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- INTROCUCTIOHN

The purpose of this thesis was to devise an efficient
approach to water resource control optimization., A test sys-

tem has been devised and solved within an ahelytical framework.

This study concerns optimal policecies reguleting water
resource structures a}ready in existence. The najority of work
in this field is directed toward simulation. Physical and '
regulatory system models are executed oﬁ a trizl and error
basis., The results of these runs are analyzed to determine
optimal combinations. The techniques of simuletion in this
field are fuliy illustrated in texts written by Zmery Castle

1), and ¥Maynard Hufschmidt (2). With regard to resource con-

trol policies, an snalytical avoroach has been provosed whereby

o)

bjective functions mey be constructed anc solved directly. A

d

o
b
e

nite need is recognized nere since the instsallztion of
expensive structures may be eliminated by the efficient uvse of

what is currently avallsble.

When construeting the model for a test system, particular

attention must oe dsvoted to wabter suopply, water demend, and

the meassures svsileble for meeting these demands., The msjor

)

elemants of watb

&)

r supply are & zart of surface and ground
water flow as well as natural storage. Relevant character-
istics are quantity, quality, and avallabiliiy measured with

respect to time and location. Yater demands are points or



zones {present or potential) which draw upon the water resources

of the system (2)., ZExamples would include

8. Municipal 2nd industrial water supply.
b, Hydroelesctric power needs.

Ce Irrigation.

d. Flood control.

€. Wigter quality.

f. Navigation.

S Vater bzsed recreation.

Mezsures for meeting these demands and alleviating water

problems would include such examples as

B Multi-purpose reservoirs.

b. Hydroelectric power rlants.

[ Irrigation canals.

4a. Water transmission and diversion works.

6. VYaste treatment facilities.

b
f—ll

n initial model has teeh proposed and developed for study.
A sketch of the physical systeﬁ is illustrated in Figure 1.

In constructing this model, date was drawn from the literature
waerever possible. This practice was adopted o insure real-

stic response benavior. In =ddition, this data is in a2 form

s
| patd

woich subseguently may be determined for the anslysis of reeal

water resource systens.



=== Systen Input

Recragtional Facilities

Asservolr

Station

Water Troatment
racilities

Fize 1. =xample of a water resource control system.

Irrigation
e tiwork



The basis of study for the model evolves about a form of

stetic oconomic anzlysis. Assumptions made in this anelysis

are lisztad below,.

m
L

oz
]
it

capitel facllities have been installed prior to the
period of analysis.

b Targcet outputs remain fixed constants {or periodic
functions) during the period of analysis. Target outputs
re?resent minimzal water supply commitments below which
econoric losses are suffercd by a particular source of
demand.

Ce Analysis shszll be based on s stage-wise or finite

difference zpproach. TFor the system in question, onse

month constitutes a single stage or increment of time.
d. Total benafits accrued during one increment of time, less

total eqonomic losses or penalties, less opersting and
naintenance costs contracted during the sesme period of
time and discounted to present value,qonstifutes the
"eash- flow“ fov thls period.

é. .‘.ihe ObJBCu of tuls study is to determine that set of

operational policies which maximizes the cash flow strsam

over the period of economic analysis (3).



WATER PLOVW DISTHRIBUTION

As illustrated in Figure 1, optimal policies for the

sysbten will affect water storage and releases for

a. lunicipal and industrial water supdly.
b, Hydroelectric power necds.
Ce Irrication,.

d. Recreation.
Water input to the system occurs from

2, Bulk flow from the river,
be. Ground water,
Co Precivitation,

d. Dreinage from the basin.
Water outoput from the system occurs from

a. Bulk flow from the river.
b Ground water.
Ce Zvaporation.

d. Transplration,
Systern zccumuletion occurs from

8. Absormpiion.



b Consumption (l) .

With regard to the systew in question, two assumptions are
mzde to achleve some simplification. First, the loss fronm
the system by evaporation and transpiration is egual to the
gain by precipitation, Secondly, ground water effects are to

be considered negligible.

The nature of water flow into a system during tne period
of analysis may be approximated with a hydrology generator,
This is a mathematical model {eithsr deterministic or stochas-
tic in nsture) which predicts fubure flow characteristics on
the basis of past records and meteorological forecests, A
deterministic model could express water inflow as an explicit
function of time and locatbtion. Under these circumstances, it
may be proposed that a set of optimal policies be determined
for the econounic life of the system, and then re-determined at
the end of each stage with the consequent updating of the

“hydrology generator. For this system thsn, the success of
water allocation policies flor a given month would depend upon
the accuracy of the hydrologj prediction made at the beginning

of that month,

To account for the sessonal fluctuations of water flow, &
2

Fourier series representation of the hydrology generaitor hes

)

besen considercd. A simplified version could be of the Tinite

form



Xy = q * A Sin(wn) + B.Sin(eh) . (1)

where

-u[n) o 5 7 :

Xq = Flow rate of water into the system during stage n,
acre f£t./mo.

q, = Hean rate of flow, acre ft./mo.

w = A frequency factor of short term fluctuations,
CyC,./M0o,

- A =. Expected devietion of short term fluctuations,

acre ft./mo.

w’ = A frequency factor of long term fluctuations,
cyc./mo.

B = EBxpected deviation of long term fluctuatlons,

acre ft./mo.

An advantage of a Fourier series expression is that it may be
exvanded to describe situations as conplex as the progranmer
feels necessary. Flow data used for the model in this paper

was obtained from a report by the U.S. Corps of Zngineers (5).
The form of this data is presented in Table 1. It was taken
"from the Jordan Creek arsa, & ovart of the Delaware River Basin.
Observations weré taken over a 'period of deverzl years, and then
tabulzated statistically on a twelve month basis, The tabls nay

be approximated by ths erpression

' ﬁﬂ = 7;0x103 + 5.0x103 3in(®n/6) + 1.0x103 Sin{®n/60) (2)
Q



TABLE 1. WATER FLOYW DATA FOR THE .JORDAN CRESHK ARBA

Month

January
February
MHarch

April

July
August
September
Nctober
Yovember

Decomber

o I 1o
9.0l
10.05
12,91
10.30
8.16
b.3L
L.75
lt.56
3.9
3.6
6.56
1 8.93

163

Btandad Doyiation x 10"
6,07
.72
.35
S.16
bho77
2.77
1 .06
7.08
3.50
I .69

" he33
11«80



D

.The output of the hydrology generater in equation 2 is illus-

trated in Figure 1.1 for a time period of twelve months.

BEREFIT AND LOSS FUHCTIONS

As mentioned earlier, system anslysis concerns the effect
of operational policy on the monetary bsnefits and consequences
accrued by each demand zone. Consequently, functions rust be
derived for each source of demand, relating economic gasins or

losses as a function of scheduled releases within the system.

For a given resource output, each point from a benefit
function should measure the lesser of the following two
cormodities,

a. The resource cost of providing equivalent goods and
services by the least costly alternative.

b. The M"willingness™ of consumers to pay for these goods
and services,

The technique of constructing a benefit funétidn for z2-given
demand zone is illustrated in Figure 2. Zach point from zn
economic loss function should mesasure the penalty of failure to
rnieet a given target output. The target output for thils demand
- source repressenis a minimal sugply conmitment. Fallure to meet

this commitment will invoke losses or penalties against the
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£ For a given commodity, determins the demand schedule
for ths zone or rezion in question.

Price
dollars/unit

I
1
Q
Demand, units/mo.

Tor eacn of a series of target outputs, @, deterualne

the total cost par month., Plot these valuss against
demand. This relstion constitutes a benefit functlon.

=
J++f
.

rXxaQ

dollars/month

Accrued benefits

|
a

l;

Q

Demand, units/mo.

l-;;_l

ig. 2. Construction of a benefit function,

L.



12

system. Examples of resource outputs with associated gain and

loss functions are listed below (6).

. HMunicipal and industrial water supply at the time and
location of need.

B, Reservolr supply for hydroelectric power,

6. Reservolr use For pecreabion.

G. Water supply for irrigation.

On the pages thst follow, benefit and economic loss functions
are expressed for each demand source considered in the test

system.

Water Suvply for Urban Needs

Urban requirements include water supply for domestic,
public, and commercial use, Some of the costs which must be
faced involve storage, transport, purification, and administra-
tion (7). The marginal orice of water in-the Jordan Cre=sk srea
has ‘been found equal to 312.10/acre foot under normal load con-
ditions (5). This value would correspond to a single point on
the demand schedule illustrated in Figurse 2. In many cases,
this may be the only information obtainable. If tnis is the
cz2sg, the benefit function may be epproximeted by a straizght

line as saown in Figure 3., 1f, however, cost information is



- doilars / mo.
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% 1C

benefits

Accrucd

2.0

1.0

0.0
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',availabla_for varying 1oad conditions, the benefit function

would be plotted as 2 curve of the naturs also shown in Figure
'3; With this information g iven, a programmer can use a device
such as Lagrange'!s Formula to fit daba with an expression. Thse

curve used 1n Figure 3, for example, is approximated by the

function .
n) - fn) 2 . | )'
éUB = <}4.0x10 (eﬁa) + 1.lx10 {e(t’}R) - (3)
where
ég; = System beneflt accrued from water supply to urban
areas during stage n, dollars/mo.
(n) .
eUR = OScheduled release of water for urban use during

stage n, acre ft./mo.

