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ABSTRACT

This paper reports on part of IIASA's research concerning
regional water management planning, focusing on the Western Skane
region in Southern Sweden. The IIASA's studies are concerned
with four issues of particular importance to water resources
management, namely, conflict resolution, criteria of choice,
uncertainty, and institutional arrangements. This paper is
related primarily to the first two of these issues. An inter-
active procedure seeking the satisfactory nondominated solution
of the multiobjective water resources allocation problem is
discussed. It is based on the Powell method with penalty func-
tion for the solution of scalar optimization problem and on a
constraint and weighting method, or actually a reference objec-
tive method, for the solution of the multiobjective optimization
problem. Application of the procedure is illustrated by an
example referring to the situation in the Kdvlinge River system
in the Western Skgne, Sweden.



AN INTERACTIVE PROCEDURE FOR
MULTIOBJECTIVE ANALYSIS OF WATER
RESOURCES ALLOCATION

J. Kindler, P. Zielinski, and L. de Maré

INTRODUCTION

The past decade witnessed development of a large number of
computer-aided procedures designed to assist water resources
planners and managers in analysis and evaluation of multiobjective
resource allocation problems. The literature referring to this
topic is abundant; review and evaluation of existing procedures
has been the subject of several publications such as Cohon and
Marks (1975), Haimes et al. (1975), Haith and Loucks (1976),
Major (1977), and Wierzbicki (1979). What is common to prac-
tically all of the multiobjective analysis procedures is that
they provide mechanism for estimating the trade-offs among
conflicting objectives. But it should be underlined that
estimating these trade-offs is not synonymous to making the
choices among conflicting objectives, especially when they are
of the noncommensurable character. Thus it is inevitable that
those responsible for implementation of each particular objective
must become involved in the process of selecting the satisfactory
nondominated solution (March and Simon, 1958). This is usually
a complex process involving negotiations and bargaining among

all parties concerned. The procedure presented in this paper




provides an example how system analysts may contribute to this
process and to the ultimate identification of a solution accept-
able to all concerned. The procedure is in fact a type of

reference objective method as proposed by Wierzbicki (1975, 1979).

The work discussed herewith was inspired by the situation
encountered in the K8vlinge River System in the region of Western
Sk8ne in Sweden. The Western Sk8ne is one of the IIASA's case
studies concerned with regional water management planning. In
Figure 1, general scheme of the K8vlinge River System is shown
(data characterizing the system are specified in Table 1 of this
paper). Water resources of the K4vlinge River are to be
allocated to several different users. First, the regulated
Vomb Lake serves as a source of municipal water supply for the
city of Malm8. In the late 40's when the Vomb-Malm® supply
scheme became operational, it was decided not only how much
water Malm® may withdraw from Vomb but also certain restrictions
concerning minimum flow in Kdvlinge at control point A were
imposed. The lake is also used for recreational purposes, and
it is desired that water levels in the lake do not deviate much
from a certain level considered to be optimal for this partic-~
ular purpose. In the early 70's a new water-user emerged in
the Kdvlinge system. During a few consecutive dry years, local
farmers began withdrawing considerable amount of water from the
river for irrigation purposes. These additional water with-
drawals aggravated not only the water quantity but also the water
quality problems in the K&viinge system; concentration of chemi-
cals due to fertilization practices has increased substantially.
It becomes clear that occasionally, especially during the low-
flow periods, complete satisfaction of all water requirements
in the system is impossible, both in the sense of water quantity

and its quality.

The analytical procedure presented in this paper was
developed as an aid to be used interactively by those involved
in the decisions concerning allocation of water resources in
the system under the resource scarcity situations. The proce-
dure can be used in the water management planning context to
develop certain rules how to allocate resources at the different

levels of their scarcity. It can also be used in the operational




context to make allocational decisions in the face of current

water availability situation.

