices and 5, excellent indices. Criteria consist of 

equity of allocation, conjunctive use possibility and allocation subsidy. 

- Biological resource conservation consisting of flora and fauna species, all 

expressed in terms of numbers or quantities. 

The criteria are summarized in Table 1. In the first two columns of Table 1, the 18 

criteria are specified. The direction of preference is shown in column 2 where I indicates 
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increased preference and D, decreased preference. These specifications which are 

constructed with the help of a group of experts, are required for the use of ELECTRE III. 

In columns 3, 4 and 5, indifference, strict preference and veto thresholds of criterion i are 

given and expressed in the forms of: A *gj(x) + B; where gj(x) represents the evaluation of 

alternative x on criterion i and A, B are the threshold coefficients. It should be noted that 

in a realistic situation, these coefficients that do not necessarily have a physical meaning 

per se, are arbitrarily assigned by the decision maker who then observes the consequences 

of that choice. 

Table 1. Criteria, directions and threshold functions used in ELECTRE III 
Direction Coefficient of Coen: of strict Veto 

Criteria of indifference preference thresholds 
preference qi Pi vi 

(I) (3) (4) (5) 
J21 

Crit 1: Operation, maintenance and aIIocntion D 0.lgl(x)+2 O.IgJ(x) + 5 0.15gJ{x) + }O 
costs 

Crit2: Dnmage losses D O.OIg2(x)+ 1 0.0 I 2g2(x) + 1 0.02g2(x) + 2 

Crit3: Benefit for flood control, recreation, I O.I5g3(x)+ 1 0.2g3(x) + 3 0.4g3(x) + 5 
water supply and water quality 

Cri14: Scenic reaches I 0.0584(X) + 1 0.0684(x) + I O.l84(x)+ 2 
Crit5: Social impact I 0.0Ig5(x)1 0.02g5(x) + 2 0.05g5(x) + 3 

Cri16: Number of species by reach I 10 20 50 
Crit7: Catch-per-hour I 1 I 2 
CritS: Temperature D 100 200 300 

Crit9: Water Quality I 150 200 360 
Crit1O: Recreation in visitor-days I 0.05g}O(x)+ 100 0.15g}O(x)+200 0.2glO(x)+ 200 

Crit 1 I: Percent protection I O.OlgIJ(x) + 1 O.Olgll(X) + 0.5g11(x) + 
2 2 

Critl2: Development possibility I 0.2g12(x)+ 5 0.5g12(x) + 5 0.5g12(x) + 10 
Crit13: Tons of sediment produced D 2 5 6 

Crit}4: Capacity exceedance D 3 3 5 
Crill 5: Equity of aIIocation I 0.1 0.2 0.3 

Crill6: Conjunctive use possibility I 0.0IgI6(x) + 1 0.02g16(x) + I 0.5g16(x) + 2 
Crit17: Allocation subsidy D 0.0IgI7(x)+ 1 0.0IgI7(x) + 2 0.02g17(x) + 3 

Crill S: Flora and FaWta species I 0.15gIS(x)+ 50 0.2gIS(x) + 70 0.5gIS(x)+ 100 
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We will consider 12 (twelve) pure actions, which include the following 5 principal 

actions: 
. 

· Increasing water supply and irrigation efficiency, 

· Meeting water quality and protecting the public interest, 

· Constructing hydropower and enhancing flood control, 

· Reducing sediment by pool stabilization, 

· Establishing groundwater regulation. 

Considering all combination of pure actions, the total number of combinations of pure 

actions forming mixed alternatives is 212 when we consider 2 levels for each alternative 

namely, do and don't do. Grouping actions by common goals yields a reduced set of 30 

elementary actions (Table 2). We have constructed the payoff matrix representing the 

rating of the 30 alternatives by the 18 criteria as given in Table 3. The elements of the 

payoff matrix are based on US Bureau of Reclamation (1992). 
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Table 2. Reduced set of actions 

Alternative Definition 
QI Do nothing 

02 Increasing water supply and irrigation efficiency 

Q3 Meeting water quality and protecting the public interest 

Q4 Constructing hydropower and enhancing flood control 

Q5 Reducing sediment by pool stabilization 

Q6 Establishing groundwater regulation 

Q7 Increasing water supply, irrigation efficiency, meeting water quality and protecting the public interest 

Q8 Increasing water supply and irrigation efficiency, constructing hydropower and enhancing flood 
control 

Q9 Increasing water supply and irrigation efficiency and reducing sediment by pool stabilization 

QIO Increasing water supply and irrigation efficiency and establishing groundwater regulation 

Q11 Meeting water quolity, protecting the public interest, constructing hydropower and enhancing flood 
control 

QI2 Meeting water quality, protecting the public interest and reducing sediment by pool stabilization 

QI3 Meeting water quality, protecting the public interest and establishing groundwater regulntion 

QI4 Constructing hydropower, enhancing flood control and reducing sediment by pool stabilization 

QI5 Constructing hydropower, enhancing flood control and establishing groundwater regUlation 

QI6 Reducing sediment by pool stabilization and establishing groundwater regUlation 

Q17 Increasing water supply, irrigation efficiency, meeting water quality protecting the public interest, 
constructing hydropower and enhancing flood control 
Increasing water supply, irrigation efficiency, meeting water quality protecting the public interest and 

QI8 reducing sediment by pool stabilization 

QI9 Increasing water supply, irrigation efficiency, meeting water quality protecting the public interest and 
establishing groundwater regulation 

020 Increasing water supply and irrigation efficiency, constructing hydropower, enhancing flood control 
and reducing sediment by pool stabilization 
Increasing water supply and irrigation efficiency, constructing hydropower, enhancing flood control 

021 and establishing groundwater regUlation 

022 Increasing water supply and irrigation efficiency, reducing sediment by pool stabilization, and 
establishing groundwater regulation 

023 Meeting water quality, protecting the public interest, constructing hydropower, enhancing flood 
control and reducing sediment ~y~1 stabilization 

024 Meeting water quality, protecting the public interest, constructing hydropower, enhancing flood 
control and establishing groundwater regulation 
Meeting water quality, protecting the public interest, reducing sediment by pool stabilization and 

025 establishing groundwater regUlation 
Constructing hydropower, enhancing flood control, reducing sediment by pool stabilization and 

026 establishing groundwater regulation 
Increasing water supply, irrigation efficiency, meeting water quality protecting the public interest, 

027 constructing hydropower, enhancing flood control and reducing sediment by pool stabilization 
Increasing water supply, irrigation efficiency, meeting water quality protecting the public interest, 

028 constructing hydropower, enhancing flood control and establishing groundwater regulation 
Increasing water supply, irrigation efticiency, meeting water quality protecting the public interest, 

029 reducing sediment by pool stabilization and establishing groundwater regulation 
Increasing water supply and irrigation efficiency, constructing hydropower, enhancing flood control, 

Q30 reducing sediment by pool stabilization and establishing groundwater regulation 



111 

Table 3. Criteria versus alternative payoff matrix 

CritI Crit2 Crit3 Crit4 Crit5 Crit6 Crit7 Crit8 Crit9 CritIO CritIl 
Ql 21 2 16 1 1 200 3 25 550 480 5 
Q2 32 3 15 5 3 50 1 30 530 1300 4 
Q3 21 1 23 3 5 100 2 32 400 1400 2 
Q4 25 5 10 4 3 150 2 29 450 1420 2 
Q5 20 2 17 2 2 300 3 27 680 1180 5 
Q6 28 3 60 3 4 70 1 30 500 870 4 
Q7 17 7 50 3 5 60 1 32 700 1210 3 
Q8 17 4 34 2 2 80 2 27 650 940 3 
Q9 18 1 32 4 1 100 2 25 650 1420 2 

QIO 18 6 8 1 3 50 1 29 680 1370 3 
Qll 23 5 10 2 4 100 2 28 650 930 2 
Q12 21 2 23 4 3 300 1 29 500 1250 2 
Q13 21 5 57 4 4 150 2 28 650 1200 3 
Q14 23 2 54 2 2 300 3 27 750 1327 3 
Q15 21 3 34 3 3 70 1 29 580 1435 4 
Q16 20 1 28 3 4 60 1 30 650 1470 5 
Q17 22 2 6 2 5 80 2 32 500 1210 4 
Q18 18 2 31 4 3 100 3 25 600 305 2 
Q19 17 2 7 1 3 50 2 32 680 1060 3 
Q20 24 5 12 2 3 100 2 26 650 1110 2 
Q21 22 3 25 4 7 300 1 25 500 1520 2 
Q22 21 5 57 4 10 150 2 27 650 1820 3 
Q23 23 2 54 2 2 300 3 29 550 1930 3 
Q24 21 3 33 3 5 70 2 26 680 1030 4 
Q25 19 1 27 3 4 60 2 25 590 1410 5 
Q26 22 3 6 2 5 80 1 28 500 1450 4 
Q27 32 3 13 5 8 50 2 25 700 850 4 
Q28 22 1 24 3 10 100 3 27 600 1200 2 
Q29 26 5 10 4 10 150 2 29 650 1810 2 
Q30 22 3 14 2 2 300 3 30 680 2200 5 
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Table 3. Continued 

Crit12 Crit13 Crit14 Crit15 Crit16 Critl7 Crit18 
Ql 50 50 10 5 3 4 385 
Q2 30 30 20 4 1 3 935 
Q3 100 50 17 4 4 1 1398 
Q4 50 30 15 2 3 4 530 
Q5 20 70 19 3 4 4 650 
Q6 80 30 22 I 5 3 875 
Q7 30 50 25 4 4 2 755 
Q8 40 80 15 3 3 4 678 
Q9 30 50 10 4 3 3 1115 

QIO 60 40 10 5 5 5 680 
Q11 70 30 13 4 4 2 710 
Q12 50 50 16 3 5 5 730 
Q13 30 60 20 3 1 3 975 
QI4 100 50 20 5 I 4 975 
Q15 50 30 10 4 3 5 490 
QI6 20 70 15 5 2 5 650 
Q17 80 30 10 1 2 3 945 
QI8 30 50 10 4 3 3 320 
Q19 60 60 15 5 5 5 1050 
Q20 70 50 12 4 4 2 920 
Q21 50 40 14 3 5 5 840 
Q22 30 60 20 3 1 3 1335 
Q23 100 50 10 5 1 4 1698 
Q24 50 75 18 4 3 5 715 
Q25 20 70 13 5 2 4 1035 
Q26 80 50 16 1 2 3 1215 
Q27 30 60 21 4 1 3 1350 
Q28 100 60 20 4 4 1 1718 
Q29 50 40 17 2 3 4 795 
Q30 20 70 10 3 4 4 790 
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The criteria, their ideal and worst values derived as the maximum and minimum 

values from the payoff matrix (Table 3) and their weights (or coefficients of importance) 

are shown in Table 4. We have assigned these parameters necessary to apply Compromise 

Programming after US Corps of Engineers (1989) and US Bureau of Reclamation (1992). 

