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1. INTRODUCTION

Water pollution has received increased attention in recent
Years and the broad problem facing water resources planners is
to supprly ample quantities of water of adequate quality for a
wide range of users. The water quality problem is becomming
more severe because of the degradation of the water quality
level. Continuous and rapid industrial growth over the past
decades has resulted in the excessive degradation of water
quality in streams and even the largest rivers can not be treat~
ed as infinite sinks for municipal and industrial wastes.

The problem considered in this report is to manage effi-
ciently, the satisfaction of a specified set of water quality
standards. Our objective is to allocate a scarce resource, the
assimilative capacity of water, most efficiently.

One approach to the problem of pollution is the use of
effluent charges (taxes) to regulate the discharge of pollut-
ants. At present, polluters are not paying any tax proportional
to the damage they cause by discharging the untreated waste
into the river. The mathematical formulation of this approach
results in the decentralization model.

Kneese (1964) and Kneese and Bower (1968) defined the
basin wide firm which owns and operates all waste and water
treatment plants and carries on all water based activities

within a particular region. All costs associated with pollution



and treatment are covered by the firm and it trizs to maximize
net profits and consequently the marginal treatment cost, at
the optimum, equéls the marginal damage imposed by discharge,

This is the centralization model.

Literature survey

In the recent years, the role of some sort of central water
authority in determining the minimum cost method of meeting
the stream standard has been stressed upon, and the use of
effluent charges to abate pollution has been advocated exten-
sively. Merits of such proposition has been presented by Kneese
and Bower (1968) and Freeman and Haveman (1972). Baumol and
Oates (1971) concluded that the use of a price system to combat
pollution is feasible and for any set of desired pollution cen-
tral standards, there exists a tax scheme which will achieve
the specified standards efficiently. Upton (1968) has develop-
ed an optimal tax structure and the implementation of a taxing
scheme‘consistent with this structure has been outlined by Hass
(1970), Haimes et al. (1971, 1972 a,b,c), Upton (1971) and
Foley and Haimes (1973). Similar to Hass (1970), Taylor (1973)
has suggested a scheme which is a combination of an effluent
charge and the waste allotment, However, Byrne and Spiro (1973)
have demonstrated that taxation is a necessary but not suffi-

cient condition for an efficient solution under certain



circumstances when the firm has at its disposal a number of
production processes where low levels of pollution require
high capital input and vice versa. Bundgaard-Nielson and
‘Hwang (19755 extended the work of Eyrne and Spiro and concluded
that the interaction between available technology and the en-
forcement strategy must be taken into account in order to pre-
vent the uée of taxation levels which do not produce any en-
vironmental gquality improvement through reduced discharges,
but tend to increase the production costs and thus consumer
prices.

The first attempt to model a river basin was by Deininger
(1965), using the basic Streeter-Phelps (1925) oxygen deficit
equation. TLoucks et al, (1967) extended Deininger's work by
developing a modular component technique for modeling river
basins, Day et al. (1965) discuss how a central water authori-
ty might achieve the imposed dissolved oxygen standards at min-
impum cost by using taxes,

The thorough review and classification on literature of
optimal decision of regional water quality management can be

seen in Bundgaard-Nielson and Hwang (1976).

Objectives

The objective of this report is to apply the non-linear
programming techniques, quadratic programming and separable

programming, to the basin wide river problem which has non-



linear objective function and linear‘constraints. The centrali-
zation model problem (basin wide firm) has been solved by both
separable programming and quadratic programming. While for the.
decentralizatioﬁ model (effluent charges) the non-linear ob-
jective function has been approximated by piecewise linear
functions using separable programming and the optimal at-source
treatment configuratioh has been obtained by linear programming.
. The probleﬁ considered in-this report is the optimal re-
gional waste water management of a basin wide river by at-source
treatment. Both centralization model (basin wide firm) and
decentralization ﬁodel (uses effluent charges) have been re-
viewed. The Miami River basin in Ohio has been considered as
an example and the problem has been formulated both accofding
t0 centralization and decentralization models. To demonstrate
the approach, quadratic programming, separable programming and
linear programming have been used.

. There are many ways for reducing the effects of pollution
other than treatment at-source. The most notable are flow
augmentation and mechanical rezeration. Flow augmentation can
dilute both degradable and non-degradable wastage, add oxygen
t0 the water to reduce the effects of decomposition and alter
the hydrological characterisfics of the body of water, where
as mechanical reaeration can only increase the oxygen content

of the water. In order to meet the required dissolved oxygen



standards, we have considered both the treatment-augmentation

policy as well as at-source treatment policy.



2, STATENENT OF THE PROBLEM

The problem is to find the optimal treatment configuration

for meeting water cuality standards along a river basin when
thé central authority has complete knowledge of the treatment
cost functions (centralizaiion model) and to determine optimal
pollution taxes along with the optimal tréatment configuration
when the centrzl authority does not know the treatment cost
functidhs (decentralization model). Our objective being the

allocation of the assimilative capacity of water most efficient-
ly. In summary, the decision is to determine the amount of
at-gource waste wﬁtef treatment required to achieve 2 minimum
cost for an& particular set of stream dissolved oxygen standards

within a2 river basin.

2,1 THE BASIN WIDE FIRU (CENTRALIZATION MODEL)

The objective can be achieved by considering the operation
of a basin wide firm, This firm would own all waste and water
treatment plants and would carry on all water based activities
in the region., All the costs associated with pollution and
‘with treatment would then be borne by the firm. Such a firm
would operate so as to maxinmize net profits and, at the opiimunm,.
the marginal costs of tfeating an additional unit of wastage
from any source By any means would eouzal the damage imposed
by the unit being discharged into the water, where the damage

would be either the value of the marginal product lost and/or



purification costs imposed elsewhere.

The algorithm presented here is a systematic method of
‘determining the amount of at-source waste water treatment re-
quired to achieve a particﬁlar set of stream dissolved oxygen
standards such that the cost of treatment and flow augmentation
is minimum. In this case the central authority lknows the vari-
ous treatment cost functions, the quality standards desired
and the low flow augmentétion cost function.

A river basin may be modeled by dividing it into n reaches,
~one at each point of discontinuity (see Fig. 1). Exampleé of
discontinuities are: (1) organic and/or thermal inputs, (2) a
state line, (3) a change in the flow regime such as changes
in stream wiﬁth or depth, (4) increase in the flow such as tri-
butory inputs and (5) change in water quality standards. Let
us introduce the- following notation:

n = number of reaches;

w. = gross biological oxygen demand (BOD) load introduced

3 at the beginning of the jth reach (1lbs/day);
xj = percentage of wj'rem0ved through treatment at-source
iy if nontreatable, xj = Of
.aij = pounds of oxygen demanded in reach i by the decomposi-
tion of a pound of BOD discharged at the beginning
of reach j; 255 = 0, §>i;
y = flow rate; if no augmentation, y = 1;
b; = amount of dissolved oxygen available for decomposition

process (total available less standard requirement)
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in reach i per unit flow,

To maintain the water quality standard in the river the
supply of available oxygen for the decomposition process in
each reach must be equal to or exceed the demand imposed by
BOD loads discharged into the reach and all reaches preceeding

it, that is , for reach i it is required

ailwi(l"xl) + aiEWQ(l-xz) T aiiwi(l—xi)s;ybi (1)
or '
Bi9WyXq + B0WoXp + 0 0 o+ B WX 4+ by > 5y (2)
where
i
Sj = 859 + 250W + w0 o+ a5V, "jéﬁ 84595

Equation (2) states that the supply of dissolved oxygen (Do)
created by treatment and flow augmentation must exceed that
- demanded by the gross waste loads.

| Let us denote the treatment cost function at treatable
source i by C;(x;) and the low flow augmentation cost function
by Go(y), then the river basin problem can be formulated as

min (G (%) + Cp(x,) + . . .+ c,(x,) + ¢ (¥))

subject to
2171 %y | + 0y > 8
851Xy + Bp5WoX, + b2y > Sy
E |
B W.X: + B_nW é + +a WX + by >s (3)
ml 171 HBNog T s nm n n n' 2 *n
xi>0’ i=1,..a,n

y >1
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where
i

®1 T4 2k'%
Note that the model for thé oxygen demanded by the decomposi-
tion of BOD discharge is linear. If the cost functions C,(x;)
are approximated byﬁiinear or piecewise linear functions, then
(3) is a linear programming problem, The amount of at-source
waste water treatment for a parficular sét of stream dissolved
| oxygen standards within a river basin is determined and its

cost is minimiged.

2,2 EFFLUENT CHARGES (TAXATION) FOR THE ABATEMENT OF WATER
POLLUTION (DECENTRALIZATION MODEL)

In 2 free economy system, the central authority does not
have a complete knowledge of the cost function for each indivi-
| dual polluter. And a freedom of choice should be offered to
the polluter whether to itreat his effluent by his own waste.
water treaément plant or to pay the effluent charge imposed
by the central authority. This is a decentralization system,
The implementation of an efficient taxation or effluent
c?arge scheme has been de%eloped by Hass (1970). The basic
assumption is that the central authority knows the quality
standards desired and the low flow augmentation cost function
(C,(y)) while the polluters know the individual treatment cost
functions (C;(x;)'s). The problem confronting the central

authority is then to find an optimal allocation of treatment



1l

costs which secure therduality requirements.

Let.us examine again the river basin considered in section
2,1. Suppose that the central authority has imposed various
hypothetical tax rates on the polluters that are to be applied
to the percentage of their gross discharge they leave untreated
‘and consequently dischargé into the river. The authority has
requested that each polluter respond to these possible imposed
taxes by transmitting to the authority the percentage of waste
removed by treatment and the total cost of such treatment.
With his gross waste production constant, each polluter will
atiempt to minimize the total cost of waste disposal where total
cost is the sum of treétment cost plus.taxes imposed, subject
40 the fact that he must treat at least 2 minimum treatment
requirement (e.g. 45% which is ecuivalent to at least primary
" treatment) and can treat no more than 99%. Then the polluter's
dptimization problem is:

min (Cj(xj) + (l-xj)Tj)r
subject to | (4)

0.45 < X4 < 0.99

i

vhere 4 is the percentage of BOD removed through treatment at

source j, ond T; is the tax that would be imposed if the pol-

luter were to discharge all the waste his plaont generates. DLet

k
th th polluter as x; and the

us denote the k h|

response of the j

treatment cost associated with x§ as C?.

The central authority must then, according to the algorithmic



a2

approximation, find the .convex combination of each polluter's
treatment vlans and the level of flow augmentation which mini-
mizes the cost of achieving the standards imposed upon the

river at the end of each reach. Suppose each polluter has re-
sponded with k 3 distinct treatment plans., The linear program-

ming problem the CA must solve is:

k i :
s n j . .. |
min > U5 cj+c°(y)
=1 i=1
subject to
: (5)
;;Z_ ay3mx03 + by ¥ 25,
a iy 2 i <
E 8o WXiuy + £ 8,pWoXUs + by ¥ 2
i=1 21717171 i=1_2222‘2 2 2
k k k,
1 . 2 ; L . s
x FE, i d
z winl+}:a WoXsUs teeet 2. a_ W X U +b ¥>5
i=1an1111 i=1n222_2' jo] MMM n
kj ; .
Z U;=1 ¥
i=1 4 -
y=21.0
v <4.47
U:;:?O ¥i, ]

A1l the notations used in (4) and (5) are described in
section 2.1. The upper limit of the augmentation rate, y, is

determined by the reservoir size,” Upon solving (5) the central
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authority has an approximate measure of the economic value
(marginal cost) associated with supplying the j°2 reach with
an additional pound of oxygen per day; this is the shadow or

th

dual price associated with the j constraint. For those

constraints that are binding, these dual evaluators are non-

zero,

th

Let the shadow prices on the j reach constraint be de-

noted by . Note that the authority wishes to minimize the

ij*
cost to soglety while achieving the water quality standards,
and that = >‘1ala j is the cost to society that would accrue
at the ma%gln if polluter j were not to treat his waste before
discharging'it into the river. The authority then wished to
discover what percentage of waste polluter j can treat at a~
cost below that of the rest of the society. That is, he wished
to have-polluter j treat his waste to the point at which the
ﬁarginal cost to society of disposing that waste is equal to
the marginal cost to the polluter of waste disposal. Thus he

will set the tax'to volluter j at

- LA LW . 6
Ty =2 21575 ()

t0. elicit the desired information. Thls taxing schene is
consistent with the optimal tax structure dgve10ped by Uonton
(1968). Ifxn;, i= 1, 2, « « . yn is the true cost to society
of a2 pound of oxygen in each reach per day, when each polluter

solves (4) an optimal treatment plen for the basin will be
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achieved, Since (5) is iny an approximation ) is not the

true cost but rather an approximation. This approximation will
be improved by incorporatingz the new plans from (4) into (5)
and recalculating the margsinal costs to society of supplying
oxXygen to each reach, _

The applications of decomposition procedures appear not
only feasible but may also be more efficient than central plan-
ning under imperfect informgtion. These decomposition pro-
cedures furthermore.require lessaprior i information in the
hands of the centrzal authority.

In the above model it has been assumed that the amount
of waste generated by a polluter will not change as the effi-
cient taxes vary or if 2 change in process is the response to
changing taxes, that the cost of this change is incorporated

into the treatment cost function.

2.3 AN EXAMPLE (THE MIAMI RIVER PROBLEN) -

The Miami River basin in Ohio is modeled according to (3)
(centralizatibn model) as well as according to (4) and (5)
(decentralization model), as presented by Hass (1970). Although
it is desirable to use projected BOD loads or existing loads
" than the loads that existed in the past, existing BOD loads
are not available. |

Here we ﬁish to determine what kind of treatment plant
to build at each treatable source of pollufion, for example

vrimary, secondary or tertiary treatment plants, and what size
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reservoir the central suthority should build and operate for
flow augmentation, our objective being to achieve the given
set of water quality standards at the minimun cost to
society.

Paking the data from Anderson (1967) and Paraska (1967)
and substituting in the constraints develoﬁed by Hass (13970),
we obtain the constraint set matrix shovm in Table 1.

The 58-mile length of the river under consideration was
divided into 27 reaches and has 15 polluters at discrete points
along the river bank. Table 2 gives the polluter index j and
the beginning‘of the reach where it is located The decision varia-
bles x; through x;¢ referrfo the percent 0f BOD load to be re-
moved at each of the 15 municipzl and industrial waste discharge
sites, and ¥y is-the proportionality constant (flow augmentation
rate) to be detérmined and then applied to the initial flow,
which is considered to be 1.0 (datum or reference level), in
order to increase the flow by reservoir release.

In order to consider the constrzint on flow augmentation
that reservoirs must be recharged before they can be discharged
again, we have to take the appropriate time span. The yearly
cycle of a basin would appear to be the proper time span in
this case, The months of July, August and September are con-
sidered for flow augmentation since these months are the months
of lowest flow for the Miami River basin. To limit the size
of the problem, the month of August is chosen as the representa-

tive month and it is assumed that 1/90th of the reservoir
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TABLE 2

Pollutor index j, j=1,...,15 TLocotion (Beginning of the
reach 1, 1=l,.004921)

1 - Reach 4
2 Reach 6
3 Reach 7
4 Reach 8
5 Reach 9
6 Reach 11
T Reach 14
8 " Reach 15
9 Reach 16
10 Reéch 18
11 Reach 21
12 Reach 22
14 Reach 23
14 - Reach 25
15 Reach 26




18

capacity would be used during any given day of this month.
With this assumption we mzke certain that the .capacity con-
straint will not be violated, by leaving the other nine nonths for
recharging. It must be noted here thot with so many assump-
tions to simplify the problem, we might be lead to suboptimi-
zation, This treatment scheme would be different from the one
in which the problem is formulated over the itwelve month cycle.
To solve problens (3), and (4) and (5) for the Iliami River
'basin, we need a2t source treatment and flow augmeniciion cos?t
functions. These cost functinos were developed by ass (1970)
for the Miami River problem from the data provided by Frankel
(1965). The treatment cost function employed is as follows: .
C4(x;) = 160.8 + 26,70 + 640.7(x;-0.45)° + 225.7Q;(x4-0.45)°
(7)
. is the percentage of

J
gross waste removed by at-source treatment, and cj(xj) is the

where Qj is the plant size in mgd, X

estimated cost of such treatment. The Qj‘s for the 15 pollution
sources are given in Table 3. |

Based on the data provided by the Miami'Conservancy Dis-
trict and the engineering firm employed by the conservancy in
designing and costing 2 low flow augmentation reservoir, Hass
developed the augmentation cost function as:

Coly) = 726.6 (y) (8)

where y-ié the flow nupgmentation rate and lies between 1.0 and

4.47,

If there is no flow curmentation, y = 1.0 the normal flow



TABLE 3: THE PLANT SIZE IN IIGD FOR THE 15 SOURCZES

Source

N

W 0O =~ O\ WU o e

10
11
12
13
14
15

Plant Size in lled,

45.2
4.7
4.2
3.6
0.5
1,2
0.8
0.6
0.5
3.2
8.4
57
0.6

12.1
8.4

19
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in the river, and if the flow is augﬁented, vy >1.0 but less
"than or equal to 4.47. C,(y) is the estimated cost of such
augmentation. It must be noted here that the reservoir used
for flow augmentation is limited in size and 2% the most pro-
vides flow 4,47 times the normal or average flow in the river
in the month of August, the representative month for this
study.

