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A MULTI -OBJECTIVE APPROACH TO RIVER BASIN PLANNING

by

M. Gershon, R. McAniff, and L. Duckstein
Department of Systems and Industrial Engineering

University of Arizona; Tucson, Arizona

INTRODUCTION

This research examines the impact of alternative development strategies upon the main stem of the
Upper Santa Cruz River Basin within a multi- objective planning context. As the population of Arizona
continues to grow, the demand for flood protection, recreational opportunities and new water supplies
will also grow. The conflicting nature of these and other water- related issues necessitates an organized
approach to river basin planning.

Until recently, the approach has been to view the problem within a single- objective context. That
is, each objective (i.e., flood protection, ground water recharge, etc.) is considered in isolation of
the other objectives. As such, it can be expected that the conclusions drawn from independent projects
may be contradictory. The most recent study, compiled by the Corps of Engineers (1978)follows a single
objective approach. Although the study is excellent in outlining the many alternatives that exist,
there is no assessment of impacts of the alternatives with respect to the other objectives.

In reformulating the problem, a cost effectiveness (CE) approach as discussed in Popovich, et.al.
(1973) and David and Duckstein (1976) is used. This paper follows the steps of the CE Methodology as
presented below.

1) Define the desired goals, objectives, or purposes that the systems are to fulfill or approach.

2) Identify the set of engineering specifications essential for the attainment of the desired goals.

3) Establish system evaluation criteria that relate system capabilities to specifications and hence to
goals.

4) Develop alternative systems for attaining the goals.

5) Determine capabilities or performance of the alternative systems in terms of evaluation criteria.

6) Generate system versus criteria array.

7) Analyze merits of alternative systems.

8) Perform sensitivity analyses on all previous steps which introduce feedback into the procedure.

At step 6 of the CE approach, a system versus criteria array is developed. This allows for the
alternative planning strategies to be evaluated with respect to each of the stated objectives. There are
a number of decision making models which could be applied at this point of the analysis. Examples of
such techniques include compromise programming (Zeleny, 1973), multi- attribute utility theory (Keeney and
Raiffa, 1976), multi- objective simplex (Benayoun, 1972), ELECTRE I and II (Benayoun et.al.,1966) (Roy
and Bertier, 1972) and Q- analysis (Atkin, 1974). The latter two techniques allow for a ranking among
systems taking into account both qualitative and quantitative data simultaneously while the other method-
ologies can handle only quantitative data. Several excellent critiques of the current MCDM state of the
art include (Roy, 1971), (MacCrinmon, 1973), (Wallenius, 1975), (Major, 1977), (Starr and Zeleny, 1977)
and (Cohon, 1978). Cohon and Marks (1975) review similar techniques within a water- resource planning
context. Due to the qualitative nature of river basin planning, ELECTRE I has been selected as the ap-
propriate ranking technique for this study.

REGIONAL OVERVIEW

River basin planning in the Upper Santa Cruz Basin is a complex issue involving urban, agricultural,
and mining interests. These users account for 29, 41 and 27 percent, respectively, of total water de-
pletion in 1975. Competition for water is extremely intense and the basin tends to be one of the most
critically overdrafted areas in the state. Roughly 236,000 acre ft. of water were used in 1975 compared
with only 74,000 acre ft. of water supplied by imports or natural recharge. This represents a depletion -
supply ratio of 3.3 to 1. Agricultural water demands are projected to decline slightly over the next 30
years but both urban and mining demands are expected to more than offset any savings from agriculture.
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OBJECTIVES OF THE SYSTEM

In developing the river basin study within a multi- objective context, the following system objec-
tives are given.

1) Water Requirements: The region's supply of water (both quality and quantity) should be regulated in
order to meet both present and future demands without seriously affecting the region's present ground

water level.

2) Flood Protection: Flood protection should be provided along the main stem of the Upper Santa Cruz

River while maintaining environmental quality.

3) Enhancement of Environment: The effects on wildlife, vegetation, and historical or anthropological

sites should be kept to a minimum.