Table 4. Table of criteria and required indicators 

Criteria Ideal points Worst points Weight (kj) or coef. 
of importance 

Critl 32 17 0.3 
Crit2 1 8 0.2 
Crit3 60 6 0.5 

Crit4 5 1 0.2 
Crit5 1 10 0.1 
Crit6 300 50 0.15 
Crit7 3 1 0.15 
Crit8 25 32 0.1 

Crit9 400 750 0.5 
CritlO 2480 305 0.3 

Critll 5 2 0.1 
Crit12 100 20 0.05 

CritI3 30 80 0.1 

CritI4 10 25 0.1 

CritI5 5 1 0.3 
Crit16 5 1 0.4 

CritI7 5 1 0.5 

Crit18 1718 320 0.3 

We will next briefly describe the two MCDM techniques being used in our case study. 
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MCDM TECHNIQUES APPLIED IN OUR STUDY 

The two techniques selected for resolving this conflict analysis problem are 

Compromise Programming and ELECTRE III. 

1. Compromise Programming 

Compromise Programming (CP) is a distance-based technique designed to identify 

nondominated solutions which are closest to an ideal or utopia solution by some distance 

measure (Zeleny, 1973, Duckstein and Opricovic, 1980). Each component of the ideal 

point is obtained by maximizing each individual objective. If two or more objectives are in 

conflict then this solution is not feasible, and therefore it is sometimes called 'utopia". An 

ideal solution can be defined as: 

* = (g * * *) g 1 ,g2 , .... ,gJ 

where gj* is the solution to the marginal problem (i=1,2, .. , I) 

subject to xeX. 

Here X is the feasible set for x, I is the number of objective functions, and ti(.) is the ith 

objective function. In a discrete setting, such as the problem under consideration, the ideal 

solution is defined as the vector of best values selected from the payoff matrix. The vector 

of worst values represents the minimum objective function values denoted as gj**. Both 

the gj* and gj** values are used in determining the degree of closeness of an alternative to 
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the ideal solution. The most commonly used measures of closeness is a family of Ip 

metrics (Zeleny, 1982) that are given as: 

(1) 

where the ki's are the criterion weights and p is the balancing factor (p~I), whose 

interpretation is given below. As a last step, upon determination of the distance of each 

alternative from the ideal solution, the alternative with the minimum distance is selected as 

the compromise solution: 

Lp(x*) = min {Lp(x) I x E X} (2) 

The set of all compromise solutions for a particular set of weights (kt. ...... ,kJ) and for all 1 

~ p ~ 00 constitute a compromise set. Usually, only three points of the compromise set, 

corresponding to p=I,2 and 00 are calculated. For p = 1 there is full compensation 

between weighted deviations. For p = 2, each deviation is weighted in proportion to its 

magnitude. The larger the deviation, the larger the weight. When p = 00, there is no 

compensation between objectives. In order to see how sensitive the solution to equation 

(2) is, series of program runs for different values of p as well as for 2 sets of weights will 

be analyzed following the mathematical description of the ELECTRE III outranking 

procedure. 
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2. ELECTRE III 

ELECTRE III is a multicriterion method based on an outranking concept. It is 

designed to describe the behavior rationale of a single decision maker (Roy, 1991). It is 

based on a fuzzy outranking relationship in which the concept of pseudo criterion is used 

to model the decision maker's preferences. It allows us to construct indifference, weak 

preference and strict preference relations as a result of combining preference thresholds 

for the various criteria. By constructing pairwise concordance and discordance tables it 

provides a representation of the DM's preferences. It allows to solve the following 

problem: a finite set of alternatives evaluated on a coherent family of pseudo-criteria is 

partitioned into equivalence classes, yielding a non necessarily total order and the relative 

position of these classes. Applications of ELECTRE m include the determination of 

which Paris Metro stations should be renovated (Roy, et aI., 1986), the programming of 

rural water supply systems (Roy, et al., 1992) and multicriterion ground water 

management (Duckstein, et al., 1994). 

ELECTRE III is used in such a manner so as to bring out two pre-orders 

constructed differently. The first pre-order is obtained by selecting first the best 

alternatives and then arriving at the worst. The second is constructed by proceeding in the 

inverse direction. The intersection of these two complete pre-orders gives a partial pre

order which makes evident the incomparable nature of alternatives when these exist. It 

also reveals the most reliable part of the global preference. ELECTRE III starts by 

comparing each pair of alternatives (a, b). The purpose of doing this is to assess a 
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credibility level of the affirmation that "a outranks b" or (a S b). This means that a is 

considered to be at least as good as b. The value of the degree of credibility d(a,b) of this 

affirmation is essentially based on the two concepts mentioned above: concordance and 

discordance (Roy, 1991). The degree of credibility follows some qualitative principles 

which exclude the possibility that a major disadvantage on one criterion might be 

compensated by a number of minor advantages on other criteria. The concordance index, 

ci(a, b) for criterion i is given by the following expression for a maximization problem: 

ifgj(b) - gj(a) ~ qj 

if qj < gj(b) - gj(a) ~ pj 

if gj(b) - gj(a) > pj 

(3) 

where (a, b) is the pair of alternatives to be compared, and qi and Pi are respectively fixed 

indifference and preference thresholds (i=1,2, .... .I) and gi(a) is the value of alternative a on 

criterion i. The goal of the concordance concept is to use the values of indifference and 

preference thresholds associated with each criterion in order to characterize a group of 

criteria considered to be in concordance with the affirmation being studied, and to assess a 

relative importance of this group compared with the remainder of the criteria. From the 

concordance index and also using the weight kj or coefficient of importance, the degree of 

concordance is given by: 

C(a, b) = ..:....i =-.:.1--:-
1 
--

(4) 

Lk j 

j = 1 
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The index C(a,b) expresses the concordance degree of the affirmation being studied. Next, 

the other concept, discordance, is applicable to characterize which criteria are not in 

concordance with the affirmation under consideration. This affirmation is the one whose 

opposition is strong enough to reduce the credibility that would result from taking into 

account just the concordance. The concordance index is expressed as: 

if gj(b) - gj(a) ~ pj 

if gj'(b) - gj (a) ~ Vj 

if gj(b) - gj(a) > Vj 

(5) 

where Vj is called a veto threshold. The veto threshold gives criterion i the power to take 

all credibility away from the affirmation being studied even when opposed to all the other 

criteria in concordance with the affirmation. Finally, the fuzzy outranking relation index 

d(a,b) is given as follows. Define 10 = {i: Dj(a,b) > C(a,b)}, then d(a,b) is calculated as: 

{ 

C(a, b) if I. = 0 

d(a,b) = C(a b)O 1 - Dj(a,b) if I * 0 
, j E I, 1 - C( a, b) • 

(6) 

By using d(a,b), a complete order of alternatives can be constructed. The set of values of 

this index given by equation (6) summarizes the results of the comparison of all possible 

pairs of alternatives. As a final step, ELECTRE III constructs the final preorder resulting 

from the set theoretical intersection of the two above preorders. 

In the following section, the Compromise Programming and ELECTRE III 

techniques are applied to the Upper Rio Grande Basin and the results are interpreted and 

compared. 
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NUMERICAL RESULTS 

1. Compromise Programming Results 

We first use Tables 3 and 4 to obtain the ranking of the 30 alternatives. Different 

values for the balancing factor (p) are used to check the sensitivity of the results. With 

balancing factor p = 1 or 2 alternative Q23 is ranked best followed by alternatives Q21. Q12 

and Q6 when non equal weights are used (Table 5). For larger values ofp, alternative QIO 

is ranked first. In all cases of different values of p and different weights, the alternatives 

Q7, Q8, Q11, Q26 and Q29 ranked last. 

Table 5. CP results for non-equal weights 

Rank Compromise programming for kj = different 
p=1 p=2 peS p= 10 p=2S p=OO 

1 Q23 Q23 Q23 QIO QIO QIO 
2 Q21 Q21 Q21 Q23 Q19 Q19 
3 Q12 Q12 QI0 Q19 Q21 Q21 
4 Q6 Q6 Q19 Q21 Q16 Q16 
S Q14 Q14 Q12 Q12 Q12 Q12 
6 QlS Ql Q6 Q16 Q6 Q6 
7 Q30 Q19 Q14 Q6 Q23 Q23 
8 Q2s Q3 Q16 Ql Ql Ql 
9 Q3 Q30 Ql Q14 Q3 Q3 
10 Ql QlS Q3 Q3 Q2s Q2s 
11 Q9 QIO Q30 Q28 Q28 QlS 
12 Q24 Q2s QlS Q2s QlS Q28 
13 Q4 Q16 Q2s QlS Q14 Q14 
14 Q16 Q28 Q28 Q30 Q2 Q2 
IS Qs Q2 Q2 Q27 Q27 Q27 
16 Q28 Q9 Q27 Q2 Q30 Q30 
17 Q2 Qs Qs Q24 Q24 Q24 
18 Q22 Q4 Q24 Q9 Q9 Q9 

19 Q19 Q24 Q9 Qs Qs Qs 
20 Q18 Q22 Q18 Q18 Q18 Q18 
21 QIO Q27 Q22 Q22 QI7 QI7 
22 Q13 QI8 Q4 QI3 Q22 Q4 
23 Q27 QI3 QI3 QI7 QI3 QII 
24 Q29 Q29 Q17 Q4 Q4 Q22 
2S Q8 QI7 Q7 QII QII QI3 
26 Q20 Q20 Q11 Q7 Q8 Q8 
27 QI7 Q8 Q20 Q20 Q20 Q20 
28 Q26 Q7 Q29 Q8 Q7 Q7 
29 QII Q26 Q8 Q29 Q29 Q29 
30 Q7 QII Q26 Q26 Q26 Q26 
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As a second step we investigate how sensitive our results are on the values of the 

balancing factor and weights. We use an equal weight of 0.5 assigned to every criterion. 