THE MODEL

Description of Decision Variables

The model contains 11 decision variables (see Figure 1):

X, - irrigation withdrawals for agricultural area 114
(m3/ha),

X, - irrigated part of agricﬁltural area 114 (ha),

X3 - release from Vomb Lake (m3/s),

. [ .

Xy - irrigation withdrawals for agricultural area 104
(m3/ha),

Xg - irrigated part of agricultural area 104 (ha),

Xg - irrigation withdrawals for agricultural area 64
(m3/ha),

X5 - irrigated part of agricultural area 64 (ha),

Xg - water intake for Malmd (m3/s),

Xq - application rate of fertilization for the irrigated
part of agricultural area 114 (kg/ha),

X109 " application rate of fertilization for the irrigated

part of agricultural area 104 (kg/ha),

- application rate of fertilization for the irrigated

part of agricultural area 64 (kg/ha).

Objective Functions

The multiobjective optimization problem has the following

noncommensurable objective functions:

o Yield effects of irrigation and fertilization in

where

o] Water

Jy (%)

agricultural areas 114, 104 and 6U

= f.] (X1, X2I X9) (1)
£, (x4, X5, x10) (2)
= £, %y, X ) (3)

f1, f2, f3 are nonlinear functions (see Figure 2).

deficit in Malm¥:
=P - Xg (4)



o Deviation from the minimum flow required at the control
point A:
= _ 1 1
J5(x) = QN = (x3 = ¢ q104¥yXs7 = PeuXeX7T *
5
+ gy + qy) | (5)
o) Deviation of the actual water storage level in Vomb Lake

from the level optimal for recreation:

1
Jg(x) = glS,pe] = 9lSg + (qq + a3 = 0 qquX9¥oT ¥

R 6
+ X3 = Xg) 7500000 (6)

where g is the volume curve of Vomb Lake (see Figure 3)
and the argument of function g is storage volume in (Mm~).

o} Concentration of pollutants at the control point A.
(deviation from maximum acceptable concentration)

J7(§) = Cy5 = S . (7)

In the above functions P represents water requirements of
Malm$ (in m3/s), QN is the minimum flow required at the control
point A (in m3/s), T is the length of time period(in s), S114 ¢
¢104’ and.¢64 are water loss coefficients in agricultural areas
114, 104 and 64 respectively, dqs 95s d3s 9y are inflows to the
system (in m3/s), so is che initial storage volume of Vomb Lake
(in m3/s T), SO is the maximum acceptable concentration of pol-
lutants at the control point & (in mg/1l), S5 is the actual

concentration of pollutants at the control point A.

The functions J1, J2, J3 should be maximized, functions Ju,
J5, J6 and J

plify computations, the signs of functions Jqir Jy, J3 were

7 should be minimized. However, in order to sim-

changed to obtain minimization of all objectives.

The first three objective functions represent the yield
effects of irrigation and fertilization in three agricultural
areas and are measured in natural units (for example tons of
crop). The functions Ju and J_. are measured in m3/s, function

5
Je in meters, and function J4 in mg/1.

Constraint Set

The set of 25 constraints can be divided into six groups.

The first group of constraints states that none of the decision



variables must be negative:

x; >0 . i=1, 2, .., 1 (8)

The second group states that the flows in all reaches of

the system must be nonnegative:

<

[y

i A

q1 ’ (9a)

H|—

.1X2

) 1
S Xy t Ay T XgXgm (9b)

Hj—

X, X-
45

where qq, q, are inflows to the system, T is the length of time
period.

These two constraints are sufficient for nonnegativity of

flows in all reaches.

The third group describes relationships between decision

variables and physical constraints of each variable:

%2 S By (10a)
Xz < Aqgy (10b)
X4 S Bgy (10c)
xg < Fqpy (10d)
X10S Fyou (10e)
x115 FBU ' (10£f)

where A, .y, Aoy Bgy are the maximum (potential) acreages avail-
able for irrigation in areas 114, 104 and 64 respectively, and
F11u, F10u, FGH are the optimal application rates of fertiliza-
tion in these areas.