4) Utilization of Resources: The physical and socio- economic resources required to implement the alter-

natives should be kept to a minimum.

5) Recreation Enhancement: Recreation opportunities should be provided wherever possible along the

Santa Cruz.

SPECIFICATIONS AND CRITERIA

To be useful to the decision maker (DM), the objectives of the research should be quantified to the
fullest extent possible. A method to achieve this quantification is to express each objective in terms

of a set of specifications. For example, the specifications for water supply might include aquifer level

and water quality. Each specification in turn can be measured according to a set of criteria. One cri-

teria is provided for each specification. For example, the aquifer level might be measured with respect

to the net increase or decrease in feet per year. The specifications and criteria are presented in Table

1.

Table 1. Criteria Summary Sheet

OBJECTIVE SPECIFICATIONS CRITERIA

Water Supply Aquifer Level net change in ft. /yr.

Water Quality - Urban a,b,c,d,e scale

Water Quality - Agriculture a,b,c,d,e scale

Flood Protection Expected flood losses expected dollars
Expected frequency number of years between

floods (in terms of probability)

Environmental Preservation of designated a,b,c,d,e scale
areas

Utilization of
Resources

Recreation

Effect on wildlife and vege- a,b,c,d,e scale
tation

Implementation costs present dollars
Operation and maintenance cost present dollars
Indirect costs a,b,c,d,e scale
Natural resources a,b,c,d,e scale

Preservation of existing a,b,c,d,e scale
facilities

Creation of new opportunities a,b,c,d,e scale

ALTERNATIVE SYSTEMS

River Basin plans are generally developed for the purpose of reducing the risk of floods or increas-
ing water supplies. Keeping in this spirit, several alternative systems will be evaluated. Although
these systems are designed with flood protection and water requirements in mind, they will be evaluated
in terms of all objectives. In an MCDM problem, the decision maker must, in some manner, accept trade-
offs among the objectives. A number of alternative development strategies have been defined which embody
these tradeoffs.

Alternative actions for the flood control objective include:
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1) levee construction

2) channelization

3) construction of dams and multi -purpose reservoirs

4) flood plain management including floodproofing of existing structures

5) no action

Alternatives for water supply include:

1) waste water reclamation

2) new groundwater development

3) the Central Arizona Project

4) conservation and education program

5) no action

Since there are five actions under flood control and five for water supply, there are 25 different
alternative systems to be evaluated.

Table 2.

Levee
Alternatives Construction

Table 2 defines these objectives in tabular form.

Reservoirs Flood Plain
Channelization and Dams Management

No

Action

1) Waste Water (1,1) (1,2) (1,3) (1,4) (1,5)
Reclamation

2) Ground water (2,1) (2,2) (2,3) (2,4) (2,5)
Development

3) Central (3,1) (3,2) (3,3) (3,4) (3,5)
Arizona
Project

4) Conservation
and

(4,1) (4,2) (4,3) (4,4) (4,5)

Education

5) No action (5,1) (5,2) (5,3) (5,4) (5,5)

ALTERNATIVE SYSTEMS PERFORMANCE CAPABILITIES

The information contained in this section is the basis for the completion of the alternative systems
versus criteria array.

1. Water Supply

(i) Aquifer level

The affect of the water supply alternatives on the aquifer level is calculated in feet decrease
per year. The no action alternative represents the worst case where the drawdown rate is
approximately 3.5 feet /year. The system which will provide the best results is new groundwater
development, where the corresponding figure is estimated at 1.6 feet /year.

(ii) Water Quality

As the water is pumped from deeper levels, the amount of solids in the water increases (Davidson,
1973), thus reducing the quality of the water. If no action is taken, the quality of the water
will deteriorate with time since the aquifer level will drop. Additional pumping will increase
the rate of deterioration. However, water pumped for the first time from new areas will be of
a higher quality.