For this second set of ranking, still alternative Q23 becomes the best for p = 1, 2, 5 and 10. 

The same alternative is the second best for p = 50 and 00. In these last cases Ql is the 

best, which is the second or third best in all other cases. The exchange in ranks is due to 

the effect of the possible compensation between alternatives based on the balancing factor. 

Table 6. CP results equal weights 

Rank Compromise programming for ki = equal 
p-I p-2 _~=5 _p= 10 p=50 p=oo 

I 023 023 023 023 QI QI 
2 QI QI4 QI QI 023 023 
3 QI4 QI QI4 QI4 QI4 Q9 
4 021 021 Q30 Q30 Q30 QIO 
5 Q30 Q30 021 021 QIO Q14 
6 Q9 Q12 025 QlO 021 QI6 
7 Q12 Q9 Q9 025 025 021 
8 025 025 028 028 028 025 
9 Q5 Q15 Q5 Q9 Q9 028 
10 Q6 Q5 QIO QI6 Q16 Q30 
11 Q15 Q6 Q12 Q5 02 02 
12 Q18 Q3 QI8 QI8 027 027 
13 028 028 Q16 QI2 Q5 Q3 
14 Q3 Q18 Q6 Q19 Q18 Q5 
15 02 Q4 Q15 02 Q12 Q6 
16 QIO 02 Q3 Q6 Q19 Q12 
17 QI9 024 02 Q3 QI5 Q15 
18 027 020 QI9 Q15 Q3 Q18 
19 Q16 027 027 027 Q6 Q19 
20 Q4 Q17 Q17 Q17 Q17 Q17 
21 Q17 QI6 Q4 Q4 Q4 Q4 
22 024 QIO 024 024 024 Ql1 
23 020 Q19 QIl QIl Ql1 024 
24 Ql1 Ql1 020 022 022 Q7 
25 022 022 022 020 Q13 Q8 
26 026 Q13 Q13 Q13 Q8 Q13 
27 029 026 Q8 Qs 020 020 
28 Q13 029 029 029 Q7 022 
29 Q8 Q8 026 Q7 029 026 
30 Q7 Q7 Q7 026 026 029 
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Based on the results of Tables 5 and 6, it can be seen that, when there is either a full 

compensation between alternatives (p= 1) or when there is a weighted deviation in 

proportion to the magnitude, alternative Q23 (union of actions of meeting water quality, 

protecting the public interest, constructing hydropower and enhancing flood control as 

well as reducing sediment by pool stabilization) is ranked first. However, for larger values 

of p, when no compensation exist among alternatives, alternatives QIO (which calls for 

increasing water supply and irrigation efficiency coupled with establishing groundwater 

regulation) and Ql (the do nothing action) are ranked first. Next we will repeat the 

computations using the ELECTRE III technique. 

2. ELECTRE III Results 

The two preorders ofELECTRE III are now constructed as described earlier. The 

first result obtained using ELECTRE III is based on criteria with different weights. The 

final ranking of the 30 alternatives resulting from the intersection of the 2 pre-orders is 

given in Figure 2. As it can be seen from this figure, alternative Q23 is ranked first 

followed by alternatives Q2h Q9 and QlS. 

Similarly to the case of Compromise Programming, we wish the see how sensitive 

our results are, on the weights assigned. Let equal weights of ki = 0.5 be assigned to all 

criteria. Alternative Q23 is again ranked first, followed by alternative Q21. However. 

alternative Q3 is ranked third instead of alternatives Q9 and QlS. Figure 3 shows the final 

ranking of the second program run. These results do not appear to be very sensitive to 
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weights since in both cases the alternative consisting of meeting water quality, protecting 

the public interest, constructing hydropower coupled with enhanced flood control and 

reduction in sediment by pool stabilization represents the best compromise alternative, 

followed by the alternative that regroup the union of increasing water supply, enhance 

flood control as well as reduce sediment by pool stabilization. Interestingly enough and 

similarly to the results of Compromise Programming, alternatives Q8 (increasing water 

supply and irrigation efficiency, constructing hydropower and protecting the public 

interest) and Q26 (constructing hydropower, enhancing flood control, reducing sediment 

by pool stabilization and establishing groundwater regulation) are among the last ranked 

ones. 

Table 7 summarizes the results from the CP and ELECTRE III applications. It 

shows the best 4 alternatives. For the Compromise Programming solution, as a general 

conclusion, alternative Q23 is the first best alternative for lower values of p whether 

different weights or equal weights are assigned. For higher values of p, when different 

weights are used, QI0 becomes the best alternative. However for equal weights, Ql is the 

best alternative. For ELECTRE III, Q23 is the best alternative followed by Q21 in both 

cases. As a general conclusion, it appears that, based on both proposed solution 

techniques, alternative Q23 may be selected; it is followed by alternative Q21. Naturally, 

the final decision has to be made by the DM. 



T hI 7 S f a e umrnary 0 resu ts 
ki = different ki = equal 

Compromise Programming p= I: p= I: 
023.021. Q12. Q6 023. QI. Q14. 021 

p=2: p=2: 
023.021. Q12. Q6 023. Q14. QI. 021 

p=5: p=5: 
023.021. QIO. QI9 023. QI. Q14. Q30 

p= 10: p= 10: 
QIO. 023. Q19. 021 023. QI. Q14. Q30 

p=25: p=50: 
QIO. Q19. 021. QI6 QI. 023. Q14. Q30 

p=50: p= 500: 
QIO. Q19. 021, QI6 QI, 023, Q9. QIO 

023,021, 023.021, Q3, 
ELECTREm (Q9, QI5), (Q9, Q14, Q15) 

(QI4,Q2S) 

~ __________ ES __ --~----------__ ~ 
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Figure 1. The Upper Rio Grande River Basin 
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Figure 2. Preorders resulting from ELECTRE III with different weights: (a) 
Descending and ascending order; (b) Final ordering 
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DISCUSSION AND CONCLUSIONS 

The reason for selecting CP as one of the techniques in this study are: (a) CP is a 

simple transparent approach, (b) it requires little input from the OM, so that more effort 

may be placed into the conflict resolution itself, ( c) makes it possible to control explicitly 

the compensation between objectives. The main motivation for using ELECTRE III as 

the other technique to model each OM's tradeoff is the flexibility provided by fuzzy 

outranking. It may be noted that, to the best of our knowledge, this is the first time that 

ELECTRE III is applied to such a large scale problem as the Upper Rio Grande case, 

which involves non-steady elements (supply and demand). Other MCOM techniques that 

may be applied to the Rio Grande problem include cooperative and non-cooperative 

games, special voting procedure as in Bella and Szidarovszky (1994), ELECTRE I, II and 

Fuzzy Compromise Programming in as Ouckstein et al (1994). Following such MCOM 

analysis, an extension ofELECTRE III may be used to set up the multiple OM model as in 

Cordeiro-Nelto, et al., (1993). 

In ELECTRE III, a pairwise comparison is the focus of ranking alternatives where, 

alternative i outranks j if and only if the concordance condition and the discordance 

condition are both satisfied. On the other hand, CP identifies solutions which are closest 

to the ideal (utopia) solution as determined by the measure of distance Lp. Therefore the 

two methods are conceptually different, however they both give approximately the same 

results (alternative Q23 ranked first). Consequently, CP , in a discrete setting matches the 

perfonnance of other multicriterion approaches in this case the fuzzy outranking method 
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ofELECTRE III. In fact, alternative Ql ( do nothing alternative) or QI0 (increasing water 

supply and irrigation efficiency coupled with constructing hydropower and protecting the 

public interest) would be chosen over alternative Q23 (union of action of meeting water 

quality, protecting the public interest, constructing hydropower and enhancing flood 

control as well as reducing sediment by pool stabilization) if it is desired to minimize the 

maximum deviation. By moving from alternative Q23 to Ql or QIO, individual regret 

(distance from the ideal) is reduced in the zero compensation case (p =(0). 

In this paper, CP and ELECTRE ill have been used to rank a set of30 alternatives 

based on 18 criteria. These criteria are grouped under the general framework of 

economic, environmental biological and ground water management factors. The results 

found were interpreted b~sed on the different parameters used. The same methodology 

can be applied to the MCOM analysis of other regions on the basis of the same types of 

criteria as used herein. Further analysis can be done on the uncertainty of weights and the 

value of p. Once each OM has reached an acceptable tradeoff, the conflicts between 

tradeoffs of the OM's must be resolved, which is the next task on hand. 
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The Rio Grande water management problem is analyzed here as a conflict model. The 

well-known solution concepts cannot be used in this case, since no equilibrium exists, 

there are several decision makers, and there is no one-to-one correspondence between the 

actions and the decision makers, and between the objectives and the decision makers. 

Special voting procedures are developed and applied to obtain actual solutions using a 

numerical example. 

*Systems and Industrial Engineering Department 
University of Arizona, Tucson, AZ 85721 

2 Published in Pure Math. And Appl., Ser. C, Vol. 3, No. 1-4,35-58, 1992. 
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INTRODUCTION 

The purpose of this paper is to examine how special conflict resolution techniques 

can be used in analyzing the Rio Grande management system especially in view of the 

possible effects of global climate change. The main features of this problem are as 

follows. We have several decision makers, who are responsible to make certain actions. 

Some actions are preferred by only one decision maker, however some other actions are 

preferred by all members of certain subsets of the decision makers. The problem is not 

dynamic, since any action is reachable from the "status quo" in one stage, when the 

conflict immediately terminates. Therefore the graph method of Fang, et aI., (1989) 

cannot be used. There are several objective functions, but there is no one-to-one 

correspondence between the decision makers and the objectives. The model cannot be 

considered as a classical game (Szep and Forgo, 1985). Similarly to the actions, some 

decision makers are interested in only one objective, but others wish to optimize several 

objectives simultaneously. The problem is not a classical multiobjective optimization 

problem, since there is no central authority above the decision makers, and there is no way 

to force them to make compromises and side payments (Szidarovszky, et al., 1986). A 

special voting procedure will be introduced and applied for solving the model. 