The unit loss sustained from unexvected deficiencies beslow
the target output demand has been found equal to 316.10/acre
foot (5} Daua for IOaS Iunc tions Wlll, at tae very 1ea;t be
nors di fiecult to obbain tqan that for beqelit functlons.
Valuss hare sre connacted with commerecial and private lossss

onptracted in 2 community when minimal expected commitments gre

bin
O
<l
2
O
ct
L ]
:J.-I
<

erage or point values such as the one above should,
in nost cazses, be expectad (2). Penalty or loss funciions
, i &

would, therefors, be linear. An examdle of such a function is



shown below, '

i

o 1 )
’ ! -
§ 16110 (0 &)

UL
(r) (0
= 0, X < O _
' ur < UR (L)
where
) . o '
¢UL = 'Loss sustained from urban suoply shortage below the
target output demand for stage n, dollars/mo.

()

XUT = Urban target output demand during stage n, ecrs ft./mo.

For the urbah center in question, a constant target demand of
2.25 x 103 acre feet/month has besn found a good approximation.
It will be noted that the unit penalty cost is grester in
magnitude than a corresponding decrease in the benelit functlon.
The loss from an unanticipated deficlt for azn existing system
will always be more costly than a reduction in planred output

(8).
Vater Supply For Irrigatiocn

Under normal operating conditions in the Jordan Creek area,

o3

>

the marcinal price of water for irrigation is 52.25/2cre foot
f] - =

(%1

(5). This is uncer urban supply costs since less is reguire
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in purification énq distribution facilitles. An example of a

.benefit function is showa in Figufé i, This curve illustrates
the econnection between system gains and scheduled water releas-
es feor irrigation. Using Lagrenge'!s Formulsa, the curve may be

approximated by the following expression.

) -5 w2 '

g = -8.0x10 “(6. ) + 2.7(6?3) . (5)
where
(r)
¢IB = System benefit acerued from irrigation during

stage n, dollars/mo.

{n _
GTR = Scheduled release of water for irrigation during

stage n, acre ft./mo.

The unit loss sustained from unoxpected deficiences below
the targst output dewmand has been found equal to $3.h2/2cre
foot (5). A linear function expressing acecrusd loss as a

function of this deficiency is shown below.

() {n) ' )
éIL 3&'.}.2(15-1,1, = GIR)

)
IR

(6)

where



Fig.

S

el

.

tdorgingl price

Guocntity csaionds

s & 31-_&
A J/Q
N / Bonafit _
(8] .
funciion
i ] i ] -

Schzduled relzgse

~acre. fi./ mo

A berefit funcrion

ter suiply.

X 10°

for irriga

17
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) ' -

m .5 Loss sustained from irrigation sunply shortage below
' ) the target output demand for stage n, dollars/mo.

(n) . s . = . ) '
XIT = Irrigation target output demand during stage n,

acre ft./mo.

Unlike the urcan center under study, the target output demand
for irrigation can fluctuate widely from season to season.
However, since the water supply neéds of agriculture are cyclic
in natﬁre; target output demand may be expressed as a periodic
function without encroaching into the field of dynamlc analysis.

A suggested form of this function is shown below.

@ S ik
XIT = do + D Sinfwn
3 3
= 2.,25x10° + 1.0x10" Sin(zn/6) (7
where
do = Mean flow rate required by the irrigatioh target

output demand, acre ft./mo.
i .
«w’ .= . A frequency factor of seasonal fluetuations, cyc./mo.

D = ZExpected devietion of seasonal demand fluctuations,
acre ft./mo.

Water Supply For Hydroslasciric Power

Regardinz power distribution within ths test system, two



1=
SNO

assumptions érermaQe,r Pirst, hydroelectric power which is
producéd within fhe system is used By demand zones within the
system, Power is not transported to other areas. Secondly,
the widely rluctuating nature of water movement eiiminates
hydfoelectric power as a continually reliable source. conse-
guently, when power demands cannot be met internally, it is
tepped from en external network. Common to the study of most
arcas, are relations which express unit benefits as a function
of the hfdroelsctric plant output. Such a relation is plotted
in Figure 5 for a power plant at one of the Jordan Creek
reservoirs (5). Using Lagrange's Formuls, this curve may be

anpproximated by the function

(1) - n) -G -
g = 3.07x10 16(£ )2 - 1,.,0x10 ’(fﬁ )} + 1l.71x10 - (8)
. po po
where
'¢2LB = Unit benefit from hydroeslectric power output .during
stage n, dollars/k.w. hr.
() | ' _
X = Average output of the power plant during stage n,

po k.w. hrs./ro.

) th |
¢WB’ beneflts accrued during the n  wmonth or staze from hydéro-

electric power, is then equal to
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2 §

N
"4)(;3— q)UnB KPO'. . (9)

To facilitate a solution later in the analysis, it is
desirablse that all functlons be expressedrin terms of water
movenient and time. With reference to the reservoir mentloned
above (5), the power variable, é;i, is related to "head"

(reservoir height at the dam), and water flow rate through the

turbines by the expression

NN W (o

= KeX X
Po TR h
n  (n
=8.J£K 0
X Xy (10)
where
K = A conversion factor relating hydroelectric powerp
output to system paremeters, k.w. hrs./acre ft.
e = A plant efficiency factor.
(n) ‘ b
= Average flow rate utilized for the production of
IR hydroelectric power -durinz sbtage n; acre ft./mo.
én) _ B i :
no - Averace head during stege n, ft,.

The stream diverted through power turbines, KTR’ is defined

explicitly in the expression below.
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() - ny (n) ()]
_‘ﬁg = O+ éIR ¥ B, =8 : (11)
where
)
ég; = Schedulsd release of water 1ln excess of ém and o
— during stage n, acre ft./mo. UR IR
{n) . %
BTB = Vater flow from the reservolr which cannot be utilized

for hydroelectric power, acre ft./mo.

é;; is; in effect, a slack varisble. It permits tne imposition
of constraints on the power oubtput level without affecting the
other decision varisbles. Head, f:; may in turn be described
s a function of reservolr contents. Such an expression nrust
be determined empirically. An example of suech work is lllus-

trated in Figure 6, Using Lagrange's Pormula to it this plot,

approximatisn is made possible by the quadratic function

(n) ¢ (n 2 -3, {n

X = ~6.70x10 (}Sv) + 1.97x10 (_}:VS (12}
where .
n) . | :
Xy = Average reservoir volume during stage n, acre ft.

)

Combining equations 8, ¢, 10, and 12, ¢’B may be gxpressed

K
n) o} "
solely in terms of é and.ﬁ . :
: v TR

T
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T

- ‘2(‘“5”‘55 203 4 5 oﬁlo“36(><“55(‘*‘@

1.37x10~27 (3 ")51' iy

+1.56:10723060)3 05‘3’:;)3 + 60051072073 (D)2

~-5,10:10

-5 5. 40x10™2 f'm)hr *21)3

i

sty
ankef

..1.18::10"1‘“’@ 32 ( 1.00x10° ll( ) ('n’

gt

J‘—m -\

+2,80x10
.ﬁﬁ . - .
Xy In addition, may be erpressed in terms of [low variables
¥ running a material balance about the reservoir, In contin-
accunulation would he equal to the Ilov
rate of water into the reservoir less the flow rate leaving.

In finite difference fornm,- this balance is represented by

bt
It

m @ ,
- .zs.v ) + J\Q - gll-}R s GIE -~ é--;t . (1}7)

wvhere -
‘{h_l] " - = L s £
= Averazze reservoir volurie duriag staze n-l, acre f£t,
..fn) — m s b ~— E e E-d FE)
e — Zotel Tiow rate of wvater releasec from the reservoir
1CcT Biimadt A EER R A acre Ft./i
_Clv--l.l—io SU’—-ue ﬂ, CJ.C.-\- - a l_.O-
The u=7it loss sustzained Iron unernected deficiences helow

=t output densnd has beer found equal to 50.02/k,w, ar,
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(5).. A linear function expressing accrued loss as a function

of this deficliency is shown below.

én) 5 0_2 ;n} j?ﬂ
oy, — SRR — A
n) n)
= B, )ém < zpo (1)

- Where

@ & 2}

¢ = TLoss sustained from a power shortage below thes targset

HL output demand for stzge n, dollars/mo.
{n)
A = largeu output demand for hydroelectric power during

staze n, k.w. hrs,/mo.

For the test system under study, a constant target output
6 ,
demand of 5.0 x 10 k.w. hours/month has been found a good
. ' () - 5 .
approximation. Agaln, since ¢HL must be expressed in terms of

flow variables,

PR L

DO TR’ V
ny (o n¥
- x o A2 £
: 2, () -2 [ h)
= =5 85 x10 (}f 4 ) 1707 () (15)
v R
Combining eguations 1l and 1k $2L mnay be expressed in terms of

X2 ana % . )
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= 41272077 G0 (n)) ~3.4x10" (‘@5(3@? +2.0:0072 G50

1,&'15 < (1'1) 5

O, AHT —— J\T ,.l..