Water from the Central Arizona Project will not be suitable for urban use, but the present plan is
to blend it with the water pumped from the ground to meet state drinking water regulations. Although
acceptable, this will result in a lower quality of the water. Water obtained as a result of wastewater
recycling will not be suitable for drinking, but it may actually be advantageous for agricultural use.

The evaluations of the alternative water supply actions with respect to the water supply criteria
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follows:

Wastewater Groundwater No

C.A.P. Reclamation Development Conservation Action

Aquifer level 2.0 2.7 1.6 2.4 3.5

Urban d e a a b

Agriculture b a b b b

2. Flood Protection

(i) Flood losses

The number of structures in the flood plain is given in the following table:

Area

Table 3

Flood Plain Affected Areas

Structures Residents

Green Valley 60 120

Marana 20 50

Canada del Oro 1,000 4,000

Rillito 1,500 6,000

Tanque Verde 70 180

Aqua Caliente 130 400

Pantano 130 650

Rodeo 520 2,100

Airport 800 3,500

Table 4 illustrates total flood losses based upon an average flood loss per structure at $5,000,
$15,000 and $20,000 for the 25, 50 and 100 year flood respectively for the affected areas given in Table
3. In addition, agricultural losses along the Santa Cruz based upon actual figures of the 1977 year
flood are included.

Table 4

Area 25 50 100

(in millions)

Santa Cruz .5 10.3 12.4

Tributaries 21 63 84

(ii) Expected Frequency of Floods

None of the alternative actions suggested for the water supply objective will have an effect
on this criterion. The expected frequency of floods is just a function of which flood control
action is selected as follows:
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Dams. Flood Plain No
Levees Chan. Reservoirs Management Action

Prob. of flood- .01 .01 .003 .02 .04
ing in a given
year

These figures are based on the fact that federal law requires federal projects to protect against
the 100 -year flood (prob. _ .01). Levees and channelization would be designed to this level. Dams and
reservoirs would actually do better than the design level because there are other functions they must
fulfill. Floodplain management, while providing some protection, would not be designed to protect
against the 100 -year flood. No action would preserve the status quo. At this time the banks can pro-
tect against the 25 -year flood.

3. Environment

Preservation of designated areas and effect on native wildlife and vegetation.

For both criteria under the environmental objective, subjective ratings are assigned as follows:

CRITERIA FOR ENVIRONMENTAL OBJECTIVE

Preservation of designated areas of value a 4 e

Effect on native wildlife and vegetation a + e

4. Utilization of Resources

(i) Implementation and operation and maintenance costs

Cost estimates for the flood control actions were obtained from discussions with the Army Corps
of Engineers (Tucson urban study group). Costs for the water supply alternatives were obtained
from discussions with members of the Tucson City Planning Department. These costs are given
as gross figures and will be combined and converted into present values in the system versus
criteria array. Costs are given in Table 5.

SYSTEM

Table 5
$ (million)

OPERATION AND
CAPITAL COSTS MAINTENANCE

Waste water .18 2.7

Groundwater 20 .2

Development

C.A.P. 15.6 .16

Conservation and Educ. .05 .05

Levee Construction 12.5 .06

Channelization 16.6 .08

Dams, Reservoirs 12.1 .12

Flood Plain Management 1.8 .02

(ii) Indirect costs and Natural Resources

Subjective evaluations are again developed for each of the alternative actions and combined to
evaluate the alternative systems for the systems versus criteria array. The development is
shown as follows:
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Waste Water Groundwater Conserv. and No Dams, Floodplain

Reclamation Development C.A.P. Educ. Action Levees Chan. Reservoirs Management

Indirect c

costs

e a c d c c b e

Natural
Resources

b e e c a a c b

5. Recreation

Preservation of existing facilities and creation of new facilities.

Subjective evaluations are performed as described previously and shown in the following table

for this objective.

Waste Water Groundwater Conserv. and No Dams, Floodplain

Reclamation Development C.A.P. Educ. Action Levees Chan. Reservoirs Management

Existing b a a b a d b d a

facilities

New facil- b e e c e c a a

ities

SYSTEM VERSUS CRITERIA ARRAY

Each system has been evaluated with respect to each of the criteria. These evaluations are incor-

porated into a system versus criteria array in Table 6. This table provided the information needed for

the implementation of the ELECTRE method.