The paper is organized as follows. In the next section, the case study dealing with 

the upper Rio Grande river basin management problem is presented and formulated. It is 

then analyzed using three alternative voting methods. The last section concludes the 

paper. 
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PROBLEM FORMULATION 

One of the primary problems of the Rio Grande Basin has been to provide water to 

accc'11l1lodate increasing populations in the region and to deal with the lack of legal 

legislation recognizing the hydrological interconnection of surface and ground water in 

view of the water treaty of 1944 between the US and Mexico (Thomson and Thompson, 

1991). The Rio Grande, the fifth largest river in North America originates in the snow 

covered mountains of Colorado (Figure 1). It flows primarily through the arid and semi

arid lands of New Mexico and discharges into the Gulf of Mexico. Because the Rio 

Grande flows through primarily an arid and semi-arid region, this river has had 

considerable influence on the region's inhabitants, more so than any other physical element 

of the environment. The lack of surface water in the past and present management 

schemes has been made up through inter basin diversions and ground water mining, but 

extensive ground water withdrawal from stream-aquifer systems will inevitably result in a 

reduction of available surface water supplies of the Rio Grande. The current management 

of water resources is complicated by a multiplicity of governmental units on both sides of 

the border. On the Mexican side, the Federal government exercises the dominant role 

throug~ a variety of agencies. On the US side, prime responsibility is placed in three 

different states, each having its separate, independent and different water laws, regulations 

and laws of the Federal government and several claims by native American Indians further 

complicate matters. The Indians claim use of waters which are located on or along the 

boundaries of Indian reservations. All Indian reservations have water rights protected by 
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the Federal government. Quantification ofIndian and Federal water rights are lacking and 

need to be developed in the upper Rio Grande basin (Lord, et al., 1993). 

A prolonged drought would impose severe hardships on water users in the upper 

Rio Grande and the basin as a whole, requiring the establishment of appropriate public 

policy. In general, water resources planning ignores climate as a variable due to its 

assumed invariance. However, there is a growing evidence that climate fluctuation, even 

climate change may be a necessary premise for water resource plans that are projected 50 

to 100 years in the future. Allocation changes designed to meet a diminishing water 

supply would be difficult to implement because of the complex web of international 

treaties, interstate compacts and local, state and federal laws (Waterstone, 1994). The 

high degree of complexity makes it difficult for any decision maker to comprehend the 

problem fully and eventually reach a reasonable decision. Increasing water demands will 

require significant conservation efforts (Thomson and Thompson, 1991); furthermore, 

transfers from water intensive uses such as agriculture will be required to meet industrial 

and municipal needs. 

Economic activities and population for the region are expected to increase, 

especially with the recent signing of the North American Free Trade Agreement (NAFTA) 

with the Republic of Mexico and Canada. These developments, which will place greater 

demands on water resources may require changes in public policies presumably through 

negotiation. Thus sources of conflict may be identified as follows: 
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- sensitivity to climate change or fluctuations which would be acting on one of the 

most vulnerable regions in the USA: a small increase in temperature and decrease in 

precipitation is predicted to cause a very large shortfall, 

- the lack of agreements on ground water usage and water supply, whereas 

increased demands may lead to increased pumpage and a possible lowering of the water 

table, 

- water quality problems that may require, for example, the city of Albuquerque to 

switch to conjunctive use of surface and ground water, 

- the lack of adjudication of the Rio Grande in New Mexico including the non

quantification of Indian rights, 

- the recent passage of the free-trade agreement with Mexico, which is expected 

to increase the pressure on water resources. 

In this paper special voting techniques to examine conflict analysis will be used to 

provide a structure for the solution of the problem. We have developed a numerical 

example with four objectives and eighteen subobjectives of water resources management 

over the next 50 years as illustrated in Table 1. Problem characteristics are estimated 

using the problem description in US Army Corps of Engineers Report, (1989) namely; 

(1) Enhance economic factors in the region. Eight subobjectives including flood control, 

irrigation, hydropower, recreation, water supply, fish and wildlife, water quality and 

groundwater have been selected to represent this category. These subobjectives are all 

expressed in millions of dollars. 
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(2) Protect the environment. Category includes five subobjectives, namely, aesthetics, 

fish habitat, recreation, riparian land and erosion control. These sub objectives are 

expressed in numerical form or else in linguistic terms such as poor to excellent, which are 

then transformed into numerical values using special value functions. 

(3) Promote sustainable groundwater management policies expressed In terms of 

performance and resource indices measured non-numerically as linguistic variables (poor 

to excellent). 

(4) Conserve biological resources consisting of flora, fauna and endangered species all are 

quantified. 

Criteria or basic indicators are also shown in Table 1. The parameters defined in 

Table 2 include weights for the objectives and subobjectives assigned by the different 

decision makers. These weights were obtained as the results of a series of discussions 

with the actual decision makers. The set of actions (alternatives) is given in Tables 3 to 5 

and Table 6 shows which decision makers prefer to make those actions. 

For example in Table 6, we have assumed that the Fish and Wildlife Service prefer actions 

As and Alo since these actions ensure the move of project storage and a reduction of 

sediment load by pool stabilization. Selected alternatives (US Bureau of Reclamation, 

1992) consist of a mixture of pure actions, which include: enhancing flood control, 

constructing hydropower plants, moving project storage to different location, reducing 

sediment by pool stabilization, controlling water quality in surface streams, applying prior 

appropriation doctrine. 
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Considering the compatibility of the combinations of pure actions, the alternatives 

in Table 3 are further reduced as shown in Table 4, yielding a limited number of mixed 

actions. The total number of combinations of pure actions forming mixed alternatives is 

212 when we consider 2 levels for each alternative including (do or don't do). In Table 5, 

a total number of 2s actions or 32 mixed actions are defined as the most important 

combinations. In notation form: Pi is used for individual action selection, where 

i=0,1,2, .... ,5. Pij is used for selecting pair of actions. P1234S for all the five actions using 

available reports (US Corps of Engineers 1989, US Bureau of Reclamation 1992). 

We have constructed the payoff matrix representing the evaluation of the 

alternatives by all criteria (or basic indicators) as given in Table 7. 

PROPOSED SOLUTION 

The composite objective values, calculated by using Table 7, are shown in Table 8. 

For example, decision maker one (OM1) cares about mixed actions Qs and Q27 (see Table 

5). He prefers the following objectives to which he assigned weights. DMI gives a 

weight of 90 to Aesthetic, a weight of 70 to Riparian land, and a weight of 90 to 

Flora. Thus the composite objective value is: 

For Os: 

{[2*0.90) + (2*0.90)] + [(2*0.70)+(500*0.70) + (20*0.70)] + [(30*0.90) 

+ (100*0.90) + (40*0.90) + (50*0.90)]} = 567 

For Q27: 



{[(5*0.90) + (8*0.90)] + [(2*0.70) + (300*0.70) + (30*0.70)] + 

[(30*0.90) + (200*0.90) + (60*0.90) + (65*0.90)]} = 563.6 
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Another example is given for DM2. This decision maker cares about mixed actions QI. 

Q7, QIS, and Q17. He only prefers Fauna with a weight of90. 

For 0 1: 

[(10*0.90) + (200*0.90) + (10*0.90) + (20*0.90)] = 216 

For 0 7: 

[(15*0.90) + (200*0.90) + (60*0.90) + (45*0.90)] = 288 

For 0 15: 

[(30*0.90) + (100*0.90) + (60*0.90) +(30*0.90)] = 198 

For 0 17: 

[(40*0.90) + (400*0.90) + (50*0.90) + (50*0.90)] = 486. 

SOLUTION METHODOLOGY AND INTERPRETATION OF RESULTS 

The payoff table (Table 8) indicates that this problem is not a classical conflict. 

The first reason is the following. The current status quo is assumed to give 0 objective 

value to each decision maker (OM) and each action is reachable from the current status 

quo, when the conflict terminates. The second reason is a consequence of the above 

observation. Any Nash stable action is optimal and the optimal actions are different for 

different DMs. Therefore no equilibrium exists. 
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In game theory, there are two methods to overcome the difficulty of the non

existence of an equilibrium. In the first method, we might consider the dynamic extension 

of the game: starting from the status quo, sequences of unilateral improvements by the 

players are analyzed and their asymptotic properties are examined. In our case, in one 

step, we can reach any action which is optimal to at least one of the players. Therefore, 

this approach does not lead to new information. In the second approach, the stochastic 

extension of the game is considered. The actions are randomized so that the strategy of 

each decision maker is a discrete distribution on the original action set. However, this 

approach is useful only when the game is repeated many times, so the other players are 

unable to estimate the selected distributions. In our case, the game is played only once; 

"the best" action is to be chosen only once. Therefore there is no sense for such 

randomization. 

Three related methods were applied to solve our problem, these methods and the 

numerical results are described next. As we pointed out before, no equilibrium exists. For 

each decision maker (DM), we first determine the optimal action and for each action, we 

calculate the number ofDMs for whom the action is optimal. The action which is optimal 

to most decision makers is considered to be the overall best. This method can be 

explained by a simple voting procedure. Assume that all decision makers vote one by one 

on each action. Each DM gives 1 point to his optimal action and 0 to all others. The total 

vote obviously equals the number of decision makers for whom the action is optimal. In 
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Table 8, we underlined the optimal actions for each DM. The first column of Table 9 

gives these points to each action. The best action is Q14 and the second best is Q3. 

The previous method has the disadvantage that it makes the distinction between 

only the best and not the best actions, therefore, the second best, third best, and so on, 

actions are considered equal. However, from the decision maker's point of view, they are 

different. To overcome this difficulty, we can modify the above procedure in the 

following way. For each DM, the best action gets 1 point, the second best action gets 2 

points, the third best receives 3 points, and so on. We add these points up for each action, 

and the action with the smallest sum is considered the best. These numbers are given in 

the second column of Table 9. There are two best actions: Q14 and Q30, and two second 

best, Qs and Qll. Based on this analysis, we cannot distinguish among the two best and 

the two second best actions. 

The previous method has the following theoretical problem: the distance between 

the best and worst actions becomes larger if the DM has more action to select from. 

