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ABSTRACT 

A UTILITY APPROACH TO WATER RESOURCE PLANNING 

by 

Carlos Mariano Marin 

The emergence of a multiple objective philosophy in 

current water resources planning has provided the motiva¬ 

tion for the relevant investment and allocation considerations. 

The applications, however, have been limited. The difficul¬ 

ties encountered have provided the impetus for the study of 

the feasible application of other techniques. 

An approach to handle the generation of alternatives 

within the Water Resource Council's "principles and standards" 

is presented. Couched within the context of multiattribute 

utility theory, the methodology incorporates the preferences 

of interest groups in guaranteeing a Paretian efficient set 

of alternatives. By focusing on the areas of conflict and 

providing a range of alternatives that exploit the points of 

advantage for each interest group, an explicit consideration 

of the tradeoffs in both a technical and political level can 

be effected. The results of the application of the approach 

to a quasi-hypothetical flood control problem are reported. 
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INTRODUCTION 

The search for a concept embodying rights and wrongs 

has long encompassed man's imagination. Perhaps this is a 

rather historically skewed perspective in view of the fact 

that we only know of the manner of this entertainment from 

those who have embodied the love of knowledge — the philos¬ 

ophers themselves. . So it goes. Yet, even within this 

admittedly subjective view, we get a picture of an unobtain¬ 

able Holy Grail — an assertion of the impossibility of 

deducing 'what ought' from 'what is'. Although rhetoric has 

long filled the pages and minds of many, the construction of 

a theory encompassing human wants and moral behavior from 

properties derived only from objects, remains to rhis day 

impossible. 

As historically evident as this concept may however seem, 

its operational definition within the context of water re¬ 

source public investments remains without application. During 

the 1930's through the early 1960's, 'objective' economic 

standards provided scientific respectability for political 

decisions. And under current planning guidelines, the in¬ 

ability to handle the necessarily subjective aspects, im¬ 

plicit in the consideration of multiple, incommensurable, 

and oftentimes conflicting objectives, has resulted in a 

failure to properly address the spirit of the law. The 

design and consideration of alternative plans has thus been 

the result of a highly unstructured combination of personal, 
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political, and technical factors which have not guaranteed a 

fair consideration of the various interested parties. 

This chasm between espoused and interpreted public 

values has brought to bear the limitations inherent in 

traditional planning practices; the focus of which lies in 

the difficulties associated with the aggregation of disparate 

values into a collective public choice.. 

Formal attempts to address this question have originated 

from several academic disciplines. From a mathematical 

perspective a search was conducted for the character of a 

function that would map individual values into the social 

choice domain. In economics the efforts to answer the ques¬ 

tions of the social desirability of collective social sys¬ 

tems resulted in the discipline of welfare economics. And 

in political science, the forms of government became the 

focus. 

The resulting conclusion from the mathematical and 

economic efforts maintained that the propriety of social 

issues must eventually, as Poincare would say, concern con¬ 

ventions. A matter of political convenience, one might say, 

for social welfare considerations must ultimately rely on 

the current political atmosphere as represented by the 

chosen form of government. But even given the political 

and highly subjective nature of public policies, there was 

room, as the welfare economists proposed, for 'objective' 

analysis amidst the loosely structured planning process. 
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Within a mathematical context these concepts crys¬ 

tallized in the form of multiobjective programming tech¬ 

niques. Their application, within the water resource plan¬ 

ning field, has so far, however, been limited by operational 

and ideological difficulties. As a result, the aim of this 

paper is to provide a viable alternative to the programming 

techniques in line with the egalitarian concepts laid by the 

welfare economists. 

Couched within the context of multiattribute utility 

theory, the proposed methodology incorporates the preferences 

of interest groups in guaranteeing a Paretian efficient set 

of alternatives. By focusing on the areas of conflict and 

providing a range of alternatives that exploit the points 

of advantage for each interest group, an explicit considera¬ 

tion of the tradeoffs in both a technical and political 

level can be effected. 

The approach thus taken in this thesis is to 'give to 

Caesar what is of Caesar, and to God what is of God.' That 

is, to separate the technical and political aspects of the 

planning process in an effort to insure a fair and equal con¬ 

sideration of both the Environmental Quality and National 

Economic Development (NED) objectives in the technical 

design of alternative plans as espoused by the Water Resource 

Council's (WRC) guidelines. 
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I. THE TRADITIONAL APPROACH 

A. In Search of the Holy Grail 

Water resources investment problems are characterized 

by a highly complex interaction of social, technical, eco¬ 

nomic, and political considerations. As a result of the 

public nature of these investments, any conscious attempt 

to elucidate a socially binding solution, resolves itself 

to the disposition of the timeless and moral nature of the 

relationship of individual and society (Walsh, 1970; Rondi- 

nelli, 1973; Hanke and Walker, 1974). This basic question of 

morality, the right from wrong, however, is the focus not of 

a new intellectualism, but of a timeless spirit of inquiry 

that has maintained it the main problem in speculative dis¬ 

course since the early history of philosophy (Mill, 1957). 

It is a question that has been embroiled in disparity for 

more than two thousand years; and. yet, the dove of unanimity, 

even amongst those society has seen fit to delegate as think¬ 

ers, remains ungotten. Theories have emerged under the aus¬ 

pices of mathematical, natural, scientific, mystical, and 

even divine logic; and each, making claim to the majestic 

grail of omniscience, has fallen prey to the axiomatic right¬ 

eousness implicit in Euclid's fifth postulate. 1 

^•In laying the groundwork for his geometry, Euclid postulated 
that given a point and a straight line, there existed only one 
line through the point that was parallel to the given line. 
All of the many attempts to prove the absolute nature of 
Euclid's postulate of parallels resulted in failure. The im¬ 
possibility of the task was finally and irrevocably established 
with a proof that resulted in the development of a mathemati¬ 
cally consistent system of logic (non-Euclidian geometry) in 
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In the absence of an absolute, the claim to the right¬ 

eousness of individual convention has prevailed; providing 

the impetus for a modus vivendi befitting the aggregation of 

individual values. During the early twentieth century, one 

of the most elegant attempts to address the nature of col¬ 

lective choice, within the context of individual sovereign¬ 

ty, was undertaken. From a historical perspective, it was a 

theory born out of denial. Having been terrified by the log¬ 

ical positivists into disreputing anything not directly ob¬ 

servable, and with the metaphysical fog of the utilitarian 
2 

catastrophe still fresh in their minds, the 'new welfare' 

economists attempted nothing less than to construct a value- 

free theory cf social policy (Walsh, 1970). 

Although the resulting sterility of the effort provided; 

resounding proof of the impossiblity of objective policy de¬ 

cisions (Kneese, 1959), the economists, in their disappoint¬ 

ment, had defined the limits of objectivity within the un¬ 

structured nature of policy considerations. These limits 

underscored the delineation of the Paretian concepts which, 

in providing the basis for the egalitarian consideration of 

disparate value systems, form the core of this thesis. 

contradiction to Euclid's formulation. The existence of con¬ 
flicting, yet internally consistent systems of logic, pointed 
to the necessity, even in mathematics, of conventions. 

2 
Utilitarianism had seeped into economic thought through the 
Marshallian concept of decreasing marginal utility. The logi 
cal extensions of the philosophical assumptions resulted in 
unorthodox implications which motivated the understandable 
denial of their admission into any future theories of welfare 



6 

B. Economie Efficiency in Theory and Practice 

Regardless of the propriety, policy recommendations 

involving individuals within a society have been fair game 

in all periods of history. Within the context of water 

resources, public investment decisions have traditionally 

relied on the so-called benefit-cost analysis approach. 

Benefit-cost analysis was originally developed by non¬ 

economists as a simple bureauratic tool designed to provide 

a reasonably useful instrument for organizing economic infor¬ 

mation on the provision of navigation facilities. After 1936 

however, benefit-cost analysis expanded its humble theoretical 

perspective to that of a 'secular sacrament' capable of ob¬ 

jectively insuring a comprehensive solution to the problem of 

public resource use (Hammond, 1966; Moley, 1955). 

Somehow transcending the insurmountable difficulties of 

objectivity that had hounded the welfare economists, benefit- 

cost analysis was promoted as a decision rule whose purpose, 

in the words of James and Lee, was "to force the decision-maker 

into an objective evaluation of the merits of each proposed 

project, and thereby encourage improved allocation of public 

funds."3 

Federal attempts to bridge the doctrinal chasm uncovered 

by this overreaching scope resulted in the so-called "Green 

Book" document. This effort embodied a formal attempt to 

3James, L. Douglas and Robert R. Lee., Economics of Water 
Resource Planning, McGraw Hill, Inc., 1971, New York, N.Y., 
p. 163. 
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couch benefit-cost analysis within the established tenets of 

welfare economics. 

But as Richard Hammond points out: "The Green Book em¬ 

bodied grandiose notions of the reliability and useful scope 

of benefit-cost analysis that are warranted neither by logic 

nor experience." He adds, "it Jjoene fit-cost analysisj is the 

creature of policy, and to treat it as a determinant of policy 

is to argue in a circle." ^ Contrary to popular belief, benefit- 

cost analysis does not relieve society of the responsibility 

of moral judgments in as much as their inclusion is of necessity 

in its implementation (Hammond, 1966; Hanke and Walker, 1974). 