The fourth group of constraints is that water inflow to each

agricultural area cannot exceed the optimal irrigation rate:

Xy s OR11u -p (11a)

Xy SORygy - p (11b)

Xe & ORGM -p , | (11¢)
where OR OR10u, ORsu are the optimal application rates of

1147
irrigation water, and p is precipitation (in m3/ha).



The fifth group of constraints is related to the regulated

Vomb Lake (storage reservoir):
1
X, + - 12a
37 %g S8yt Ay gy + X, (12a)

where So is the initial storage volume of Vomb. This constraint
means that the volume of water released from the reservoir cannot
exceed the contents of the reservoir at the beginning of the

period plus inflow into the reservoir during that period.
1
So +4q; +4q, + ¢114X1X2-T- - X3 = Xg <5 , (12b)

where S is the total capacity of Vomb Lake in Mn?. This con-

straint states that the contents of the reservoir at the end of
the period considered cannot exceed the capacity of the reser-

voir.

The sixth group contains only one constraint which states
that water intake for Malm$ cannot exceed water requirements
of this city:

x8 i P . (13)

SOLUTION PROCEDURE

Mathematically, the above optimization problem may be

written as follows:

min J(x) = [-J,(x), =J,(x), ~J3(x), J,(x), Ig(x) e Tg(®), 7_(x)]
14
subject to: (14)
g;(x) <0 i=1,2, ..., 25

where the functions Jj(x) and some g; (x) defined above are

nonlinear.

The interactive procedure seeking the satisfactory nondominated
solution of problem (14) is based on the Powell method (Powell,
1969) with penalty functions for the scalar optimization problem
and on the constraint and weighting method (Cohon and Marks,
1975), which is in fact a type of reference objective method
(Wierzbicki, 1975, 1979), for the multiobjective optimization
problem.



The solution procedure can be described in four steps:-

(1) A large number of feasible solution is generated.

The solution % for which the scalar objective function

.
F(x) = ) J.(x) (15)

has the best value, is taken as the initial point for

the nonlinear optimization.

(2) Carry out the minimization of the nonlinear scalar

problem
' 7
min F(E) = }‘ Ji(x) (16)
i=1 -
s.t.
g.{(x) <o, 1i1i=1,2, ..., 25 ,

1= —
applying the Powell method with penalty functions and
taking the point % as a starting point for the optimiza-

tion. Let the result of optimization be w.

(3) The result of optimization w is one of the set of
noninferior solutions. The levels of objective func-
tions attained for solution w are now known. This
solution and levels of objective functions for w are
presented to the decision-maker (DM). Moreover, all
other pertinent information is also presented - for
example, the maximal and minimal attainable levels of
objective functions which are easy to estimate in
the considered example. The DM has to answer two

following guestions:

o The satisfaction of which objective should be
improved?
o) How much the satisfaction of other objectives

can be changed?

To answer these guestions, the DM makes use of the
computed and the extreme levels of objective functions
J,(x). If no improvement is desired the multiobjective
problem has been solved and vector w with Ji(g)



represents the ultimate solution. Otherwise, the
DM indicates the objective function Jn(i) which
should be improved and specifies the values of
constraints Bi (otherwise called reference objec-
tive levels) for other objective functions

I (X)) T5(%)s eeey T__q(K) s weey To(x).

(4) Define the new optimization problem:

min J_(x)

s.t. gl(g) <0 i=1, 2, ..., 25
J1(x) < By (17)
J,(x) = By
Jn-1(X) 2 B4
Tne1 (B 2 By
where B, > J, (w) for all k (18)

and at least one of ingeualities (18) must be

satisfied as a strict inequality.

The result of optimization problem (17) 21 is such that
Jn(y1) < Jn(g) and satisfaction of at least one of the other
objectives is worse than for the solution w.