ANALYSIS OF ALTERNATIVE SYSTEMS

As mentioned previously, the ELECTRE methodology is used to rank the alternative systems. This

methodology is described below.

ELECTRE I:

From the system versus criteria array, a set of graphs G = (1,2,...13) is introduced where each

graph represents one criterion and the nodes of each graph represent each system, A = (1,...25). For

the case at hand, there are 13 graphs where each graph contains 25 nodes. Relative preference among

the alternative systems (actions) is indicated by the direction of the arcs within each graph. These

concepts are further explained with the aid of the following illustration:

In this example there are 3 actions where action T is preferred to (>) action 2 and action 3 > ac-

tions 1 and 2. The idea in ELECTRE is to synthesize the information from all graphs so that a decision
is based upon choosing that system which is preferred most of the time yet does not cause an unacceptable

level of discontent. To accomplish this synthesis, a concord and discord index are defined.

The concordance of any two actions i and j is a weighted measure of the number of criteria for

which action i is preferred to action j and is given as:

Sum of weights for criteria where i > j

C(i,j) = total sum of weights

where the weights are taken from the system versus criteria array.
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Table 6

06JECTIYE

ONECTIVE

g°,

CRITERIA Y 1 2 3 4 5 6 7 8 9 10 11 12

Muffs,
loyal

9 2.7 1.6 2.0 2.4 3.5 2.7 1.6 2.0 2.4 3.5 2.7 1.6

Water
0,01/ty 3 . a a d a b e a d a b e a
Urban

Water
Reality
Aerie.

Expect.
now 4 7.72 7.72 0 19.45 26.33 7.72 7.72 0 19.45 26.33 7.72 7.72

Expect. 5 .01 .01 .003 .02 .04 .01 .01 .003 .02 .04 .01 .01

Freq.

Pres.

Oesiy. 6 d d e a a d d c a d d

Effect
OR Wild. b d a d c e c t c

Yep.

¡op1M. 2 12.7 16.8 12.3 1.9 0.2 32.0 36.6 32.1 21.8 20 28.1 32.2
Cette

OIM 2 37.6 37.8 38.2 37.2 37.0 2.6 2.0 3.2 2.2 2.0 2.2 2.4
Costs

Indirect 2

Costs

Natural e c b e d d d e c
@@@@@@ ce

Pres. of 1.
Exist. Fac.

Creation 1 . 5 b b d a C d d b c e
New Oppr.

CRITERIA 8 13 14 15 16 17 18 19 20 21 22 23 24 25

Aquifer 9 2.0 2.4 3.5 2.7 1.6 2.0 2.4 3.5 2.7 1.6 2.0 2.4 2.5
Level

liter
Quality 3 d a b e a d a b

Orban

Water

Quality 3 b b b b b b b b b
A9ric.

Expect.
Flood 4 0 19.45 26.33 7.72 7.72 0 19.45 26.33 7.72 7.72 0 19.45 26.33
Losses

Expect. S .003 .02 .04 .01 .01 .003 .02 .04 .01 .01 .003 .02 ..
Freq.

Fret.

Arei s, S c a a a c a a d a c a a

Ares

Effect
on Mild. S d d b c d b b C d b b

Yep.

.

COSts
2 27.6 17.3 15.6 12.6 16.7 12.2 1.8 .01 12.5 16.6 12.1 1.8 0

05M 2 2.8 1.8 1.6 1.1 1.] 1.7 .6 .5 1.2 .2 0

Costs

Indir.-_t 2 a c b c b d d c c e d

Cost.

tlat.ral e d c c b a c b c b

Retaur,r

Pr..t. of 1.5 c b c b a a c b b b

Creatl. n 1.5 be r d d be e d 4 b e e

Ile. Loor.
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This matrix is given in the following format:

C=
C11 C12 Cln

C21

Cnl . .