In sweeping the dirt under the rug, so to speak, one of the 

principle uses of benefit-cost analysis became, in the words 

of Herbert Marshall, "to clothe politically desireable pro¬ 

jects in the fig leaf of economic respectability."^ 

Consequently, benefit-rcost analysis has served, not to 

encourage improved allocation of public funds, as James and Lee 

would have it, but to cater to the establishment of consent 

building relations necessary for the mutually noninterfering 

nature of congressional politics (Ingram, 1970). This oppor¬ 

tunity to manipulate the analysis under a banner of scientific 

objectivity provided elitist agencies, its beneficiaries, and 

^Hammond, Richard, J. "Convention and Limitation in Benefit- 
Cost Analysis," Natural Resource Journal, Vol. 6, April 1966, 
p- 218. 

^Marshall, Herbert, "Politics-, and Efficiency in Water Devel¬ 
opment" in Water Research, ed. A. Kneese, and S. Smith, 1965, 
p. 294. 



8 

a few congressmen the ability to make social policy decisions 

at their discretion. As a result, water planning agencies 

were operating in reverse. Rather than working out a plan 

after the identification of social goals and a range of pos¬ 

sible alternatives, they often initiated a project with cer¬ 

tain special interest groups in mind and then designed a 

plan to justify its implementation — an ex post facto ration¬ 

alization (Luken and Langlois, 1973). 

Yet the unidimensional concept of economic efficiency, in 

as much as it was assumed to represent the public interest, 

provided a fair representation of the growth orientation of 

post-Depression America on through the post World War II period 

(Howe, 1971). Throughout this period the loss in reality 

testing outweighed the possible gains from a reduction in con¬ 

flict (Breed, 1971), and as a result, traditional water develop¬ 

ment policies continued in their course unscathed. Yet with 

time, in its infinite wisdom, an ever widening chasm between 

perceived and actual values was demanding a resolution to the 

conflict at hand. The resulting lack of consideration for 

the affected public's value systems blossomed into confronta¬ 

tions that eventually halted the sprawling proliferation of 

water projects. The Cross Florida Barge Canal and the Brandy¬ 

wine Creek Watershed in Pennsylvania among others, were halted 

before completion, and became characteristic victims of a 

changing context (Burke and Heaney, 1975). 
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These failures, according to Burke and Heaney (1975), 

exhibited a common asymptomatic character that pointed to 

the limitations inherent in the traditional scope of plan¬ 

ning. The resultant condition, which he coined as the 

'water resource syndrome', played an active role in the in¬ 

cipient surge of discontent that eventually surfaced as a 

powerful social and political force. 

C. The Changing Context 

The late 60's and early 70's were characterized by an 

unprecedented distribution of information and the evolution 

of major and significant changes in social values (McEvoy, 

1973; White, 1972). Within the water resources field, the 

once stable dominance of elitist groups such as the Corps of 

Engineers and the Bureau of Reclamation, came under the 

challenge of a growing and increasingly sophisticated citi¬ 

zenry. A growing voice, displeased with the unbalanced level 

of representation in the decision making process, directed 

strong and widely publicized criticisms of Federal Water 

Resources Development Agencies (Ortolano, 1976). In addition, 

the post-Depression 'god and carpeting' values of economic 

efficiency were slowly expanding their focus to a more quality 

vis-a-vis quantity viewpoint (Wilson, 1970). Environmental 

considerations gained national prominence; eventually culmina¬ 

ting in the emergence of a set of fundamental changes in the 

federal philosophy regulating water resources planning. 
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II. BEYOND ECONOMIC EFFICIENCY 

A. Federal Perspective 

The National Environmental Policy Act of 1969 and The 

United States Water Resources Council's "Principles and 

Standards" provided the fundamental impetus for the changing 

federal perspective. The National Environmental Policy Act 

of 1969 (NEPA) provided a monumental stronghold for the 

emergence of environmental concerns. Sec. 102(2) (c) established 

the requirement for the inclusion of an environmental impact 

statement for all federal actions. Each statement was required 

to provide not only a full disclosure of the resultant impacts, 

but evidence of the consideration of alternatives in the. due 

case of adversely impacting actions. Although primarily 

interpreted by the courts as largely procedural in nature 

(Rowe, et al., 1978), NEPA provided the mechanism for the con¬ 

sideration of environmental (non-economic) factors in federal 

agency planning, and for a formal public review of Federal 

Agency decision making. 

In 1973 the Water Resources Council's "Principles and 

Standards for Planning Water and Related Land Resources" ex¬ 

panded the traditional accounting stance of water resources 

planning to include environmental quality as an objective. 

In addition, in support of NEPA's 'review and comment' clause, 

it referred explicitly to the necessity to include the public 

in the decision making process. Together, NEPA and the 

"principles and standards" provided the groundwork for the 
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transformation of traditional uni-objective planning to a 

multi-objective analysis in the consideration of the social 

desirability of water resources projects. 

The "principles and standards" however, was formulated 

within the guidelines of benefit-cost analysis. The ensuing 

procedural nightmare resulting from the application of benefit- 

cost analysis to a problem involving multiple, incomensurable 

objectives led Cicchetti et al. to conclude that "by pre¬ 

scribing analytical techniques that exceed the limits of 

economic method ... the WRC is likely to obscure the issues, 

which must ultimately be settled politically.”® In agree¬ 

ment, Hanke, et al. add: "The WRC has repeated the basic 

error of its predecessors in reform by trying to do the im¬ 

possible: to reconcile incommensurable values in one quanti» 

tative objective figure. 

B. Mathematical Perspective 

As a result of the inadequacies implicit in the appli¬ 

cation of benefit-cost analysis to the new WRC guidelines 

(Cichetti et al., 1973; Hanke el: ad., 1974) a resurgence in 

the interest of multi-objective techniques has recently 

g 
Cicchetti, R.K., S. Davis, H. Hanke, and R.H. Haveman, 
"Evaluating Federal Water Projects: A Critique of Proposed 
Standards," Science, Vol. 187, 1973, p. 727. 

^Hanke, S.H. and R.A. Walker, "Benefit-Cost Analysis Recon¬ 
sidered: An Evaluation of the Mid-State Project," Water 
Resources Research, 10(5), 1974* p. 907. 
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occurred. The resulting upswing has produced interest in 

techniques ranging in complexity from the simple data organi¬ 

zational. perspective to the welfare concepts underlying the 

highly sophisticated mathematical techniques. 

A major percentage of the multiObjective techniques 

can be classified within the data organization framework. 

Bishop al.(1976) has conveniently classified them under - 

four broad categories: (i) visuai techniques, (ii) rating and 

ranking methods, (iii) matrix and linear screening methods, 

and. (iv) tradeoff and display analysis. Usually expressed in 

a graphical or tabular form, they basically provide a means 

for organizing relevant information into a comprehensible 

manner given a set of alternatives. (McHarg, 1968; Leopold, 

1971r Rowe- et al., 1978; U.S. Army Corps of Engineers, 1972) . 

Since they do not, however, address the question of the 

generation of such alternatives (which is the concentration 

of this study) , the focus will be turned to the mathematical, 

techniques which deal with this question implicitly. 

From a mathematical viewpoint, the multiobjective prob¬ 

lem can be conceptualized as a vector optimization problem. 

Although as Cohon and Marks (1975) mention, the phrase 'vector 

optimization* is in fact a. contradiction since a vector can 

not be optimized without the inclusion of value judgments; the 

characterization is nevertheless appropriate. Mathematically 

the problem can be described as: 

MAX Z(X) = (Z- (X) , Z2(X), ... , Zq(XÎ) (1) 
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Subject to 

g^(X)>0 for ^ / « • m f III (2) 

X = xlfx2, • * • f (3) 

Xj>0 for j— (4) 

Where : 

Z(X) is the objective function characterized by 

q number of incommensurable objectives; 

X is an n-dimensional vector of decision variables; 

and 

gj_(X) represents the m technical, political, and 

economic constraints relevant to the problem. 

Equations (2), (3) and (4) represent the feasible re¬ 

gion indicated by the shaded region of Figure 1. The Paretian 

region in turn, can be defined as a feasible solution X for 

which there exists no other feasible solution, X" , such that 

Z (X") >Zp(X) 

for some psl,2,...,q, and (5) 

zk(x")^zk(x) 

for all k^p (Cohon and Marks, 1975). 

In order to relate these concepts within the context 

of an example, a simple two dimensional representation will 

be discussed (Figure 1). The two axes measure the degree of 

satisfaction of each plan for the two incommmensurable ob¬ 

jectives adopted by the WRC: National Economic Development 

(NED) and Environmental Quality (EQ). The curve (TC) is re¬ 

ferred to as the production possibilities frontier since it 
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represents the various combinations of NED and EQ that can be 

feasibly produced within the given set of technical and 

economic constraints. Any point lying inside the TC and 

toward the origin is feasible, but is less preferred than at 

least one other point on the curve in terms of output. This 

is evident by noting that the point a=(x',y') is preferred to 

all other (x',y*) for all feasible y**y'. This follows since 

more preferred levels of NED can be obtained without sacri¬ 

ficing any of the eq attribute. Similarly the point b=(x",y") 

is preferred to any other pair (x*,y") for all feasible x*#x". 

Similar arguments can be introduced for all the other points 

in the curve segment ab, thus allowing the elimination of all 

interior points from further consideration. The curve segment 

ab represents a set of efficient combinations of NED and EQ 

referred to as the noninferior or Pareto optimal set. Any 

movement along * this undominated region, however, requires the 

sacrifice of some units of one objective in order to improve 

the level of the other. Thus, without the inclusion of value 

judgments, we are at a loss as to the character of the pre¬ 

ference relation among the noninferior points. 