(16)

Jater Suprly For Eecreation

been calcvlzted at $l.05/visitor~daf for the Jordan Creelr area

(5). The Corps of ?ﬂ?.gee*s, in adrition, has discovered that
tion of reservolr

capacity. An erample of such a relationship is illustrated in

sure 7 for the Jdorcden Creck area. Using an approrriate curve

fitting technique, Figure 7 may be approrimated by the equation

_(1:1) & A 5’3y:|_g‘_9(:::_é_; 2 -3. 68:—210-4(}%)) +3. gox10t az

. -
vhere
{n) X i
p. e -y = atiendance for woter basel recrestion during staze n,
= visito: -dzys/acre of reservoir surface/rionti.
. . (!
In'a sinilar manner, the reservoir suriace area, =, mar be
L3
plotied againz=t its capacity., Yith this relatisnshin knovmn,
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My

a function of Av._"'—

() n) , ny (0 |
(j; = 1,05 )@RA(:&:_% }égg(}‘v%

RB
<10 () 3 B 2 0
= 3.2x10 (f;} - 77010 (ﬁi% + S.lxlo'(fi% (18)
where
) 3 ) gk
éRB = System benefit accrued from water based recreatlion

during stage n, dollars/mo.

For this system, no target output or associated loss

funection is connected with recreation,

BECONOHMIC ANALYSIS

As stated'earlier, the object of a system analysis is to
‘determine that set of operational policies_whicﬁ maximizes the
ecash flow stresm over the periyd oﬁ analyqis. Assuming an
estimated economic life of Y years, this goal may be stated

symboliezlly as follows,

- S VA
Maximize V = (s /(1 + r)“) (19)

where



()

P

o

in

whers

1)
T =

29

The presenc valvue of net system gains accruea during tne

'pericd of economic analysis, dollars,

The net economic gain accrued by the system during stage
n, dollars,

The interest rate of monhey prorasted on a monthly basis.

turn, may be revresented by the expression

n) Gﬂ &ﬂ :
- - (20)
Total benefit accrued by the system during stage n,
dollars. _
n) ) {n) éh) '
+ + +
¢UB ¢IB ?HB RB : (21)

Total penalty or loss contracted by the system during
stage n, dollers,

=+~

) (n) is))
Gor, * 9o+

(22}

Total orerating and malintenance costs contracted by
the system during stage n, dollars.

As the objective function, equation (1) is subject to the

following set of constraints.



30

' YRR 3
< < ,
2 _‘,0 = BUR = Q.QXIO: | : _ _ (23)
[is)) 3
b. 0 £ 8. £ 1.0x10 : (21)
IR 2 5 "
) ,
c. éER > 1.0x100 (25)
(n ) m b
d. Og + O * O = 1.3x10. (26)
n)
i 6 2 0 2
e 5 {(27)
n n 6
r. X (X ,X) £ 7.2x10 (28)
po TR’ v
() 5
Ea 2.0:(101!' < X(v < 140x10 ' (29)

These constraints represent physical boundaries or limitations
whiech must be observed within the system., Constraints a and

b, for example, represént points beyond which benefits will not
oceur for an increase in avallable water supply. These limits
define the maximum capacities of transport and purification
systems ss well as the demand zones they service. Constrsints
¢ and d are limitations imposed on systems to insure .that water
flow .remains within- the limits.of existing river beds and -
channels, Constraint f recresents an upper limit for the hydro-~
electric power plent, It is a reflection of physical size.
Beyoné this voint, the plant can produce no more power, regard-
less of nezd or flow availabis. Constraint g defines the uszable
1imits of the reservoir. The lower 1linit fepresents deazd stor-

age allocation for silting, and the accumulation of debris,



The urver 1linit{ rerresents the maximum carvacity of the

reservoir.

The control policies developed in this mocel are, in
effect, rules for storing, releasing, and routing water through

the system., 1In geueral, control policies alfTecting urban wster

control., Drawdowms for all of ihese purposes conilict with the

and physicel consideraiions, If wvalue judgerents bassd on

The obieciive function expreszed in equation (19) relates

net econonic za8ias sccerue’ by the systen =28 a function of

3

Flovw releases fzom $he reservoir during each inerement of time,

6]
ey

= L i b TR YA - [ —— A L S = .

in This ¢ase s OT2 TMONUI,. For o gos BFsypen unoer seidy, iour
decision variables rust be chanzged Witz time in such a way as
= ety e Ea e o Tl — - e i *

to narinize the cash T10 trean, For an analysis covering a

period of ¥ years, ihe -ob/ectlive function wiuld Iinvolve
Lx12xY independent variables subject to the seven ineguality
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- DISCUSSION OF RASULTS AND GONCLUSIONS

The objective function developed in the system model

. . . ] (r () (n)
consists of four decision varizbles, © < 6 , and

w® e’ %m’ Ogp

one state variable, {:3 apnlied at each of N stages. Solution,
i1t was discovered, fell naturally in the realm of dynanic pro-
gramming. A computer program was constructed which tied all
subrouﬁines into a dynamic program routine as center, A com-
plete discussion of this program is included in Appendix A.

In zddition, a set of directions is included for anyone wishing
to use this program,'or an extended version of it. At each
stage in the dynamic program routine, a seérch was conducted for
an optimal set of variebles which influenced the policies set st
that stage. This was accomplished by the Hooke and Jeeves
pattern search technique. The search subroutine was modified
somewhat, so that it could handle constrasined prcblems. A dis-

cussion of the Hooke and Jeeves ftechnique is included in

Appendix B.

(9

In Appendix C, results are given for work directly related-
to the computer program. This includes f{low diagfams, listings,
and an explanation of all symbols used 1n the program, In addi-
tion, a semple solution is orinted in teble form for a2 tuwelve
stage problem. With outnut data in this form, the user nay

' -1

select an initial {or final) state variable, L. s from a list

of grid values, and then trace an optimal vath relating control



3k

pol cles sgaingt time. The size oi the list found in these
tables is co:*“olled by input parameter cards. 7The size, and
nernce the geeuracy may be varied o Tit the needs ¢

I{
lem, An initisl state variable (7. = 4%.55x10  acre ft.) was
tables. Aprendix D illustrates the nature of this path as it

ranges through a time period of twslve nonths. The variation

_0f the state variable as well as the decision varisbles are

the secrel subrouvline wWere vwritten in as general a marmisr 28

rossible. They can, if desired, be utilized by complstely
sepzrate rodel and censtraint stbroutines,

To save time on the coupu ger, a price rmst be naid in

-

terris of nrecision, Corputeationzl! accuracy may be a2djusted

in two ways for this progran, Firsi, instructions may be
izserted, diresciirz tne use of double preeision. By doing so,

coud- ot be vsed, hovever, since I inecressed erceoublon tine

by a Tacior of 5. One half hour wss reguired Tor ths nornal
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variable., To nmininize

chosen for the sample outnut illuvstrated in this vork., The
raezgnitnle of the range detrrained for the state variable should

er grié@ network., Tine limitatioans, hovever,

s - .
'

odifications vwere nade in the Hooke and Jeeres sesrch .

o3

novierer, I must conclude that the best possible veoluss Rovs
not been found., At this tive, I do not recomnend a maticran

searci for constraized problams. A randon seareh technigue,

or the other hend, wvould bz

thvarites by a s=2{ of constreints. It does not lazy ratterns
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situstions. 1If zreazater complexi ¢ Tor Tuture re-

search sev;ral_cn”1~ s m2¥ be consicdered. Thz nunber of
resource Gemrand ZONES, Tor example, can be_expandei. lood
‘coatfol-a:d navigational requirements neay be added Lo those
already under study. Flood control should be thouzsht of as a
snecial case since time-novenient syndies are concerned with a
reriod of hours and days as opposed to the gerne~al case 0
months 22d Tea:s. A specizl hydrology generator riust be dsvel-
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be involved., - Special tecunigues

such as guasi-li-earization will be reguired o expadite a

p i
solutionn by
In additinn v"‘"""' = the comple-ity of a gt3ten nindel
1 addition to DAY Lae COEDLEriIVY g SBLELL wocel,

the nole of azzljsis may eglso be changed, In this papsr, the
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listed. If_the system is not stable, that is, continually

rowin dynamic analysis should be considered. In asdditicn to
g g

facilities which may be installed anytime during the period of
g

analysis., In addition, the corresponding target output demand

levels can =2lso be changed.

There 1s also no reason why a model nust be deterministic

in nature. It may also be stochastic. For those who ars inter-

ested in this approach, serious consideration should be paid to
B 1 ]

1

the Markov model postulated by . B. Flering {2). This is a
statistical expraession of the hydrology generstor as shown
belOW-

2,1/2
X = « + AX, - + AL -

where

X Estimated value of flow in the (i+1) unit of time.

irl th :
}1j "= Mean Tlow in the j séason. )

Ki Flow in ths itn unit of time.

+ A
e

| i

[

Regression coefficient of flow in season J on flow
in season {j-1).

Correlation coafficient between flows in seasons jJ
and (j-l) .

- s i : .th
Standard deviation of flows in the J 58850N.