Therefore the point for worst alternative becomes also larger. This point system is 

questionable since the value of the worst action may become different for different DMs. 
I 

Therefore in our third method, we used the following point system. The best action for 

each DM gets 1, the worst action obtains 0 point. The other actions are placed uniformly 

between 0 and 1. For example, in the presence of four actions for a DM, the best action 

gets 1, the second best 2/3, the third best 113, and the worst 0 point. Alternatively, 

uniform distribution can be replaced by any other possibility, e.g. which is indicated by a 
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utility function. The results are reported in the third column of Table 9. Action Q14 

became the first again and Q3 became the second best. 

The results of Methods 1 and 3 are the same. The best alternative, Q14, became 

one of the best by using Method 2. The second best alternative Q3 did not show up 

among the very best actions when Method 2 was used. The reason for this slight 

difference is due to the effect of different normalizing and weighting schemes. 

In the above analysis, we considered decision makers equal. We strongly believe 

that it is not the most appropriate approach especially in cases when federal agencies or 

political institutions are among the decision makers. In such cases, a weight should be 

assigned to each decision maker where higher weight indicates more importance. Instead 

of adding up the points of each DM, weighted sum should be computed where the weights 

are the above mentioned importance factors. In our study, we did not follow this 

approach since it is not clear who is able to assign such weights, and after the weights are 

given, it is also possible that decision makers with the lowest weights will resign from 

further negotiation based on the feeling that their opinion will not be considered 

appropriately. 
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CONCLUSIONS 

The voting procedures introduced and applied in this paper can be suggested for 

cases when classical techniques such as graph conflict methods, game theory, and 

multiobjective programming are not appropriate. The voting methods are easy to 

implement and apply to practical cases, so they are highly recommended. 
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Table 1. Objectives, subobjectives and criteria 

Objectives Subo~iectives Criteria Notation 
o &Mcosts CI 
Benefits C2 

Flood control Construction costs C3 
Damage losses C4 
Demand costs C5 

Irrigation Efficiency maintenance costs C6 
Annual receipts C7 
Non-contracted power costs C8 

Hydroelectric Release opportunity costs C9 
power 

Operation costs CIO 
Benefits Cll 

Recreation Benefits CI2 
O&M costs CI3 

Economic Costs of meeting municipal CI4 
demand 

Water supply Costs of meeting industrial CI5 
demand 
Shortage costs CI6 
Revenue CI7 
Allocation costs CI8 
Costs of maintaining CI9 
minimum flow 

Fish and wildlife Costs of maintaining habitats C20 
Costs of pool fluctuation C21 
Costs to maintain EPA standard C22 

Water quality Organic treatment costs C23 
Costs of regulation C24 

Groundwater Costs of pumping C25 
Aesthetics Scenic reaches C26 

Social impacts C27 
Number of species C28 
Catch-per-hour C29 

Fish habitat Temperature C30 
Toxicity C31 
Quality C32 

Environmental Fishing C33 
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Table I. Continued 

Boating C34 
Camping C35 

Recreation Swimming C36 
Visitor-day C37 
% protection C38 

Riparian land Land use efficiency C39 
Development possibility C40 
Capacity exceedance C41 

Erosion control Tons of sediment produced C42 
Agricultural soil loss C43 
Equity of allocation C44 
Quality C45 
Fluctuation C46 

Groundwater Perfonnance Land subsidence C47 
Management indices 

Risk C48 
Conservation of resources C49 
Conjunctive use possibility C50 
Local subsidy CSI 
State subsidy C52 

Resource indices Federal subsidy CS3 
Safe yield CS4 
Drying wells CS5 
Floral species CS6 
Land C57 

Biological Resources Flora Aquatic C58 
Riparian C59 
Fauna species C60 
Land C61 

Fauna (aquatic) Riparian C62 
Aquatic C63 
# of endangered species C64 

Endangered # of protected species C6S 
species 

# of species C66 



Table 2. Sub objectives and weights assigned 

by decision makers 

Subobjectives Decision makers Weights 
Flood control 6 100 
Irrigation 4,7 100,70 
Hydroelectric power 6,7 80,90 
Recreation 35 90 70 
Water supply 5 90 
Fish and wildlife 12 80 
Water_quality 6,7 80,60 
Groundwater 9,10,11 7090,90 
Aesthetics 1 90 
Fish habitat 12 100 
Recreation 5 100 
Riparian land 1,13 70,80 
Erosion control 6 70 
Performance indices 8,15 50,50 
Resource indices 9,10,11 60 80,50 
Flora 1,2 90,60 
Fauna (aquatic) 2 90 
Endangered species 12 60 

Table 3. Pure actions 

Actions Notation 
Meeting water quality control in surface Al 

streams 
Increasing irrigation efficiency A2 
Applying free water marketing A3 

Applying prior appropriation doctrine A4 
Protecting the public interest AS 

Constructing hydropower plants A6 
Enhancing flood control A7 

Moving project storage to different AS 
location 

Adding conservation storage at an existing A9 
facility 

Reducing sediment by pool stabilization AlO 
Establishing ground water regulation All 

Subsidize groundwater A12 

147 



148 

Table 4. Reduced actions or plans 

Actions Notation 
Increasing water supply and irrigation efficiency PI 
Meeting water quality and protecting the public interest P2 
Constructing hydropower and enhancing flood control P3 
Reducing sediment by pool stabilization P4 
Establishing groundwater regulation P5 

Table 5. Mixed actions 

Mixed actions Notation Decision makers 
Po QI 2,5 

PI Q2 4,5 

P2 Q3 3,5 

P3 Q4 6,7 

P4 Qs 1 

Ps Q6 10,11 

PI2 Q7 2,12 

Pl3 Q8 4,6 

PI4 Q9 8 

PIS QlO 15 

P23 Qll 10,13 

P24 QI2 14 

P2S Ql3 11,14 

P34 QI4 9,10,11 

P3S QIS 2,6 

P4S QI6 8 

Pl23 QI7 2,6,7 

PI24 QI8 10,15 

PI2S QI9 11 

PI34 020 7 

Pl3S Q21 11 

PI4S 022 7 

P234 Q23 6 

P23S 024 12 

P24S O2s 8,12 

P34S 026 8,14 

PI234 027 1,6 

PI23S 028 8 

PI24S 029 4 

PI34S Q30 6,7 

P234S Q31 -
PI234S 032 -
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Table 6. Table of decision makers and actions preferred 

Decision Makers Notation Pure actions Action plans 
U.S. Forest Service and Land Management I A4 P4 
Pueblo Indian Tribes 2 AI,A7 PI 
Recreation Groups 3 AI, AS, AlO P2 
Irrigation Districts 4 A2,A4,A6 PI 
User Groups (Municipal and Industrial) S AI, A3, A4, A9 P2 
Army Corps of Engineers 6 A7 P3 
Bureau of Reclamation 7 A2,AS PI 
International Boundary and Water Commission S AI2 Ps 
Colorado Compact Commissioners 9 AS P2 
New Mexico Compact Commissioners 10 AS PI 
Texas Compact Commissioners 11 AS, AI2 Ps 
Fish and Wildlife Service 12 AS, AIO P2 
Department of Interior 13 All P4 
Middle Rio Grande Conservation District 14 A2, All 
(MRGCD) PI 
Mexican Government IS AI, AI2 PI 

Table 7. Criteria versus mixed actions 

Ql Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 QIO Qll Q12 Q13 Q14 Q15 Q16 Q17 
Cl 3 5 2 1 2 2 1 2 1 4 3 5 2 1 3 5 2 

C2 1 2 1 5 7 1 1 2 6 4 1 1 5 7 1 2 3 

C3 5 7 5 6 9 8 1 5 3 4 9 3 6 7 4 3 5 

C4 2 3 1 5 2 3 7 4 1 6 5 2 5 2 3 1 2 

C5 .3 .15 .25 .35 .22 .45 .2 .27 .32 .1 .25 .2 .1 .3 .5 .2 .15 

C6 .5 .1 .2 .3 .2 .4 .5 .1 .2 .3 .2 .4 .2 .1 .4 .3 .2 

C7 .4 .2 .3 .37 .3 .5 .4 .25 .35 .3 .18 .3 .5 .32 .6 .4 .4 

C8 .12 .98 .8 .65 .4 .2 .25 .3 .35 l.S .5 .3 .1 .8 .3 .5 .2 

C9 .10 .30 .22 .40 .50 .16 .50 .20 .20 .2S .30 .30 .10 .35 .20 .40 .15 

CI0 .4 .2 .67 .13 .24 .75 .615 .45 .3 .23 .56 .4 .35 .65 .6 .55 .41 

Cll 1 2 1.2 .3 4 8 l.S 1.6 1.25 1 .6 .5 .6 .7 1.2 l.S .8 

C12 .55 .65 .2S .7S .2 .3 1.4 .1 1.2 .3 .1 .3 .S .60 .25 .3 .1 

C13 .S 3 .2 .4 .1 .4 .4 .2 .2 .5 .23 .4 .6S .7 .4 .42 .2 

CI4 3 3 2 4 1 1 3 1 3 1 1 2 2 4 1 1 3 

CIS 1 2 3 4 2 3 2 3 S 1 2 3 2 3 5 1 2 

C16 4 5 3 2 1 4 3 2 1 1 2 1 3 2 1 4 3 

C17 12.4 10 20 3 5 50 4S 30 23 I.S 8 20 SO 45 30 23 1.5 

C18 1 5 1 4 1 5 3 2 1 2 1 3 2 1 2 1 3 

C19 .2 .3 .1 .s .2 .4 .3 .1 .2 .2 .2 .2 .3 .1 .s .2 .4 

C20 .30 .20 .10 .20 .40 .SO .30 .15 .10 .20 .10 .15 .SO .30 .15 .10 .20 

C21 .1 .2 .3 .2S .15 .12 .13 .15 .4 .1 .3S .1 .12 .13 .15 .4 .1 

C22 .12 .3 .20 .IS .21 .35 .15 .2 .3S .14 .22 .32 .31 .26 .32 .31 .42 
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Table 7. Continued 