The social welfare function provides the necessary 

mechanisms for the incorporation of judgmental values. Lines 

of equal 'welfare' are termed indifference curves. Moving 

out from the origin each member of the family of indifference 

curves represents a higher level of social welfare. The 

point of tangency M, of the highest indifference curve with 
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the production possibilities frontier (TC) indicates the 

optimal or 'best compromise' solution. The social indif¬ 

ference curves, as an aggregate representation of society's 

values however, are extremely difficult if not impossible 

to derive (Arrow, 1963). As a result, the concentration in 

this paper will be concerned primarily with the planning 

process up until and including the generation of the nonin¬ 

ferior set. Although this author believes in the utility of 

a formal approach to the political decision making process 

as discussed by Keeney and Raiffa (1976) , Burke and Heaney (1975), 

Haimes and Hall (1974) , Kirkwood (1972) , and Cohon and Marks (1975) , 

the present state of the art (Keeney and Wood, 1977; Krzy- 

stofowicz et al_., 1977; Cohon and Marks, 1973) , as well as 

the political implications, render its considerations beyond 

the practical scope of this study. 

C. Generating Techniques 

Generating techniques are concerned with the generation 

of the noninferior solutions and as such represent the limits 

of the analysis without the introduction of subjective pre¬ 

ference relations. The most common method involves the trans 

formation of the vector objective function into a linear 

weighted scalar function. The problem as defined by (l) - 

(4) becomes: 
q 

MAX Z(X) = Z wkZ (X) (6) 
k-1 K 

where : 

w^ =■ relative weight of kth objective 
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subject to feasibility constraints (2), (3) and (4). The 

weighting method follows from the work of Kuhn and Tucker 

(1951) on the conditions for optimality and noninferiority 

of scalar optimization problems. Given that a noninferior 

solution to the maximization problem described by equations 

(1) - (4) exists, then there exists a set of ^ 0 , for 

k=l,2,...,q, with w strictly positive for some p=l,2,...q, and 
r 

ai set of \i >0, for i=l,2,... ,m, . such that (2), (3), (4), 

Xigi(.X) = 0 for i=l,2,...,m (7) 

and 

3 m 
Z wkVZk(X) ~ 1 v9i(X) “ 0 (8) 
k=l i=l 

are satisfied. These conditions are necessary but not suffi¬ 

cient, but become sufficient if the objective function is 

concave and the feasible region defined by (2), (3), and (4) 

is convex (Cohon and Marks, 1975). The generation of the 

noninferior set is then obtained by varying the weights 

parametrically in the objective function. In essence, the 

problem is resolved in two dimensions to finding the highest 

point of tangency of the TC with a line defined by the re¬ 

spective weights. (See Figure 2.) 

As previously noted, however, if the shape of the non¬ 

inferior set is not convex, the weighting method, as is 

obvious from Figure 3, will succeed only in generating a 

partial delineation of the noninferior set. This deficiency 
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MAX Z(X1,X2) =W1X1+W2X2 

Figure 2. Convex Programming 
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MAX Z(X1,X2) =W1X1+W2X2 

Major portion of 
non inferior set 

Figure 3. Non-Convex Programming 
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in the case of nonconvex feasible regions has prompted the 

development of the constraint method for generating the non¬ 

inferior set. The technique implies solving: 

MAX Zr(X) (9) 

Subject to (2)/ (4), and 

Zk(X)_>Lk for all k±r (10) 

Where Lk is some lower bound for the kth objective. The 

noninferior region is then obtained by parametrically vary¬ 

ing the lower bounds Lk in (10). The result is a set of 

maximization problems whose solutions represent the delinea¬ 

tion of the Paretian region. 

D. Planning Perspective 

In contrast to the mathematical formulation presented 

above, public policy decisions are often made from plans 

conceived and developed on the basis of mostly qualitative 

integration of numerous economic, political, social, and 

technological objectives (Haith and Loucks, 1976). 

Within this context, the planning process can be con¬ 

ceptualized as consisting of two distinctly technical and 

political arenas (Caulfield, 1974; Bishop et al., 1976). See 

Figure 4.) In analogy to the mathematical formulation, the 

technical aspects of the planning process is concerned with 

the formulation of alternatives that approximate the non¬ 

inferior region. The political aspect, on the other hand, is 

concerned with the generation of the welfare indifference 

curves which will ultimately decide on the 'best compromise' 
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alternative. By interfacing the technical output of the 

technical staff with the value expressions of the interested 

publics, the lead planner becomes the pivotal individual in 

the planning process. His role, in a sense, is to serve 

as an information center, providing the interface between the 

technical aspects of the political and planning process. 

The interface between the technical and political aspects ■ 

of the planning process is rather tenuous, however. The ill- 

defined character of the interactions, when couched within 

the mostly qualitative character of the planning process, 

results in the generation of a set of alternatives that are ■ 

not always consistent with a multi-objective philosophy of 

planning (Luken and Langlois, 1973). The nebulous nature of 

the political-technical interface results in an inability to 

separate the political from the technical that is charac¬ 

teristic of the "insider perspective" described by Sax (.1971) . 

When political value judgments, nay even personal judgments, 

underlie engineering design, the planning process can result 

in a failure of the planning agency to fulfill its legal 

mandate (Henwood and Coop, 1973) . Serving as a resonating 

board for political or personal judgments, the technical pro¬ 

cess is reduced to a tool, controlling the amount and quality 

of information available to the public (Hanke and Walker, 1974). 

The critical area where this overlap can and often does 

occur, is in the necessarily subjective attitudes involved in 

the generation of alternatives. From this perspective, the 
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simple multiobjective techniques (i.e., visual, matrix, 

tradeoff and display, and ranking and rating methods as pre¬ 

sented by Carter, 1972; Bishop et al., 1976; Crawford, 1973 

and Leopold, '1971, among others) fail to address the issue 

at hand. In essence, they provide the tools for either the 

organization of information, or for the use of such informa¬ 

tion in arriving at a decision, given a set of alternatives. 

They do not, however, provide the means for handling the 

subjective aspects implicit in the generation of such alter¬ 

natives. The WRC "Principles and Standards" requires that 

"Federal water and related land planning be directed to 

achieve national economic development (NED) and Environmental 

Quality (EQ) as equal objectives."® How can the planner, as 

a human being, avoid the entanglements of his own perspective? 

How can he insure proper consideration of a broad range .of 

alternatives, and what in effect constitutes an EQ plan? 

(Haith and Loucks, 1976; White, 1973). "There is a need," 

Gilbert White states, "for an interactive device that would 

identify issues and values, give information on acceptable 

alternatives, and clarify conflicts and choices."^ 

Programming techniques specifically provide the mechanism 

for establishing a set, not simply of alternatives, but of 

O 

Ü.S. Army Corps of Engineers, "Interim Report on Upper White 
Oak Bayou - Feasibility Report for Flood Prevention," 
Galveston, Texas, Dec. 1976. 

^White, Gilbert F. ,- "Public Opinion in Planning Water Develop¬ 
ment ," in Environmental Quality and Water Developmënt. 
Goldman, C.R., et al., eds., 1973. 



24 

alternatives efficient with respect to those objectives 

espoused by the public. The application of such techniques 

however is not devoid of difficulties (Keeney and Wood, 

1976; Roy, 1971; Krzystofowicz, 1977). In making its recom¬ 

mendations, the National Water Commission has pointed to the 

fact that multiple objective water resource planning has "yet 

to be successfully fashioned and implemented in the field."10 

In part, this is due to the fact that the major emphasis in 

the development of the necessary mathematical multiple ob¬ 

jective techniques has not been on the formal consideration 

of their applicability within the usual mostly qualitative 

context of water resource planning (McEvoy, 1973; Richerson et al., 

1973) . The planning process is for the most part, character¬ 

istic of rationalizing rather than on optimizing activity 

(Krutilla, 1967; Day, 1970; White, 1973). And as a result, 

it cannot, as Gilbert White points out, "be recognized as a 

careful effort to optimize what are the subjectively defined 

expected outcomes. 

In addition, the parametric representation of the in¬ 

variably complex technical, social, economic, and political 

continuum has proven extremely difficult. Among the major 

difficulties that have been encountered include: (1) for 

"Water Policies for the Future," Final Report of the Na¬ 
tional Water Commission, Government Printing Office, 
Washington, D.C., June, 1973. 

1;LOp Cit. 
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realistic systems, the number of decision variables and con¬ 

straints can be of such magnitude that meaningful interpre¬ 

tation of the results becomes difficult; (2) formulation of 

the objective function by a weighted linear model will imply 

constant tradeoffs between objectives — this is rarely the 

case; (3) the optimization model may concentrate on an objec¬ 

tive whose impact will be minimal in the final -decision pro¬ 

cess. This often occurs when an objective has a relatively 

small range over the noninferior set of alternatives; and 

(4) the inability to incorporate the ubiquitous prominence 

of uncertainties associated with water resources problems 

(Haith and Loucks, 1976; Keeney and Wood, 1977). 
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III. UTILITY APPROACH TO WATER PLANNING 

A. Operational Framework 

In view of the previously alluded operational limita¬ 

tions,. a methodology inspired by the work done by Gros (1974) 

is proposed. It attempts to bridge the operational chasm 

between the simplistic and the highly complex programming 

techniques and specifically focuses on the operational 

hurdles involved in the generation of alternatives. Using 

multiattribute utility theory to couch the preferences of 

the involved interest groups in a mathematically consistent 

manner, the problem can then be reformulated as: 

MAX U(X) = (UX(X),U2(X),...,Uq(X)) (11) 

subject to (2), (3), and (4), where: 

U^(X) = utility function for 
interest group i. 