A randon deviate normally distributed wita 2ero mean
and unit varlancs.



This model has been used by Fathan Buras in his work with
dynamic programming in the field of water resources development

(10, 11).
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APPENDIX A. DISCUSSION OF PROGRAN -

The source program, SYIPROG, is written in Fortran IV
language for the IBM 360 computer. It is designed to solve
analytical models involving water resource control systems.
This entails optimization of multistage systems with one stzate
varicble, and any given number of declision varlables, SYMPROG
" actually consists of bne program and three subroutine sub-
programs. The tie arrangement between these subroutlnes is

illustrated in Figure A-1l.

The controi systems mentioned above require an optimal set
of decisions occurring over a designated period of time. Time
is therefore divided into increments, each of which is trested
as a staée for solution by dynanic progremming. Because of
the irreversible nature of time, these stages are numbered in
a forward menner as shown in Figure A-2. The optimal policy atb
each stage is determined in a relationship between total systenm
galns and interval profit. The chronological nature of this
system has necessitated some modification in the superscripts

of the functiosn as showun 2elow,

| okl
S T-k GI-k+D (-1 (-t (iT-k+1)
= X P (% + ;
ndx, e ) = Hax (P (X T)e ) +or (X7



Iodel Subroutine Subprogran

Sgart Dynamic Prozran Routine =nd

Search Subroutine Subprogran

Fiodsl Subroutine Constralnt Subroutine
s ubprozrem Subtprozran

r'ig., A=1l. <Tie arrangemsnt detwsen subroutines of
source prograri,

Tae
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where
AR = The total proiit for a2 series of k remaining stages,
dollars. ‘
k = A ecouniing index beginning with 1 at the last
stase, ¥, =2nd progressing by lncrenents of one to
¥ a2t the beginting stace, 1.
iT=k+1) .
é = The interval profit for 2z given stags, dollars,
Mot 1)
‘é - = The 1naenehcenb or decision varisbles involved at
- .

each stage, acre ft./mo

In general, the dynamic program routine generates a set of

Sn=1)
grid points for the state variasble, Av s 2t the beginning of
each stoge. The size anc naturs of this set is dictated by

input parsmeter cards. For each grid point, the sezrch suo-
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routine is c¢zalled upon to find
‘ e(n) ‘ Rt o Byl : ;
rigbles, g0 17 1,2,.00Ll. ¥ith this inforaation, the model
subroutine is then called upon to calculate the corresponding
nt

) . " "
values of Rv, and the intervel orofit, P .. The dyn amlc progran

routins can_then_solve for the optimal policy, fk' This routine

has been generalized so that it may hendle zs many grid points
of the state varlable within a5 nany stages as the progromrer

wishes., Any number of independent varisbles wmay be used.

search technicgue, Tals may be used to maximize-an objective
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routine is fed 2z base point consisting of an arbitrasry set of
values, one for each decision variable. -The Hooke end Jeeves
technique employs a perturbation pattern about this base polnt

in search for z2n optimal set of wvalues.

The value of the profit function is calculated in the model
subroutine after each perturbatizn in the pattern search. This
~subroutine specifies the objective function connected with a
specific ﬁodel. If the function is subject to a set of con-
straints, a contraint subroutine may be added to the main pro=-
gram. The search subroutine has been modified to handle this
possibility. In addition to ealling the model subroutine after
each perturbation, tne search subroutine also draws the con-
straint subroutine to check the validity of each step. Success
or feilure of sach evaluation will incur the same routing decis-
ions svecified for the model subroutine. In this manner, the
search subroutine hes the capability of moving along a boundary

zone where an optimum point may exist.

" Phe search subroutine has elso been modified to accept any
nunber of initial base points desired by the programmer. Before
returning control to the dynaﬂic program routins, the search
subroutine will select the best result from several trisls,
each starting from a differsnt base point. This feature is de-
signed to achleve proper convergence in complex problems with

local pesks or ridges in hyoer-space. The result of each trizl
- = :v-



is included in the printed output. This a2llows the programmer

to monitor the success of the search subroutine.

In the following paragraphs, a set of directions has been
supplied for prospective users of the SY#PROG program.
. Hodif'ications have also been suggested for those-who wish to
use specific subroutines from this program to solve different

problems.
DIRECTIONS FOR USIKG THE SOURCE PROGRAM

The heart of SYMPROG is the dynamic program routine and
the search subroutine subprogram, Other model subroutines with
different parametric values and constraints may be tied into
this center., The recommended order in which the source deck

should be arranged is listsed as follows.

Job cards

Dynamic program routine

Search subroutine sutprogram - -
iodel subroutine subprogram
Constraint subroutine subprogran
Job cards

Input datsa

Job card



Dynamic Program Roubine

A1) date is read in at the.beginning of this fouéine. The
first three values are integer. They are placed in columns 1-5
on separate cards under the format (I5). This input corresponds
to the following paramneters.

NE = The number of times perturbation size is reduced before
the sesrch subroutine terminstes a search pattern.

K = The number of independent or decision variables that are
involved in the solution.

M = The number of initisl base points which will be used in
separate trials by the search subroutine.

The following data is floating point. Each vslue is plzced in
colunns 1-12 on separate cards under the format (E 12.5). This

input corresponds to the following psrameters.

TOM = The ops aulng and maintenance costs assoclatod with
a given system, dollars/mo.

S = The total number of stages considered in the dynamie
program routline.

R = The interest rate of money prorated on & monthly
basis.
D = A parameter controlling the numoer gg %Fid points
-0

essocisted with the stats variable 2,
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‘The lowest value considered in the grid network for:

the state varisble, acre ft.

The highest value considered in the grid network

for the state varisblse,

acre ft.

The factor by which perturbation size is cut when
the searchk subroutine encounters a disruption in

the search pattern.

The 1list of initial step sizes used for each decis-
ion varisble in the perturbation pattern of the

gsearch subroutine.

The list of initial base points used by the search
subroutine in separate trial search patterns.

SYIPROG program will accept valuss of

K up to 9

H up to

D wup to

G
19

All other input parsmeters may be assigned any value necsssary

to accommodate the solution of a problem. (I greater values

are raguired for those parsmebtars listed above, wmodify the

P-

o
~—
Nel
(™
~0

BAH(9,9)

Xv{20)

‘is

to

ct
Q

Z)

changed to DEL(XH)

imension statements at locations 3, L, and 83 such that



h7

Xvo{20) to . XVO(D+1) -
X(9) to X(KX)
FB(20) to FB(D+1)
FBO(20) to FBO(D+1)
DELP(9) to DILP(K)
TH(9)  to TH(X)
BAP(9,9) to BAP(X,)
"BF(9) - to BR(K)

where X,M, and D represent the higher values desired for the

respective paremeters.

The model used in this program requirss four decislion variables.
These variables ars lablad 28 X1, X2, X3, and X} in the format
st loeations 6-8. If more than four indenendent variables are

used in a given system, this formet should be exnznded.

At locations 31 and 32 are two call statem&nts. One
involves the search subroutine, and the other schieves connect-
jon with the godel aubroutinerplabled CRIT). In location 32,
tre four decision variables must agein be referred to separzte-
1y as Xx(1), X(2), X(3), and X(L). If more than four decision
verisbles are used, this statemsnt should be expanded. This
chanss will also affect th nuriber ol dumnay arguménts In the
subfoutina staetenent at location 171. When values are calcula-

ted in a2 subroutine and brought back to the calling program,
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the arsuments used should be initializedk In this case the
arguments are X (for the array X(I), I=1;E}, PI, xvo(J), and
XPO. They are initialized in locations 30.1 - 30.6, Different
systems may involve different arguments. If so, thsy must be

~ defined before engaging the call statsmont.
Search Subroutine Subprogram

In this subroutine, call statements are used to connect
with the model and constraint subroutines at locations 98, 99,
99,1, 109, 110, 111, 121, 125, 1256, 133.3, 133.L, 133.5, 135,
b0, 1i0.5, 1h0.6, 15Lh.1, and 154.2. In each case, the first
four ergurients are related to the four decision variables,
These arguments must be expanded in problems calling for more
than four independent variebles. In addition, subroutine
statements at locations 171 and 21h should have thelr arguments

expanded in accordance with this change.
lfodel Subroutine Subprogram

Additional information rejquired by this subroutine for
calculations is supnlied through arguments in the call state-
ment. Two values which must be returned to the calling progranms
(:egardless of the model used) are the caleculatsd values of the

. m ; . . fn)
state wvariable, iv’ and the interval profit, P s for each stage



n. They are required both by the dynamic program .routine and

the search subroutine in order to funcvion.
Constraint Subroutine Subprogranm

The method of testling a proposed perturbation agalnstc a
series of constraints is illustrated by statements in locations
- 213 - 232. If the system under study is without constraints,

the following modifications shouldé be made.

1. Remove statements at locations 99.1, 111, 133.5, and 1L0.6.
By Replace locations 133.5 and 1h0.,6 with the statement: GO

T0 191.
Outout Data

The results are printed under a two line format for each

grid point of the state varisble fz-l{

Line ‘One .
B = k, The counting iadex used to denote stage position in
the dynamic program routine.
) s .1 - . o i : o _\;[’1—1}
J = Jj. Grid point desiznation of the state variecble A, e
Lins Two

)

« The j““grid value of & state variable. Tne

vy = (:{2'1})



average resarvolr volume during stage n-1, acre ft.