The result g1 and the levels of objective functions {(21)

are presented to DM (return to step (3)).

It should be noted that the solution of the new optimization
problem in step (4) is clearly a noninferior solution, if the
additional constraints (17) are strictly satisfied. However,
the penalty function technique and Powell method are used for
dealing with these constraints; it may happen that these con-
straints are not precisely met. On the other hand, if this tech-
nique is interpreted as a type of reference objective procedure

with penalty scalarization, the noninferiority of the solution



can be guaranteed even if the constraints (17) are not met.

In fact, if one considers the penalty scalarizing function:

s(I(x) =J_(x) +p ] (I, (x) -BH> (19)
- n i#n +
where p > O is a penalty coefficient and (y) = max (O,y), then

the function s is strictly order-preserving and its minimal
points correspond to noninferior solutions even if J; (x) > B
(see Wierzbicki, 1979). Therefore, it is even possible to
simplify the Powell method and stop its iterations earlier, when

some of the new constraints (17) are not met precisely.

Moreover, after minimizing the penalty scalarizing function
(19) under the constraints 94 <0, i=1, .., 25, one can a posteriort
determine the weighting coefficients Ai or trade~offs between

various objective functions. These coefficients are determined
by:

A= 1: A = 2g(J3 (%) - B)

n i l+,176n , (20)

where % is the noninferior solution obtained through the mini-
mization of s(J(x)) and B, = Ei' if the Powell method was not
applied to the constraints (17); if the Powell method of shifting
constraints was applied, ﬁi denotes Bi modified by the resulting
shift of constraints. The a posteriZorsz information on trade-offs

can help the DM, since:

and he knows, in first-order approximation, what an improvement
of Jn(g) he can expect if he changes the reference objective
levels Bi for Ji(i)‘

However, in the first implementation of the proposed pro-
cedure, no provision was made for presentation of the additional
a posteriort information on trade-offs to the DM. Similarly,
no other type of the penalty scalarizing function than (19)-was

preliminarily investigated. One could consider, for example,
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the following scalarizing function:

7

J.(x) + p )
1t i=

2
i (22)

1 +

i~

S(I(x)) = (3;(x) - B;)

i
and ask the DM to specify desired reference objective levels
B; for all objective functions; as shown by Wierzbicki (1979),
these reference objective levels need not be attainable as long

as the scalarizing function is order-preserving.

SOLUTION AND RESULTS

The general scheme of the system in question is shown in
Figure 1. The system is characterized by several parameters
describing water inflows, precipitation, concentration of pol-
lutants, the reservoir, fertilization and irrigation application
rates. These parameters are specified in Table 1 (because of
the initial stage of the analysis some of them are of a hypo-

thetical character).

The results of the test application of the proposed proce-
dure are shown in Tables 2 and 3. In Table 2, computer printout
of the first noninferior solution is presented. At the background
of the worst and the best solution for each of the seven objec-
tive functions, their actual (computed) values are indicated
together with the percentage to which each objective is satis-
fied. Next the values of all eleven decision variables are
indicated as well as the initial point for the generation of
the next noninferior solution. The DM is asked which objective
is satisfied least to him. The answer is objective No. 4 which
is satisfied in 0.1% only. ©Next the DM indicates the acceptable
levels to which satisfaction of other objectives may be changed
(not less than 250.0 for the first three objectives, and not
more than 2.0, 1.6, 1.7 and 0.9 for the four remaining objec-

tives) .

In Table 3, all eight noninferior solutions are presented.
It can be seen that in the second solution the degree of satis-
faction of the objective No.4 has been improved (up to 25.4%),

mostly at the cost of worsening the degree of satisfaction of
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the first three objectives. The DM was not entirely satisfied
with the improvement concerning objective No.4 and he indicated
that it should be improved further. He also indicated that the
levels of the first three objectives should again be not less
than 250.0, and the levels of the four remaining objectives

should be not higher than 1.6, 1.8, 1.9 and 0.9, respectively.