C23 .5 .7 .4 .1 .2 .2 .1 .4 .3 .2 .4 .3 .5 .6 4 .34 .4 

C24 .4 .2 .5 .25 .15 .3 .1 .45 .15 .2 .5 .1 .2 .35 .26 .1 .45 

C25 .1 .4 .3 .3 .2 .3 .4 .2 .3 .2 .3 .4 .3 .2 .3 .4 .2 
C26 1 5 3 4 2 3 3 2 4 1 2 4 4 2 3 3 2 
C27 1 3 5 3 2 4 5 2 1 3 4 3 4 2 3 4 5 
C28 200 50 100 150 300 70 60 80 100 50 100 300 150 300 70 60 80 

C29 3 1 2 2 3 1 1 2 2 1 2 1 2 3 1 1 2 
C30 25 30 32 29 27 30 32 27 25 29 28 29 28 27 29 30 32 
C31 65 50 70 40 67 56 72 60 65 70 45 80 60 75 57 70 56 
C32 550 530 400 4S0 680 SOO 700 650 650 680 650 500 6S0 750 S80 6S0 SOO 
C33 100 100 200 140 160 210 120 ISO ISO 210 130 100 130 168 12S 200 100 

C34 80 SSO 500 600 400 100 300 3S0 620 390 300 SOO 4S0 580 600 S20 500 

C3S 100 2S0 200 2S0 j;;i0 110 3S0 110 310 220 240 190 210 129 130 200 ISO 
C36 SO 100 200 230 200 ISO 200 160 120 2S0 100 280 210 200 3S0 300 310 
C37 ISO 300 300 200 200 300 2~1Q 170 220 300 160 180 200 2S0 230 2S0 ISO 
C38 2 2 0 1 2 1 1 1 0 1 1 0 2 0 1 2 1 

C39 SOO 300 600 200 SOO 300 400 700 700 300 600 200 300 600 200 SOO 300 

C40 50 30 100 SO 20 80 30 40 30 60 70 SO 30 100 SO 20 80 

C41 SO 30 SO 30 70 30 SO 80 SO 40 30 SO 60 SO 30 70 30 

C42 10 20 17 IS 19 22 2S IS 10 10 13 16 20 20 10 IS 10 

C43 3 4 3 1 1 4 4 3 2 1 2 1 3 2 1 1 S 
C44 5 4 4 2 3 1 4 3 4 S 4 3 3 S 4 S 1 
C4S S 1 3 2 2 3 3 4 S 4 2 2 5 4 3 3 2 
C46 S 4 2 1 3 S 2 2 1 3 4 5 1 3 4 1 2 

C47 4 S 4 3 3 S 4 S 1 4 2 3 1 4 3 4 S 
C48 S 4 2 2 S 4 3 3 2 3 2 2 3 3 4 S 4 

C49 1 3 4 S 1 3 4 1 2 2 1 3 S 2 2 1 3 
CSO 3 1 4 3 4 5 4 3 3 S 4 S 1 1 3 2 2 

CSI 1 1 2 4 1 2 2 1 4 2 1 1 3 5 2 1 3 
C52 4 3 1 4 4 3 2 4 3 S 2 S 3 4 S 5 3 
C53 2 3 4 S S 1 3 4 3 1 S 2 S 3 4 3 S 
CS4 1 4 5 3 1 1 2 3 1 S 2 4 1 2 3 1 2 

C5S 5 1 2 5 2 1 2 S 3 4 2 3 1 4 2 2 3 
CS6 10 30 SO 20 30 40 30 70 60 80 SO 30 SO 30 70 60 80 

C57 SO 200 300 200 100 200 300 300 SOO 200 ISO 100 200 300 100 100 200 
CS8 20 20 50 30 40 30 40 SO 60 20 30 40 30 40 SO 30 60 

C59 65 6S 68 6S SO 65 6S 68 6S 50 70 60 6S 68 SO 70 6S 
C60 10 40 40 30 20 40 IS 30 70 40 30 SO 40 40 30 20 40 

C61 200 SOO 800 100 300 400 200 100 300 200 300 400 SOO 800 100 300 400 

C62 10 30 SO 30 40 SO 60 30 20 40 40 30 40 SO 60 50 50 

C63 20 SO 40 S5 70 SO 4S 30 40 SO 40 20 SO 20 30 20 SO 
C64 40 200 100 300 ISO 120 200 160 140 130 100 200 ISO 200 130 140 300 

C6S 20 30 SO 100 60 80 30 40 90 30 70 100 30 40 SO 20 110 
C66 100 200 300 200 100 300 400 100 200 300 200 300 200 300 200 300 200 
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Table 7. (Continued) 

QI8 QI9 Q20 Q21 Q22 Q23 Q24 Q25 Q26 Q27 Q28 Q29 Q30 Q31 Q32 
CI 1 4 3 5 2 1 3 5 2 5 2 1 2 2 1 

C2 6 4 1 1 5 7 1 2.2 3.5 2 1.25 5 7 1.5 1 
C3 3 4 9 3 6 7 4.5 3 5 7 5 6 9 8 1 

C4 1.2 1.23 5 2.5 5 2 3 1 2.5 3 1 5 2.25 3 7.5 

C5 .32 .1 .25 .2 .1 .3 .5 .2 .15 .15 .25 .35 .22 .45 .2 

C6 .2 .3 .2 .4 .2 .1 .4 .3 .2 .1 .2 .3 .2 .4 .5 

C7 .3 .3 .1 .3 .5 .3 .2 .1 .4 .1 .1 .3 .3 .5 .4 

C8 .350 .15 .5 .3 .1 .8 .3 .5 .2 .98 .8 .65 .4 .2 .25 

C9 .20 .25 .3 .3 .1 .35 .2 .4 .15 .3 .22 .4 .5 .16 .5 

CIO .3 .23 .56 .4 .35 .1 .6 .55 .41 .2 .67 .13 .24 .75 .62 

Cll 1.25 .1 .4 .5 .6 .7 .2 .15 .2 .2 .5 .3 .4 .8 .35 

CI2 .1 .3 1.75 3 .5 .65 1.25 .75 .1 .65 1.25 .75 1 3 1.4 

C13 .2 .5 1 .4 1 .4 .4 .2 .2 .3 .2 .4 1 .4 .4 

CI4 3 1 1 2 2 4 1 1 3 3 2 4 1 1 3 

CI5 5 1 2 3 2 3 5 1 2 2 3 4 2 3 2 

CI6 1 1 2 1 3 2 1 4 3 5 3 2 1 4 3 

CI7 23 1.5 8 20 50 45 30 23 1.5 10 20 3 5 50 45 

CI8 1 2 1 3 2 1 2 1 3 5 1 4 1 5 3 

CI9 .2 .2 .2 .2 .3 .1 .5 .2 .4 .3 .1 .5 .2 .4 .3 

C20 .1 .2 .1 .15 .5 .3 .15 .1 .2 .2 1 .4 .5 .3 

C21 .4 .1 .35 .1 .12 .13 .15 .4 .1 .2 .3 .25 .15 .12 .13 

C22 .2 .2 .2 .3 .2 .2 .2 .2 .2 .3 .3 .2 .2 .2 .2 

C23 .6 .8 .7 .9 .5 .6 .4 .1 .4 .7 .4 .5 .6 .4 .1 

C24 .15 .2 .5 .1 .13 .75 .3 .1 .45 .2 .5 .13 .75 .3 .1 

C25 .3 .2 .3 .4 .3 .2 .3 .4 .2 .4 .3 .3 .2 .3 .4 

C26 4 1 2 4 4 2 3 3 2 5 3 4 2 3 3 

C27 3 3 3 7 10 2 5 4 5 8 10 10 2 5 4 

C28 100 50 100 300 150 300 70 60 80 50 100 150 300 70 60 

C29 3 2 2 1 2 3 2 2 1 2 3 2 3 2 3 
C30 25 32 26 25 27 29 26 25 28 25 27 29 30 28 32 

C31 50 60 60 65 55 45 63 52 48 65 57 63 54 60 64 

C32 600 680 650 500 650 550 680 590 500 700 600 650 680 500 700 

C33 50 100 200 100 300 200 300 200 300 100 300 350 270 300 400 

C34 30 200 300 400 500 600 100 300 400 200 200 500 650 100 680 

C35 75 300 200 400 250 300 150 300 180 160 190 290 400 310 400 

C36 50 100 100 200 250 200 150 200 120 100 200 150 200 150 300 
C37 100 360 310 420 520 630 330 410 450 290 310 520 680 350 700 

C38 0 1 1 0 2 0 1 2 1 2 0 1 2 1 1 

C39 700 300 600 200 300 600 200 500 300 300 600 200 500 300 400 

C40 30 60 70 50 30 100 50 20 80 30 100 50 20 80 30 

C41 50 60 50 40 60 50 75 70 50 60 60 40 70 30 50 

C42 10 15 12 14 20 10 18 13 16 21 20 17 10 20 15 

C43 2 3 2 1 4 2 3 3 5 4 1 2 3 5 4 

C44 4 5 4 3 3 5 4 5 1 4 4 2 3 1 4 

C45 5 4 2 2 5 4 3 3 2 1 3 2 2 3 3 

C46 1 3 4 5 1 3 4 1 2 4 2 1 3 5 2 

C47 1 4 2 3 1 4 3 4 5 5 4 3 3 5 4 

C48 2 3 2 2 3 3 4 5 4 4 2 2 5 4 3 
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Table 7. (Continued) 