X1 = Scheduled relesse of water for urban use durling
s%aoe n, acre ft./mo.
(n) S %

X2 = 6 . Scheduled release of water for irrigation during
stage n, acre ft./mo,

X3 = 8{_? . Scheduled rclease of water in excess of 6@
nd € . during stage n, acre ft. /mo.
é'n) ) ; S i

Xh = . Vater flow from the reservoir which cannot be
ut?1ized for hydroelectric power, acre ft./mo.
fn5 .th . 5 ’

Xxvos = | The j grid value of a state variable. The
averace reservolr volume during stage n, acre ft.

FBd = fk' The total profit for a series of k remasining

stages in the dynamic program routine, dollars.

Directly above thié information are several lines of
additional output. The number of lines corresponds to the num-
ber of initial base points inserted by the prograumer. The
results of - each line represent the optimal-velues calculated by
the search subroutine from a given bsse point, The best of
several trisls is selected for the final output listed below.
Zach line carries the following informetion from a given trial.

ﬁhl ‘The interval profit associated with a stage n,
dollars.

BT

' )
1y = é:l i =1,h. The four decislion varxqbles, éP) é?q,

J.



(Y] )

If more than four independent variables are involvéd,‘their

values will be printsd below this line.

51
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APPENDIX-B, DISCUSSICH OF T
JEEVES PATTERY SEARCH T=ECHINIQUL

Hooke and Jeeves (12} have devised an spproach for staying

on the crest of a ridge in hyper-space while searching for zn
- optimum point. Thelr pattern search technique is based on the
conjecture that zny set of moves (adjustments of the independent
variables) which have been successful during early experiments
will be worth trying again. This strategy is successful on
straight ridzes because the only way an early pattern of moves
can succeed is if it lies along the cresv. Hence further moves
in the same dirvection will be worthwhile if the ridge is

straight.

Although the method starts cautiously with short excur-
sions from the starting point, the steps grow with repeated suc-
cess. Subsequent fallure lndicates that shorter steps are in
order, and if a change in direction is required the technique
will start over again with a new pattern. TIn the vicinity of
the pesk, the steps become very small and cannot overlook any

nev pronising dirsction.

In visvalizing what is meant by a pattern, it 1s useful to
think of an grrow, its base at one end and its head 2t the
other. The search begins at an initial base point, 21, waich

may be chosen arbitrarily. The experimenter then chooses a
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step size 8,, for esch. independent variable, 91, 1=1,2, 651
Let 8; be the vector whose il component is Si’ all the rest
being zero. After measuring the criterion at the initial base,

one takes an observation at b, + B,. If this new point is

1
better than the bese, it is registered as the temporary head

%, 4+ The double subscript shows that the first pattern is
]

being developed, and that the first variable, 61, heas been per-
" turbed. If'gl + §1 is not as good as El then El - §1 would be

tried. If this new point is better than.gl it would be made the

temporary head, If not, b. is designated temporary head.

1

Perturbatlion of 62, the next independent varlabls, is

earried out in a similar manner, thils time about the temporary

head 31 1 instead of the originsal base, El' In general, the
3
g th temporary head, 31 1? is obtained from the preceding onse,
L
El,i-l’ in the following manner (13). )
t, . . + B, if £t +8.)> ot
£ re=bh Lers B M o= BA) #F LY > rx + 8 )
-1l,i |—-1l,i-1 =i . (-1,i-l “1) g“l,i—l) (“1,i~1 _i)
i > Hiteh o - . -
By,qeq 1F ey g 902 mex(rlly 5 g + 84)00(8) 5 - 5;))

This expression covers all values of i from 1 to I if the con-

venﬁion is adopted thsat

t b
=1,0 =1



When all of the variables have been perturbed, the last tem-

porary hezd point; 1t s 1s designated the second base point,

1,1
22'

The originzl base point, El’ and the newly determined base

- point, b together establish the Tirst pattern. It may be

2!
reasoned thet if. a2 similar exploretion were conducted from 22
_the resglts would likely be the same, If s0, loczl excursions
may be ékipped, and the pattern extended lmmedlately, doubling'

its length. This estsblishes a new temporary head, for the

t
_2’03
second pattern based at 22' This initial temporary head is given

_by

The double subseript, 2,0, indicates the beginning of the second
vsttern before any perturbations hsve occurred about the tempo-
‘rary head,

The search patitsrn is expanded until none of the temporary

heads are any bstter than the opreceding base point. In this

case

b b
4 g4l

-1
&
(o)
o]
o
cr
ct

srn is destroyed, OSince this could mezn it has reached
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-

Hith the termination of oné pattern, An attenpt nust be

nade to build a new one about the leet successiul base polnt,

X

This discuscsion has been in connectlon with the ctandard
Hoole and Jeeves pattern sesrch technigue, Since no provision

has bheen nade Tor constrained problems, the computer search
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APPENDIX -C.- CONPUTZR PROGRAM AFD EESULTS

Within this section is a compilation of work related to
the computer program, and the output from this program. Below,

a list of the contents of the following pages has been submitted.

Pigure (C-1). Computer Flow Diagran.
“Table (C-1). Program Symbols And Zxplanation,.
Teble (C-2). Computer Program.

Teble (C-3) . Sample Input Data For Computer
Program.

Teble (C-L). Sample Output Of Computer Program
For A 12 Stage System,
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Fig.C-1. (Coniinuzd)
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P

Set PiV =0

Set KC=1I[
NC= T S ]
I
ot I =1 : : o

T ———— 2 o o o i )

|

Y

Call Modcol  ong Coenst-
raint Subrouiinc:. Arguments [T
( b;,n l l = l I ) ’

et i s o b » —ea.

T ke 7




Call

Mool
. Constraint

Argumznls

ond
sthrgutiags -

Cerstraints

I,'

ti = bi.m + 6t
BLPi»n® Dbivm <
I1C = |
L
bi'lrﬂ: f =

(T3]

-— 3

-]
— )



4

-r_';—-—




ST
KC = KC * |

Call Model Subroutinz

Arguments (B APim ' i=1,1)

e

b'hm=2 Ti"B'&‘Pi:mli‘*l’I
BFi = 1 Ii-‘-l-.I
NG | |

Consircint Subroutinzs
A"CUH’:?«?S(«'D;, a, |:],I)
9\1.

s}
Y

5
N ==

Ca

—

5 Q.. T
| >y

ra
o)

N ==

LAF]
Y

~ ~i

— 0N

66

ML,

ol

Yy



)
a1
2
i

Ccazlrginis

u e
=
} e

{0 —

) ‘
E
e
I

T M

Call [ledal  Subroutinz .

Arguineata ( BF; l i=1,1)

1

™
’

“Call Model ond " | 7|

Consirocint subroutinss

Argumeznis { by, { i =1, )

s i

32 I3
P

Fig. C-1. (Continuzd).

\rl

[$3]



1ol

Consirgints

bisr‘nz DF.l i=1,1 < £
KC=lI : ‘
é“i = é'i 9 l i::l 3 I ¥ T
NC = NC* |

No

Cell ricdzl  Subr

cutinz

( Continusd).

V4

\)

o =

68

—
[



. 69

ll-l ) [ 4
Y. %5 27 25
(n)
@i bi,m ! i=1,1
prv= p'"
!

Ster

Modzal

Sudroutin2




Start

Cong*
- strgint

70



v

Return 1

Consiral
straints satisfic
aTigy

Return O

V7

N

w

Ccnstroints not
sgiiatiad

Fig -
,'C | . (Coitinusad )

71



AHTIGH

- ALOW

" ARGA

ARGB

ARGC

ARGO

ARGT

BA(I,N)

BAH(I,)

&“(_,A)

72

TABLE C-1. PROGRAM SYEBOLS AND EXPLAHATION

|

1

I

i

(=D | The highest value in the grid network
v

for An 1L acre Tt.

Cﬁn"n) | « The lowest value in grid network

ﬁn v

for X s acre ft.

An intermediate function formed in the dynanie
program routine; interpolation schene.

An intermediate function formed in the dynamic
program routine; interpolstion scheme.

An intermediate function formed in the dynamic
program routine; interpolation scheme,

An intermediate function formed in the dynamiec
program routine; interpolation scheme.

An intsrmediate function formed in the dynamiec
program routine; interpolation schene,

k. The counting index used to denote staze position

,in the dynamlc program routine.

o’

l.im® A coumponent. of an initial base point in the
s5478h subroutine.

BA(I,¥). This was devised to rstain initial values
in the dynemic program routine, acre ft./mo.

3A(I,N). This was devissd to retain initial values
in the ssarch subroutine, acrs f£t./mo.
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- TABLE C-1 (CONTINUED)

BET = @;. The factor by which perturbation size is cut
when the search subrcutine ehcounters a disruption
in the search pasttern.