The cost data used is not very accurate and the solution
of the problem is of limited practical value since it has been
aséumed that the month of August is representative of the yearly
cycle and the opntimal solution for August is optimal over the
vhole ygar,'and the waste loads are those existiﬁg in 1970
rather than existing under the current conditions or future
pro jected loads,

The imposifion of 2 standard implies that the damages oc-
éuring to the society when the stream has a dissolved oxyaen
content less than the standard ars so costly as to make their
attainment necessary regardless of treatment cost., In this
problem a standard of 4 mg/l has been chosen because this is
the level of DO necessary to assure survival of aquatic life.
These constraints recuire that the supply of available oxygén
for the decomposition process in each reach (that available
over and above the quality standard requirement) must be equal
to or exceed the demand imposed by BOD loads discharged into
thaet reach and 211 reaches preceeding it. These constraints

are given by (3).
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In 2ddition we require that at least 45% of the gross
waste load will be treated by each polluter and the percentage
of waste treﬁtcd will not exceed 99% under any circumstances.

) !

Hathematically it can be vwritten as:

_ (9)
xi€0.99 ’ i=1,---,15

The first 1% constraints of this set insure that all dis-
charges be subjected to a2t least primary treatment, which in-
vpives chlorination, filtering, and settling to reduce bacteria
and remove bulky solids. Such sewage treatment usually removes
about 45% of the gross BOD waste load. The second set of 15
~constraints indicate the tertiary treatment, but limit the per-
cenfage treated to 99%. Beyond 99% removel the cost of treat-
ment rises very steeply.

We now have all the information to formulate the Niami
River basin problem, both according to cenfralization end de-

centralization model.

Centralization Hodel

Problem (3) can be written as:

min‘é? (160.8+26.7Qj+640.7(kj—.45)2+255.7Qj(xj-.45)2)+725.6y

J=1
subject to the constraints

;]i]_ 5% * 2516Y 2P Aw Lyens 2l
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Y ?1.0
y<4.47

xa-<0.99 9 j '—-1,.--’15

In the a2bove problem, the left hand side gives the supply
of available oxygen for the decomposition process in each reach,
For no flow augmentation case, we do not have any flow

augmentation éost andly = 1.0 so problem (10) reduces to:

min 12 (160.8+26.7Qa.+640.7(x3-—.45)2+255,7Qj(xj-.45)2)
=1 :

subject to the constraints

25
:iil 23 %5 > Pi"116 s 1= gaws 2T
Xj€0-99 9 j:l’.._.'ls

Decentralization llodel

The general problem for the decentralization model is

given by (4) and (5). So for jth

volluter of the Miami River
basin, (4) can be writien as:

min 160.8+26;7Qj+640.7(xj—.45)2+255.7Qj(xj--45)2+(1-xj)Tj

subject to the constraint

0.45 < X < 0.99 (12)

In the above problem, T. is the tax that would be imposed

J
if the polluter j were to dispose all the waste his plant
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generates and is given by (6).
The treatment cost and the percentage treated, obtained
by solving (12) for each polluter, would be input to the CA's

problem given by (5) which can be vritten as:

s Ky . ,
min ¥ ¥ Ulj(lso.8+26.7Qj+640.7(x33—.45)2+255.7Qj(xg-.45)2)
=1 i=1
’ + T26.6y

subject to the constraints
15 k. -
3 1.4
XS0 + >b
jzl P i
where a3y 216 and b are the column vectors of size 27Tx1. a;

J
th

ig the j column of Table 1, b is the right hand side column

of Table 1 and als ig the sixteenth column of Table 1.

and

k.

I o

x Uj—_-l ¥3,J=1,.-.,15

i=1l
v s 1.0 (13)
y € 4.47
Uij>o ¥ i,

In the above problem x% is the percentage of waste water
treated by polluter j under plan i. U% and y are the unknown
variables which the CA tries to solve for, U%'s are the weights‘
attaéhed to c¢ach of the kj plans reported by the polluter j
and are fractions (or percentages). The sum of these fracitions
can not exceed 1, i.e., 10055, This means that in the convex

combination, which the CA determines, & certain percentapge of
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the waste U% might be treated according to plan 1, a certain
percentage U§ according to plan 2, and in a certain percentage
of the waste U? according to plan kj such that the sum of these
percentages or fractions is 100 or 1.

For example if, according to CA's convex combination, the
polluter number 1 has to treat 80 percent of his gross waste,
i.e., x; = 80% and the polluter has originally responded with
say two plans, i.e., ki = 2, then plan 1 might have a weight
~ of 0.9 and plan 2 might have a weight‘of 0.1. In this case U% =
.9 and U% = .1. Under plan 1, the polutter removes say 84%
of the waste a2nd removes 45% waste under plan 2,

S0

o} 402 - 0.9+ 0.1 =1.0
and o.g(xi'= 0.84) + 0.1(x§ = 0.45) = 0.8 or 80% (same
' - as found by the CA)

For the no flow augmentation case, (13) reduces to:

k
min Y ZI (U (160.8+26.7Q +640 7(< -.4=) +255.7Q ; (t - )2
j=1 i=1

subject to the constraints

15 k3
i
¥y 30 a.xdiulsv-a (14)
j=1 d=1 9973 16
3 uviavg, j=1 15
X g = dr d B Ageiayda
i=1 N .

ul =0 ¥ 1,3
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3. SEPARABLE PROGRAILIING

A separable function is one that has the form

B(2)= §l ny (x;) | (15)

i=
The sevparable progromming cen be defined as finding a set
of x;, i =1,2,,,.,m, vhich maxinizes (or minimizes)

c(x) =i§ fi(:{i) = fl(x1)+...+fm(xm)
=1

subject to the constraints

m
izl gki(xi) < bk ? k= 1,.0'|P

and
xj, ;0 ,i=1,¢|c,m

The objective function and the constraints are constructed
of separable functions of the form given by equation (15).
These non-linear functions of one variable can be approximated
by piecewise linear function over a specified interval domain
and can be solved by slightly revised simplex method, using
MPS/360., The approximation is done by partitioning this in-
terval domain into n; disjoint, but contiguous intervals. The
(n; + 1) points of the partitions are represented by the set:

S = (xg,xé,...,ﬁg)
'Delta Method' is used to represent the piecewise linear

approximation of 2 continuous non-linear function of one wvaria-

ble and uses the differences of adjacent points of the set, 5,



and the differences ¢
points in develoning -

Tij(x;). The differen

o P
Xy = X§ -
Afd = (.

£ = =

where the subscript :
Superseript refers -

j 3 ol
f;(xf) is the value o:

To represent thc
fi(xi), a set of var:i:
that follows what is
The rule is satisfied

(1)  0<D:<:i

oy

(ii) '0433 <

(iii) o<+
There is no upper bo:
know the upper bound

DY represents -

variable x For ar

io
( l=1’;cc,j-1) must

(1 =j+l,...,ni) mus™

The variable x.
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e functionai values at the adjacent
approximation'equation of a function,
. are given by:

-l

P fi(xg"l) ¢ A= Tpuallp § = Lysweslis

‘rs to a function and variable and the
nartitioning of a variable. For example,

. — d
‘i(xi) at x; = x{.

~:riable x. and the approximation of

1

28, DJ j = 1,2,...,ni, is created,

l’
+tm as the 'resiricted basis-eniry rule'.
>r any of the following conditions:

iff‘ Dg = O’ j = 2,-..,ni

iff Dl =1, |

1,2,...,j-1 and

= 0’ k = j+l’o.o’ni

n

iff, .-D-j 1’ j = 1’2’¢-o’ni-1

. here, because many times we do not

h sartition of

riable created for the i
pJ 1, 211 previous D; variables
‘2 a value of one and all following values

2 Zero.

n be represented as:
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11 2.2 :
Xy = AX Di + OXS D:i. + eee +AXJ Di
and the function fi(xi) as _
1 2 12 j
In the 2bove estimations, X is represented exactly but fi(xi

is approximated by linear intervolation.

'Delta lethod! is developed in G, Hadley's Non-linear and

Dynamic Pro~ramming. Details of the separable programming are

given by 7illiams (1972). Using the methods of data input
described, the non-linear function can be linearized and the
output is obtained in the form of punched cards which are input

for !PS/360 linear programming package.

3.1 APPLICATION OF SEPARABLE PROGRAITIING TO CENTRALIZATION
MODZL.,

The centralization model has been discussed in detail in
section 2,1 and the Hiami River basin problem has been formu-
lated in section 2.3, Forflow augmentation case, the Ilicmi River

basin problen is given as:

15
min Y (160'8+26'7Q3+640'7(xj"A5)2+255-7Qj(xj-.45)2)
+726,6y
subjcect to the constraints
15 .
R
y >21.0
y<4.47
x5 >0.45

xj<0999 9 j=1,o-01157
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vhere the valucs of Qj arc siven in Table 3 and the values of

aij's' 2516 and bi in Table 1.

In the above problem, the objecctive function is comprised -
of fifieen non-linear terms and all of them are.separablé func-
tions of the form given by equation (15). These can be lincar-
ized by using scoparable programming descriﬁed in section 3.

The interval domain is from 0.45 to 0.99, as fixed by the
constraints. Starting point was given as Xy = 0.45, the upper

linmit as x; = 0.99 and the number of partitions is 30.

Miami River basin nroblem vithout augmenfation_

If the flow is not to be augnented, the sugmentation cost
becomes zero and y = 1.0. In this case we remove the flow
augmentation cost function, 726.5y, from thé objective function
and substitute y = 1.0 in 211 the constraints. The inequality
constraints on y become redundant, We can write the Miami River
basin problem ass

min Z (160.8+26.70 +640.7(x 4-.45) 24255, 70 (x5~ 45)2)
j=1

subject to the constraints

15 .

jil alJ‘J >tJ aj16r 1 = Lsesws 27
x5 20.45
x5 <0.99 v 3 =1,...,15

A1l the notations used =2bove have been described earlier.
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Results with flow augmentation

The Miami River basin problem was solved using MPS/360
linear programming package. The amount of waste that different
polluters will treat is shown in Table 4. Note that the pol-
luters 7 to 15 treat only 45% of their waste and are located
beyond the twelfth reach, for which the constraint is binding.
These polluters do not pay any revenue to the CA for discharging
55% of their waste into the river. We found that the flow rate,
¥, is 3;0085 times the normal flow rate and this augmented flow
will cost the CA approximately $2186 per day. The total cost
of treatment would be about $6024 per day. The shadow price
for the twelfth reach constraints, which is binding, has been
obtained as, 12 = 0.21606., The other twenty-six reach con-
straints are not binding and so the shadow price for them is
zero, This means that the CA will charge revenue from the
individual polluters, using the shadow price on the twelfth
reach constraint, for disposing (i-xj) percent of their waste

into the river.
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TABLE 4: SOLUTION OF THE IMIAMI RIVER BASIN PROBLZM (CENTRALI-

ZATION IIODEL) WITH FLOVW AUGHMENTATION, USING SEPARABLE

PROGRAIEIING.

POLLUTION SOURCE

TREATLENT PERCENTAGS

W O 3 O U &~ W N

T = R T
H~ W N M O

15
Aurgmentation Rate
Total Cost Per Day

64.8
57.6
93.6
72.0
48.6
50.4
45.0
45.0
45.0
45.0
45.0
45.0
45.0
45.0
45.0

¥y = 3.00885

58210

Shadow price of the
binding constraint
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Results vithout flow zurmentation

For this case the total cost of treatment for achieving
the recuired standards of 4 me/l DO is 58343 per day. The per-
centage of waste treated by most of the polluters is higher in
this case than thet with flow augmentation. The twelfth and
twenty-sixth reach constraints are binding in this case and
the shadow price for them is given as,™qp = 0.40544 andARyg =
0.28561. These shadow prices are used by the CA to charge
revenue from each polluter according to (6). The various treat-
ment percentages are tabulated in Table 5,

Computer outputs for flow augmentation and no augmentation
cases are attached in Appendix 1.

For the physical meaning of shadow price, refer to section

3.2.

3.2 APPLICATION OF SEPARABLE PROGRAITIING TO DZCENTRALIZATION
MODEL

The decentralization model, which uses effluent chorges
(taxation)_for the abatcment of pollution, has been discussed
in section 2.2 and the Miami River basin problem has been
fofmulated in section 2.3. The polluters and the CA's optimi-

zation problems, respectively are:

For flow aurmentation case

min 160.8+26.7Qj+640.7(xj-.45)2+255-7Qj(xj—.45)2+(l-xj)Tj
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SOLUTION OF THE MIAMI RIVER BASIN PROBLEM ( CENTRALI-

TABLE 5:
ZATION MODEL) "WITHOUT FLOW AUGMENTATION, USING
SEPARABLE PROGRAITIING.
POLLUTION SOURCE TREATH:NT PERCENTAGE
1 86.8
2 T0.2
3 99.0
4 99.0
5 59:8
6 57.6
T 48.6
8 54.0
g 48.6
10 64.8
13 4.0
12 53.54
13 48.6
14 45.0
‘ 15 _ 54.0
Total Cost Per Day $8343
Shadow prices-on the
binding constraints N o = 0.40544

Nog = 0.28561



33

subject to the constraint

0.45<x;<0.99

where Tj is the tax imposed in the polluter j. Values of Qj

are given in Table 3,

and !
Lok o5 2 i 2
min Eﬁ ZI_U'(lso -8+26.7q ;+640. 70 §=+45)7+255.7Q 4(x5-.45)")
=1 i=

+726,6y

subject to the constraints

- 15 k.
s IJ o xlnl

>b
j=1 i=1 37374 ! alGYh>-

k

Z, U§ 1 ¥j, § = 1y...,15

y=21.0
¥y <4.47
Ufs >0 ¥j,i

A1l the notations used have been described in section 2.3.

Por no cumentation cose

nin 160.8+2G.7Qj+640.7(xj-.45)2+255.7Qj(xj-.45)2+(1-Xj)Tj
supjcet to the constraint

0.45< X5 £0.99

and
15 k.
e }5 >J (U (160.8+26.7Q ;+640. 7(\ —.25)%4255.70. (v _.25)?)
=1 i=l

subject to the constraints
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y

wi

k. .
-J [ 2 ] hj: j:;"_"! r
jil i}-=1 HJYJUJ . “16
¥; .-
ZJ .U:;:-'= 1 uj, j = 1,.-.,15
i=1 '

U%a 0 ¥i, ]

In the above problem, the non-linear term of the polluter'cs
optinization problen can be linearized using separable nrogrom—
ming, described in section 3. The interval domain is from 0,45
to 0.99 as given by the constraint. Starting point was given
as x; = 0,45, the upper limit as x

d
partitions as 50,

g = 0.99, and the nunmber of

The vhysiczal mezaning of shadow nrice

fhen solving =2 linear programming problem, we end up with
many constrzints that are binding. For these binding con-
straints, the dual evaluators are non-zero. It was noted by
Deininger (1965) that the dual evaluators associated with the
optimal solution were of use in determing stondards since they
reflect the marginel cost of changing the reéuired level of
dissolved oxygen at various points along the river, The duzl

t5h

evaluator associated with the constraint gives an approxi-

mate measure of the mearginzl cost associated with supplying

th

the % reach with an additional noint of oxygen per day.