C49 2 2 1 3 5 2 2 1 3 3 4 5 1 3 4 
CSO 3 5 4 5 1 1 3 2 2 1 4 3 4 5 4 

CSI 4 2 1 1 3 5 2 1 3 1 2 4 1 2 2 
CS2 3 5 2 5 3 4 5 4 3 3 1 4 4 3 2 

CS3 3 1 5 2 5 3 4 3 4 3 4 5 5 1 3 

CS4 I I 2 4 3 I 4 I 2 1 4 3 2 1 3 

CSS 5 3 2 3 4 1 3 4 2 1 2 5 2 2 2 

CS6 10 80 SO 60 SO 30 70 60 80 30 SO 40 30 SO 30 

CS7 40 200 100 ISO 200 300 100 300 250 200 300 200 100 320 300 

CS8 10 40 20 30 20 40 SO 30 20 60 SO 20 30 40 60 

CS9 6S 50 70 60 65 68 SO 70 65 65 68 65 SO 65 65 

C60 70 400 300 100 400 400 300 200 400 400 400 300 200 400 150 

C61 100 200 300 400 500 800 100 300 400 500 800 100 300 400 200 

C62 10 30 40 20 SO 40 20 40 30 40 20 30 30 40 60 

C63 IS SO 40 20 SO 20 25 35 SO 55 30 40 SO 55 65 

C64 SO 300 100 200 200 300 353 240 150 200 280 300 240 100 300 

C65 10 30 20 20 30 40 100 20 40 70 90 SO 80 70 100 

C66 200 300 200 300 200 300 200 400 200 150 200 200 300 300 400 

Table 8. Table of composite objective values 

Action OMI OM2 OM3 OM4 OMS OM6 OM7 OM8 OM9 OMIO OMIJ OMI2 OMI3 OMI4 OMIS 

Ql 216 500 

02 45 1323 
Q3 0.4 1426 
Q4 50.7 2.2 
Q5 567 
Q6 6.94 4.54 

Q7 288 1244 

Q8 62 84.4 
Q9 9 
QI0 13 

Qll 10.32 536.8 

Q12 
QI3 6.95 9.5 

Q14 11.2 14.89 9.5 

QlS 198 49.4 
QI6 10.5 
Q17 486 45.6 2.4 

QI8 13.20 9 

Q19 6.36 

Q20 2.5 

021 7.95 

022 2.01 

023 62.8 
Q24 1233 
Q25 10.5 1126 
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Table 8. (Continued) 

Q26 9.5 9.5 

Q27 564 78.8 

Q28 11.5 

Q29 95 

Q30 80.4 2.5 

Q31 
Q32 

Table 9. Results of conflict analysis 

Actions Method I Method 2 Method 3 
QI 0 57 5/6 

Q2 0 57 I 

Q3 2 56 2 

Q4 0 55 13/14 

Q5 I 58 I 

Q6 0 58 9120 

Q7 I 54 7/4 

Q8 I 51 513 
Q9 0 59 1/4 

QlO I 58 I 

QII I 51 3/2 

QI2 0 60 0 

QI3 I 56 8/5 

QI4 3 50 3 

QI5 0 57 15/28 

QI6 0 57 3/4 

QI7 I 52 53/28 

QI8 0 56 514 

QI9 0 58 2/5 

020 I 56 I 

021 0 56 415 

Q22 0 59 114 

023 0 56 4n 

Q24 0 58 213 

025 0 56 13/12 

026 I 57 312 

027 0 54 17/14 

028 I 56 I 

029 I 57 I 

Q30 I 50 13n 
Q31 0 60 0 

Q32 I 60 0 
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APPENDIXD 

RESERVOIR SIMULATION UNDER CLIMATE CHANGE: 

CASE OF THE UPPER RIO GRANDE RIVER BASIN3 

Aimee Belial, Lucien Ducksteinl and Marvin Waterstone2 

Abstract 

A set of water release rules based on a current management condition are developed to 

operate the Rio Grande Basin that is located in the Western United States and is 

composed of multiple reservoir systems. In the past, the basin has been operated on a 

step-by-step basis in which water release rules are based on the experience of a 

knowledgeable operator and readings from available daily snowpack. However, under 

1 XC02 and 2XC02 scenarios of climate change, the basin is predicted to be subjected to 

extreme water shortages that will require a more stable and formal set of rules. A 

mathematical set of release rules is developed using STELLA, an image based simulation 

programming language, and the Soil Conservation Service (SCS) rainfall-runoff model. 

The results obtained are analyzed and interpreted showing that the Rio Grande watershed 

will face severe shortages of water that will require current operating rules to be changed. 

Key words: Water resources conflicts, STELLA, climate change, reservoir operation, 

3water allocation, upper Rio Grande basin. 

I Systems and Industrial Engineering Department 
University of Arizona, Tucson, AZ 85721, U.S.A. 

2Geography & Regional Development 
University of Arizona, Tucson, AZ 85721, U.S.A. 

3 Working paper. In review. 
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INTRODUCTION 

Numerous studies predict that an increase in greenhouse gases may result in a 

warmer and drier climate in many parts of the world in the next century. A study done by 

Revell and Waggoner (1983) showed that the basin will be extremely wlnerable to any 

climatic change that would decrease available supply because the upper Rio Grande basin 

is an area already facing serious water shortages under present climatic conditions. For 

example, they predict that a 2-degree temperature increase and 10 percent decrease in 

annual rainfall would reduce runoff in the Rio Grande river basin by 76 percent. This 

represents the largest percentage reduction for any basin in the United States (Thomson 

and Stephen, 1990), indicating a prolonged drought will impose severe hardships on water 

users. As a result, the basin as a whole would required appropriate establishment of water 

policy to be set forth by water users and government agencies. Allocation changes 

required to meet a diminishing water supply will be difficult to implement because of the 

complex web of international treaties, interstate compacts, federal and local laws. The 

high degree of complexity makes it difficult for a decision maker to comprehend the 

problem fully and eventually reach a policy decision. Consequently, most people who live 

near the Rio Grande river basin know that a water use decision may have immediate 

impact. For example, some of the most damaging impacts are flooded fields, the washing 

out of irrigation works, lost recreation opportunities because of dry riverbeds or low lake 

levels. Furthermore, too little water for crops, rising groundwater tables, destruction of 

spawning grounds for fisheries and uncontrolled releases of sewage eftluent augment the 
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problem. Connections between regional, local, and federal laws need to be made as well 

as the small irrigation associations, large dams and the fisheries services in order to resolve 

these water issues. The goal in modeling this system of reservoirs is to determine 

(1) the criteria by which decisions are made to hold water in reservoirs, 
(2) who makes those decisions and how do they affect downstream users, 
(3) who the major players are and their concerns, 
(4) how do technical water decisions affect the Indian tribes and 

traditional Hispanic water users, 
5) what are the pressures on the existing system to change and adapt to 

newly defined needs, specially under climate change, and 
6) key institutions' laws and decisions. 

Items (1) and (2) have been addressed in related papers where criteria and alternative of 

water policy were explicitly defined and ranked; Duckstein, et aI., 1994 and Bella, et aI., 

1996. Item (3) was addressed by Bella and Szidarovsky, 1992; item (4) was stressed in 

Lord, et aI., 1993 and item (6) was studied by Waterstone, 1994. In this paper objective 

(5) is considered to determine how the existing system will to adapt to climate change. 

STELLA, an image based computer programming language, is used in this 

simulation model. First, the system is modeled by using the existing water release rules 

(or based scenarios) when the entire basin is subjected to current conditions. Then, the 

model developed from historical rainfall and runoff data executed with runoff computed 

from rainfall intensity under 1 XC02 and 2XC02• Results from the climate change 

scenarios are analyzed to suggest future water release rules. 

The paper in organized as follows. In the next section, the Rio Grande river basin 

problem is formulated followed by the model development. Next, the results obtained are 
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expressed and interpreted showing the behavior of outputs generated. Finally, a brief 

conclusion is provided in the last section. 

PROBLEM FORMULATION 

Most water resources planning typically does not consider climate as a 

variable in developing guidelines for flood frequency due to climate invariance. However, 

there is growing evidence that climate change should be a necessary premise for water 

resource plans that are projected 50 to 100 years in the future. For the case of the upper 

Rio Grande river basin, the dynamic of decision-making during this century has followed a 

pattern that is evident wherever choices have to be made about a limited resource. By and 

large, the interests of economic growth in agriculture and urban expansion were driving 

forces behind water development. Early in the century initiative was taken by irrigation 

interests to build water projects that would provide relatively secure supplies and minimize 

flood and other problems, thus protecting investments in agriculture. As urban areas grew 

dramatically after World War II, pressures mounted for further flood control but also for 

new storage specifically to meet urban needs. State and federal efforts to conclude 

interstate apportionment on the Colorado and Rio Grande systems also created 

opportunities for federal funding of water projects. These groups, supported by capable 

congressional representatives, created the legal and institutional structure which now has 

the principal responsibility for administration and management of the region's water 

supply. 
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Water management in the basin is complex because many of the water needs are 

incompatible. The current management of water resources is complicated by a great 

number of government units on both sides of the border. On the Mexican side, the 

Federal government exercises the dominant role through a variety of agencies. On the 

U.S. side, prime responsibility is placed in three different states, each having its separate, 

independent and different water laws. Regulations and laws of the Federal government 

and several claims by native American Indians further complicate matters. The Indians 

claim use of waters which are located on or along the boundaries of Indian reservations. 

All Indian reservations have water rights protected by the Federal government. 

Quantification of Indian and Federal water rights are lacking and need to developed in the 

upper Rio Grande basin (Lord, et .al., 1993). In addition, increasing population has caused 

unregulated pumping of ground water (McQuillan, 1984) which may affect water treaty 

allocation in the future. 

By observing past records, the Rio Grande has few years when all water users 

meet all their needs. The variability of nature is another factor in this system, and 

numerous, interrelated decisions must be made by several agencies each year as more 

information is collected about the availability of water. In the past, the needs of irrigators, 

flood control, interstate and international water allocation were some of the driving forces 

that shaped policies and legislation. Now other constituencies are attempting to have their 

concerns dealt with by the management system such as in stream flows for fishery's 

protection and recreation, and Indian water rights. These new pressures will result in 



159 

further change in the system. The challenge of the next several years is to determine the 

best method to resolve these issues. Some will require new legislation, others may be 

resolved through litigation, and many will require negotiation among the affected groups 

to find workable solutions. The ability to resolve these issues will test the adaptability of 

the water management current system. 

The purpose of this paper is to construct a mathematical water release rule by 

analyzing the Rio Grande river basin management system in view of the possible effects of 

future global climate change. The main features of this problem are as follows. We have 

in the past an experience decision maker who was responsible to make decision about how 

much water should be released. However, under climate change scenario, this sort of 

hand decision made unilaterally cannot be valid. A more clear and concise set of rules 

taking into account all aspects of decision strategies is required and need to be put forth 

and evaluated mathematically. We therefore developed a set of mathematical models for 

the operation of the reservoir system. 

MODEL DEVELOPMENT 

STELLA, an image oriented programming language, was used in the simulation. 

Twenty years of inflow, outflow, evaporation and reservoir storage data (1970 - 1989) 

were used to develop the model. First, the current management of the system, called base 

scenario was constructed from a mathematical set of rules for operating each reservoir. 