BR(I) = b1+1 $m® The 1B component of the base voint
folléwiﬁg b, . in the search subroutine.
Logidg Bl
. D = A parameter controlling the number %ﬁ §rid points
associated with the state varisble kv" ),
- th PR . "
=L( I) = 51, The i component of the perturbation size

used in the Hooke and Jeeves pattern search.

. DELP(I) = DEL(I). This was devised to retain initlal values
' in the search subroutins.

FB(J) = f,. The total profit for a series of k remaining
' stages in the dynamic program routine, dollars.
FBO( J) = f,_,+ The total profit for a series of k-1 remain-
ing stages in the dynamic program routine, dollars,
- o e 5 Jn=-1
GRID = Calculsted grid size betwsen values of (X )j, acre
ft,
L = 1., Subscript designation of = specific decision
variable.
IC = A counter mechanism used in the search subroutine.
J = %, l,Grid voint designatlion of the state variable,
Y-



JHS

KC

OHB

OHL
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i}
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H

n

I

7

.. “PABLE C-1 (CONTINUED)

J. The number of grid polnts associated with the
state varilable, \3' 3

j. This was devised to retain initial values in
the dynamic program routine.

j*l. This was devised to retain initial values
in the dynamic progran rdutine.

j. This was devised to retain initial values in
the dynamic program routine.

I. The number of independent or declsion variables
ugsed in the systemn.

A counter mechanism used in the search subroutine.

The tobal number of initial base points which will
be used in the pattern search.

m. Subscript designation of the initial base point,
bl 1.m’ introduced into the Hooke and Jeeves vattern
b Bt ] .

search.
A counter mechanism used in ths search subroutine.

The numb2r of times perturbation size 1s reduced
before the search subroutine terminstes a pattern.

éf’. System gain or bsnefit accrued from hydro-
elactric power during stage n, dollars/mo.

#:i. Loss sustained from power shortage below tar-

1.0t
get output demend for stzge n, dollars/mo.



0IB

OIL

ORB

ouB

OUL

PI

PIB

||

]

n

. . TABLE C-1 (CONTINUED)

(n} : . B
. System benefit sccrued from irrigation during

s%gge n, dollars/mo.

nj
$I . Loss sustained from irrigation shortage below
e target output demand for stage n, dollars/ro.

n)
éRB' System benefit accrued from water based
recreation during stage n, dollars/mo.

ﬁg}. System benefit sccrued from water supply to
u:gan areas during stege n, dollars/mo.

nj
Loss sustained from urban supply shortage

U L 3
be%ow the target output demand for stage n,
dollars/mo.

ﬁn{ The interval proflit assoclated with a stage n,
dollars.

PI. This was devised to retain initial values 1n
the search subroutine, dollars.

PI. This was devised to retein initial values in

. the .search subroutine, dollars.

r. The interest rate of money prorated on a wmonthly
basis.

¥. The total number of stages considered 1in the
dynemic program routine.

| I g . 5 o
én. Net economic galn acerued within the system
during stage n, dollers.



TH(T)
TOM

X(1)

xv(J)

Xvo(J)

V3
XVoJ

XVE

XTR

XIR

76

. TABLE C-1 (CONTINUED)

t g The ith comoﬁnent of a temporary head used

ta? extena the Hooke and Jeeves pattern sesrch.

n)
fom. Total operating and maintenance costs incurred
during stage n, dollars.

n
é Value of the ith decision Varldble calculated

in the seerch subroutine.

The B grid value of a state variable.

o5 .
ihe everage reservolr volume during stage n-1,
acre ft,

(£h5 The Drid value of a state variable., The
average reservoir volume during stage n, acre ft.

Xv(J). A dumny argument, scre ft.
Xvo(J). A dummy argument, scre ft.

XVo(J). This was devised to retain initial values
in the dynamic progrsm routine, acre ft. . :

'ﬁn);' Avera?e flo" rate utilized for nroduc»ion of

hy%roelectrlc power cduring stsge n, acre ft./mo.

n)

é . Schecduled release of water for urban use
éu}ing stzge n, acre ft./ﬁo.

(‘n} 3 ) . ) Z
6 . Scheduled relegse of water for irrigation
dliring stage n, acre ft./mo.
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- ._TABLE C-1 (CONTINUED)

XER = G(? . Scheduled relsesse of water in excess of éDJ
ER ) UR
and 6., during stage n, acre ft./mo,

XTB = éﬂ;. Water flow from the reservolr which cannot be
utilized for hydroelectric power, acre ft./mo.

XIT = fnj. Irrigetion target output demand during stage
n, acre ft./mo. '

XHT = th._ Target demsnd for hydroelectric power during
s%ége n, kew. hrs./mo.

ﬁn). Urban target output demand during stage n,

m —

XUT = Xyp
scre 't -/mO-

XPO = f:i. putput of power plant during stage n, k.w.
hrs./ro.
ﬁn) ' 5 " _

XQ = Q° Flow rate of water into the system during stage
n, ascre ft./ wmo.

X = An intermediate function formed in the model
subroutine, '

Yr = An intermediste function formed in the model

subroutine.
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DYNAXIC PROSRAY SECTICN OF SYn PROG.
CIMENSICN bthQ).qata 9) s BAH{Y, 91,xvt?01 xvut201.x(9) FE{20),
1 FEC(20):XN(9)
7C FORMAT (I5)
- 17¢ FOREAT (E12.5) .
73 FGREAT(Y +y0H B=,E1245,5H4 J=s 15/ 1,6H XVJ=3C12.5,
1 5H yl—r ]ZeJ’SFi >\2-—'rE12 JtJ :’\3=1F‘12'5}5H X*‘r—*.ElZ.S.
2 TH XVYCGJ=,%12.5,6H Fan,Elz.fi
READ (1,70C) NF,K,.H '
READ (1,174) TCNMaS+R,C, AL“L,xHIGH.B:T;(D LTI)1=1,K),
LOGBACTI) yI=1,K),N=1,¥)
6C CC 62 N=1,#
LG &1 I=1,X
BAH(I,N) = 2A{1,4)
61 CCNTINUE
62 CONTINUE
DO 350 J=1, C + 1.0
FEG(J) = 0.0
35C CCONTINUE
: JD = D + 1.0
GRID = (AHIGH - ALCYW)/D

J =1
XViJ) = AL
71 J = J+1

XV{J) = X¥iJ-1) + GRIC
IF {(J-JC) 71, 72, 72
B 1.0
1J 1
2 CC 64 N=1,#
CC 63 I=1,.,K
BALT,N) =
62 CONTINUE
64 CCNTINUE
obC 3CCc 1
XUI) = Q.
3CC CCNTINLE
PI = .G
XVO(J) = 0.0
XPO = C.O
G = O.Lf
C‘-'L S':“’\..li {‘(1‘-4'{1 L'E"Frf . ,‘(”(J)g'\s \1Tn" r4|F_) " J0)
CALL CRIT (((‘:,((2),#(3).1(&!,S,A,X”(Jl,TC' 20y XN f(Jl.XPT,
1 G, FECy £v, JC)
GK=C
CC 359 I=1,¢
XPi1) = Xt

' m

}Fﬁrﬂ{

1,¥

on



79

© PARES 0-2 (CoIiu: ‘D)

355 CCNTINUE .
' IF {(X(2)-1{GC.0} 352, 352, 351
351 SUM = [(X(1)+#X{2¥+3(3)-1C00.0)/{2.0)
X(1) = Suw
X{z) = Sux
X{3) = 10C0.C
CALL CRIT (201X 21eX{3)yX(&);S:BiXVIJ),TCHM,R4PTL,XVC(J)sXPU,
1 Gy FBC,; =Yy J2)
IF (G-GK) 356, 352 352
356 DC 357 I=1.,4
X{I) = XP{I)
357 CORTINUE -
3 FB(J) = PI
WRITE{3,73) B,d.XY{J)s(XtIL)y I=1,:K}), AVOlJ),FR(J)
J = J+1
IF (J-J4C 2y 724 4
4 6 =8 4+ 1.0
JZI =1
Do 74 J = 1,4€
FBO({J) = Fnld)
T4 CCNTIMNUE

GC 7¢ 1
5 XVN = XVvCI(J)
J =1
XViJb + 1) = C.C
€ JH = J
ARG = XVM = XV (J)
T ARGT = XVN - ¥V{J+1)
IF ( ABSUARGT)— ABS(A&RGD)) 9y 8y B
g8 J = J+1
IF (J=-JC) 7, 104 10
S J = J+l
* IR: (J-J2) 6, F,.10 S - =
1C J = 4H "

IF (J-1) 11,111,162
1C2 [F (J=-J2) 121.,12,12

101 ARGC = 2y - ¥YyiJg-1)
ARGT = X7 - ¥y(Jrl) :
1F ( £35{323T7T)- A3S{2233)) 11,y 12, 12
11 JES =" Jd+1
GC TC 12
12 JuS = J-1
132 0 = J2
A2GA = XYL =XV [JH)
ARGE = XY {JHS) — X/ir)
LRCC = FBCOJFT) = FrRTUJH)

FEC(J) = [3352/2352 %3500+ FE2(4H)



14

15

o015

g2c

1€
17
18

151

2C

&€

21

TAB

FB(J)

.
1

L3 C-2 (COITINGID)

= O + FBC(J) ‘ g P
HRITE[3:73) Eijth[J,s{X(I)r 1=11K): XVC{J)vFB(J}
J = J+1
JZ = J
IF (J-JD) 24 25 14
B =8+ 1.0
JZ =1
CC 75 J = 1, JO
FBC(J) = rild)

CONTINUE

IF (B-S) 1,y 1y 15

STQR

END

SEARCH SULACLTINE SECTION OF Sy™ PRCS.