This is the shadow price associated with £ reach constraint.

It was suzgested by Upton (1968) that this shadow or dual price
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can be usged in building an optimal téx structure. The rela-
tionship between the shadow price and the tax rate is given by
equation (6). Thus the CA can use the éhadow price of the
binding constraint to charge revenue from the pdlluters ( in
case of centralization model) or impose new tax rates (in case

of decentralization model) to elicit the desired information.

Procedure

As discussed in section 2.2, the iterative process to
solve the decentralization moﬁe; problem consists of make-
believe roundé between the contrzal authority and polluters in
which discharge taxes are imposed by the central authority
and polluters respond with treatment levels and costs. As the
iterative scheme makes progress we learn whét we need to know
about the local treatment costs, and an optimal tax structure
evolves. It is optimal in the sense that if such a set of
taxes is imposed on the individual polluters, they would build

and opecrate the optimal size treatment facilities.

With flow ausmentation

Sten 1

To apply the proccdure to the lfiami River basin, we need
to obtzin the starting sequences, that is, at least two plans
of at-source treatment and the cost of such treatment nmust be

obtained from each of the 15 palluters for two arbitrary tox
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rates. To obtain the starting sequeﬁces, we have to solve the
polluterts optimization problem twice for each of the 1% pol-
luters alons the river. The first solution was obtained by
setting)\i=0, i=1,...,27. In this case the tax imposed on
the polluter j is:

' Ty = (00 ......0)(aj), J=1y.000,415

th

vhere a; is the j* column of the constraint matrix given in

J
Table 1 and gives the total oxygen requirement.
n

then Tj=0, j=1,...,15

So the pollutor's optimization problem is reduced to:

i 160.8+26.7Qj+640.7(xj-.45)2+255.7Qj(xj—-45)2

subject to the constraint

0.45< X3 < 0.99

It is clear that the above objective function would be
minimum vhen x; is minimum, : P x; is at its lower limit.
So by setting)xi =0, 1 =1;...,27, we get the costs associated
with 45% treatment.

The second solution was obtained by arbitrarily setting
Apg = 10 and a1l othera;= 0, i = 1,...,26. In this case the

tax imposed on polluter j is:

Tj = (00 ¢00..0 1q)(aj) sy J = Lyees,yls
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So for the j '~ polluter the tax is equal to the product of 10

and the element in the 27th row and jth columm of the constraint
matrix shown in Table 1. Clearly, Tj is a very big number in
this case. 'hen we solved the individual pollufer's optimi-
zation problem, given by equation'(i2), we found that because

of the large value of Tj all the polluters are forced to treat

99% of their gross waste, Table 6 lists each polluter's re-

sponse to the various shadow prices.

Step 2

" With these two entrieé, the CA can simulate the basin

Problem and can have an approximate measure of the marginal

th

cost of supplying the t — reach with en additional pound of

oxygen by trying to find the convex combination of the two
plans for all the 15 polluters in the basin. The CA now tries
to find the weights U; (percentage or fraction), associated
with each plan of all the pollutors.

Although the objective function described in eguation (5),

which when applied to the Miami River basin problem takes form

of equation (13), is non-linear in the sense that c§ is non-

linear, this value, the treatment cost is a constant reported

by the polluter j for his vlan i. Other constant is the value

k
°fjf3, ajxg, reported by all the polluters for each plan. Thus
the CA tries to find U:;‘I'

For the CA's iteration 1, i varies from 1 to 2, since there

s and y, which are the only unknowms.



TABLE 6: POLLUTER'S ITERATIVE SOLUTiONS AND COSTS

ITERATION NUMBIRS

POLLUTION SOURCE 1

2 "3
1 45,0 99,0 65.52
81368 $4924.65  $1881.28
2 45.0 99.0°  56.88
- $286 $823.55  $312.30
3 45.0 99.0 92,52
8273 §772.92  $660.13
4 ' 45.0 99.0 72.0
J 5257 $712.17  $370.73
5 45.0 99.0 49.32
' 8174 5355.67 . 8175.58
6 45.0 99,0 50,4
5193 5469.12  5195.60
7 45.0 99.0 45.0
3182 3428.63 3182,
8 45.0 99,0 45.0
3177 5408.38  5177.
9 45.0 99.0 45,0
5174 3398.25  4174.
10 45,0 99.0 45.0
5246 367L.66 35246
11 45.0 99.0 45.0
6385  31198.2 5385,
12 45.0 99.0 45.0
5233 $621.63  3233.

38
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TABLE 6: POLLUTER'S ITERATIVE SOLUTIONS AND COSTS (cont.)

ITERATION NUIBERS

POLLUTION SOURCE 1 2 3
13 45.0 99.0 45.0

177 $408.38 8177,
14 45.0 99.0 45.0

9484  $1572.89 $484.
15 45.0 99.0 45.0

$385 31198.2 5385.

* L
The upper number’ is the percent of waste removed through
treatment. The lower number is the daily cost associated
with the treatment level,
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are only two plans to begin with. when we solved the CA's pro-
blem for the first time, the twelfth constraint was obtained

as binding with a shadow price, ™y, = 0.21606. According to

the differént weights obtained (U%'s), we caleulated the per-
centage of waste that should be treated by each polluter, %o
obtain an overzll minimum cost for the CA's optimization pro-
blem, These treatment percentages are listed under iteration 1,

in Table 7.
Stevr 3

The new shadow price obtained in the CA's iteration 1,
is now used to impose a new tax rate on the polluters. Accord-
ing to equation (6), the new tax rate Ti is given ass

Ty = (00 ...0.20606 0...0)(23) » §=1,...,15

From above, it is clear that this tax rate will affect
only those polluters which are located in and before reach
twélve. Polluters beyond the twelfth reach will have no tax
and consequently will treat only 45% of their gross waste pro-
duced.

When this new tax rate is imposed on the polluters, they
respond with a new treatment plan, i.e., the treatment percen-
tage and its cost. The treatment percentages of all the 15

polluters arc listed under iteration 3, in Table 6.



TABLE 7: CENTRAL AUTHORITY'S ITERATIVE SOLUTION

ITERATION NUMBLIR

POLLUTION SOURCE 1 2

3 45.0 65.52

2 45,0 56.88

3 99.0 92,52

4 99.0 72.0

5 45.0 49.32

6 45.0 -~ ‘ 50.4

7 45,0 45,0

8 45.0 45.0

9 45.0 45.0

10 45.0 45.0

11 45.0 45.0

12 45.0 45.0

13 45.0 45.0

14 45.0 45.0

15 45,0 45.0
AUGMENTATION RATE ¥y = 3.986 y = 2.988
TOTAL COST PZR DAY 38845 $8210

SHADOW PRICT OF BINDING
CONSTRAINTS™ Nqo= 0.21606 N 1o= 0.21606

*
Subscrint on shadow prices refer to reach constraint to
which the shadow price applies.
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Step 4

It is the repetition of Step 2. The only difference is
that the CA has now three plans at its disposal. So kj is
equal to 3 and i varies from 1 to 3, When the CA's problem
was solved for the second time, the shadow price on the twelfth
reach constraint did not change. Since the shadow price remained
constant, the taxes did not change and so the policies obtained
by the CA in his iteration 2 are optimal and are identical to
polluiers plan 3. The percentage treatment obtained, for all
the 15 polluters, by using the weights U: found by the CA in

J
hig iteration 2 are listed under iteration 2 in Table 7.

Results with flow ausmentation

The flow rate y has been found to be equal to 2.988 times
the normal flow and this augmented floﬁ will cost the CA ap-
proximately $2171 per day. The CA has the'authority to charge
taxes, leading to a revenue of $2321, according to equation (6)
with twelfth shadow price equaling 0.21606. The total cost
of waste trecatment, for 21l the 15 polluters, is %6039 per day.
The total cost of maintaining the DO level of at least 4 mg/l
in the 58-mile section of the river is §8210 per day. Detailed

discussion and comparison of the results is given in section 5.

Without flow ausmentation

The iterative procedure for the Miami River basin problem



without flow auvgmentation is exactly identical to the one des-
eribed 2bove, Ve initialized the procedure with the same two
taxing schemes, as discusged in step 1. Once the procedure
Was initialized, stews 2, 3 and 4 were carried out. The only
difference in this case was that steps 3 and 4 were carried
out meny times before the near optimal solution was obtained.
Toble 8 lists the response of all the 15 polluters to the tax
rates generated from the various shadow prices. Table g lists
the treotment percentages for the 15 pollufers, obtainecd from

the weights determined by +the CA in each iteration.

Results without flow sventotion

The totz2l cost of treating the required standards is ap-
oroxinately 38317 vper day. The cost is approximate because
only 2 near optimal solution was reached even vhen the CA's
problem was solved five times and seven individuwal treatment
_ vlans vere generated.

It is to be noted hcré that the treatment augmentation
policy is less costly than the treatment policy alone (no aug-
mentction).

Polluter's response to various shadow prices (results of
steps 1 and 3) and the GA's convex combination plans (steps
2 and 4 results) arc tabulated in Table 8 and 9 respectively.
Details of the results are discussed in section 5.

A sample outout of first polluter's optimization problem



TABLE 8: POLLUTER'S ITEZRATIVE SOLUTIONS AND COSTS

ITERATION NUIBER"

POLLUTION
SOURCE 1 2 3 4 5 6 7
1 45.0 g9.0 72.0 84.96 92,52 88.2 86.04
$1368 84925 52557 53315 84122 $3644  $3422

2 45.0 99.0 67.78 69.84 74.16 70.92  70.92
$286 %824 3341 $400 8443 $410 5410

3 45,0 99.0 99,0 99.0 99.0 99.0 99.0
5273 3773 8773 5773 5773 3773 5773

4 45,0 99.0 86.04 99.0 99,0 99.0 99.0
$257 8712 8520 5712 $712 5712 8712

5 45,0 99.0 51,48 54,72 5548 54,72 54.72
$174 $356 3177 $181 3183 $181 5181

6 45.0 99,0 54,72 56.88 60.12 57.96 57.96
$193 3469 3202 $216 3215 4209 3209

T 45.0 99,0 49,32 47.16 48.24 A7.16 48,24
8182 5429 $184 $182.5 35183 3182.5 3183

8 45.0 99.0 56.88 50.4 53.64 51.48 52,56
8177 5408 8188 3179 5183 3180 5181

9 45.0 99.0 50.4 48.24 49.32  48.24  48.24
5174 3398 3176 3175 3176 5175 8175

10 45,0 99.0 72.0 59,04 65.52 60.12 61.2
5246 5672 8352 8275 5308 8280 3286

11 45.0 99.0 56.88 51.48 53,64 52.56 52,56
$385 31198 5424 5397 5406 $401 3401

12 45.0  99.0  55.8  50.4  52.56  51.48 51.48
5621 3248 §237 $240 5238 5238

%233

44



45

TABLE 8: POLLUTZR'S ITERATIVZ SOLUTIONS AND COSTS (cont.)

ITERATION KULBER

POLLUTION
SOURCE 1 2 3 4 5 6 7
13 45.0 99.0 50,4 48,24 49,32 48,24 48.24
5177 5408 8179 $178 3178 5177 3177
14 45.0 99,0 59,04 51.48 55.8 55.8 53.64
3484 81573 3557 3500 $527 8527 $512
15 45.0 99,0 56 .88 50,4 53.64 54.72 51.48
5385 $1198 8424 3393 8406 $411 8397
SHADOW
PRICES
Bgfmm NONE ,q=10 N5 223290 5= A0TSI 5= A5TI2N 7 A3TOLN, 5= A0T66
CON- No=3T73 18906 27969 23057 23057
B el 26 g Mo NoE Y
7\23--.0009

* ' .
The upper nunber is the percent of waste removed through treatment.
The lower number is the daily cost associated with the treaiment

level,



TABLE 9: CENTRAL AUTHORITIES' ITERATIVE SOLUTIONS

POLLUTION S, ITERATION NUMBER ‘
SOURCE 1 7 3 4 5
1 89.52 87.64 86.86 86.79 86.73

2 45.0 62,28 69.84 69.84 70.92
3 99.0 99.0 99.0 99.0 99.0
4 99.0 99.0 99.0 99.0 99.0
5 45.0 54,48 54,72 54,72 54,72
6 45.0  54.72 56.88 60.12 57.96
7 45.0 49.32 49.32 48.24 48,24
8 45.0 56.88 56.88 53.64 51,48
9 45.0 45.0 48.24 48.24 48,24
10 87.79 72.0 59,04 59.04 60.12
11 45.0 56.88 51,48 52,18 52,5
12 45.0 46.41 50.4 52,56 ° 51.48
13 45.0 50.4  50.4 48.24 - 48.24
14 45.0 45,0 53.5 51.48 51.48
15 45.0 45.0 50. 4 53.12 52,61

TOTAL COST ‘

PER DAY  $9218 $8614 38349 $8329 $8317
 SHADOW

PRICES :

| ggﬂnme%mmwszavylﬁ40351,7\12.—..45712,7\12=.43o7:,7~ 10=+40766

CON-  N,r=,3T734 N, =.18906, N, =.2T969, Ny c=223057 N pe=.23057
STRATNTS 26 » 26 26 »'26 26
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for shadow price;x27 = 10 and CA's i%eration one are attached

in Appendix 2,

General Procedure for problems based on decentrolization model

After solving the Miami River basin problem, we can now
write a general procedure when the central authority does not
know the treatment cost functions., In this case the CA has
complete information about the quality standards desired and
the low flow augmentation cost function while the pollutersl

know the individuzl treatment cost functions.

Step 1

Initialize the procedure by obtaining at least two starting
sequences, for all the polluters in the river basin, by giving
arbitrary values to the shadow price'vector7\i, 1=1240:sn,

and solving the polluter's optimization problem.

Step 2

~Enowing 211 the starting seguences with at least two en-
tries each, find the convex combination of the available plans
by solving the CA's optimization problem., In this case kj;a2
and i varies from 1 to 2 or more, depending upon the number of

entries in the starting sequence,

Sten 3

Use the shadow price, obtained in step 2, to generate
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new tax rates according to equation (6), which when imvosed
on the individual polluter results in the polluter responding

with a new treatment plan,

Step 4

Incorporate the new plan, developed in step 3, in the
CA's optimization problem to again find the convex combination
of all the available plans. In this case kj:;B and i varies

from 1 to 3 or more.

SteE 5

Repeat .steps 3 and 4 +$ill the convergence occurs, i.e.,

the shadow price of the binding constraints stops changing.
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4. QUADRATIC PROGRANMING

A quadratic programming problem is a non-linear program-
ming préblem having linear constraints and an objective func-
tion which is a quﬁdratic form. The general gquadratic problem
can be written as:

min (or max)

(x) = 5 1y Y
f(x) = C.x, + L+ PR
| 12; y AR T E L A ik
subject fo the linear constraints
n
Xi 1 0 ] i = l’ e e« o 9 n

where Ay = Gy are the given constants and elements of Q
matrix.
"In the vector form, (18) becomes
min‘ Z = ch + xTQx
'sﬁbﬁect to
Ax >b (19)
x >0
Various computational algorithms have been devised %o
solve (19). Here we present Lemke's complementary pivot al-
gorithm (1965), which solves the problem of the form:
" Find w, Z >0
such that
w=DMZ +q . (20)

me =0
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An optimal solution to the problem given by (19) may be

obtained by solving a complementary problem of the form:
T

[:] =[Q;QT -g] [z]+[.:] - (21)

W,v,X,y >0

vTx+uEy =0

where u denotes the slack variables of the given quadratic °
problem and (y,v) denotes the variables of the dual problem.