Cnn

To complete the discord matrix, an interval scale common to each criteria is first defined. (See
Table 7). The scale is used to compare the discomfort caused between the "worst" and the "best" of each
criteria. For example, a range of (1 -150) might be used where the "best" value would be assigned the
highest value of the range and the "worst" value would receive the lowest value of the range. Each
criteria however, can have a different range as shown in Table 7.

Table 7

CRITERIA MAX. SCALE INTERVAL CRITERIA WEIGHT

Aquifer Level 150 9

Water Quality Urban 110 3

Water Quality Agric. 130 3

Expect. Flood Losses 160 4

Expect. Freq. 160 5

Pres. Desig. Areas 150 5

Effect on Wild Veg. 200 5

Implem. Costs 200 2

0 and M Costs 110 2

Indirect Costs 100 2

Natural Resource 100 2

Pres. of Exist. Fac. 100 1.5

Creation New Oppor. 76 1.5

Given this information, the discord index is defined to be:

Max. interval where i > j

D(ij) = total range of scale

From this, a discordance matrix can be determined as given below:

D =
D11 012 . . . Dln

021

n1 nn

To synthesize both the concordance and discordance matrices, threshold values (p,q) are defined by
the decision maker (DM). The value of p must be < 1 since no action dominates all other actions 100
percent of the time. Similarily, the value of q > 0, since no action is strictly dominated all of the
time. By choosing a value of p, the DM specifies how much "concordance" he wants; by specifying q, he
specified the amount of "discordance" he is willing to tolerate. It is possible that for some choices
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of p and q, there may not be any action which fulfills such a choice. If this is the case, the DM is
asked to restate his values of p and q.

ANALYSIS OF RESULTS

ELECTRE I was used to compare alternative systems using the data given in the systems versus cri-
teria array. The acceptable level of concordance is taken to be .9(i.e., p =.9) and the tolerable level
of discordance is .2 (i.e., (1=.2). The results indicate that wastewater reclamation combined with chan-
nelization, reservoirs or levee construction are the alternatives most often preferred.

Sensitivity analysis was performed to ascertain the robustness of the model with respect to changes
in the weights, scales and threshold values (p,q). The following changes were made. Recall that in the
original formulation the aquifer level criterion was perceived to be the most important. As such, it
received the highest weight. In the sensitivity analysis, the weights associated with each criterion
were changed such that each criterion was considered equally important. The scales associated with each
criterion were changed in a similar manner. That is, each criterion was assigned the same scale interval.
In addition, a third set of scales was used. This scale was proportional to the original set of criteria
weights. That is, the largest interval scale was assigned to that criterion with the largest weight.
The final change in the sensitivity analysis was the choice of threshold levels. The acceptable levels
of concordance and discordance were changed to (.9,.4), (.7,.5) and (.5,.5).

The sensitivity analysis produced the following results. When the weights are changed the no action
and wastewater reclamation alternatives appear to be equally strong alternatives for the water supply
objective while no alternative dominates for the flood control objective. However, when the threshold
levels are relaxed, flood plain management is a dominant alternative. With respect to the scale changes,
the Central Arizona Project and wastewater reclamation alternatives are most preferred when all scale
intervals are equal. For the case of scales proportional to the weights, wastewater reclamation along
with levee construction and channelization are preferred. The effect of changing the threshold levels
is that reservoirs appears to be the dominant alternative. This would suggest that this alternative has
many strong points but also is weak on one or more of the objectives.

The following conclusions can be dr,,^ from this research:

1) For a regional water resource problem, multiobjective analysis is a viable strategy.

2) Structuring the problem in a multiobjective context allows the decision maker to consider the im-
plications of each of his actions.

3) ELECTRE allows the decision maker to select the most preferred action among a set of discrete ac-
tions.

4) ELECTRE can be used when qualitative data is present.

5) The set of weights used, along with the set of scales used and the choice of threshold levels can
have a significant effect on the results.
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