The third noninferior solution indicates further improve-
ment of the degree of satisfaction of objective No. 4 (up to
48.1%), mostly at the cost of objective No.5. The DM still
wants to improve objective No.4 relaxing somewhat his require-

ments concerning objective No.6 (nor more than 2.4).

In accordance with the DM's wishes the degree of satis-
faction of objective No.4 is next improved up to 72.1% at a
cost of objective No.6 (the level of this objective function
goes up to 2.4). The DM still wants to improve objective
No. 4--now he is ready to sacrifice objectives Nos. 2 and 3
(not less than 200.0).

Moving to the next solution one can see that objective
No.4 is now satisfied to 87.9% what the DM finds to be satis-
factory. Now he turns his attention to objective No.2 and
wants to see how much it can be improved, relaxing a bit his
requirements concerning objectives No.1 (not less than 150.0)

and No.6 (not more than 2.5).

In can be seen that the objective No.2 can be completely
satisfied indeed, mostly at a cost of objective No.1. ©Now the
DM wants to develop better understanding how much objective
No.7 can be improved if he relaxes his requirements concerning
objectives No.1 (not less than 100.0), Nos. 2 and 3 (not less
than 80.0), and No.4 (not more than 0.5). Requirements con-
cerning objective No.6 are a bit more stringent than before
(not more than 2.4). The required degree of satisfaction of
the remaining objectives Nos. 6 and 7 is maintained at the same

level as before.

In the next solution it can be seen that objective No.7
can be improved very slightly only (from 89.2% to 89.5%); this

is followed by some improvement of objectives Nos. 5 and 6,
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however, the degree of satisfaction of all first four objec-

tives is considerably reduced. 1In spite of all that, the DM

is determined to check once again how much can be gained in

objective No.7 by almost complete relaxation of his requirements

concerning all other

The results are
At this point the DM
the trade-offs among
problem and the test
brought to an end.

objectives.

presented in the last column of Table 3.
decided that he has learned enough about
conflicting objectives in his allocation

application of the proposed procedure was

The computer program implementing the procedure is written

in the FORTRAN language; its applicability was tested on the

pPDP 11/70, CYBER 70,

and UNIVAC 1108 machines and for the seven

objectives problem presented herewith generation of each non-

inferior solution required always less than 1 s CPU.

CONCLUSIONS

At this point a

legitimate question would be how the avail-

able resources are to be finally allocated among the conflicting

objectives. This paper does not provide an answer to this ques-

tion, since the procedure presented above does not employ any

value judgements concerning the relative priorities among

various objectives.

It is inescapable that these priorities

must be defined by the DM himself and the only question is when

and how should they be defined. The authors of this paper do

believe that instead

of making a priori decision in this respect,

it is much more advisable to define the priorities in the process

of learning more about the trade-offs among the conflicting ob-

jectives. The procedure presented in this paper is intended to

serve this purpose and the possibilities of its further improve-

ment will continue to be investigated along the lines indicated

in the text.
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Figure 2. Yield Effects of Irrigation and Fertilization
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Figure 3. Volume Curve of the Vomb Lake
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Table 1 System Parameters