Whereas the concern was previously focused on the maxi¬ 

mization of a vector of objectives, attention is now drawn to 

a vector of interest group utilities. As a result, each point 

in the Paretian region represents an alternative, characteristic 

of not only the performance levels obtained by each objective, 

but also of the levels of utility achieved by each of the con¬ 

cerned interest groups. (See Figure 5.) This approach provides 

a viable alternative in view of the difficulties discussed 

above. In particular: (1) since the number of interest groups 

will in general be less than the number of objectives, a reduc¬ 

tion in the dimensionality of the problem can be effected; 

(2) provision for a formal and systematic mechanism for the 
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Figure 5. Paretian Approach 
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inclusion of relevant interest groups into the decision 

making process; (3) provision of an explicit representation 

of tradeoffs in tune with NEPA's public review of the deci¬ 

sion making process; (4) incorporation of uncertainties in 

a mathematically consistent manner; (5) inclusion of the 

subjective aspects implicit in the generation of alternatives; 

and (6) specifically adaptable to the qualitative and sub¬ 

jective nature of public policy decisions. 

B. Axiomatic Utility Theory 

In their now classic "Theory of Games and Economic 

Behavior," Von Neumann and Morgenstern (1947) established the 

theoretical basis of the modern theory of utility. Although 

it was created as a basis for game theory, modern utility 

theory finds various applications within the broad category 

of decision analysis. The most recent application of utility 

theory to water resources problems was proposed by Keeney and 

Wood in 1977. Their paper introduced to the water resources 

field, the use of multiattribute theory in dealing with the 

problem of choosing amongst a set of alternatives. Although 

their proposed procedure does not address the question of 

the generation of alternatives, the flexibility and amount 

of information that it makes available on the decision pro¬ 

cess make it desirable within the NEPA requirements of a 

public review of the decision making process. 

Other engineering applications of multiattribute 

utility theory include the work done by Gros (1974) and 
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Keeney et al., (1974) in regards to nuclear power plant 

siting; of De Neufville et al, (1972) in addressing a large 

scale transportation problem in Mexico City; and the work 

done by O'Connor (1973) in attempting to lay the basis for 

water quality standards. Gros' work is of particular im¬ 

portance to this study. His effort helped to develop the 

Paretian concept for the inclusion of interest group prefer¬ 

ences as adopted by this paper. 

Multiattribute utility theory is primarily concerned 

with establishing preference relations over consequences. 

Thus, given a set of alternatives 

X' = (x£,x£, ... , x^) 

Xfl - /v»l v»l vlt\ 
— \A- fA f t i • f A J 

x z n 

where X defines an alternative in terms of n consequences, 

we are interested in defining the function U(X) such that 

(1) U(x',x',...,x') > U(x" ,x" ,. . . ,x") 
12 n — 12 n 

if and only if 

(x-[,x£,... ,xM > (x£,x^, .. ,x") 
n 

Where the symbol £ implies 'preferred or 

indifferent to,' and 

(2) the expected value of U(X) is the appro¬ 

priate guide in making decisions in situations 

involving uncertainty. 

Luce and Raiffa (1958) discuss six basic assumptions in laying 

the groundwork for the development of utility theory: (1) 

ordering of alternatives, (2) reduction of compound lotteries, 
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(3) continuity, (4) substitutibility, (5) transitivity, and 

(6) monotonicity. In order to best understand the implica¬ 

tions of each of the assumptions, a simple example will be 

worked out. 

Consider a lottery of five mutually exclusive conse¬ 

quences (c^ ,Cj,... ,Cç.) resulting from five possible states 

of nature (9T,9 ), each with a certain probability 
« J 

(p^) of occurring (Figure 6) . Notice that a lottery can be 

conceptualized as an alternative which has certain probabil¬ 

ities of resulting in any one of the five consequences. 

Assumption 1 states that the preference relation is a 

complete ordering. That is, for any two consequences, say 

c^ and c2, either c^^C2, c^-^C2, or c^/wCj. In addition, 

cl£c2^c3 imPlies cl£c3* Where ^ implies 'preferred to'; 

implies 'not preferred to'; and ~ implies 'indifferent to'. 

With the aid of Assumption 1 we can say, for example, that 

ci > c2 >c3 >c4 >c5. 

Assumption 3 states that each consequence c^_ is indif¬ 

ferent to some lottery involving just c^ and c^ (the most and 

least preferred consequences). Thus given Assumption 3 we 

can then say that B for some , where 

A = receive c^ with certainty 

For notation purposes we will designate c^dJ^c^ , (l-u^)Cg) 

by Cj_. Thus for i=2, we have a choice between : 
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A = receive C2 with certainty 

or 

For consistency, U]_ should equal one, U.^ should equal zero, 

and U2 >1^ >Uj. Notice that if ^ is very close to 1 then 

A-<B; as U2 approaches zero, .however, A^B, so that at some 

point between 0 and 1, A^B. At this point U2 is referred to 

as the utility of consequence 2. An important consideration 

to be noted here is that utilities can be interpreted as prob¬ 

abilities . 

Assumption 4 states that in any lottery L, c^ is substi¬ 

tutable for c^, i.e. (p^c^, P2C2,.•./P5C5)(p^c^,p2c2'* * *' 

P5c5) • 

Assumption 5 states that Assumption 1 holds for lotteries 

as well. 

With our four assumptions we can now go from the problem 

as described by Figure 6 to that of Figure 7 with the same 
A 

preference structure holding for the and for the c^. 

Assumption 2 states that compound lotteries can be re¬ 

duced by ordinary probability calculus, i.e., according to 

the two basic laws of probability described below where: 

Law 1: P(AUB) = P(A or B) = P(A) +P(B) where A and B 

are mutually exclusive events. 

Law 2: For any events X and Y, P(XAY) = P(X and Y) = 

P(X) P(Y|x) 
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But from Figure 7 we can observe that the ©^'s are mutually 

exclusive and that the event c^ is a possible outcome when 

any of the ©^ occur. Thus we can say: 

cx = (CLA ex) u (c1Ae2) u (c-j^n e3) u (c^n© jufcjAeg). 

The (CjA0^) for i=l,...,5 are, however, mutually exclusive 

since the ©^'s themselves are mutually exclusive. (See 

Figure 8a.) Therefore, from Law 1 we get: 

Pfc^ =-p{c^9i) +P(C1A©2)+P(C1A©3)+P(C1A©4)+P(C]A©5) 

and with Law 2 we can obtain : 

P(c1) = P(c1|©1) P(01)+P(c1|e2)P(02)+P(c1|e3) 

p(e3)+p(c1|e4)p(04)+p(c1|05)p(e5) 

However, from our previous discussion (see Figure 7), the 

tL can be interpreted as the probability of obtaining c^ 

given that ©^ has occurred; thus 

Ui » P(c1|ei) 

and therefore 

P(cl) = U1 P(ei} +U2 P(02} +ü3 P(93).+ U4 P (®4 ) 

+ U5 P(© ) = E [ü(L1)] 

Which is our definition for expected utility. Thus the ex¬ 

pected utility measure is the probability that alternative i 

will lead to the most desired event. So we are now allowed 

to go from Figure 7 to the simplified lottery described in 

Figure 8b. 

Finally, Assumption 6 states that a lottery 

£pclf (1-p) c5] >[p
,c1, (l-p')c5J 

if and only if p>p'. Thus, if presented with three lotteries 
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L-j_, L2, where 

Then L}_£IJ2>,L2 if and only if p_> p'_> p". Where p,p', and p" 

are the E£U(L^)J , E (L2)J and E £u(L^)J respectively, 

and E£U(IK )j represents the expected value of the utility 
of the ith lottery. 

Thus, in the words of Luce and Raiffa "if assumptions 

1 2 1 through 6 are met, then there is a linear utility function 

over the set of risky alternatives arising from a finite set 

13 of basic alternatives" which provides a cardinal ranking 

relation for a set of consequences. 

C. Multiattribute Utility Theory 

The extension of these concepts to multiple dimensions 

resulted in an unmanageable approach requiring an extensive 

and almost impossible amount of information. In the late 

60's however, work by Fishburn (1965), Keeney (1974), Pollack 

(1967), and Raiffa (1969) among others, provided representa¬ 

tive theorems that established conditions under which the 

assessment of multiattribute utility functions was simplified 

^linear in that U ( pA, (1-pi) A') = pU(A) + (1-p) U(A') 

^Luce, R. Duncan and H. Raiffa, Games and Decisions, John 
Wiley and Sons, New York, 1957. 
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(Keeney and Wood, 1977). 

The conditions of main importance within this consider¬ 

ation are the concepts of preferential and utility indepen¬ 

dence. By definiton: 

(1) The pair of attributed { .X^, X2) is preferentially 

independent of {X-j, X^,...,Xn} if 

(x^, x^, xj, •. • , xj^) (x£, x'2, x^,... , X^) 

implies : 

(x£, x£, x°,...,x°) £ (x£, x”, x°,...,x°) 

for all (x°,...,x°) 

(2) Attribute {Xj_} is utility independent of 

{ X2, X3,...,Xn} if 

for all (x+,...,x*) 
(Keeney and Raiffa, 1976). 