Comparing (20) with (21), we note that

- x . o+t -aT ey -
W= ]’ Z = [ ’ M = and q =
) u ¥y A 0 -b

Cemglementary Pivot Algorithm

Con51der problem (19)

A—[al;’] -_', i=1, ... m 3 =1y . 4+ 4+ ;30
Let |

Wyy o o o Uy denote primal slacks

Y9 = - . Y denote dual variables

V'l, . ; } ,Vm denote dual slacks

the vectors u and y (> 0) are compleméntary pair of vectors,
i.e., in the solution u,y;=0 ¥ i=1,400,m (u. and y; are called
complementary variables). Also xavh—o ¥i=L,y von s Thn
Complementary Rule. When a variables leaves the basis, the
complement of that variable is brought into the basis. Define:

- g . v _ _
855 =83 ¥353 b5 =P ¥



51

The initial basis contains Wy,eeeyW ,Vygeee,Vy (primal

and dual slacks) as basic variables.

Basic Variables Up o oo . w, X3 . . . . X, b’ d
* ] ‘
o 1 B 5 811 ain bi ?1
oS Y #m a'm Pln %
C
n+1 [] . I-cn+.ru Cl L] L ] L ] L] Gn c ,
.: ............... fn+l"F fn_!_mrfl L] '?‘ fn f .....
Vp o« ¥ Va1 v*n Basic .
- Varia-
bles
"

Tdenotes basic variables;
In the tableau (initial)

d. =1 if bi < 0(= by > 0)
= 0 otherwise

= 0 (slack coefficients)

Q
"
. N

L]
Q

n+m

- f.=1 if €5 < 0, §=1yuueym, ntl,...,nem

= 0 otherwise
Call Ml = max . _a._ i-_‘ = max. (—b;. ), is= 1,00',m

g B '
a; > 0 by < 0O
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=20 .
M, = max —Tgﬂ— = max ('Cj) y 3= 1y00.,n4m

Iz bi;O Ei‘and ng 0 ¥j, then x = y = 0 is optimal.
Let
ZO (1) = max (er Mz)

the max value of"zo(l) may occur
(i) corresponding to some j = 1, . . e« » N4M
(ii) corresponding to some i =1, . . . , m
Case (i). Zo(l) occurs corresponding to some j, say j = 1
(i.e., Zo(l) = -cl/fl). This implies that v, leavés the basis.
Since a dua; variable leaves the basis, we apply the following
‘dual complementary pivot.

By the complementary rule, complementary variable X1 enters
the basis. The basic_variable being replaced by xl'is found

by the minimum ratio rule. For this find ratios

’ i = l’ ] . L] y n E!.nd a.:{l > O (22)

Let the minimum of (22) occurs vhen i=m (if no such minimum
exists, solution is unbounded). PFrom the min-ratio rule, we
find X, replaces u, and y, replaces ¥ in the duval basis.,

Pivoting on_aﬁl yields the tableau:
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* s - -—
f.. a oosg
U1 Lo 8linn® 8,000 a,n Pnaa Y
. gm1
* : o s o _ _ - -
"%y v tOymey Cpum - O C2overeeely
,'£n+1_'_f }£h+m—l fn+m, ,Q_ f2‘. . ._fn
1 jm vV 32 0t in
where
B.mj = -E.—a— VJ = 2,-..,11; aijzaij bl a'il ?—j"-
ml : ml
; : ¥j=2’;o.,n
- b" - d - ¥i=1 e e e m-l
by =g 4y =g 5By Lo g bim Vi-l’ ,m-l
, ml ml - i~ T il a ml M At
= . G ; - at .
= & ml
at . : A
f.=f. - f 'ngga y 3=2,...,m4m d=<s g+

o J + & ml
Case (ii). Let value of Zo(l) occurs corresponding to say

i=1, i.e., u; leaves the basis. Since a primal variable

leaves the basis, we apply a2 primal complementary pivot.

By the complementary rulé, since Ul leaves the basis we

bring ¥y into the basis which replaces one of the vj's, s L

n. To find the basis variable being replaced by ¥y» apply

max-ratio rule., That is

the



Gz (L)F, .
max J = J ¥.=l,eceeynt and a';.< 0 (23)
aij J 1]

Let the max of (23) occurs corresponding to v, (if no max

exists, solution is unbounded). So y, replaces v,, and X

(the complementary variable of v) replaces u;. Using a'y,

as the pivot element, perform the pivot operation as in Case

(i).

Step 2
. With new tableau, form the ratios as in step 1 to find
M, = max il i=1,...,m
- ay
di> 0 _
- =C.
M, = max == , Jj=1l,...,n4m
2 F,
_ J
£.>0
d

Define
| 2,(2) = max (ﬁl,%)

Here 7 (2)<3 (1). If 7 o(2) >0, then according to the

basic variable Whlch leaves the basis either a primal or dual

‘complementary plvot is done as in step 1. This ylelds 20(3)
and so on, |

An optimum solution to (19) may be obtained by reading

off the values of (2(1),... z(n), W ) from the

n+l?***? n+m

complementary solutlon,'as per equation (20) and (21)

-

54
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Stopping Criteria

There are two possible ways of terminating:

(i) At step n, Zo(n) € 0. This implies that we have reached
the optimal solution.

(ii) At step n, Z,(n) > 0, but we are not able to perform
the complementary pivot (primal or dual) to find‘zo(n+l)
since the ratio rule fails, This indicates that there is

no solution to the problem.

4,1 SOLUTION OF THE BASIN WIDE FIRM (CENTRALIZATION MODEL)
USIﬁG QUADRATIC PROGRAMIING '

The basin wide firm problem for the Miami River basin has
been described in section 2.1 and, for the flow augmentation

case, is given as:

min ¥ (160.8+26.7Q,+640.7(x,-.45)° +255.7Q(x-.45)%)
= +726.6y -
subject to the constraints
15
A It U
y > 1.0
y < 4.47
xj>0;45

xj< 0.99 9 j '-—'1,.-0’15
For no augmentation case, the problem becomes:

min %? (160.8+26.7Qj+640.7(xj—-45)2+255.7Qj(xj—.45)2)

=1
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subject to the constraints

15
'E aijxao ébi-ails » 1= 1,..!’27
J=1 :

xj>0.45

xj€0.99 ’ j=1’.oo’15

The above problem is a quadratic programming problem of
the form given by (18). A computer program, developed by
Ravindran (1972), was used to solve the Miami River basin pro-
blem with and without flow augmentation. Com,puter output for

the problem is attached in Appendix 3.

Results with flow augmentation

A flow rate, ¥, equal to 3.0098 times the normal flow was
obtained in the optimal solution. This augmented flow will
cost the CA approximately $2186 per day; Various treétment
percentages,,for the 15 pollution sources are listed in Table
10; to meet the required standard of 4 mg/1 oﬂ.DO. The total
at-source treatment cost is about $6027 per day. In all, it
would cost the central authority a daily cost of $8213 to meet
the required standards. The CA can charge revenue, on (1—xj)
percent of the untreated waste disposed into the river, from
the_individual polluters according to the shadow price of the
twelfth reach constraint ()\12=O.21605), which is binding.
Since no other reach constraint is binding, shadow price for

other twenty-six reach constraints is zero. This means that



TABLE 10: SOLUTION OF THE BASIN WIDE FIRM, USING QUADRATIC

POLLUTION SOURCE  WITH AUGMENTATION  WITHOUT AUGHMENTATION

1 64.9 86.7

2 57.0 70.4

3 92.9 99.0

4 72.2 99.0

5 49.4 54.7

6 50.5 , 57.8

7 45,2 47.7

8 45,2 51.6

9 45.3 48.1

10 45.7 | 60.3

11 46.6 51.9

12 45,2 51,0

13 45.3 483

.14 46.8 52,6

15 47.1 51.3

SHADOW PRICE OF THE

BINDING CONSTRAINT )\12§0.21605 )\12=0.4114

TOTAL COST PER DAY $8213 $8310

AUGMENTATION RATE ¥=3.0098
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the CA will charge revenue from only those polluters which are
located in and before twelfth reach. Details of the results

are discussed in section 5.

Results without flow augmentation

For no augmentation case, the total treatment cost to
meet the required standards was obtained as approximately $8310
per day. The amount of waste to be treated at different pol-
lution sources is 1istéd in Table 10. The CA has the authority
to charge revenue according to the shadow price on the twelfth
and twenty-sixth reach constraints (?\12=0.4114,7\26=0.2o785),
which are binding. No other reach constréints are binding and
consequently have zero shadow price. Since all the pollution
sources are located in and before the twenty-sixth reach,
revenue will be charged from all of them on the amount of un-
treated waste disposed into the river. Detailed discussion
of the results is given in section 5. Computer output for

both cases are attached in Appendix 3.

4.2 A FORTRAN PROGRAM FOR SOLVING THE QUADRATIC PROGRAMMING
PROBLEMS

This program is based on the computer code developed by
Ravindran (1972) and uses the complementary pivot method of

Lemke (1965), discussed in section 4. Any convex quadratic

programming problem expressed in the following form:
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T

min Z =c x+xTQx
subject to

Ax >D

x 20

can be solved by this program. In the above problem A is an
(mxn) cbnstraint matrix, b is an (mxl) requirement vector, ¢
is an (1lxn) cost vector (comprising of linear terms in the
objéctive function), x is an (nxl) vector of decision variables,
and D is the matrix of quadratic form which should be positive
definite or positive semi-definiﬁé for the algorithm to guaran-
tee an optimal solution.

Equality constraints in the problem can be easily changed
1o inequality form as described below:

Z aljxj=bl ] i=1,...’k

This can be converted to equivalent set of 2k inequalities

as. below:
% aijxj >bi ] i =1,.¢¢,k
_Z' aijxj ?"bi 3 1 = l’con,k
J

This prdgram can solve problems of size (m+n) < 75, i.e.,
the sum of variables and constraints should be less than or
equal to 75. For larger problems, a change in the DIMENSION
statement is required. A listing of the program is attached

in Appendix 3.
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4.3 METHOD OF DATA INPﬁT

1.

2.

The program will solve any number of problems in succession.
The first cérd must contain the title for the problem in
(20A4) format. |
The second card contains the following information in (I2)
format: B
NVAR = number of decision variables.

NCON = number of constraints.

IPACK = 0 or blank, if matrices D and A are to be input in
| their entirety. |
= 1 if only the nonzero elements of D and A are to
-be input in packed form,
NCHCK = -1 if D is already known to be positive definite or
semi-definite.
=0 if-D is not known to be positive definite or
semi-definite.
"LP = O or blank, if the problem is a quadratic programming

problem.
=1, if it is a linear programming problemn.
NPRNT = 1, if printout of input is desired.
= 0, if no such print is desired.
If TPACK = O
(i) The next set of data cards contains the quadratic form
matrix D, colummwise in (7F10.4) format.

(ii) The next set of cards contains the constraint matrix A,
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columnwise in (7F10.4) formét.
If TPACK =1
use of packed form input: For each column, in (7(I2,F8.4))
format, enter the row in which the nonzero element occurs,
followed by the element. Note that each column must end
with a blank or zero, e.g., if there are seven nonzero ele-
ments in a column,'a'blank should follow the card containing
the elements. Each column (including zero elements) must
have at least one'card.
ti) Thg next set of data cards contains the nonzero elements
of the quadratic form matrix D, columnwise in packed
form-(remdfe this card if IP = 1).
(ii) The next set of data cards contains the nonzero elements
of the constraint matrix A, columnwise in packed form.
The next set of data cards contains the cost vector C in
(7F10.4) format.
The next set of data cards should contain the right hand
side vector b in (7F10.4) format.

If there is another problem, repeat steps 1 to 6; otherwise,

terminate with 2 blank card as the last card in the data deck

4.4 OUTPUT OF THE PROBLEM

The output of the problem is obtained in the following

format:

10

The output of each problem starts on a new page.
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Title of the problem is printed first,
If NPRNT = 1, the input is printed first in the following
order:

() The cost veetor C.

| (b) The right hand side vector b.

(¢) The quadratic form matrix D.

The optimal solution and the number of iterations.

(Note: if the problem does not have an optimal solution,

the message 'PROBLEM HAS NO SOLUTION' and the 'ITERATION
NUMBER' will be printed).

The Lagrange multipliers which may be interpreted as shadow
prices for the constraints.

The valuec of the objective function.

4,5 NUNERICAL EXAMPLE

Consider the quadratic programming problem:

2 2
mip -le + 2x1 - 2xlx2 + 2x2

subjeect to

Xy9Xp > 0

conparing the above problem with the notations described before,

¢=(-6 0); D= [2 -1]; A= (-1 -1); b= (-2)
-1 2

Here D is positive definite matrix and hence Lemke's al-

gorithm is punrantecd to find an optimal solution if one exists.
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The input cards would be punched as follows:

CARD NO, PUNCHED DATA (STARTING COLUNMN 1)
1 AN EXAMPLE PROBLEM
2 020100-10001
3 2.0 -1,0
4 -1.0 2,0
5 -1.0
6 -1.0
T '-6.0 0.0
8 -2.0
9 (BLANK CARD)

The oﬁtput of the above problem is attached in Appendix 3.
The optimal solution is,
Il = 1-5
X2 = 0‘5
The value of the objective function at the optimal point is,

f = ~5.5
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5. DISCUSSION OF THE RESULTS AND CONCLUSION

Comparison of centralization model results

The basin wide firm problem has been solved both by separa-
ble programming and quadratic programming. Giviﬁg the allow-
ance for linear approximation in separable programming, results
of the two methods are almost same. The amount of waste to be
treated at different pollution sources, the total daily cost of
achieving the standards, flow rate in case of flow augmentation,
and the shadow price on the binding constraints are shown in
Pable 11. The total cost of acﬁieving the standards, with flow
augmentation, by separable programming is $8210/day, and by
quadratic programming is $8213/day. For no augmentation case,
the daily cost is $8310 for quadratic‘programming and $8343 for

separable programming.

Comparison of decentralization model results with centralization

model results (Quadratic programming)

with flow augmentation

1

' Tﬁe total cost of achieving the sténdards for the decentrali-
zation model is $8210/day and for the centralization model is
$8213, The flow rate, y, is 2.998 times the normal flow for

the decentralization model and 3.0098 times the normal flow

for the centralization model., The polluter's response to various

shadow prices and the convex combination generated bj the CA,
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PABLE 11: CENTRALIZATION MODEL RESULTS FOR THE MIAMI RIVER
| BASIN PROBLEM ' o

--------

POLLUTION WITH FLOW AUGHENTATION WITHOUT AUGMENTATION
SOURCE Quadratic - Seperable Quadratic Separable
. Programming Programming Programming Programming

64.9 64.8 86.7 86.8

1
2 57.0 57.6 70.4 70,2
3 92,9 93.6 99.0 99.0
4 72.2 72,0 99.0 199.0
5 . 49.4 48.6 54.7 55.8
6 50.5 50.4 57.8 57.6
7 45.2 ' 45.0 47.7 - 48.6
8 45.2 45.0 51.6 54.0
9 45.3 45.0 48.1 48.6
10 45.7 45.0 60.3 64.8
11 46.6 45.0 51.9 54.0
12 45.2 45.0 51,0 53.54
13 45.3 45,0 48.3 48.6
14 46.8 45.0 52.6 45.0
15 47.1 45.0 51.3 54.0
AUGMENTATION
RATE y=3.0098 y=3.00885
TOTAL CosT :
PER DAY $8213 $8210 $8310 $8343

SHADOW PRICE OF
THE BINDING '
CONSTRAIII?S?\12=O.21605 7\12=0.21606 )\12=0.4114 7\12=0.40544
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for decentralization model, are shown in Table 6 and 7 respec-
tivély. Treatment percentages for the various pollution sources,
for centralization model, are shown in Table 11l. The difference
in the numbers is so small that it can be neglected and we can
say that the results obtained for both, centralization and

decentralization model, are same,

Without flow augmentation

The total treatment cost for the decentralization model
is $8317 per day and for the centralization model is $8310.
The pollutier's response shadow prices and the CA's convex com-
bination, for the decentralization model, are shown in Table 8
and 9, respectively. Table 11 shows the treafment percentages
for the centralization model. Since the difference in daily
costs and treatment percentages is neglidgible, we can say that
the decentralization model and centralization model lead to

the same optimal treatment configuratioﬁ.