SUBRDUTINE SEARLH [ X sBA,DELBFT,NE FXVI4%,R,TOM,S,8,
1 FBO, XY, Ju) )
CIMENSIGON BALS,9), DELII), X{3), DELP{2), THI(S}, BAP{9,:,9),
1 BF(3), FiO(2C),y, XV{20)

FOPMATLY ¢ 121 SEANZH M=, 15,060 . Pi=; Bl2.5¢ 7it X{i)=,
1 (4E12.5))

b0 65 I = 1,X

CELP(I} = DELITI)

CONTINUE

Piv = C.C

N =1

KC =1

NC =1

I =1

PI = C.0

XVGoJ = G.C

XPO = C.0 .

G”=, 000 i - "

16 CALL CRIT {BA[1,M)sBAI2,M)3A{3,M),BA04,N1 5,294V, TCH,

1 Ry, PIs XV3Jy XPD, G, FETy X¥, JD)

CALL CCMST {Z8(14M),2402,M)2BA(3, 1) BA(4,Y),XP0,XVTJy

1 £191, 533)

PIE =G

IF (KC = 1) 21, 21, 2C

IT = 1

LC 65 1 ="1,%

CELtT) = CEL2(l)

CCNTINUE

1 =17

TH(I) = FAUI,N) + DEL(I)

BAP(I,YN) = CSa(l,%)

IC = 1



€1

£-2 {(COHNTINUED)

22 BA{TI,N) = TH(I) . P
CALL CRIT (GATL, M), 8BAI2,M) sBAL2,M) ,BAL4,N),S+8,XY),TCH, R,
1 PI, XVNJ, XPC, G, FBO, XV, JD)
CALL CONST (8ACL,M)oEA(Z N) g BAL3,4) 3 BA4,M) 1 XPCXVO,
1 £23, £24)
23 IF (G —PIR) 26, 24, 25
24 TH{I) = TH{I) - 2% DEL(I)
IC = IC + 1
IF (1C-2) 22, 22, 25
25 TH{I) = LAP(I,N)
26 1 =1 + 1 -
: IF tI-¥) 27, 27, 28
27 BA(I-13N) = TH(I-1)
G0 10 19 ,
28 CALL CRIT (TH{1),THI2),THI3) sTHI4) 4S5+ B, XV, TN, R, P, XVOJ, XPC,
1 Gy FBU, XV, JD)
PIB = G
KC = KC + 1 :
IF (KC-2) 23, 29, 31
25 CALL CRIT (BAPI14N) EAP(2,8),BAP(3 M) BAPL4,N],S,03,XVd,
1 TOM, P, PI. XunJ), YPD, G, FRO, XY, J0)
IF (PIB-G )} 33, 33, 30
3C OC 67 1 = 1,X
BA(I,N) = 2% TH{I) = BAP{T,")
67 CONTIRUT
BC 68 1 = 1,X
BF(I) = TH(I)
68 CCHTIMUE
NC= 1
1 =1 -
CALL CRIT (EA{LsN) CAL2, M), EA13,N),BAL4,M) 5,5 XVI,TOH,R,
1 PI, XVPJ, XPr, G, FE0, XV, JO) -

CALL CCMST {2801, ,BAL2,M),BAL3,M),3A014,N),XPC,XY0,
16191, €347 -7 ° e s
31 CALL CRIT (3F(1),3F(2),3F(3),8F(4),S,B,XVI,TCH,2,P1,XVCJ,XP0,

1 Gy FELZ, XY, JD}
IF (P12-5 ) 14, 34, 32
32 CC 63 1 = 1,.%
BA{I,MN) = 2% TH(I) - 3FL{I])
&S CCNTINLE
CC 2CC I =1, %
BF{I) = Trel1}
2CC CCxNTInLE
NC= 1
1 =1
O CALL CAIT (2001, Y8002, ) 3320353804, Sy2,%Y 3,707,
1 Ply XJi0), X80, 5, FBLC, XV, 32)

CaLL CCMNST (5'(1111;9%(2,?!,5&(3;%1;?1{é.ﬁl:K3?.173J:



33
76
34
11
35
- 78

3¢

37
15

38

81

3S

TABLE C-2 (CONTINUED)

1 £19],
CC 76 1
BA(I,N)
COCNTINUE
GC TO 35
Lo 77 1
BA(I,N)
CONTINUE
KC 1
pC 78 1
DEL(I)
CONTIAUE
NC NC + 1
IF (NC-"E)
CALL CRIT (RA&{),MN),BA(2,

1 PIs XVDJ, XPCy Go
IF (G -PIV) 38, 23,
X(1) RALI N
COCNTINUE
PIV G
N N+ 1
NT N -1
WRITE (3,20)
cec 81 1 1,K
DEL(I) = CELPLD)
CONTINUE
1F {(H=M)
RETURN
END

£34)
| I

1Y
HBAP T N)

leK
aril)

|

1,X
ceb (1) =

BET

Las; 18, 36
NMY;EA(3 M),
XV, J0}

FLut

37

KTy, PI, (X(1)}y I=14K)

16, 16, 39

MOCEL SUBPGLTINE SECTICK OF SYw
SUBROUTIME: CRIT- {XUR,X12,
Gy FBTZ, XYy JO)
DIMENSIGH FAC{20),
Y [CeS524) (S - 8

YP = [(C.1)%(Y)

XQ= ?uJ\,-Q + :-{:(.C-
XIT = 2258.3 + 189
XET UG,

XLT 2250.%

XvCJ XvJ o+ YO - XUR - XIR
XTR XLR + XTI + XER - XTEBE
xs0 D.CCCTOCCRas )R (XY I==2 )= XTR)
Cub (-J.CO“L)*{!UD**ZI +
CLL (15.¢)=TAUT - XUR
cle J0CTe)E{AI52)

Cell

1
AV1{29)
= + 1.72)

SIuly)

G
0 SIxY)

Es

4

« 0

" |I II

XER

ot n g

+ {2.7)=(41

+ 130C.C

&2

E!\t‘rg\,] IS,?J!X‘JJ'TB."’I'R!

PRGG.
XEL, XTE,S,8, X7, TCH, 2, P14 XD

13y XOO,

e
-

SINIY?)

+ [(CClT)={LYTII=(LTR

(L4.0)=(Xu")

=)



4C
41
42
42
44
45

1C
1C2
1C1
11

12
13

TABLE C-2 (COITIMUED)

CIL = {3.62)%IXIT - XIR) :
CCRB={0.00CN0CCCC32) % (XVDI4%3)~(0.0006077)%{XVY3I%=2) +
1 (8.15)={XVv(J) '
CEL = (+0.C0CCCCO01ITIH(XVOI=H2)%{XTR) —(C.CCQ34)=(XV0J)%
1 (XTR)Y + (Q.02?) = (XHT)
CHB = (=011 2{10C. 0% (=42 ) )5 (XVOJEX6 ) (XTRE#3)+(5,40) %
1 (10.0%2{-35)) ,
MUXVOJE RSV {ATATEZ ] = (54151002 (~29) )35 (AVDIEHg )%
(XTR+Ex3) -
GL1a3T)F( 10 0%F{=2T) I (XVOIFH4) 2 (XATRF%2) + (1.56)%
(10.C¥%{~23}1)% . , -
ELAVOIS 31272553} + {(8.00)%(10.C%¥(~=20) ) =(XVIex3)%
T (XTRE=%2) — ) - ,
E{.CCOCOCUGCTOCCOL2)#{XVOJ=E2) 2 (XTR*%2) — (C.0GUOCOCC00L )
S {XVOJ%%21%(XTR) + (0.00029C)*(AVCGJ)={XT)
IF (XUR —XUT) 4l, 40, 40

i M

wn

CLL = C.0
IF (XIR —XIT) 43, 42, &2
0OIL = 0.0
IF (XPC -~ XHTY45,; 44, 44
OFL = C.0

T = 0ud + QI + OHE + 0ORBE - OUL - GIL - GQHL - TG4
PT =(1)}/{(1.C + R)%*{[S~-B+1.C})])
XVN = XVOJ

J =1

XVIJD + 1) = C.0

JH = J

ARGC = XViH — ¥Vvi(J)

ARGT = XVi — XV{J+1) .
-IF { ARS(ARGT)-— A2S{ARGC)) 9, £, 8

J = J+l

IF (J-JC) 7, 10, 10

J = J+1

IE [J-J2) -6, %y 100 - .
J = JH ’

IF (J-1) 11,11,1G2
IF (J=-3C) 1¢01,12,12
ARGC = XV - Y J{J-1)

ARGT YN — Yy ({Jsl)