Depending on the actual conditions applicable to a 

particular problem, the assessment can be simplified as in 

(12) to a form that requires the assessment of conditional 

or component utilities. 
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U(X1,X2,...,Xn) =F(U1(X1) ,U2(X2) , . . . ,Un (Xn) ) (12) 

Thus, depending on the nature of the decision maker's pre¬ 

ferences , the utility function may be, among others, addi¬ 

tive as in (13) : 
n 

U(XlfX2,...,Xn) 

or multiplicative, as in 

1 +K [u(X1,X2,. • ., 

= Z 
i=l 

(14) : 

k.U^X,.) 

n 
TT (l=kk. U- (X. ) ) 
i=l 111 

(13) 

(14) 

D. Methodology 

By transforming a mixture of qualitative and quantitative 

attributes into a mathematically operational framework, the 

utility concept can facilitate the interaction between the 

political and technical aspects of planning in a rationally 

consistent manner. Although the actual organizational aspects 

may vary, a general planning approach incorporating a utility 

assessment is illustrated in Figure 9. 

The initial phase of the process is centered around the 

political arena. The main purpose is to join the various 

local, federal, and citizen groups in identifying the rele¬ 

vant interest groups, their respective representatives and 

the relevant issues at hand. These in turn generate the 

attributes that are relevant to the decision making process. 

Alternatively, the process can be geared at local and federal 

agencies in order to generate the initial set of alternatives 

within their current federal and local charters. This last 

approach is perhaps the most desirable operationally since 

the number of relevant governing agencies will generally 

be small in number. 
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Figure 9. Methodology 
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Regardless of the path taken, however, the process is 

iterated until a general consensus is established regarding 

the due consideration of the relevant issues at hand. The 

process then follows into the technical arena. The lead 

planner supplies the technical staff with the necessary in¬ 

formation so that they can calculate both the feasible ranges 

for each attribute, and the relevant technical and economic 

constraints. Given the relevant attributes and their respec¬ 

tive ranges, the multiattribute assessment can then be under¬ 

taken. Once an acceptable assessment has been obtained for 

each of the interest groups or for each of the relevant 

governing agencies as the case may be, the technical staff 

is then in the position of combining the utility assess¬ 

ments and the relevant technical constraints in order to gen¬ 

erate the Paretian region. 

The range of alternatives constituting the Paretian 

region can then be introduced into the political process for 

the determination of the most acceptable alternative. By 

directly addressing the subjective aspects implicit in the 

generation of alternatives, the process can help to insure an 

adequate consideration of the diverse issues within a broad 

range of alternatives. 
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IV. TEST APPLICATION - WHITE OAK BAYOU 

An effort was undertaken to study the possible applica¬ 

tion of the above methodology to a realistic field problem. 

Although existing resource limitations precluded the instiga¬ 

tion of a comprehensive planning study, a conscious attempt 

was nevertheless undertaken to maintain a sufficient balance of 

reality to prevent any major loss in the proposed assess¬ 

ment's credibility. The resulting quasi-hypothetical test 

case was based on a proposed federal agency's flood control 

project for the upper White Oak Bayou watershed in Harris 

County, Texas. 

The ensuing task as dictated by the proposed method¬ 

ology (Figure 6) consisted of : (i) the identification of 

interest groups, the relevant attributes and their respec¬ 

tive ranges; (ii) assessment of the component utility func¬ 

tions, and technical and economic constraints; and finally, 

(iii) the generation of the Paretian region. 

A. The Study Area 

Upper White Oak Bayou is located in the central and 

northwest section of Harris County, and is part of the 

rapidly growing Houston metropolitan area. The study area 

consists of the drainage basin above the confluence with 

Vogel Creek encompassing approximately 16.3 river miles and 

a 51 square mile area. (See Figure 10.) The terrain 

is generally characterized by extremely flat slopes ranging 

on the average from about 4 to 5 feet per mile, with primar- 
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ily impervious clay type soils. Current land use is typi¬ 

cally residential in nature, with the highest concentration 

located in the lower sections of the watershed. The scenario 

for the primarily rural upper reaches is rather tenuous, 

however. Being in such proximity to the Houston megalopolis, 

the upper watershed will undoubtedly experience a large 

growth in residential density. The stream is not generally 

suited for water supply and is principally used to handle 

surface runoff and effluent discharges from the municipal 

sewage disposal plants located along its length. The charac¬ 

teristic flooding problems of the area, as a result, are 

compounded by violations of the water quality standards as 

evidenced by the City of Houston's Public Health Department 

data (U.S. Army Corps of Engineers, 1976). 

B. Interest Groups and Attributes 

With reference to the previously alluded resource limi¬ 

tations , the issues outlined within the political process 

(Figure 9) (i.e., identification of interest groups and 

attributes) were assumed, with an eye for practicality, to 

be couched within the charters of the respective governing 

agencies. In this case, the WRC's proposed objectives of 

Environmental Quality (EQ) and National Economic Development 

(NED) were assumed to be represented by a water resource 

agency espousing excess benefits and flood control (NED), 

and by a pollution control agency espousing water quality 

(EQ). The respective attributes were then determined in 



accordance to the espoused interested and technical rela¬ 

tions affecting their determination. Six attributes were 

determined relevant to the analysis (Figure 11): 
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X 
1 

Tangible annual excess benefits ($/yr) 

Excess Benefits = Benefits - Costs 

X2 = Level of flood protection (recurrence interval) 

X^ = Land removed from future development (acres) 

X 
4 

Reduction in annual suspended solids load (%) 

X,.^ = acres of open space 

Xj.2 = acres of woodlands destroyed 
\ 

Figure 11 

The first attribute is net tangible benefits in annual 

dollars. This attribute is basically concerned with tangible 

resource costs and enhanced land and reduced flood damage 

benefits. The maximization of net benefits espouses the NED 

objective and serves as the water resource agency’s primary 

decision rule. 

The second is concerned with the level of flood protec¬ 

tion in years afforded by each alternative. This attribute 

goes beyond the tangible realm of costs and represents the 

tradeoffs between economic efficiency and the rather vague 

concept of 'social well being'. 

The third attribute measures the amount of acres re- 
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RANGES 

BEST (*) 

Xx +1,500,000 ($/yr) 

X2 SPF (years) 

X^ 0 (acres) 

X4 50 (annual %) 

X51 3000 (acres) 

X52 0 (acres) 

WORST (°) 

-1,2000,000 ($/yr) 

50 (years) 

3000 (acres) 

0 (annual %) 

0 (acres) 

50 (acres) 

Figure 12. Attribute Ranges 
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moved from the opportunity for development. Given that the 

control of water quality is largely land intensive, the 

effect of implementing a water quality improvement would be 

to reduce the amount of land available for future develop¬ 

ment. Although this reduction of commercial land would re¬ 

sult in reduced economic opportunity as represented in the 

first attribute, the purpose for the third attribute was to 

address the intangible costs associated with such a reduction. 

In line with the EQ objective, a measure of the improve¬ 

ment in water quality was included. Rather than embarking 

on a complex assessment of indicators, a general suspended 

solids level, represented by the fourth attribute, was used 

as a simple yet direct indicator of the relative water quali¬ 

ty level in the area. 

The fifth attribute is concerned with the land intensive 

characteristic of the water quality control approaches 

available. The acres of open space available were later, 

in the mathematical formulation, divided into acres devoted 

to detention ponds, and acres devoted simply to open space. 

The last attribute,measuring the acres of wooded areas 

destroyed, was proposed in response to the voiced interests 

of preservation groups as evidenced in the preliminary report 

published by the Corps of Engineers. 

C. Utility Assessment 

The first phase of the utility assessment consisted of 

determining the individual within the respective governing 
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agency that would serve as its representative. Ideally 

he (she) would be well informed of the characteristics of 

the watershed, the technical consideration of the planning 

process, and in a position of high level responsibility. 

With this in mind, a lead planner for the White Oak Bayou 

project (Decision Maker 1), and the Director of the Pollu¬ 

tion Control Agency (Decision Maker 2), were chosen to 

represent the water resource and the pollution control 

agency, respectively. 

The second phase consisted of the actual utility deter¬ 

mination. This phase consisted of three component stagesï 

(1) determination of the qualitative structure of the utility 

function, (2) determination of the component utility func¬ 

tions, and (3) determination of the scaling constants 

(Keeney and Raiffa, 1976; Fishburn, 1967). 

The determination of the qualitative structure basically 

consisted in identifying which of the simplifying assumptions 

were applicable. In particular we were interested in deter¬ 

mining whether the assumptions of preferential and utility 

independence applied to each of the designated decision 

makers. 

The investigation of the preferential assumption for X^ 

and X2 involved the consideration of tradeoffs given that the 

other attributes remained fixed at a specified level. (Figure 

13.) Using a pairwise comparison, the decision maker was 

asked whether he felt the tradeoffs were a function of the 
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TRADE OFFS 

Interest Group Rep. #1 

(X1=-l. 2 , X2=250/ X^X2 
0 )~ CXj-0.3 , X2»50/X^ °) K2=0.409 Kl 

(Xj*-1.2 , X3=0 , xpc3°) ~ (X1=-.3 , X3=3000, XjX3°) K3=0.165KI 

(X-^-1.2 , X4=50 , X^0) ~ (Xx=-l.l , X4=0 , XJX4°) K4=0.018 

(XL=-1.2 , X5=(3000,0) , X]Y5
0)^ (X1=-l. 0 , Xs*(0,50), X^

0) 

K5=0.029 KL 

Interest Group Rep. #2 

(X^-1.2 , X2=250, XjX2°)~ (X^-,2 , X2=50 , X^0) K2=0.370 X1 

(X^-1.2 , X3=0 , iqx3°) - (XL=0 , X3.=3000,X^X3°) K3=0.444 KL 

(XL=-1.2 , X4=5 , xpr4° ) - (Xj-1.5 , X4=0, X^X4°) K4 = 10.00 Kx 

(X^-1.2 , X5=(1000,50) , XJX5°)-(X1=1.5 , X5=(0,50) ,xpc5°) 

Kg-4.000 Kx 

Figure 13. Tradeoffs and Scaling Constants 
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level at which the other attributes were fixed. If the 

tradeoffs were not dependent on the level of the fixed attri¬ 

butes the preferential assumption was adopted. For instance, 

in verifying the preferential assumption for and 

Decision Maker 1 determined that the alternative (X^ =-1.2, 

X2 = 250, XJ_X2+) was indifferent to (X-^ = 0.3, X2 = 50, xJX2+) 

regardless of the level of — where X-j^* = (X^/X^X ). 