Comparison of the decentralization model results with Hass (1970)

results

Hass has also solved the Miami River basin problem (de-
centralization model) to find an optimal taxation scheme for

meeting the required standards of 4 mg/l of DO along the river,

With flow augmentation

The total cost of achieving the standards, as obtained by
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Hass, is $7828 per day as compared fo our daily cost of $8210.
He has obtained an augmentation rate, y, equal to 2.4 at a
daily cost of $1282, which is not true. When we substitute

¥ = 2.4 in the flow augmentation cost function developed by

him and given by equation (8), we get the augmentation cost

as $1744 per day. This when added to his treatment cost ($6548)
gives a total cost of $8292 per day, not £7828 per day as given
by him,. Even this total cost ($8292) does not tally with our
cost'($8210). However our cost for decentralization model,

is the same as for centralization model solution with gquadratic
and separable programming. The polluter's response and CA's
convex combination as obtaiﬁed by Hass in the optimal solution

are shown in Table 12.

Without flow augmentation

The total treatment cost obtained by Hass is $8312 per
day as compared to our cost of $8317 per day. The polluter's
response and CA's convex combination are almost identical.

For our case, these are shown in Table 8 and 9, respectively.

Treatment-augmentation policy vs. treatment policy

It should be noted at this point that treatment-augmen-
tation policy is cheaper to practice than treatment policy
alone, A higher percentage of waste water needs treatiment,

for no augmentation case, to achieve the required standards.



TABLE 12: OPTIMUIM POLICIES OBTAINED BY HASS FOR THE MIAMI

RIVER PROBLEM WITH FLOW AUGMENTATION (DECENTRALI-
ZATION MODEL)

POLLUTION POLLUTER'S ITERATIVE CA'S ITERATIVE SOLUTION
SOURCE SOLUTION NULIBER 3 NUMBER 2
1 70.7 ($2176) T70.7
2 60.6 ($331) 60.6
3 99.0 ($773) 99.0
4 80.1 (8%460) 80.1
5 50.8 ($177) 50.8
6 53.0 ($198) : 53.0
7 45.0 ($182) 45.0
8 45.0 (8177) 45.0
9 45.0 (3174) 45.0
10 45.0 ($246) ~ 45.0
11 45.0 ($385) B5.0
12 45.0 ($233) 45.0
13 45.0 ($177) ~45.0
14 : 45.0 ($484) 45.0
15 45.0 ($385) 45.0
AUGHENTATION RATE 2,4
TOTAL DAILY COST

SHADOY PRICE OF
THE BINDING
CONSTRAINT*

$7828

A 12=0 .27832

*Subscript refers to
price applies.

reach éonstraint 0 which the shadow

68
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She okl By post ineriases by dbouk SUEY 1F the mlatiarls
are to be achieveé by treatment alone, This is because the
cost of treatment rises exponentially as the waste water treat-
ment pefcentage increases, while the flow augmentation cost
rises linearly,

The procedure converges rather rapidly for flow augmenta-
tion case than for no augmentation, although there is one less
variable. If we look at the treatment percentages for various
pollution sources, given in TPable 6 through 9, we find that
for flow augmentaﬁion case, the variable xj settles at the
boundary or very near it. While for no augmentation case it

is somewhere in the middle. Consequently, convergence takes

more iterations.

Conclusion

The Hiami River basin problem has been solved considering
both the operation of a basin wide firm (centralization model)
and imposition of effluent charges (decentralization model) to
find the optimal treatment configuration for meeting water
quality standard of 4 mg/l of DO. It is concluded that a
central water authority would achieve the required stream stand-
ards irrespective of whether he knows the treafment cost func-
tions.or not. In case the CA does not know the treatment cost
functions, it is possible to build an optimal tax structure,

which will meet the regquired standards in a systematic and
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efficient way.
5.1 PROPOSED FUTURE INVESTIGATIONS

In this report the waste loads used are those used in the
previous studies and so the results have only limited normative
value. Furthermore, we have assumed that the amount of waste
generated by a polluter will not change as efficient taxes
vary or, if a change in process is the response to changing
taxes, that the cost of this change is incorporated into the
cost of treatment function. Another assumption is that complete
mixing occurs at all points where a tributory or waste water
effluent enters a stream. These assumptions, though make the
model simple, push it away from reality. The model should con-
sider the non-homogenity in the reaches. Another problem that
we face is about the percentage of waste treatment. In practice
we are going to build either primary, secondary or tertiary
treatment plants. This means that either we subject the waste
to primary treatment and then discharge it into the river or
treat the whole of it in primary and secondary treatment plants
and then discharge it or subject it to primary, secondary aqd
tertiary treatment before discharging it into the river. In
other words we can treat either "about 45% of the waste or about
90% of the waste or about'99% of the waste. We can not treat
80.1% or 65.52% of the waste. Thus each polluter will have
three alternatives of treatment, depending upon the optimal

policy, i.e., primary, secondary or tertiary treatment. When



71

this type of alterantive is incorporated into the model, the
problem changes and become more like 0-1 integer programming.
This approach is more practical as all the plants will operate
to the maximum efficiency rather than when 15% of the waste is
removed in the secondary treatment plant after 45% of it has
been removed in the primaryrtreatment.

Another point to be considered is that in this study we
have chosen August as the representative month for the flow
during July, August and September. This assumption leaves nine
months for recharging, assuming that reservoir flow is used -only
"during these ﬁonths. This greatly simplifies the problem, but
leads to suboptimization. The solution of the problem will be
different when we consider the formulation over the twelve
month cycle.

For a more practical model, we must gonsider non-homogenity
iﬁ reaches, formulate the problem over 1é—month cycle and include
the three alternétiYes of either primary, secondéry or tertiary

treatment plants.
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APPENDIX 1. COMPUTER OUTPUT OF THE MIAMI RIVER BASIN
PROBLEM (CENTRALIZATION MODEL), USING SEPARABLE
PROGRAITNING.

This appendix contains the 'results of the Miami River
basin problem. The contents are:
1. Computer output of the Miami River basin problem, with

flow augmentation.

2, Conmputer output of the Miami River basin problem, without

flow augmentation.
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APPENDIX 1.1, COMPUTER OUTPUT OF THE MIAMI RIVER BASIN PROBLEI,
WITH FLOW AUGMENTATION h T T T

PRIMAL-LOCAL CPTINUM
SCLUTICN  (CFTIMAL)
TIFE = Co.24 MINS. ITERATIGN MUNBER = 129

eeeNAME... 0esACTIVITYeuo DEFINEC AS

FUNCTIONAL 3216 .2€157 ROW1Q1
RESTRAINTS LIFITS
ECUMCS<caee SEFBCLND

NOTE: The total cost = const. éost term + functional

$(4993.9 + 3216)
88210
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PRIMAL-LGCAL OPTINMUK

SECTICA 2 - CCLUMNS

NUMBER

76
77
78
15
£¢
1
£2
€3
£4
€5
&€
87
£t
89
S0
91
52
s3
94
S5
$6
$1
98
5
100
101
102
103
- 304
105
1¢6
107
108
109
110
ni
112
113
114
115
116
117
118
119
-120
121
122
123
124

Note: X.

«CCLUMN,

X1

X2

X2

X4

15

6

37

e

X9
310
M1
x12
’13
X14
x15
x16
P1001
P1002
P10C3
P1004
P1005
P1CCS
P1007
PLCCE
P1009
P1010
P1011
P1012
P1013
P1014
P1015
P1016
PIO17
F1018
P101S
P1020
P1CZ1
P1022
P1023
P1024
P1025
P1026
P1C27
P1028
P1C29
P1020
P1031
P1032
P1032

l’

AT

BS
BsS
8s
BS
BS
BS
85
85
BS
BS
8s
Bs
BS
BS
8s
es
UL
uL
uL
uL
UL
UL
uL
uL
uL
UL
UL
LL
LL
LL
it
LL
L
LL
LL
(13
LL
LL
LL
LL
L
LL
LL
LL
LL
LL
uL

uL -

uL

eea ACTIVITYs 0o

+E48CG
«57600
«S36C0
«72000
« 48600
«204CC
«4500C
«45000
«450CC
«45000
«450CC
«45000
«45000
+450C0
«45CCC
3.CCEES
l.CCCCC
1.0C000
1.CC0CC
1.0cCCC
1.00000
l.CCCCC
1.000C0
1.€cqcce
1.000C0
1.00000
1.CC000

1.(C0CO
1.0C€000
1.CCCCO

=« INPUT CCST..

126 .60000
3.55224
11.856171
19.7€120
£7.6€57C
35.57G22
43.474175
£1.371523
59.2B369
ET.IEECS
15.06277
82,95731
50.9(C161
S8.8C¢€15
1C6.71C6S
114.6149%
122.52002
120.424%6
138,328¢1
146.232364
154.12745
162.04248
169,54€29
117.82122
185.75586
153.4£C016
201.56470
209.4€899
217.,3171218
225.27832
233.1€262
«55€%6
1.75089
2.5£482

s«LOWER LIMIT.

® 2 & 4 s P 0 % 3 5 8 3 & ° 8 6 8 g b @ e b &S b p.0 s a8t & 2 a g b 9 st st s at s b a B

7.

e e b ——— e

«UPPER LIMIT.

NCNE
NONE
NONE
NCNE
RCNE
NONE
KRCNE
NONE
NCNE
NONE
NONE
NCAE
NGNE
NCNE'
NCME
NONE
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
100000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.000300
1.00000
1.0C000
1.00000
1. 00000
1.00000
1.00000
1.00060
1.00000
1.G0000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

i=1,2,...,15 = the treatment percentage at each

pollution source.

X6 = the flow augmentation rate
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o

APPENDIX 1.2, COMPUTER OUTPUT OF THE MIAMI RIVER BASIN PROBLEM,
" WITHOUT FLOYW AUGMENTATION, ~~ ~~ =~~~ ======----

PRIFAL-LCCAL CPTINUM
SCLUTICN  (OPTIMAL) i
TIVE = 0.36 VPINS. ITERATICN NUMBER = 214

esosNAFE. o @ seeACTIVIY..® CEFINED AS

FUNCT ICNAL 3345.533¢3 ROR1C1
RESTRAINTS T LIFITS

BOUNDSe o= SEFBCLND i

NOTE: The total cash = const, cost term + functional
$(4993.9 + 3349.5)
$8343

n



PRIMAL-LCCAL CPTINLM

SECTICAN 2 - CCLUMNS

NULMEER
71
72
12
14
e
T¢
1
1€
s
€¢
3|
82
€3
E4
&5
86
87
88
89
20
s1
92
S3
4
55
96
$7
98
$S

100
1c1
102
103
104
105
10&
1c?
- 1C8
109
11¢
111
112
113
114
115
116
117
118
119

Note:

«COLLMN.

x1

X2

x3

X4

’5

Y6

x?

28

X9
x10
x11
x12
xl13
214
Xx15
Pl1001
Plo02
F1003
P10C4
P1005
PlOCé
P1007
Pl008
P10CS
P1010
P1011
P1C1zZ
P1012
F1014
P1C15
Pl01é
P1017
Pl1018
f1019
P1020
P1021
Ploz2
Pl1023
Fl1024
P1025
P1026
PlO27
Fl1028
P10z9
F1030
P1031
P1032
P1033
P1034

AT 4eeACTIVITYeew

BS «EL756
8BS «7€200
8s +«$5000
BS « 55000
BS «55800
BS « 57600
8s «4E6C0
BS «540G0
BS «4E6CC
BS «€48C0
BS «540CC
BS «53540
Bs «4B6CO
BS «45000
BS «£4000
uL 1.00000
uL 1.C0CCCC
UL 1.CCOCO
UL 1.C0000
uL 1.6C0CC
UL 1.00000
UL 1. C0CCC
uL 1.00000
UL 1.C00C0O
UL 1.CCAGC
UL 1.00000
uL 1.LC000
uL 1.00000
uL 1.00000
uL 1.{C000
Ut 1.CCcCC
UL 1.0CacC0
uL 1.CC0C0
UL 1.00000
UL § 1.CCGCC
UL 1.0C0C0
uL 1.00000
UL 1.CCCLO
8s «21980
LL -

LL .

LL .

LL .

LL - '
LL .

uL 1.0C0G0
UL 1.CC0C0
uL l.CCOCO
uL 1.CCCCC

«« INPUT CCST..

3.95224
11.856171
19.7€120
2T.66570
35.57C22
4§3.41415
51.37923

£6.2€3¢€9

67.18805
15.0%277

§2.957:1°

90.90161
S8.8C€15
106.71C¢€9
114.£145%9
122.5:2CC2
130.42456
138.22E€1
146,223¢€4
154.13745
162.04248
169.94€29
177.85132
185.755¢6
193.6¢€016
2C1.56470
209.4€E€59
217.373718
22%.,27€22
233.182¢€2
«55656
1.74€C89
2.98482
4.17875

e« LOWER LIMIT.

@ o 8 5 p ® 3 ® & 8 4 g 4 0 g 8 9 8 8 g8 38 8 48 g8 * 8 P S o B &6 g P g8 6 s s s e ta s e

pollution source.
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««UPPER LIMIT.

NONE
NONE
NONE
NCNE
NONE
NONE
NCNE
NONE
NONE
NONE
NONE
NCNE
NONE
NCNE
NCNE
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
.1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1. 00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

1,2,...,15 = the treatment percentage.at each



APPENDIX 2, SAMPLE OUTPUT OF THE MIAMI RIVER BASIN PROBLEM
(DECENTRALIZATION MODEL)

This appendix contains a part of the results of the

Miami River basin problem. The contents are:

1. Computer output of the first polluter's response to the
shadow price 7;=0, i=1,...,26, %, =10. |

2, Computer output of the CA's iteration 1, with flow augmen-

tation.
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APPENDIX 2.1. COMPUTER OUTPUT OF THE FIRST POLLUTER'S RESPONSE
T0 THE SHADOW PRICE ™ W 'j'_"-—-"O; i=1,2,..., 2'6",'“5'2'.%1 0.
PRIMAL-LCCAL CPTIMUM

SOLUTICN (OPTIMAL)
TIKE = 0.31 MINS. ITERATION KUMBER = 51

seeNAME e easACTIVITY. . DEFINED AS
FUNCTIONAL 29429.78433~ ROw101
RESTRAINTS LIVMITS
BOUNDS« s SEFBCUND

Note: The total cost = const. cost term + functional
$(34687,64 - 29429,8)
= $4925

1
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PRIMAL-LOCAL OPTINUM

$1CTICN 2 = COLUMNS

NUMBER LCOLUMN. AT  +eoACTIVITYsse «oINPUT CCSTee «oLOWER LIMIT. ++UPPER LIMIT.
!