Due to data constraints, the model was limited to the following five reservoirs in New 
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Mexico (Table 1): Heron, El Vado and Abiquiu on the Rio Chama; Cochiti on the 

mainstem of the Rio Grande; and Jemez Canyon reservoir on the Jemez river. The 

characteristics of these reservoirs such as elevation, drainage basin, longitude and latitude 

are specified as well in Table 1. 

Table 1. Watershed Drainage Basin 

Name of Code Drainage Area Elevation Latitude Longitude 
Watershed Jrni)2 (ft) 

Heron 08284510 193 7186 363956 1064213 

El Vado 08285000 873 6879 363539 1064400 

Abiquiu 08286900 2146 6256 361424 1062544 

Cochiti 08317300 14900 5247 353701 1061858 

Jemez Canyon 08328500 1035 5232 352340 1063250 

Simulation runs of the model were considered for two climate change scenarios, 

lXC02 and 2XC02, by estimating runoff from the Soil Conservation Service (SCS) 

method (Hjelmfelt and Cassidy, 1975). For the SCS method, the relation between rainfall, 

runoff and retention is expressed as: 

Q = p2/(p + S') (1) 

where Q is the rainfall excess or runoff in inches, P is the rainfall intensity in inches, and 

S' is the potential retention. Equation (1) can then be written as: 

F/S = P/(P- ia) (2) 

where ia is the initial abstraction. Let F be the actual retention and 



S = S' + in 

F ~ S 

P ~ (p - in) 

Also, let the actual retention be expresses as 

F=P-Q 

(3) 

(4) 

(5) 

(6) 
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Replacing equations 2 and 6 into equation (1), the rainfall-runoff relation is expressed as: 

(7) 

The initial abstraction in consists mainly of interception, infiltration and surface storage; all 

of which occur early in the process before runoff reaches a stream. By empirical 

relationship, it can be written as 

in = 0.2S. (S) 

Thus equation (7) becomes 

Q = (p - 0.2sil(p + O.SS) (9) 

which is the rainfall-runoff equation used by the SCS method for estimating peak runoff 

from a storm rainfall. S is estimated from soil-cover complex and can be obtained using 

the following expression 

CN = 1000/(10 + S) (10) 

where CN is the curve number (Table 2). CN depends on the soil characteristic and land 

use of the drainage basin. 
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Table 2. Basin Characteristics 

Location Drainage Soil Types Landuse Hydrologic Curve Number S 
(acre) Condition (CN) 

Heron 123520 B Woods good 66 5.15 

EI Vado 435200 B Woods fair 60 6.67 

Abiquiu 814720 C Pasture fair 77 2.99 

Cochiti 8162560 C Row Crops good 83 2.05 

Jemez 662400 D Meadow good 78 2.82 

The soil type at the sites varied from fine sand to clay loam. The soil types found in our 

study area include:. 

Rio Chama (Heron, EI Vado and Abiquiu): Mountain soils forming in igneous 

materials with slope gradients that range from gently sloping to moderately steep on 

mountain side slopes. The soils are dominantly neutral to slightly acid in reaction and are 

used dominantly for timber production, range, and recreation. 

Jemez: Apache-Silver Rockland Association. This soil is forming in materials of 

volcanic or basic igneous origin on odd lava flows and basaltic mesas. The land surface on 

the mesa tops and lava flows is dominantly gently to strongly sloping, but may range from 

nearly level to moderately steep. The formation consists of a great thickness of 

unconsolidated and partially consolidated sand, silt, clay, and pebbly beds. 

Cochiti: Santa Fe formation. At the Cochiti site it is composed of three general 

types of materials. Poorly to moderately well cemented medium to coarse grained 

sandstone, unconsolidated fine to medium grained material and coarse clean sand and 
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gravel. Land use in irrigated farming and urban development. Lands not under irrigation 

support a moderate-to-dense cover of cotton, willow, tamarisk, and Russian Olive. 

From the above soil descriptions and by using equation (10), we established the basin 

characteristic as given in Table 2. 

The rainfall data for the base scenario and for climate change were obtained from 

the General Circulation Model (GeM). The GeM simulation model used to generate 

rainfall of the study region under 1 XC02 and 2XC02 of climate change scenarios was 

provided by the Geophysical Fluid Dynamic Laboratory (GFDL) modeling center (the 

model referred to internally is GFDL95, downloaded from the mainframe computer under 

the following address: pub/country _studies/disks95) (Lettenmaier, et aI., 1990, 1993). 

RESULTS AND INTERPRETATION 

The results obtained from our STELLA simulation model of the operational release 

policies are represented in Figures 1 through 5 for the base scenario. The next set of 

results, Figures 6-15 represent operating water releases under 1 XC02 and 2XC02. Table 

3 gives a summary of the statistical means of these program runs. 
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Table 3. Water Release Statistical Means 

Basin Base Scenario 1XC02 2XC02 

(ac-ft) (ac-ft) (ac-ft) 

Heron 5275 1540 1567 

EI Vado 8000 1784 2416 

Abiquiu 18693 7302 7002 

Cochiti 178072 146775 124443 

Jemez 3810 6064 5209 

A summary of the mean rainfall for the 20-year GFDL95 program run is given in Table 4. 

Note that Table 4 only provides a summary of the outputs from running the Geophysical 

Fluid Dynamic Laboratory (GFDL) modeling center program. 

Table 4. Rainfall Statistical Means 

Basin Base Scenario 1XC02 2XC02 

(inches) (inches) 

Heron 1.133 1.108 1.002 

EI Vado 1.152 1.113 1.006 

Abiquiu 0.750 1.114 1.001 

Cochiti 0.886 1.087 0.963 

Jemez 1.175 1.075 0.951 

From Table 4, rainfall under climate change decreases at Heron, EI Vado and 

Jemez. However, rainfall increases at Abiquiu and Cochiti. Releases decrease inversely 

proportional to rainfall at Heron and EI Vado. However, releases seem to increase at 
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Jemez instead of decreasing. Table 3 shows that operating releases decrease for all 

reservoirs except for Jemez. At EI Vado reservoir, releases seem to decrease significantly 

going from about 8000 to 2000 acre feet. In addition, we observed that releases under 

1 XC02 and 2XC02 are close. At Cochiti and Abiquiu, rainfall increases slightly from the 

base scenario to the climate change scenarios. However, releases decrease mostly due to 

high demand at these two reservoir sites 

Table 5 predicts the percentage change in rainfall and reservoir releases under 

climate change as compared to the base scenario. 

Table 5. % change in rainfall and release under climate change 

Basin Rainfall Rainfall Release Release 
lXC02 % change 2XC02 % change 1 XC02 % change 2XC02 % change 

Heron 2.2 11 71 70 

EI Vado 3.4 13 78 70 

Abiquiu -48* -33* 61 62 

Cochiti -22 * -8.7* 16 30 

Jemez 8.5 19 -59* -37* 

Note: Negative quantity in Table 5 indicates positive percent increase. 

Rainfall for the overall watershed decreases from 2 to 20 percent resulting in release 

reduction of 15 to 78 percent. For example at EI Vado, a 2 degree temperature increase 

or 2XC02, produces a 13 percent decrease in rainfall which in tum reduces water releases 

by 70 percent. Thus, agreeing with past predictions made by Revell and Waggoner, 
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(1983). Rainfall at Abiquiu and Cochiti increases while at the other sites, it decreases. 

Showing that under climate change, rainfall either increases or decreases depending on the 

location. However, releases decrease at all sites except at Jemez. 

Interpretation of the results based on operation of reservoirs: 

Heron reservoir, located on the Rio Chama, is mostly used to provide a regulation 

and storage. Currently, two principles control the water release schedule at Heron. First, 

releases for the San Juan Chama Project supplemental irrigation, municipal and industrial 

water supply and second, carryover storage from one diversion season into the next is not 

permitted. From Table 5, under climate change, rainfall at this reservoir site decreases 

slightly and release decreases as well but significantly because most of the water stored at 

Heron is transboundary water. Releases at Heron are used to satisfy municipal, domestic, 

irrigation, industrial, fish, wildlife and recreation purposes. Therefore we notice a 

significant amount of decrease in release based on the fact that under climate change, 

demands are expected to increase. 

EI Vado reservoir. also located on the Rio Chama was originally constructed to 

provide conservation storage for irrigation usage downstream for the Middle Rio Grande 

Conservancy District lands, which are along the Rio Grande river. Like Heron reservoir, 

most water stored at this reservoir site are transboundary waters, and therefore small 

change in rainfall is expected (as shown in Table 5). However, we found a much larger 

changes in releases under climate change for the same reason mentioned above. 
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Abiquiu reservoir. located as well on the Rio Chama is currently operated for flood 

and sediment control. Reservoir regulation for flood control is also coordinated with the 

operation of Jemez reservoir and Cochiti lake. From Table 5, we notice a significant 

increase in rainfall and decrease in release. This, because storage and discharge at Abiquiu 

are contingent upon discharges on the mainstem of the Rio Grande. Therefore small 

reduction at Cochiti lake results in what is observed at Abiquiu. 

Cochiti lake reservoir, located on the mainstem of the Rio Grande is operated as a 

multipurpose reservoir that functions in regulating flood and sediment and providing 

recreation benefits. An increase in rainfall and a decrease in release is shown in Table 5. 

Jemez reservoir. constructed on the Jemez river has the purpose to regulate flood 

flows and control sediment retention. A decrease in rainfall resulting in an increase in 

releases is shown in Table 5. This increase is partially caused by the fact that Jemez 

reservoir is integrated with Abiquiu and Cochiti which are located upstream. 

CONCLUSIONS 

A rainfall-runoff model for the upper Rio Grande river basin was developed from 20 

years of data by simulating mathematically the releases of a multiple system of reservoirs. 

Rainfall and operational releases under the current conditions and climate change scenarios 

were considered. The results obtained under climate change indicate that storage in most 

of the reservoirs in the Rio Grande watershed will be severely affected by climate change if 

current release rules are followed. As a conclusion, decision makers will need to revise 
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and change these operational rules of release to avoid possible conflict among water users. 

Possible changes in operating rules will require elements such as an entire prioritization of 

demand, an impact assessment, and a reduction in water losses due to evaporation and 

seepage at reservoir sites. 
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