(Figures 13 and 14). A similar procedure resulted in the 

verification of preferential independence of the pair (X^,X^) 

for i = 2,3,4,5 for both decision makers. 

The utility independence assumption was established by 

asking the decision maker whether the certainty equivalent 

(X^) involving a lottery of X^ was dependent on the fixed 

levels of the other attributes. For example, Decision Maker 1 

was asked for the certainty equivalent (i.e. the amount he 

would be willing to accept with certainty in order to be 

indifferent to a given lottery) to a lottery involving a 50- 

50 chance at X^ = 1.5 or X^ = -1.2. 

His answer X^= 0 (see Figure 15) was confirmed to not 

vary for different levels of the other attributes. Similar 

results were obtained for Decision Maker 2. 

Together, the utility independence of X^ and the prefer¬ 

ential independence of (X^,X^) for i = 2,3,4,5 implied that 

the attributes were mutually utility independent (Keeney and 

Raiffa, 1976). 
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Figure 14. Preferential Independence for D.M. 1 
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Figure 14 (continued) 
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In order to determine the final form of the utility func¬ 

tion, each Decision Maker was asked his preference for two 

lotteries involving the two most important attributes 

(Figure 16). Decision Maker 1 was asked for his preference 

between lottery A and B where lottery A involved either the 

best or worst of both the and attributes, and lottery 

B the best of one and the worst of the other in each case. 

Decision Maker 2 was asked his preferences between lotteries 

C and D which espoused the same characteristics as A and B 

with the exception that the attributes considered were X^ 

and Xg. In both cases, the lottery providing the choice 

between the worst and best (lottery B and D) was preferred. 

This, together with the preferential and utility independence 

conditions, provided the multiplicative utility model form 

(Keeney and Raiffa, 1976) : 

Ü. 
i 

( Jf (l+K.K^U^fXj)) 
-L 

- 1) / K. (15) 

i = 1,2 ,...,N 

j = 1,2,.••,M 

For i=l and M=3, (1) becomes: 

°1 - KUDX1 + K12D12 + K13°13 + K1K11K12D11D12 

K1KUK13°11D13 + KlK12K13al2°13 + 

KlKllK12K13ailD12D13 

The second stage of the utility assessment consisted of 

the generation of the component utility functions. Each of 
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Figure 15. Certainty Equivalents 

(Xi = 1.5, X* = 250) 

(X^ = 1.2, X° = 50) 

Decision Maker 1 

C 

(X* = 50, X* = (3000,0) 

(X° = 0, X° = (0,50) 

* 
= 50 

= 0, 

Xg(0,50)) 

X* = (3000,0)) 

Decision Maker 2 

Figure 16. Complex Lotteries for 
Model Determination 

.5 
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the decision makers verified each utility function to be 

monotonically increasing (i.e. more is preferred to less in 

each attribute). Once monotonicity was established, the 

extremes of the ranges were given utility values of zero 

and one for the least and the most preferred levels of each 

attribute, respectively. Then for each attribute, the cer¬ 

tainty equivalent involving a 50-50 chance of either the 

most and least preferred level was asked. This certainty 

equivalent, given the zero to one scaling, was given a 0.5 

utility value. A certainty equivalent was then asked for the 

lottery involving a 50-50 chance of either the least pre¬ 

ferred level of the 0.5 certainty equivalent {Figure 17), 

This certainty equivalent was given a 0.25 utility value. 

The 0.75 certainty equivalent was calculated by offering a 

lottery involving a 50-50 chance of either the most preferred 

level or the 0.5 certainty equivalent. A consistency check 

was then established by offering a lottery between the 0.25 

and the 0.75 certainty equivalent; consistency necessitated 

the certainty equivalent to be the previously quoted 0.5 

certainty equivalent. This procedure was applied to each of 

the five attributes resulting in the component utility 

functions shown in Figures 18 and 19. Where is defined 

as the jth component utility function for the ith decision 

maker. 

The third stage of the assessment consisted in evalu¬ 

ating the scaling constants in order to obtain a full ana- 
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Figure 17. Component Utility Determination 
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UII*(X] + I.S)7/a.714T 

UW-i^/SO 

Figure 18. Component Utility Functions — DM 1 
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Figure 19. Component Utility Functions - DM 2 
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lytical representation of the utility functions. 

Indifference relations obtained in the consideration of 

tradeoffs (Figure 13) provided the relationships for 

establishing the relative scaling factors j ; where j 

represents the scaling constant for the jth component utility 

function for the ith decision maker. Since each of the two 

consequences in Figure 13 are indifferent, the utilities can 

be equated. Using the multiplicative utility model (15) 

and taking as an example the first set of indifferent alter¬ 

natives for the first decision maker from Figure 13, we have: 

(X-J= - 1.2, X2 = 250, xjx2°) ~ (X-J^O.3, X2 = 50, }T[X2
0) 

which when inserted into (15) result 

K2 = Kx U1(0.3) 

which when evaluated from Figure 19 yields : 

K2 * 0.409 K1 

Similar application to the other indifference pairs re¬ 

sulted in the relative values of the scaling factors. As 

a consistency check, each of the decision makers was asked 

which of the attributes he would raise to its most preferred 

level given that all attributes were originally at their 

least desirable levels. This provided added redundancy which 

provided the basis for some adjustments that eventually led 

to the relative values established in Figure 13. 

At this point we had 11 simultaneous equations for the 

relative value of the scaling constants with 12 unknowns. 

To establish an additonal independent equation each decision 
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maker was asked to provide the probabilities that would re¬ 

sult in indifference between consequence ’E' and lottery ' F’ 

for Decision Maker 1, and consequence 'G1 and lottery 1H' 

for Decision Maker 2, where: 

The values were determined to be 0.9 and 0.75 for p^ and 

P2 respectively. Equating utilities with all other attri¬ 

butes at their worst levels resulted in: 

KU=.9(KU+K12+KLKUKI2) (16) 

and 

k24 --75<K24+K25+K2K24K2S) <17) 

In addition, setting all attributes in (15) at their worst 

(°) levels yielded: 

1-tK.: * ? (l+KiK. .) for i * 1,2 (18) 
j=l 13 

Solving (16), (17), (18), and the relative scaling value 

equations in Figure 13 simultaneously provided the results 

on the following page: 
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K1 
= -0.8378 K2 = -0.24554 

K11 0.8693 K21 0.06788 

K12 = 0.3555 K22 = 0.02514 

K13 = 0.1434 K23 0.03017 

K14 
= 0.0156 K24 0.67876 

K15 0.0252 K25 = 0.27151 

Uj_5# however, was in itself a two-attribute utility func¬ 

tion. So chosen in order to facilitate the verification of 

the preferential utility independence conditions. A similar 

procedure as presented above was modified as in Keeney and 

Raiffa (1976) to establish the form of the utility function 

yielding (20) and (21): 

K155 = 3*4375 K255 = 25.333 

^1551 ~ 0.8000 K2551 = 0.7500 

K1552 = °-0533 K2552 = °*0125 

ui5 = d+Ki55Ki551 ui51* (1+Ki55Ki552 Ui52)//Ki55 

With the entire function then described by (19) , (20) , 

and (22) : 

- (U+KiKllUu) (l+KjK^U^) (l+KiKi3Oi3) 

<1+KiKi4Di4) (l+KiKi5Ui5) - 1) / K. 

where is the utility function for the ith decision maker. 

(20) 

(21) 

(21) 

(22) 
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D. Technical Constraints 

With the utility functions defined, the focus of the 

problem turned to the generation of the Paretian region: 

MAX Z(X1,X2,X3,X4,X511,X512) = (U1#U2) (23) 

subject to: 

where : 

where 

0 £X° £2.7 (24) 

0 £X° £200 (25) 

0 £X3 £ 3000 (26) 

0 £X4 £50 (27) 

0 £X51 £ 3000 (28) 

X52 = 5 
(29) 

X51 = X511 + X512 = X3 
(30) 

X1 = 9<X2' X511' X512) 

X4 = f(XSllJ 

u
i = (VUV12V13V14V15 -1) ( 

u2 = (V2IV22V23V24V25 -1) ( 

Vij - (l^K.-U.^X.)) 

xi = xi+1•2 

-1 

Kl 

zl 
Ko 

(31) 

(32) 

X2 = X2“50 

X
511 = Acres °f °Pen Space Devoted 

to Detention Ponds 

x512 = Acres of Open Space 

And in particular, to the determination of the technical 

constraints as described by (24) - (32). 