5 X 8S «99000 33320.00000- . NONE

6 Plo01 uL 1.00000 1.42280 " 1.00000

7 Pl002 UL 1.00000 4,2€840 . 1.00000

8 Pl003 uL 1.00000 T.11401 . 1. 00000

9 P1004 uL 1.00000 9.95962 é 1.00000
10 Pl005 UL 1.cccoo 12.80525 . 1.00000
11 PlO06 uL 1.0C000 15.65082 . 1.00000
12 Pl007 uL 1.00000 18.45649 . 1.00000
13 Pplocs UL 1.000¢CC 21.34210 i 1. 00000
14 P10C9 uL 1.0C000 24.18768 o 1.00000
15 PlO10 UL 1.6C0C0 27.02334 . 1.00000
14 PLOL1 uL 1.00000 29.87855 . 1.00000
17 Plol2 UL 1.60000 32.72453 . 1.00000
18 Pl013 uL 1.00000 35,57019 . 1.00000
19 PlOl4 uL 1.00000 384415173 . 1.00000
20 P1015 uL 1.060c0 41.26123 . 1.00000
21 Pl1016 UL 1.00000 44,1063 - 1.00000
22 PlO17 uL 1.000C0 46.552€64 - 1.00000
23 Plols UL 1.00000 49 .,79834 . 1. 00000
24 P1lol9 uL 1.0€000 52.64380 - 1.00000
25 Pl020 uL 1.00000 55.4€950 - 1.00000
26 P1021 uL 1.00000 58.33521 . 1.00000
27 Plo22 uL -1.600C0 61.1€6CE6 - . 100000
2¢ Plo23 uL 1.00000 64.02612 &’ 1.00000
29 P1024 UL 1.Cco00 £6,87109 - 1.00000
30 P1025 uL 1.0C0C0 €95.71729 . 1.00000
"31 Ploz2s uL 1.00000 72.56323 s 1.00000
32 prlo27 uL 1.0€0C0 715.4C869 - 1.00000
33 ploz8 uL 1.00000 18.25464 - 1.00000
34 Fl029 uL 1.00000 81.10059 . . 1.00000
35 P1030 UL 1.000CC 83.94604 & 1.00000
36 Pl031 uL 1.00000 86.75126 = 1.00000
a1 Plo3z uL 1.0¢000 89.63647 . 1.00000
38 Pl033 UL 1.0C000 52.482¢7 . 1.00000
39 Pl034 UL 1.0C000 95.32788 . 1.00000
40 Pl1035 uL 1. C0000 98.17310 a 1.00000
41 P1036& UL 1.,00000 101.01929 . 1.00000
42 P1037 uL 1.00000 103.8¢£450 . 1.00000
43 PlO38 uL 1.0C0C0 106.71045 W 1.00000
4% PpP1039 uL 1.00000 1£9.55551 . 1.00000
45. P1040 uL 1.000C0 112.4C186 - 1.00000
46 P1041 uL 1.6C0CC 115.247C7 - 1.00000
47 P1042 uL 1.00000 118.09325 S 1.00000
48 P1043 uL 1.C0000 120.92921 4 1.00000
49 Pl1044 uL 1.00000 123.78418 . 1.00000
50 P1045 uL . 1.00000 126.63013 . 1.00000
$1 P1046 uL 1.£00C0 129.41510 o 1.00000
$2 Pl047 uL 1.00000 132.32080 S 1.00000
$3 Plo4s UL 1. 00060 135.16602 . 1.00000

Note: This is a sample output for each polluter. The first
polluter treats x=0.99 in response to the shadow price

(taxation) of N;=0, i=1,...,26, and N 2710,



APPENDIX 2.2, COMPUTER OUTPUT OF THE CA'S ITERATION 1, WITH

FLOW AUGMENTATION, "~ ~—= """ - - =—-=—=—=--—===—=

EXECUTCR.  MPS/360 V2-M1l
SOLUTICN (CPTIVMAL)
TIME =  0.47 MINS. ITERATION NUMBER = 19

.'lNA"E‘.n ---ACT’V!TY-.. CEF"‘ED AS

FUNCTIONAL £845.84¢€17 CBJFA
RESTRAINTS : RHVAL

Note: The total cost is $8845.8.
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SECT ION

NURBER

46
47
48
45
50
51
52
53
54
55
56
57
58
59
60
61
€2
63
64
&5
66
67
68
69
70
71
a2
73
T4
15
16

EXECUTOR.

2 — CCLUMNS

«CCLUMN. AT

VAl BS
VA2 LL
Va3 BS
VA4 LL
VAS LL
VA6 BS
VA7 LL
VA8 -1
VA9 8s
VAlO LL
VAll 8s
VAl2 LL
val13 BsS
VAl4 LL
VAlS BS
VAl 6 LL
VAl17 BS
VALS LL
VAl9 BS
VA20 LL
Vazl BS
VA22 LL
VA23 8S
VA24 LL
VA2S5 BS
VA26 LL
VA27 8BS
VA28 LL
VA29 BS
VA30 LL
VA3l 8s

eesACTIVITY4ew

U} = 1.€C000

e

Q, .

\! =1.00000

U= e

U": -
2=1.00000

- .
=1.00000
=1.0COGC
ug= .
vi=1.0C000

p )

4
v

Ugs »
v!i=1.00000
= .
\.}:1.00000
Ugs e
w:1.CCOCO
W .
u:1.00000

2y o

Jaz1.,00000

W e
wr1l.00006
“:F L]

uple 0COCO
a

vias e

il e 00000
\Jh: .
wis=1.00000
ok

f=e
v=3.58674

MPS/360 v2-M11

s+« INPUT CCS5T.o

C(1:1368.00000
CUl)49244650C0
C(x})- 286 .00000
cwx}):823.55000
€tx,)2273.0€000
©23):772.92000
cud:=257.0LCCC
ct2):712.1£000
) 174.,0C000
<x):-355,67CC0
<tx):193.00000
t:469.12000
2%}, 182,00000
€t¥P:4 28 .62000
€(¥):177.6CCCO
€0x3):408 .3£000
el 174 .0C000
e0x3):368.250G0
eka)- 246 00000
‘Cﬁ:‘n')-é‘il.bGOGO
€)= 385.0C000
€V3)1198.20000
Clr)z 233.CCC00
en=621.02000
ce(*):177.0C000
€0r3):4€8.38C00
e 484 .00000

eR)=1572.85000

clxic)- 385.0CCC0

0Mi)=1198 ,200C0

Clw= 126.6C0C0

e«LOWER LIMIT.

® 6 & & 4 5 5 8 2 0 5 5 8 % 3 B A B 8 & 48 5 88 a0 8o 6 g

84

v m e  me e et s e o e —— = -

«+UPPER LIMIT.

NONE
NCNE
NONE
NONE
NONE
NONE
NCNE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NCNE
NONE
NONE
NCNE
NONE
NCNE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
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APPENDIX 3. COMPUTER PROGRAM FOR QUADRATIC PROGRAIZIING AND
OUTPUT OF THE EXAMPLE PROBLEMS.

This appéndix contains a listing of the FORTRAN program
for quadratic programming and results of the example problems.
The contents are: |
1. The main PORTRAN program and its supporiing subroutines,

2. Computer output of the numerical example considered in
section 5.5.

3. Computer output of the Miami River basin problem (decentral-
igation model), with flow augmentation.

4, Computer output of the Miami River basin problem (centrali-

zation model), without flow aUgmentation.



APPENDIX 3.1. THE MAIN FORTRAN PROGRAM AND ITS SUPPORTING

SUBROUTINES.

FORTRAN IV G LEVEL 21 MAIN DATE = 76127

f‘f\f‘f‘f‘f'f\fﬁf‘f\f\f\f\fifif\fif\f!f\f\f\f\f\fififlf‘f\f‘t\f\f‘f\fiflf‘f’f\f\f\f\f\f‘f\fif‘f\f‘f)f‘f\f\f‘C\f\f‘ﬂ

— S S e e e P LR s o e e e = = e -

01702

p I 2R R R R LR RIS RS SRS RS SRR S AR RER SR SRR 2]

» THIS PROGRAM WAS PROVIDED BY PRCF. ARUNACHALAM

* RAVINCRAN OF PURCUE UNIVERSITY AT LAFAYETTE, INDIANA.

x
*

(2 R EERLERE LR EEER LR SR RS RSP RS AR RESRERE A R RS

REVMARKS

SINCE THIS FROGRAM IS CCMPLETE IN ALL RESPECTS,IT CAN BE
RUN AS IT 1S5S WITHOUT ANY ADCITIONAL MCDIFICATICAN LR
INSTRUCTICN.IN SUCH CASE FOLLCW ThHE INPUT FORMAT AS GIVEN.

PROGRAM FCR SOLVING LINEAR ANC QUADRATIC PROGRAMMING
PRCBLEMS IN THE FORM MINIFIZE C*X + X*#D*X,SUBJECT TO
A*X <GE. ByX NONNEGATIVE.EY LEMKE'S ALGCRITHN.

MAIN PRCGRANM WHICH CALLS ‘THE SIX SUERCUT INES-MATRIX,
INITIANEWBAS,SORT,PIVOT AND PPRINT IN PRCPER GRDER.,

DESCRIPTION OF PARAMETERS

AM A THO DIMENS IONAL ZRRAY CONTAINING THE
ELEMEATS DF MATRIX M,

Q A SINCLY SUBSCRIPTED ARRAY CCATAINING THE
ELEMENTS OF VECTCR Q.

L1 AN INTEGER VARIAELE INDICATING THE NUMBER OF
ITERATIONS TAKEN FCR EACH PROBLEM.

8 A TWO DIMENSICNAL ARRAY CONTAINING THE
ELEMENTS OF THE INVERSE OF THE CLRRENT 8ASIS.

L] A SINGLY SUBSCRIPTEC ARRAY CCNTAINING THE VALUES
OF ® VARIABLES IM EACH SCLUTICN.

F 4 A SINGLY SUBSCRIPTED ARRAY CCATAINING THE VALUES
CF Z VARIAELES IM EACH SGLUTICN.

NL1 AN INTEGER VARIABLE TAKING VALUE 1 GOR 2 CEPENDING
CN WHETHER VARIAELE W OR Z LEAVES ThE BASIS.

NE1 SIFILAR TO NL1 BUY INDICATES THE VARIABLE ENTERING

NL2 AN INTEGER VARIABLE INDICATIANG WHAT CCMPCNENT
CF W CR 2 VARIABLE LEAVES THE BASIS.

NE2 SIFILAR TO NL2 BLT IADICATES VARIABLE ENTERING

A A SINGLY SUBSCRIPTED ARRAY CCNTAINING THE
: ELEMENTS OF THE TRANSPOSEC CCLUMN THAT IS

ENTERING THE BASIS.

IR AN INTEGER VARIABLE CENOTING THE PIVOT ROW AT
EACH ITERATICN.ALSC USED TC INCICATE TERMINATION
OF A PROBLEM BY GIVING IT A VALUE GF lcocC.

MBASIS A SINGLY SUBSCRIPTED ARRAY-INCICATOR FCR THE
BASIC VARIABLES. ThC INCICATCRS ARE USELC FCR
EACH BASIC VARIABLE-CNE INCICATING WHETHER
IT IS A W CR Z AND ANCTHER INDICAT ING WHAT
CCVMPGNENT OF W OR Z,

0 A TWC DIMENSICNAL 2ARRAY CONTAINING THE ELEMENTS
OF THE CUACRATIC FCR¥ MATRIX D.

K AN INTEGER VARIABLE INDICATING THE PROBLEM SIZE,.

NVAR AN INTEGER VARIAELE INCICATING THE NUMBER OF
VARIABLES.

NCCN AN INTEGER VARIAELE INDICATING THE NUMBER CF
CCASTRAINTS.

86
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e T

FORTRAN IV G LEVEL 21 MAIN ] DATE = 76127 01/02
c IPACK AN INTEGER VARTAELE INDICATIANG 1F THE INPUT IS
C IN THE PACKED CR REGULAR FCRNM,
[ KCHCK AN INTEGER VARIABLE INDICATING IF A ODETERMINATION
c OF PCSITIVE(SEMIIDEFINITENESS 1S DESIRED.
c L AN INTEGER VARIABLE INDICATING IF THE PROBLEM
c IS AN L.Pse CR C.F. PROBLEM.
C NPRNT AN INTEGER VARIABLE INCICATING IF A PRINTOUT OF THE
c INFUT IS DESIRED.
¢ |
[ o READ IN THE UNIT NOS. IN THE COMPUTING CENTER FOR I/0 UNITS
c
c
c
c
c
C
c READ IN THE TITLE FOR THE PROBLEM
14
C
0001 CIMENSICGN AM(75+75)+0075),B(T75,75),A0T5)},MBASIS(150)sW(T5),
JZ2LT5) 4DUT5 475 s CLUT5) sEVITIS ), XIT5),Y{T75),TITLEL20)
0602 COMMON IPACK, IRy IZR yL1+LP sNCHCKNEL+NE2 yhL1 ,NL2 {NPRNT,NREAD,
XKPRIKT ]
gco3 CATA BLAK/4H /
0004 NREAC=5
Qcos5 NPRINT=6
0006 100 READ (NREAD,150) (TITLE(I},I1=1,20)
0007 €0 110 I=1,20
0ccs IF (TITLE(I).NE.BLNK} GC TO 120
agos 110 CONTINUE
C .
[ o IF THE TITLE CARD 1S 2 BLANK CARD , TEEM STCP.
c
c
ac1o0 GC TO 140
0011 120 WRITE(NPRIKT,170) (TITLE(1),I=1,20)
0012 READ (NREAD,160) NVARNCCA, IPACK¢NCFCKs LP,NPRNT
0013 N=NVAR+NCCN
0014 N2=N=*Z
0cl1s CALL MATRIX (A¥F,D+8,C1,NyAV2AR,Q,EV]
0016 . CALL INITIA (B,MBASIS.QeMsZN,N2)
c SINCE FCR AKY FROBLEM TERMINATION CAN CCCUR IN INITIA,
c NEWBAS OR SCRT SUBROUTINE,THE VALUE CF IR [S MATCHED WITH
[ o 1000 TO CHECK WHETHER TC CCANTINUE OR GO TG NEXT PROBLEM.
Cc
0017 If (IR.EQ.100C) GO TO 100
o018 ; 130 CALL REWBAS (A AM B sNyNCCAAVAR(NZ2)CoCl1 o MBASIS Qe X4 Y)
0019 . IF {IR.EQ.14CC) GO TO 1C0O ;
0cz20 CALL SORT (A hNyNCON,NVAR,N2,Q:04+C1,MBASIS,X,Y)
0c21 IF {1R.EQ.1CGC) GO TO 100
Qo022 CALL PIVOT (A,B.+MBASISsNsN2,Q}
0023 GO TC 130
0024 ' 140 PRINT 180
0025 s1CP
Cc

0026 150 FORMAT {20A4}
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0c¢217 160 FORMAT (612)
acz2e 170 FCRMAT (1lF1,10X+20A4)
0cC29 180 FCRMAT{'1%}

043¢

c

END

88
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FORTRAN IV G LEVEL 21~ MATRIX CATE = 76127 01/02

00c1

0cc2
0003
0604

0005
0CCE
0¢c
0co8
0¢09
0010
o011l
o012
o013

0014
0015
€015
0c17
0018
04Q1%
002¢C

0021
0622
0022
0c24
0025
0026
0c27
0czs
0029
0030
0031
0¢32
0033
0C34
0c35

0036

onn

adn

aon

OO0

100

110

120

130
140

150

160
170
180
190
200

210

SUBROUTINE MATRIX (AM,0,8,C14NeNVAR,Q+EV)
PURPOSE -~ TO INITIALIZE AND READ IN THE VARIOUS IMNPUT DATA

DIMENSICN AM{A,N) DINVAR ANVAR] BINsMNISCLIAVAR) . CIN]},EVINVAR]
DIMENSION K(T7),TEMP(T)

CCMMCN IPACK+IReIZR4L1+LPyNCHCKy NELsNE2yNL14NL2,NPRNT+NREAD,
XNPRINT

IF {LP.LE.O) GG TO 100

PRINT 550

NCHCK=—10

NCPL=NVAR+1

00 110 I=1,N

DC 110 J=1N

AM{I,J)=0.0

IF (IPACK.CE.1} GO TC 280

IF (LP.CGE.1) GO TO 150

READ THE QUACRATIC FORM MATRIX COLUMNKISE

GG 120 J=1,ANVAR

READ (NREAC 4601 (AM{IyJ)I=1,NVAR)}
€O 140 I=1,NVAR

DC 130 J=I,NVAR

AMCT 4 J)=AML1,J)+AM(J,]}
BF{J,1)=8F{1,4)

CONTINUE :

READ THE CCASTRAINT MATRIX CCLUMNWISE

DC 170 J=1,NVAR
READ (NREAD,460) (AM{I,J4)sI=NCPL4N)
DO 160 1=KQPL,N

AM(J 1) ==AN(1,J)

CCATINUE

€0 190 I=1,NVAR

OC 190 J=1,NVAR

D(1,J1=AM{1,J]1%C.5

€, 1)=0(1,4)

IF (NCHCK} 250,200,210

PRINT £30

6C TO 250

IND=C

ACC=3E-C4

NCHCK=-10

SUBROUTINE RSEIG RETURNS THE EIGENVALLES (EV] CF D CRDERED
FRCM MIN TC MAX,.SETTING IND=1 WOULD ALSO RETURN THE
EIGENVECTORS (E).SINCE EIGEMVECTCRS ARE MCT NEECED, IND

1S SET TO lERU+AND E IS A DUMMY VARIABLE.