Parameter Symbol Value Unit Parameter . Symbol Value Unit
Inflows to the system q 1.8 m3/s Optimal application F 150.0 kg/hna
ql 1.5 m3/s r;ce of fertilization: 114 ol
2 ‘ ) F 180. kg/*
q, 0.8 mi/s 104 8.0 kg/a
q 0.7 m~ /s . F64 180.0 kg/ha
Precipitation ol 10.0 om Optimal application rate °R114 650.0 mJ/ha
of irrigation: 3
Concentration of OR)04 650.0 m}/ha.;
pollutants: °R64 650.0 @ /ha
- ainimum at contrel
point A % 0.05 wmg/l Coefficients of rela- a, -0.111 -
- maximum at control tionship describing b 1.42 -
point A Shax 10.0 mg/l yield effects of 1 -
- initial concentration tffi::zz: ?gd&fir- ‘1 .0 -
in four inflows ¢y 1.0 mg/l agricultural areas a, -0.152 -
<, 1.0 mg/l b2 1.31 -
€5 2.0 mg/l ¢, Q.5 -
A 1.5 a9/l a, ~0,200 -
- b3 2.70 -
Water requirements of 3 c 1.0 -
Malmd P 2.0 a’/s 3
a, -0,280 -
Initial storage volume 3 30.0 Mm3 b 3.68 -
o 4 .
of Vomb Lake
3 c 1.5 -
Capacity of Vomb Lake S 80.0 Mm 4
Storage level of Vomb Scpt 29.0 Mm3 Levels of fertilization ll Q.0 kg/ha
Lake opt'::unal for . 1 80.0 ka/ha
recreation 2
‘ — i; 160.0 %g/ha
. . 1 (-3
Length of time period T 2.59x10 s 14 240.0 xg/ha
Minipum required flow eN 6.0 m3/s -
at the control point A Coefficients of volume av . -0.0049 -
cuxrve of the Vomb Lake bv 0.6464 -
Potential acreage A 3J000.0  ha cv 0.0 -
: o . 114
available for irrigation A 2500.0  h m
log “77 a Water loss coefficients ¢'L.’..-Jf 0.8 -
R,y 2300.0 ha in agricultural areas 104 0.9 -
: ®es  o.8 -
Coefficient of the
pollution's reduction
in the Vomb Lake 0.9




-17-

Table 2 Computer Printout of the First Noninferior Solution

NUMBER THE THE THE

OF UORST LONPUTE BEST PERLERT
FUNCTTON YaLUE YALUE VALUE

i 39.2790 239.365 239,365 100.0

2 32,725 274.531 74,531 100.0

3 10,107 252.569 252.559  100.0

4 2.000 1.998 000 A

5 6.900 1.584 090 79.3

6 14,625 1,647 L0000 92,7

7 8.009 .819 000 B9.6

DECISION VARIABLES

INFLOW TO AGRICULTURE AFER 113 X1 = .44 H3/5
THE SURFACE OF IRRIGATED AREA 114 X2 =1003. HA
RELEASE FRON YOMESJOEN X3 = 3.81 n3:3
INFLOU TO AGRICULTURE AREA 104 (4 = .55 N3/§
THE SURFACE OF IRRIGATED AREA 104 (5 =2530, HA
INFLOY T0 AGRICULTURE AREA 54 X& = .50 A3/S

THE SURFACE DF [RRIGATED AREA 84 X7 =2I09. HA
WATER INFLOW TO USER AALAROE X8 = Q0 M3/S

APFL. FERT. RATE FOR AREA 114 X% = |
APPL. FERT. RATE FOR AREA 104  x10
APPL., FERT. RATE FOR AREA 104 X1

H b

INITIAL FOINT FOR THE NEXT UOFTIMIZAITON

3.704 Jo.9z8 3.313 5.67%7
23.001 L9002 13,200 18.900

BIVE ME YOUR QP INION
FRINT NUMBER OF THE UORST FUNCTION
=4

9. KB./HA
189, KuL/HA
180. KG/HA

7ROBLEN
25.092 5.434
18.000

THE WORST OBJECTIVE FUNCTION IN YOUR OFINTOW

IS FUNCTION 4UREER 4
PLEASE, GIVE CONSTRAINTS FOR OBUECTIVE
M250.0 250.0 230.2 2.0 1.6 1.7 0.9

CONSTKAINTS FOR OBJECTIVE FUNCTIONS

FURCTIONS

250.Q000 230.000 2350.000 2,000  1.490 1,700 909
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