(33) 

(34) 
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Equations (25) - (28) and (33) - (34) merely restate the 

feasible ranges already established for each of the attri¬ 

butes, while (33) - (34) simply zero the range for ease of 

mathematical handling. (29) expresses the observation that 

within the channelization alternatives, to which this study 

is limited as a means of flood control, the wooded areas de¬ 

stroyed are limited to five acres and as such remained fixed 

in the model. The relationship stated in (30) states that 

the total acres of open space are the sum of the acres used 

for detention ponds (X^-^) and of those used simply as open 

space without any special technical consideration (XJJ-^) • 

In addition, it states that each acre devoted to open space 

contributes one acre taken away from development, as expressed 

by . 

Equations (31) and (32) represent the main functional 

constraints in the maximization problem. A key considera¬ 

tion as exemplified by (31) is the relationship between net 

annual benefits and the level of flood protection afforded 

(X^) , acres of detention ponds (X^^) ' an<^ t*ie acres de¬ 

voted to open space (X^^2^ * Data reported by the Corps of 

Engineers (1976) in their 'interim report on White Oak 

Bayou' was fitted by analytical functions (Figures 20 and 21) 

resulting in an expression of the form: 
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Figure 20. Channel Costs vs Recurrence Interval 
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3.3-i 

A 
A 

â 

3.2 

a 
A B= 1 In (2.2138 x 1020(Xo) ) 
16.09 1 

O Observed 

3.11   

50 100 150 200 250 

Recurrence Interval (yrs) 

Figure 21. Annual Benefits vs Recurrence Interval 
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X Annual Annual Contingency Factor 
1 = Flood - Channel - (Interest and 

(Annual Net Benefits Costs Amortization Factor) 
Excess Benefits) 

— 

Land, Excavation, open space land costs for 
and compaction costs + land costs + 5 acres of 
for detention ponds wooded R.O.W. 

resulting in: 

X±= ln(2.2138xl020(X2+50)/16.09-ln((X2+50)/.039)/3.73 

1.2 (.07867) (Xqn (6500+104.2 (7)+. 028 (6500) + 
" J-Li / <5 q \ 

L°6 X512(6500) +8.5x 104) 

Work by Rice University related to the Woodlands 

development project (Characklis et al., 1976) has shown the 

effectiveness of detention ponds in reducing suspended solid 

loads in streams. Few engineering design data, however, 

currently exist.. As a result of this deficiency, a quasi- 

rational model was developed in an attempt to determine the 

relationship as expressed by (32). 

A relationship was developed between rainfall events 

and the resulting storage required to contain the volume of 

flow. Using the computer model HEC-1 developed by the 

hydrologic Engineering Center and applying it to a watershed 

similar in nature to the White Oak watershed, a relative 

indication of the rainfall storage relationship was estab¬ 

lished (Figure 22). Since common events were of concern in 

this case, a monthly frequency was used to obtain the proba¬ 

bility of exceedance for each event. The resulting ex- 
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Storage Required - S (10^ Ac-Ft) 

Figure 22. Probability of Excellence vs Storage 
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ceedance-of-storage capacity relationship (Figure 22) repre¬ 

sents a semi-rational hypothetical treatment curve given 

the highly conservative assumption requiring complete storage 

for treatment to occur. 

Fitting an analytical expression to the data resulted 

in an expression relating the amount of treatment (%) per 

acre of detention pond: 

x. = (1_e- <5.064<X511)/1000 J 

However, nonpoint sources would be controlled for only 15.2 

sq. mi. of the total annual load. Thus using a weighted average 

the expression for the total annual % reduction in suspended 

solids became: 

X 
4 <50) (1"e 

(5.064(X511)/1000 ) 
(36) 

E. Paretian Region 

With the technical constraints determined, (30) , (35), 

and (36) were combined with (23) to produce: 

MAX Z(X°, X511, X512) » (Ux, U2) (37) 

Subject to: 

Ÿ1 (X) » X® >0 (38) 

f2 (X) = 200 i X° (39) 

¥3 (X) = 3000 >X511 + X512 (40) 

Y4 (X) = X511>0 (41) 

^ 5 <x> - X512±° 
(42) 
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A determination of the convexity or nonconvexity of the 

objective function was required in order to determine the 

applicability of the weighting method for the generation of 

the Paretian region. As mentioned above, non-convexity 

would result in only a partial generation of the Paretian 

region when the objective function was reformulated as linear 

weighted average of the individual components of the vector. 

Determination of the convexity characteristics, however, 

would require the calculation of the Hessian matrix (H) which, 

as is evident by its formulation below, 

32U • 

3Xn 

H. = 

2 
3^Ui 

3X13X2 

3^U, 

a2ui 

3X13X2 

32Ui 

32X2 

32U. 

3
2
UJ 

3X13X3 

32U- 

X2 X3 

3
2
UJ 

For i=1,2 

3.X 3X 3X 3X_ 3X 3X, 
n 1 n 3 n 3 

would result in rather arduous mathematical rigor. 

In order to avoid this complexity and at the same time 

insure a complete generation of the Paretian region without 

the necessity for convexity, the constraint method outlined 

in the previous section was used. The problem was then 

reformulated into: 
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MAX Z(X) =Ul(X2;X511, X512) (43) 

Subject to (38), (39), (40), (41), (42), 

and 

*6® = U2(V X5n' X5i2> ± 
9 <44) 

Where theta (9) is some lower bound for the second decision 

maker's utility function. The method implies a series of 

maximization problems each with a specified level of the 

lower bound. By parametrically varying 9, the solution of 

each problem in turn, outlines the surface of the Paretian 

region. As a consistency check, and to insure proper gener¬ 

ation at the extremes, u2 ^X2/X511 ,X512^ an<^ U1 ^X2 ,X511 ,X512^ 

were interchanged; 132 was introduced into the objective 

function and was introduced as a constraint. The pro¬ 

cedure wa3 then repeated, varying the lower bound parametri¬ 

cally until infeasibility was reached. 

The problem as described by (38) - (44) involves linear 

as well as highly complex nonlinear expressions, which, in 

addition to the inequality contraints, produced a signifi¬ 

cantly complex problem in the current programming research 

area. Although current development of efficient algorithms 

to handle non-linear optimization problems is rapidly ad¬ 

vancing (Tapia, 1977), there were no working models incor¬ 

porating state-of-the-art advances readily available. As 

a result, in consultation with Dr. Miele's Control Theory 

group at Rice University, a 'gradiant restoration' algorithm 
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was appropriated for the task. 

The sequential gradient restoration algorithm (Miele 

et al., 1977) considers the problem of minimizing the function 

Z* - G* (X) (45) 

subject to the inequality constraints 

f (X) > 0, i = 1,2,...,q (46) 

where Z* is a scalar, X an m-vector, and ¥ a q-vector. 

The algorithm was designed for equality constraints 

and thus necessitates the introduction of a q-vector, W, of 

slack variables defined by (47). 

V*) - w? = 0, i = l,2,...,q (47) 

Introduction of the n = m+q vector Y defined by 

Y = £x T, W 

TJ T (48) 

where ' T' = Transform Matrix 

and the q vector $ (Y) defined by 

\(Y) = fi (X) -w|, i » 1,2 , . . . ,q (49) 

Transforms the problem defined by (45) and (46) into 

MIN Z * G (Y) (50) 

subject to (51). 

$(Y) = 0 (51) 

From the theory of minima and maxima, (50) and (51) 

are equivalent to the minimization of 

G(Y,X) = G(Y)+AT<p(Y) (52) 
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subject to 

«(Y) = 0 (53) 

with the necessary conditions for a local minima provided 

by (i) and (ii) as described below: 

(i) Gy (Y,X> = Gy(Y) + $Y(Y)X = 0 (54) 

(ii) 4(Y) = 0 (55) 

where: Gy(Y,X) denotes the gradient of (52) with respect 

to the n-vector Y, and the q vector is the Lagrangian. Multi¬ 

plier vector. 

Given that the system described by (54) and (55) is 

generally non-linear, the approximate methods necessary for 

the analysis incorporate scalar performance indexes as 

defined by (56) and (57) where: 

P (Y) = $ T (Y) $(Y) <_ e1 (56) 

Q(Y,X) = G£ (Y,X )Gy(Y,X ) < e2 (57) 

Miele et al. , (1977) recommend the allowable errors for con- 

Q —A 
vergence e-j_ and £2 to be 10”° and 10 respectively. In the 

application of the algorithm to this study, the error limita¬ 

tions were set with a desire for accurracy to lO"-^® and 10“® 

for and £2 respectively. 

Although the algorithm is quite stable, it is never¬ 

theless 'slow' (personal communication with A. K. Wu — 

member of Miele's Control Theory Group). As a result, a 

preliminary search technique was incorporated in order to 

minimize the computation time required. The search technique 
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was used to generate the initial starting points for the 

algorithm, which then provided the necessary optimality 

restoration. 

The application to the problem defined by (38) - (44) 

resulted in the generation of the Paretian Region shown in 

Figure 23. Each of the points defining the undominated 

region represents a six dimensional vector indicating the 

level achieved by each attribute. This information along 

with the utility level for each Paretian point is displayed 

in Figure 24. 