SINCE RSEIG IS A SYSTEM DEPENDENT SUBRCUTINE AND 1S NOT
AVAILABLE AT THE K-STATE COMPLTING CENTER,17 1S REPLACED
BY A DUMMY SUBRCUTINE.EICENVALUES CF MATRIX D HAVE BEEN
COMPUTED B8Y JACOBI'S METHCD,SEPERATELY.,

CALL RSEIG (NVAR(NVAR,D,IND+EV,E}
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FORTRAN IV G LEVEL 21 MATRIX _ BATE = 76127 01702
0037 IF (IND.EQ.C) GO TO 220
0c3e PRINT 570
0¢39 GC TO 180
4
c IF MINCEV) IS NEGATIVE,D 1S NEITFER P.D. NOR P.S.D. IF
c IT 1S ZERC,D IS P.S.D. IF IT IS PCSITIVE,O IS P.0. TO
c ACCOUNT FOR ROUND OFF ERROR,IF MIN(EV) IS BETWEEN (—3E-04)
c AND (+#3E-04) IT 1S TAKEN TC BE ZERC. ;
c 4
0040 220 IF (EV{1).LT.-ACC) GO TG 240 !
0csl IF (EV(1).GT.ACC) GO TC 230 :
0042 PRINT 550 .
0C43 60 TO 180
0044 230 PRINT 540
0045 GG TO 180
0046 240 PRINT 560
0047 6C YO 180 )
c
c READ THE CCST VECTOR
¢
0048 250 REAG(NREAD,4601 (Q(T11,I=1,NVAR)
0C4s - IF (NPRNT.GT.0) PRINT 4SS0
0Cs0 IF (NPRNT.GT.C) WRITE 16,48C) [QUI),1=1,NVAR}
0¢51 DO 260 I=1,AVAR
0cs2 260 C1(I)1=Q(1)
¢
c READ THE RIGHT FAND SIDE VECTOR
c
6053 READ (NREAC,460) (QII),I=NQP1,N)
0654 IF (NPRRT.GT.0) PRINT 500
0055 IF (NPRNT.GT.C) WRITE (NPRINT,480) (QCI),I=NCP1,N)
0cs6 BC 270 I=NCPL,N i
0C57 270 Q{1}=-Q(1)
0058 GC TO 4C0
acs5s 280 IF (LP.CT.1) GC TG 350 S .
¢
c READ THE QUACRATIC FORM MATRIX IN PACKED FORM
c .
0860 DO 320 I=1,KVAR
0c61 290 00 300 J=1,7
0C62 K(J1=0
0063 300 TEMP(J}=0.0
0064 READ (NRESD,470) (K(J},TEMP(J)pJ=1,T)
0C6E DC 21C J=1,7
0066 IF (K(J}.LT.1) GO TO 220
0ceT- KT=K{J)
ocee 310 AM(KT,1)=TENP(J)
006S GC TQ 290
0c70 i 320 CCMTINUE
0071 . DO 340 I=1,NVAR
0C72 DO 330.J=1,MVAR
0072 AR(T yJ) =AM( 1,0} +ANK(d, 1)
0074 330 AM(J, 1)=AM{I,J}
0075 - 340 CCNTINUE
2 READ THE CCNSTRAINT MATRIX IN PACKED FORM

0L76 350 DO 390 1=1,NVAR
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0077
ocre
007s
0da80
0c8l
0082z
0CE3
0084
0Ges
ocee
oce?
ooss

ocss
0cso
0091
0c92
0c93
0094
0095
0096
0097
Q0S¢
0099
0100
o101
0l02
0102
0104
0105

0106
0107
oloe
o109%
o11c¢
ol11
0112
o113

0114
0115
0116
o117

o118

aoon

360
270

380
290

400

410
420
430

440

450

460
470
480
490
500
510
520
530

9l
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21 MATRIX ) DATE = 76127 ol/02

00 370 J=1,41

K{J)=0

TEFP(J] =0.0

READ (NREADs47C) (K{J),TEFP(J)yJd=1,T)
OC 380 J=1,7

IF (K(J).LT.1) GG TO 39¢
KT=NVAR+K(J)

AFMIKT, 1)=TEMP{J]

AMIT KT )=-AM(KT,I)

GC TO 360

CCNTINUE

GO0 TO 180

IN ITERATICN 1,BASIS INVERSE IS AN ICENTITY MATRIX.

| —— . —————— i

DO 430 J=1,N
DO 420 I=1,N

IF (1.EQ.J) GO TO 410

B{I,4)=0.0 .
60 TO 420

B(1,4)=1.0

CCNTINUE

CCNTINUE

IF (MPRNT.LE.O) RETURN

PRINT 510

DC 440 J=NCP1,N

WRITE (APRINT,480) (AM(Jy1)41=1,NVAR)
IF (LP.GT.0) RETURN

PRINT 520

DG 450 I=1,AVAR

WRITE (NPRINT,480) (D(Js1),J=1,NVAR)
RETURA

FGRMAT [TF1C.4)

FCRMAT (T(12,F8.4))

FORMAT (/6(1X,Fll.41)

FORMAT (16HCTHE COST VECTCR])

FCRMAT (27HCTHE RIGHT HANC SICE VECTQOR)

FCRMAT (32HOTHE CONSTRAINT MATRIX (ROWWISE)}

FORMAT (26FOTHE CUACRATIC FCRM MATRIX)

FORMAY (T71HO#**%** WITH NO CHECK CN THE PCSITIVE (SEMI) DEFINIT
INESS OF D #*233/77H »%*%% THERE IS NO GALRENTEE THAT ANY

2SCLUTICN FCUND IS OPTIMAL *3*%%x)

540

FORMAT (7CHC***%% D IS A POSITIVE DEFINITE MATRIX.LEMKE S ALGO
IRITHM IS #3%%%/7]1H *+*3* GUARANTEED TO FIND AN OPTIMAL SOLU

2TICN IF CNE EXISTS **%4%x%)

550

FORMAT (7QHC***%%x D [S A FOSITIVE SEMIDEFINITE PATRIX.LEMKE S

1ALGORITHM *#%%x%/T72H ¥#2#% IS CUARANTEEC TO FIND AN OPTIMAL SOL

560

2UTION IF GNE EXISTS #%k¥%)
FORMAT (74HQ*#23% D IS NEITHER POSITIVE OEFINITE NOR POSITIVE
1SEMIDEFINITE *x%%xx,/7]1H *%*%* _EMKE S ALGCORITHM IS NOT GUARANT

2EED TO FIND A SOLUTION #=x#43)

570

FCRMAT (55HOSUBRCUTINE RSEIG WAS UNABLE TO FIND THE EIGENVALUES
17384 CF D IN FEWER THAN THIRTY ITERATICNS.)

END
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FORTRAN IV G LEVEL 21 INITIA
ogo1 SUBROUT INE INITIA (B, MEASIS+CoWsZsN,yN2)
c
C PURPOSE-TO FINC THE INITIAL ALMCST CCFMPLEMENTARY SOLUTICN
c BY ACCING AN ARTIFICIAL VARIABLE 1IC.
c
0002 DIMENSICON BI(NsN),MBASIS{NZ) ,Q{N),WI(N),Z(N)
0003 COMMON TPACK+IR4IZR L1 4LPyNCHCKoNEL,NEZ4NL14NL2 ,NPRNT,NREAD,
XNPRINT
c
c SET Z0 EQUAL TO THE MCST MECGATIVE QiI)
1
0co4 1=1
0005 J=2
000¢& 100 IF (Q{I).LE.Q(J)} GO YO 110
0co7 I=J :
0cce 110 J=J+1
0009 IF [J.LE.N) GO TO 100
C .
c UPDATE Q VECTCR s
C
ag1ic IR=1
oCL1 T1=-Q{ IR}
ool2 IF (T1.LE.0.0) GO TO 140
0cC13 DO 120 I=1,N
0014 QEIN=Q{I)+T1
0C15 120 CCATINUE
1 QUIR)=T1
¢ .
C UPCATE EASIS INVERSE ANC INLCICATOR VECTOR
c Of BASIC VARIABLES.
c
0017 OC 130 J=1,N .
001¢ BlJ,IR)=-1.0 ? .
0019 Wid1=ClJ)
0g2¢ 2{J)=0.0
0021 KBASIS(J)=1
-QC22 L=Kk+]
0023 MBASIS{L)=J
0024 130 CCNTINUVE
0025 IZR=1IR
0026 NL1=1
0027 L=N+IR
0c28 NL2=1IR
oo2s MBASIS(IR)=2
003¢ #BASIS(LI=0
0cC31 % (IR} =0.0
0032 2C=Q¢ IR}
0¢33 Ltl=1
0C34 RETURN
0Cc35 140 WRITE(NPRINT,16C)
Qc36 IR=1000
0c37 RETURN
c .
ac3s 160 FORMAT (5X,40FPROBLEM HAS A TRIVIAL SCLUTION WITH X=0.)
c

0039
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FORTRAN IV G LEVEL 21 NEWEAS CATE = 76127 01702

0001 SUBROUT INE NEKBAS (A,AM,B,N,NCON,NVAR,N2,0,C1,MBASIS,QsX,Y)
c
c PURPOSE - TC FIND THE NEW BASIS CCLUMA TC ENTER IN
c TERMS OF THE CURRENT BASIS.
c

0c02 DIKENSICN A(N],AN(N,NJ,B(N,N),D(NVAR,NVAR),CLENVAR],MBASIS(N2),

1Q(N), X{NVARY, Y(NCCN)
0oc3 CCMMCN IPACK, I, IZRyL1,LP,NCHFCK,NE1,NE2,NL1,NL2,NPRNT ,NREAD,
XNPRINT

c
c IF NL1 IS MEITHER 1 NCR 2 THEN THE VARIAELE Z0 LEAVES THE
C BASIS INDICATING TERMINATICN WITH A CCMPLEMENTARY SOLUTICN.
< ,

occ4 IF (NL1.EC.1) GC TO 100

0005 IF (NL1.EC.2) GO TO 130

occs PRINT 150

0007 CALL PPRINT (CyCloMBASIS,N,ACCN,NVARSN24C XY

0008 ‘IR=1000

occs RETURN

0010 100 KE1=2

o011 NE2=NL2
c ‘
c UPCATE NEW EASIC COLUMN BY PULTIPLYING BY BASIS INVERSE.
c .

0012 OC 120 I=1,A

0013 T1=0.0

0014 00 110 J=1,N

0c15 110 T1=T1-B(1,J1¥AN(J,NE2)

0016 A(1)=T1

0c17 120 CCATINUE

oc1e RETURN

0019 130 NE1=1

0C2¢ NE2=NL2

0021 00 140 1=1,N _

0022 A(1)=B(1,NE2) )

0c23 140 CCNTINUE

0024 RETURN

oc2s 150 FCRMAT (13HO  SOLUTICN)
-

0026

END
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0001

0co2
occ3

0C04
0cCao5
occs
0607
occs
0gos

0c10
0cC11
0012
0c13
0014
QC15
0016
0017
ocle
0019
0cz20
0021
0022
ocz23
0024
0c2s5
0C26
oca7
0028
0cz2s
0030
0¢31
0c¢z2

0033
0C34
0035
0036

0C37
0c28
0¢C3s

0C40

aooOn

aoon

[3 X2 N a¥ 3]

100

110

120
130

140

150
160

170

190
200
210

21 SCRT
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DATE = 76127 ‘01702

SUBROUTINE SORT (AyNyNCCN,NVAR,N2,Q+L,C1,MBASIS+X,Y)

PURPOSE — TC FIND THE PIVCT RCW FOR NEXT ITERATION 8Y THE
USE OF (SIMPLEX-TYPE) MINIFUM RATIC RULE.

DIMENSION A(K)QUN) yC(NVAR,KVAR}yCL{NVAR),MBASISIN2),X{NVAR),

1Y(NCON)

CCMMCN IPACK,IR4IZR,L1,LP NCHCK4NE1,NE2,)NL14NL2 NPRNT,NREAD,

XMPRINT

DOUBLE PRECISICA TOL
AFAX=ABS(A(1))

DG 100 I=2,A

IF {AMAX.CGE.ABS(A(T}]}) GQ TC 100

AMAX=ABS(AC(I))
CONTINUE

SET TCL=AMAX*2.0%*(-(E-11)) WHERE B 1S THE NUMBER OF
BITS IN THE FLCATING PCINT MAANTISSA AS CLASEN SUGGESTS.

TCL=AFAX%2 ,0%*(-37)

I=1

IF (A(I}.GT.TOL} GO TO 12¢C
I1=1+1

IF (1.GT.N) GO 7O 1&C

€0 T7C 110

T1=QCI}/A(1)

IR=1I

I=1+1

IF (1.GT.K) GC TO 150

IF (A(I}.GT.TCL) GO TO 140
60 70 120

T2=Q{1)/A(1]}

IF (T2.GE.T1) GO TO 130
IR=]

T1=T2

60 TC 130

RETURN

IF (Q(IZR).CT.TOL) GO TO 17C
WRITE (NPRIAT,190)

CALL PPRINY (D,C1l,MBASIS,NsNCCNsNVAR,N2,CyX,Y)

IR=1000
RETURN

FAILURE OF THE RATIO RULE INDICATES TERMINATION WITH

NC CGMPLEMEANTARY SOLUTICN.

PRINT 200
PRINT 210, L1
IR=1000
RETURN

FORMAT (13HC SOLUTICN)

FCRMAT (5X,23HPRCBLEM HAS NO SOLUTICN)
FCRMAT (10X413HITERATICA NCa.y14)

END
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oool

Q002
- 0003

0004
0005
0C06
0Co7
0008
0Cos
0010
ocll
0012
0013

0Cl4
0015
0016
0C17
oqgle
0Cl19
0C20

0cz1

[2 Xz X2l q)

aon

100

110
120

95

21 ~opwor DATE = 76127 01/02

SUBROUTINE PIVCT (A,EB.MEASIS,N.N2,Q)

PURPCSE — TC PERFORM THE PIVCT OPERATICN BY QPBAT!NG THE :
INVERSE OF THE EASIS AND Q VECTCR. '

DIMENSICN A(N)EB(NoN),MEASIS{NZ),Q(N) |
COMMON JPACK,;IR4I2R,L1,LPNCHCK,NEL,NE2 ALl ,NL2 yNFRNT,NREAD,
XNPRINT

OC 100 I=1,A

BUIR,I)=B(IR,I)/A(IR)
ClIR)=QUIR) /A (IR}

CO 120 I=1,N

IF (1.EQ.IR) GC TO 120
Q(I)=Q(1)-C{IR)*A(])

00 110 J=1,N
BllsJ)=8(1,J)-E(IR,J)2ALI)
CONTIMUE

CCNTINUE

UPCOATE THE INCICATCR VECTCR CF BASIC VARIABLES.

RL1=MEASISLIR)}
L=N#IR
NL2=MBASISIL)
MBASIS(IR}=NE1
MBASIS(L)=NE2
Ll1=L1+1

RETURN

END
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FORTRAN Iv G LEVEL 21 PPRINT DATE = 76127

gEbi z SUBRCUTINE PPRINT (D+Cl MEASIS,hyNCCN,NVAR,N2,CyX,Y)
[ 4 PURPOSE — TC PRINT THE CURRENT SOLUTICN 7O THE LP/QP,THE
4 LAGRANGE MULTIPLIERS,THE CBJECTIVE FUNCTICN VALUE,
: AND THE ITERATICN NLMBER

eto2 DIMENSION C{KVARyNVAR) 4C1{NVAR) ;MBASIS(K2),G(N) yXINVAR),YI{NCO

IN)
[ ]4:}] CCHMMCN IPACKsIRyIZR,L1,LP,NCFCKyNELyNE2,NL1,NL2,NPRNT,NREAD,
XNPRINT

0c04 £0 100 I1=1,NVAR

00bs 100 Xt1)=0.0

06oes NCP1=NVAR+1

0cer BC 110 I=ANCFl,N

occe JEI-NVAR

0009 110 Yi(J)=0.0

oc1¢e PRINT 230, 11

0011 I=N+1 '

0012 J=1

0c13 120 K1=MBASIS(I)

0014 K2=MBASIS(J)

0c15 IF (Q(J}.GE.0.0) GO TC 130

0C1? 130 IF (K2.EQ.1) GO TO 1S¢C

0cis IF (K1.GT.NVAR) GC TO 140

001§ XK1i=QLY)

0020 et TC 150

oc2l 140 Y{K1-NVAR)=C(J)

0022 150 1=1+1

023 JeJ+l

0024 1F (J.LE.N) GC TC 120

0025 BO 160 I=1,NVAR

0c2¢ 160 PRINT 200,1,X(1)

00217 PRINT 240

00628 LT 170 I=1,NCCN

o02¢% 170 PRINT 210, I,Y(I)

0oae 08J4=0.0

ocal OC 190 I=1,NVAR

0032 ORJ=CBJ+C1(1)*X(1)

003) IF (LP.CT.C) GO TO 150

0034 DO 180 J=1,NVAR

003% TEMP=D( I, J}*X(T1)*X(J)

00y GBJ=CBJ+TEFF

003t 180 CONTINUE

0c3s 190 CCANTIANUE

0C40 PRINT 250,08J

004} ¢ RETURN

0c42 200 FCRMAT (/1CX42FX(41342H)=,F15.5)

0043 210 FOFMAT (/10Xs2FY(41342H)=,F15.5)

0C44 230 FOCRMAT (LH4413X,16H-— ITERATICN NO.s14)

0045 240 FORMAT (/5X28HTHE LAGRANGE MULTIPLIERS ARE)

[ 1Y) 250 FCRMAT (/6X,64HTFE VALUE OF THE OBJECTIVE FUNCTICN AT THE OPT

: 't LIFAL POINT IS ,Fl13,5)

0caY

END
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FORTRAN 1V G LEVEL 21 RSEIG . DATE = 76127 01/02
0001 SUBROUTINE RSEIG (NVAR,IVAR,D,IND+EV,E)

0002 DIMENSIGN KVAR(20),IVAR{2C) 002042004 IND(T5},EVIT5),E(75]

0cc2 RETURN

0004 END
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APPENDIX 3.2. COMPUTER OUTPUT OF THE NUMERICAL EXAMPLE

CONSIDERED IN SECTION 5.5. 70
AN EXAMFLE PROBLEN
THE COST VECTCR
-6.0000 0.0 | :
THE RIGHY HAKD SIDE VECTCR '
-2.0000
THE CCRSTRAINT MATRIX (ROWWISE)

=1.0000 =-1.0000
THE CUADRATIC FORM MATRIX
2.00C0 -1.0000

.=1.0000 2.0000

SCLUTICN -—- ITERATICN NG, 4
Xt 1)}= 1.50000
X 2)= 0.50000

THE LAGRANGE MULTIFLIEFS ARE
Yt 1= 1.C000C )
THE VALUE OF THE CBJECTIVE FUNCTICN AT THE OPTIMAL PCI&T Is =55

ﬁéte: - The problem for this input and outpﬁt is
Minimize f£(x) = _le +_2x§ _ 2x1x2.+ ng
subject to |
Xy - X5 > -2

Xy1 Xp >0



APPENDIX 3.3.

COMPT”

(CENTR:

MIAMI RIVER PROEL

THE CCST VECTCR

-1€978.5078
~760.7300
-714.7100

-1658.2400
-T14.7100
-3361.210C

=1547
-6%51.
=-250% .

TEE RICGHT HAND SIDE VECTOR

1.2000
18353,.5977
38439.5C00
25527.35€4
11430.0000

0.4500

0.4500

-0.9900
=C.9900
=0.9900

268,7CCC
15422.5CCC
38460,2569
2238C. 7569
14844.6552
0.4500
0.4500
-0.9900
-0.9500
-0.990¢C

24
238¢
3367 .
2224
1106: .

THE CCNSTRAINT MATRIX (FOWWISZ:

0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0

$989.0000
0.0
0.0

€840.0000
0.0
0.0

16553.0000
0.0

155€5.0000
0.0
0.0

16394.0000
0.0
0.0

1g025.0000
0.0

o.o
19147.0C00

Note:

0.0 0.:
0.0 C.
0-0 Ga
0.0 c,
0.0 0.
0.0 0.,
0.0 0.
0.0 0.
0-0 c'-'
0.0 C-
0.0 G-
0.0 a.
0.0 Q.
0.0 a.
0.0 0.7
982.00CC d.
0.0 G.
0.0 G.
1102.0000 157<
0.0 =
0.0 G
1161, 0CCC 16¢&°
0.0
0.0
1406.0000 35;
0.0 <
0.0 <
1590.0000 47
Input dat=

and constr

JTPUT OF THE MIAMI RIVER BASIN PROBLEM
"ION MODEL) WITH FLOW AUGHMENTATION. "

-1405.099S
-1313.C049¢
12645999

6345.6992
271CS.5C0C
33598.6592
22023,087117

0.4%0C
0.4500
0.450C
-0.990C
~0.9900
1.0C¢¢

0.0
0.0
388c.000C

0.0
0.0
3602.000¢C

0.0
0.0
3680.0000

0.0
0.0
37175.0CCC

0.0
0.0
3781.0006G

0.0
0.0
3483.0(cCC

0.0
0.0
3772.C00C

242.000C
0.0
3793.000¢C

1278.000¢C
0.0
367€.0C0C

2108.000C

natrix.

-691.7000
-25059. 72040

9180.0C00
21796.6552
24282,09717
17739.6992
0.45C0
0.4500
0.4500
-0.9900
-4.470C

oo
)
oo

89.0000
0.0

161.0000

 FLCW AUGFENTATICN (Y IS CE 1.0 OR LE 4.47)

-852.,7898
-1157.$€00

17903.6%92
36289.1992
<5210G.1%92
11300.8584
0.4500
0.4500
0.4500
-C.9900
-0.9900

0.0

the coefficients of objective function"



0.0
0.0

21004.0000
0.0
0.0

225¢€2.0000
0.0
0.0

22959.0000
0.0
0.0

227£3.0000
108.0000
0.0

1984¢£.0000
1€62.0000
0.0

162<5.0000
290,0000
0.0

142€8.0000
301.0000
0.0

‘14166 .0000
" 355.0000
0.0

14028.0000
38%.0000
0.0
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THE LAGRAMNGE

Note:

0.64981
0. 57C72
0.52970
0.72284
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0.4526%
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The optimal solution gives the treatment percentage
X4 i=l,..0915, and X169 the flow augmentation rate.
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-3733.83984

const. cost term + ob;ectlve functlon

value given above.
$(11947.08 - 3733.84)
$8213
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APPENDIX 3.4. COMPUTER OUTPUT OF THE MIAMI RIVER BASIN PROBLEHM
(CENTRALIZATION MODEL) WITHOUT FLOW AUGMENTATION.

MIAMI RIVER PROBLEM WITHCUT FLCW AUGMENTATION ( Y=1,0 )

THE CCST VECTOR

~1C978.,5078 -1658.2400 -1543.1199 -1405.059% -691.700C -852.7898 :
-760.7300 -714.7100 -691.7C00 -1313.049¢ =-2509.7200 ~-11%7.9800
=714.71C0 -3361.2100 =-2505.7200 [
' !
THE RIGHT HAND SICE VECTCR i
2570.7000 5399.0000 14420.£952 14621.5977 15629.5000 20219.7%69 H
23416.5000 2818646652 32926.1992 34968B.5000 34951.2569 320221.8%84 i
30279.6952 20653.0977 21354.1952 21693.3984 18440.7569 18296.3584 )
182C€5.0$77 15578.6552 T441.85E4 1574.CC0C 12431,6552 7233.1%592
0.4500 0.4500 0.4500 0.450¢C 0.45C0 0.4500
0.45C0 0.4500 0.4500 0.450C 0.4500 0.4500
0.4500 0.4500 0.4500 =C.950¢C =-0.9900 -0.5500
=0.9900 -0.9500 -0.9900 -0.9900 =0.9900 -0.9%C0
.=0,9900 -0.9900 -0.9500 =0.990C -0.9900 -0.9900
THE CCASTRAINT MATRIX (ROWWISE)
59€5.0000 0.0 0.0 0.0 .0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 ' ;
8840.0000 ¢.0 0.0 0.0 0.0 .
0.0 0.0 0.C 0.0 0.0 0.0
0.0 0.0 0.0
16552.,0CC0 982.0000 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0
15985.0000 1102.0000 1576.€000 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0
16354.0CC0 1161.0000 1947.0000 2642.0000 0. 0.0
0.0 0.0 0.0 0.0C 0.0 0.0
0.0 0.0 0.0
18029.0000 1406.0000 3524,0c0C 1278.0C0C 89.0C€00 0.0
0.0 0.0 0.0 0.0 0.0 0.0
G.0 0.0 0.0
15147.00C0 1590.0000 4T770,0000 21¢8.0C0C 161.0000 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0
210C4,0000 7_1332.0000 6181.0000 3006.0000 238.0000 230.0000
' 0.0 0.0 0.0 0.0 : 0.0 0.0
0.0 0.0 0.0
22563.0000 2059.,0000 1614.0000 3543.C006C 318.0000 483.0C00
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0
2295%.0000 2176.0000 8610.0000 44643,0000 380.0000 T701.0000
0.0 0.0 0.0 0.0 0.0 0.0



227%3.00C0
1¢8.0000
0.0

15846.0000
1€2.0000
0.0

19295,0000
250.0000
0.0

14288.0000
301.0600
0.0

14166.00C0
355.0000
0.0

14028.00C0
389.0000
0.0

12447.0000
369.000C0
0.0

12249.00C0
347.0000
0.0

119€7.0000
363.0000
0.0

551.00C0
259.0000
188.0000

5524,0000
256 .0000
23%5.00C0

5509.0000
256.0C00
239.0000

4103.0000
216.0000
245.0000

3322.0000
189.0000
239.0000

1.0000
c.0

Q0.0

2172.0000
0.0
0.0

1904.0000
169.000G
0.0

1871.0CC0O
495.,0000
0.0

1397.00040
581.0000

0.0

1394.0000
718.0000
0.0

1385.,0000
803.0000
0.0

1233.0CCC
774.0CCC
0.0

1214.0000
77¢.0C00
0.0

1186.0C00
764.0000
0.0

758.0000
656.3CCC
0.0

561.0000
574.0C00
0.0

559.0000
573.0C00
57.0CC0

- 420.0000
492.0000
2740.0000

343.00cC¢C
433.0000
3634.00CC

0.0
0.0

0.0

8659.0C00
0.0
0.0

7691.0000
o.c
0.0

7681.0000
164.0000
0.0

£820.C000
227.0000
0.0

5857.0000
295.C000
0.0

5856, 0CO0
338.0000
0.0

5234.0000
330.0G600
0.0

5156.0000
329.0000
0.0

5045.CCC0
327.0000
0.0

3289.0000
292.0C00
0.0

24€8.0000
260.0000
0.0

2458.0C00
260.0C00
0.0

1871.0000
226.0C0C
1658.CCCC

1540.£C00
200.0000
2267.0600

0.C
0.0
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0.0

4195.0C00
0.0

4227.0C00
.0

3227.0CCC
0.0

3263.0000
9€5.060C

32712.0C0C
1495.0000

2931.000C
1720.0000

2888.0000
17417.00C0C

2827.C4CC

1786.0000

1862.0000
224l1.0C0C

1406.000C
2245,0060¢C

1401.CCOC
2244.0000

1072.0000
2089.0C0C

886.CCcaOC
1914.0Q00

0.0
0.0

387.0CcC
0.0

344.0000
0.0

348.0000
0.0

2£6.0000
0.0

269.0000
0.0

270.0000
0.0

242.0000C
0.0

239.0000
65.06C0

234.0000
158.000C
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1774.0CC0O
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89.9000
1823.0000
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0.0
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0.0

548.0C0C
0.0
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0.0
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0.0
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.0
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40.0000

341.0CGC
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264,0000
732.000C
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0.0
0.0
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SOLUTION -- ITERATICN NO. 29

Xt 1)= 0.€6735
x 2)= 0.70485

X( 3= 0.99160

Xt 4)= 0.98967

Xt 5)= 0.54176 E
Xt &)= 0.57853 1
Xt = 0.47743

x( 8)= 0.51688

X $)= 0.48171 _

X( 10)= 0.60344 X .

XC 1= 0.51549 _

x( 12)= 0.51027

X( 13})= 0.48330

X( 14)= 0.52€25

x{ 15)= 0.51328 .

THE LAGRAMNGE MULTIPLIERS ARE

YO 1= 0.0
YO 2)= 0.0 ' )
Y¢ 3)= 0.0

YO 4= 0.0

Y( 5)= 0.0

YO &)= 0.0

Y 7= 0.0

Y( 8)= 0.0

Yt 9)= 0.41140Q

Y( 100= 0.0

Y 11)= 0.0

Yt 12)= 0.0

¥{ 13)= 0.0
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L
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e

Yt
¥l
Yt

l14)=
15)=
16)=
in=
181=
19)=
20)=
2l)=
221)=
23)=
24])=
25)=
26)=
271 =
28)=
291=
30)=
21)=

32)=

33)=
34)=
3s)=
36)=
37)=
38)=
a9)=
40)=
41)=
42)=
43)=

0.0
0.0
0.0
0.0
0.0
0.0
0.00604
0.0
0.0
0.20785
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0.
0.0
1683.69¢09
170.99631
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44)=
45)=
4€)=
47)=
48)=
49)=
50)=
s1)=
52)=
53)=
E4)=

0.0
0.¢
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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THE VALUE OF THE CBJECTIVE FUNCTION AT THE CPT IMAL PGINT IS -3636.80933

Note:

The total cost

]

const. cost term + objective function
value given above.

$(11947.08 - 3636.81)
$8310



OPTIMAL REGIONAL WATER QUALITY MANAGEMENT BY

AT-SOURCE TREATHMENT AND EFFLUENT CHARGES
by

ANIL MITAL
" B.,E, (Mech.)(I.0,){(Hons.), Allahabad University,
Allahabad, India, 1974

AN ABSTRACT OF A MASTER'S REPORT

submitted in partial fulfillment of the

reguirements for the degree

MASTER OF SCIENCE

Department of Industrial Engineering

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1976



The problem considered in this feport is to find the op-
timal at-source treatment policy of the individual polluters
for regional water quality management such as a basin wide
river, Two decision models are considered. PFirst one is thé
centralization model (basin wide firm), related to the opera-
tion of a basin wide firm which owns and operates all waste and
water treatment plants and carries om all water based activi-
ties within a particular region. The objective of the basin
wide firm being the maximization of net profits., Second one
is the decentralization model which assumes that the central
authority knows the quality standards derived and the low flow
augmentation cost function while the polluters know the indi-
vidual treatment coét functions. In the decentralization model
the central authority gives a choice to the polluter to either
:treatﬁﬁis waste or pay tax proportional to the damage caused
by his untreated waéte.‘ In this case the objective of the
central authority is to minimize the total cost, treatment cost
and augmentation cost, of meeting the required standards to the
society.

The mathematical formulation of the problem belongs to
the quadratic programming, separable programming and the com-
bination of separable programming and linear programming,'which
are used to find the optimum decision.

In order to demonstrate the approach, 58-mile section of

the Miami River basin in Ohio is considered, which has 15



pollution sources and 27-reaches.

It was demonstrated that it is possible to find the
optimal at-source treaiment configuration, for the basin wide
firm, to maintain the required standards. It also demonstrates
that an optimal taxation scheme can be built for the decentral-

ization model, in a systematic and efficient manner.