A total of 19 Paretian efficient points were identified 

with the values of the utilities varying from .8404 and *1101 

to .3762 and .4792 for and respectively. It is inter¬ 

esting to note that each of the Paretian efficient points 

achieves the standard project flood (SPF) level of flood 

protection. The level of Tangible Excess Benefits (X^) and 

of the percent reduction in suspended solids (X^), however, 

vary inversely as we move along the region. The analysis 

indicates that the focus of the conflict lies, as is evident 

by Figure 24 and by the scaling constants in Figure 13, on 

the relative worth of water quality (X^) and excess benefits 

(X]_) for each decision maker. The level of the conflict in 

turn depends on the level of the amount of open space devoted 

to detention ponds • As the level of this attribute 

(X511) rises, the level of Tangible Excess Benefits (X^) de¬ 

creases , while the level of both the acres of land removed 
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X1 X2 X3 X4 

.897 250 0 0 

.884 250 18 1.3 

.867 250 42 2.86 

.820 250 110 6.38 

.750 250 209 9.73 

.720 250 252 10.74 

.628 250 384 12.77 

.550 250 495 13.69 

.370 250 752 14.57 

.314 250 832 14.68 

.177 250 1028 14.82 

-.033 250 1329 14.88 

-.269 250 1666 14.89 

-.273 250 1672 14.89 

-.543 250 2058 14.90 

-.885 250 2547 14.90 

1.007 250 2721 14.90 

-.993 250 3000 14.05 

1.050 250 3000 14.87 

X511 X512 
Ü1 ü2 

0 0 .8404 .1101 

18 0 .8001 .1283 

42 0 .7949 .1503 

110 0 .7802 .2004 

209 0 .7591 .2503 

252 0 .7500 .2661 

384 0 .7226 .3000 

495 0 .7000 .3183 

752 0 .6501 .3442 

832 0 .6352 .3500 

1028 0 .6001 .3628 

1329 0 .5502 .3805 

1666 0 .5001 .3997 

1672 0 .4993 .4001 

2058 0 .4501 .4220 

2546 0 .4006 .4500 

2721 0 .3866 .4600 

564 2436 .3798 .4700 

1228 1772 .3762 .4792 

Figure 24. Description of Paretian Efficient Points 
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from development (X^) and of the percent reduction in sus¬ 

pended solids (X^) is increased, resulting in an increase 

in the utility for the second decision maker (EQ) and a 

corresponding decrease in the utility of the first decision 

maker (NED). 

In addition, the analysis clearly pointed to the limita¬ 

tions inherent in the delegation of a -single agency to han¬ 

dle the responsibility for the consideration of conflicting 

objectives. Although the rhetorical foundations of its 

charter may correctly underlie the correct aspirations, the 

actual project designs may nevertheless focus on one ob¬ 

jective at the expense of another. As was the case in this 

project, the final alternative recommended by the federal 

agency was the right most point on the Paretian region (see 

Figure 24). The failure to represent a fair case for the 

other interests is indicative of the failure to address the 

subjective aspects implicit in the balancing of conflicting 

objectives. 
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V. CONCLUSIONS AND RECOMMENDATIONS 

A methodology has been presented that attempts to 

incorporate the values of interest groups in an attempt to 

address the subjective aspects of the planning process. 

By providing a mathematical expression for each group's 

preference orderings, the problem of the conception of alter¬ 

native plans can be formulated as a maximization of a vector 

of utilities. As a result, the ensuing analysis can provide 

a planning staff the tools necessary to insure an efficient 

and egalitarian set of alternatives within the context of 

multiple, incommensurable, and oftentimes conflicting interests. 

No technique, however, is without its limitations. Cri¬ 

ticisms are primarily drawn to: (i) the necessity for the 

decision maker to evaluate difficult tradeoffs, (ii) the non¬ 

static nature of preferences, (iii) the possible effects on 

the assessment by the manner of interaction between the asses¬ 

sor and the decision maker, and (iv) the need to address trade¬ 

off decisions in the absence of information regarding the 

feasibility of the tradeoffs (i.e., without the knowledge 

of the non-inferior region). 

In order to address these points it is proper to con¬ 

sider that tradeoffs are necessarily a part of decisions 

involving a set of incommensurable and oftentimes conflicting 

objectives. That, difficult as they may seem, they are 

nevertheless part of any public planning process ; and the 

ability to address these issues in a clear and systematic 
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manner is highly desirable. In terms of points (ii) and 

(iii), reference should be made to. the fact that the assess¬ 

ment of utilities is not a one-time affair. Like other as¬ 

pects of the planning process, the assessment involves an 

iterative framework. After the initial assessment, the end 

result is reviewed for inconsistencies and repeated until 

the model deductions agree with the decision maker's pre¬ 

ferences. This iterative framework, in addition to the 

built-in redundancy allowing for a cross-check against con¬ 

tradictions, would seem to minimize any possible misrepre¬ 

sentation as alluded by (ii) and (iii). The fourth point 

represents the main drawback of the utility approach with 

respect to the generating techniques. But as previously 

discussed, the generating techniques are themselves not with¬ 

out difficulties; so that in effect the question of the pro¬ 

priety of each technique itself resolves to a consideration 

of tradeoffs. 

The application of generating techniques is practically 

limited to lower dimensional problems (Cohon and Marks, 1977). 

Not only does the computational complexity of the problem 

increase with the number of objectives, but the tradeoffs 

that need eventually be considered can become of a prohibi¬ 

tive number. In the case of this problem with six objectives, 

generating techniques would provide a six-dimensional 

Euclidian Region consisting in excess of one-hundred points. 

This brings to question the amount of information that can 
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reliably, be handled. 

In addition, Krzystofowicz et a_l. , (1977) mention that 

it is difficult to agree with Cohon and Marks' (1974) conten¬ 

tion that the explicit quantification of the tradeoffs con¬ 

stitutes a clear and simple approach to the multiobjective 

problem. What may be mathematically meaningful, may fail to 

be so within the human and qualitative nature of the plan¬ 

ning process. 

From a computational perspective, the utility approach 

can provide a viable alternative to the generating tech¬ 

niques. When the number of objectives is greater than the 

number of interest groups, the utility approach can reduce 

the informational burden by limiting the consideration to 

only those objectives considered 'politically' significant. 

As was the case in this project, the model focused on 

the level of detention ponds (Xg^) relation to its effect 

on the primary conflict involving excess benefits (X^) and 

water quality (X4) considerations. The level of flood con¬ 

trol afforded {YL^) was not an area of conflict, in as much 

as both interest groups agreed on the maximum level of the 

attribute. 

In addition, by limiting the dimensionality of the 

Paretian region to the number of interest groups, a practi¬ 

cal limitation is imposed on the number of alternatives con¬ 

sidered. In this case the interest groups were dictated 

by the WRC's EQ and NED objectives. Couching the utility 

approach within the governing charters of the agencies con- 
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sistent with the EQ and NED objectives respectively, pro¬ 

vided a pragmatic approach to the interest group question. 

From an operational perspective, the application of the 

methodology to the White Oak test case indicates a poten¬ 

tial for further consideration. 

In line with NEPA's and the WRC's public review clauses, 

the utility approach provides an explicit representation of 

the espoused values for each interest group. Just as the 

scalar utility values provide a cardinal ordering for any of 

a possible combinations of attributes, the scaling constants 

give an indication of the relative worth of each attribute. 

With respect to the test case, the relative weights for 

the water quality (X^) attribute of .018 and 10.0 (Figure 13) 

for DM 1 and DM 2 respectively, provide a clear representa¬ 

tion of the conflicting nature of their preferences. Not 

only can this serve in focusing attention to the core of the 

conflict, but it can also support the basis for a public 

review of their propriety. 

The approach also has the capability for handling un¬ 

certainties and the discounting of values over time. Although 

resource limitations precluded their detailed consideration 

in this study, the ability to consider future time horizons 

and the ubiquitous nature of uncertainties, provides an 

additional measure of flexibility. 

The culmination of the analysis is represented by the 

characterization of the Paretian region. Each of the 19 
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Paretian points generated (Figure 23) are characterized by 

a six-valued vector providing information on both a technical 

and economic as well as political level. Each point repre¬ 

sents the level obtained by each attribute and its effect 

on the degree of satisfaction obtained by the respective 

interest group. With reference to Figure 23, the right most 

point represents the NED while the left most point repre¬ 

sents the EQ interests. The points in between define the 

areas of conflict and compromise, providing a broad set 

of alternatives for eventual consideration in the political 

arena. 

From an overall field level planning perspective, the 

value of the utility approach lies in its ability to pro¬ 

vide for the inclusion of interest groups' values in a 

mathematically systematic yet compatible manner befitting the 

subjective nature of the planning process. By focusing on 

the areas of conflict and providing a range of feasible plans 

exploiting the points of advantage for each interest group, 

an explicit consideration of the tradeoffs on both a technical 

and political level can be affected. 

Since clearly no one method dominates, the choice must 

ultimately depend on the unique nature of the individual 

task. It is thus the conclusion of this thesis that even 

though there are inherent limitations in the utility approach, 

it can provide, in light of the operational and ideological 

difficulties of the other techniques, a viable alternative 

for water resource planning. 
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With respect to recommendations, a possible extension 

to this work could consider the problem of choosing a rec¬ 

ommended plan from the Paretian set of alternatives. As 

previously discussed, this falls entirely within the polit¬ 

ical process and thus outside the scope of this study. Yet 

the same justification expressed for the systematic con¬ 

sideration of the generation of alternatives can be extend¬ 

ed to the analysis of the final selection. 

In this context, a potential approach has been proposed 

by Keeney and Wood (1977) for the use of multiattribute 

utility theory in the selection of a final plan. Their work 

provides the foundation for a promising combination of their 

effort and the methodology herein presented. 

Other interesting possibilities include the incorpora¬ 

tion of Kirkwood's (1972) theoretical work on the develop¬ 

ment of utility functions for various decision makers, and 

the extension of this work to a heirarchical decision-making 

model involving single and multiple decision makers. In 

addition, the computerization of the approach, in an inter- 

cative mode, can provide a facility and flexibility that 

holds promise for future application within the water resource 

field. 
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