IF ( A2S(AASEY- ASS(ARST)) 11, 12, 12
JHS = J+1

GO TC 13

Jrs = J-1

J = Jz

ARGAE = AV'1 =XY(JH)

ARGE = XV{JHSY - XV (JH)

ARGC = FeGlJRS) = FaCl{JH)

FRGIJ) = {A252/72338)%123301+ FOO{JH)



46
&7
48

. 49

5C
51
52
52
54

[
-

5€

ek

G = PI + FEG(J)
RETURN
END

CCNSTRAINT SUPRSUTINE SECTICM CF SYM PROG.
SUBROUTTINE CUNST {XURGXIRGXERGXTEXPOLXVOd, #F4%)
IF (XUR — C.C) 56, 46, 46

IF [XUR - 4Q0CC.0) 47, 47, 54

IF {XIR -~ C.C) 56, 48, 48

IR EXIR = 4C6CC.0) 4G, 4G, L6

IF [XER -~ 10CC.C) 5é&¢ 50; 50

IF [XUR+XIR+XTR~-130006.0) 51,51,56
IF [XT8 — C.CY 56, 52, 52

IF (XPC - 7200CC0.0) 53, 5%, 56
IF [XVCJ — 2C€C0.0) 55, 54, S4

I1F {XV0QJd - 14€£C00.0) 55, 55, 56
PETURN 1

RETURN 2

END



"PABLE C=3. -

ALOW
AHIGH
BET
DEL( 1)
DEL( 2)
DEL( 3)
DEL(L)
BA(1,1)
BA(2,1)

BA(3,1)

| BA(L,1)
BA(1,2)
BA(2,2)

BA(3,2)

B4 (l,2)

1l

|

n

n

1

SAVPLE INPUT DATA FOR COMPUTER PROGRAM

5

N
5
0.173E05
0.300201
0.500E-2
0.900E01
0 .200E05
0.135E06
0,500
0.100E02
0.100202
0.100E02
0.100E02
0.0

0.0

0.10020L

0.0
0.LLOOEO)
0.0
0.600=04
0.0

BA(1,2)
BA(2,2)

. BA)3,2)

Ba(L,2)
BA(1,3)
BA(2,3)
BA(3,3)
BA(l,3)
BA(1,L)
BA(2,})
BA(3,1)
BA(lL,L)
BA(1,5)
BA(2,5)

BA( 3, 5)
‘BA( liy5)

]

]

1

[

1

0.L,00EO0L
0.0

0 .600E0l
0.0

0.0

0.L00EOL
0.60020L
0.0

0.300E0L
0.30CE0kL
0.300E0L
0.200203
0.500203
0.L00EO03
0.20020l;
0.300203
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APPENDIX D, PLOPS SHOWING RES*LTS_OF:A SAPLE OPTIHAL PATH

In Table C-4, a 1list of the output from the computer progrem -

was printed. This represents the solution of dynamic programm-

ing applied to & twelve stage stem, As an example, the initial

8y
b

R {s)
state variable (Xv = L,.55 x 10" acre ft.) was chosen arbitrarily,

and an optimal path plotted from this table. Fligures D-1 through
"D-6 show thé nature of this path as 1t ranges ﬁhrough a time
period of twelve monbths. The variastion of the state variable as
Hell.as the decision variables zre included in these plots,
-Beczuse of the nature of the model, most of the wvariables were
subject to constraints. The values ol these constraints have

been placed in the plots thest follow. Doing so illustrates any

tendency of the optimal path to move slong boundary zones,



99

21

00 = m® ¢ 200

(=) | 9

Qi
Ly

o

0%



100

TORALY e : < 3 " P % -
WOTAS SUDIS 2] D ugy wo jcwido 10 gdwesxz cz-q - big
sujucw b ogusiudlour ousy.
e Ol g © > Z QO
) I T ! 1 i 1 i I I L
Yy
o 3 .; 5
- N O DU AaM0T \EJ
0= ¥l =% =
=
i M =
,.. 0
o Lo
2
¥ ok
- o0 F I
(g
LG
, A e 0
m [\ VI
- _ A 1 02 :
,_ i Oy
T e 4 Gy
1 | 1 1 1 | = B _ 1 L L
. [ TRE—— e
1.0 _ __\ .lrﬂ.« h.rd..mu .—Cﬂn..



101

Cl!

E

-,

A

e

rl\..

J“J,.... #..:.

o
o by 41 { ) et -
~ !
PR R A ) R R By ()
g = Lat] ~ - .
Sy ;Cc...utrmm oldi ]
2 9 v
" L] ] ] [) []

Sl

i A

. G'0

[y

o'z

~y 2]
La ¥

U502

-



L2

U,

el

-

oDl

o}

00

-
o

‘D-a;nw\
L‘\,i._.l
P}



103

L4 r o 1L g - .. ] s ! »
WOLSAS TODIS 21 D ,6.L:c.u ¥ [ouiido Jo e)auon3l g
SULLOwW ¢ fowisscn oy 34
. Tl s} & o £ 5 o]
) ) T (] (] 0 ] ] ] L g L
o By ey e nas i ’ : : -
OO, Ay tyun somon
v T . \-
A
1 SOl X 8P = X
) ’
P
. A -
L
L 1 e L L 1 i L i L I

a“n

R $111:1 I elel ety

1
0O
th

(004

0’3

o'

1

N
-y
(40
-
(1]
-
. a.
I T
b SR
LE I
"
—y
.y -
€4
-
o0
A}
-
—



Lol X ett= T Huwjl  cddn

._ _
rwalshs 3o gl o a0y X jowildo jo oidwoxl S
Syuow bouowaLou owll
' ol o 9 $ o 0
T t T T k T ¥ T i T ] 0-¢
(w9}
. o
] SO % 85pe M X 1 68 @
4 (S o
d 7 ] - ~
el ﬁ 3
, w
! | _ 4 0L
- 4 =06
S
] i 1 1 L 1 1 1 l L i
L6L ., ‘ ,

-G *bid



NOHENCLATURE

Bxpected deviation of short term fluctuatlons. A

A =
_coefllclenu of tha hydrology generator, acre ft./mo.

B = Expected deviation of long term fluctuations, A
coefficient of the hydrology generator, acre ft./mo.

" th
bi . = The i component of a base point used in the Hoo
21,0 and Jeeves pattern searchy

D = Bxpected deviation of seasonal fluctuations A
coefiicient of the irrigation target output demana,
acre ft./mo.

d, = Mean flow rate required by the irrigation target
output demand, acre ft./mo.

e = The efficliency factor for a hydroelectric system.

i = The total profit for a series of k remaining stages.
Dynamic programing analysis, dollars.

fk 1 = The total profit for a series of k-1 remalining stages,

- dollars,

I = The number of independent or detision variasbles used
in the systsm,

i = Subscript designation of a specific decision variable.

- 3 . R e bE - 3 ' % .y tfn-l)
J = Grid point designation of the state vzriabls X .
: - v
J = The number of_grid points assoeiated with the state

R

variable, kv'
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A conversion factor ralaulng hydroelectric pgwer out~
put to system parameters, k.w. hrs./acre ft.c.

A counting index indicating stage position in the
dynamic programming analysis.

Subscript designation of the number of iterations
performed in the Hooke -and Jeeves pattern search,.

Subscript desighation of the initial base polnt
bl 1,m? introuucea into the Hooke and Jeeves pattern

search.

The total number of initial base points waich will
be used in the pattern ssarch.

The total number of stages consldered in the dynamic
progran routins.

A superscript indicating a specific time increment
or stage.

The interval profit associated with a stage n, dollars.

Mean flow rate used by the hydrology generator, acre
ft./mo. _

The interest rate of money prorated on a monthly

basis.

¥et economic gain accrued within the system during
stage n, dollars.

' PTime as a conbinuous variable, wmonths.

th 1 1 _— X
The 1% component of a temporary head used to extend
the Hooke and Jeeves pattern search.
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= Total bénefit gccrued within the system during stage

n) : ' 5
f = Total penalty or loss contracted within the systen
during stage n, dollars.

= Total operating and meintenance costs incurred during

P stege n, dollars.
v = Present value of net system galn accrued during the
period of economic analysis, dollers.
fn) _ .
h = Average head during stage n, ft.

Target demand for hydroelectric power during stage n,
k.w. hrs./mo.

4}
1

nj
f T = Irrigation target output demand during stage n,

I scre ft./mo.

n)
ﬁﬁT = Urban target output demand during stage n, acre ft./mo.
*ﬂ3 : . . <

TR = Average flow rate utilized for production of hydro-

electric power during stage n, acre ft./mo.
ﬁp), = Total flow rate of water released from the reservoir
TOT during stage n, acre ft./mo.
ﬁgg = OQuiput of power plant during stage n, k.w. hrs./mo.
fnl . .
= Attendence for water based recreation during stasge n,

RA visitor-days per acrs of reservoir surfece per month.

in)

§~
+

A

Average reservoir surface area during stage n, acres.

n

n

Averzze reservolr volune cduring stazs n, acre ft.
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Averagze reservolr volume during stage n-1, acre ft.

Plow rate of water intou the sys tem during staze n,
acre ft./mo,

The factor by which perturbation size is cut when the
search subroutine encouniars 2 disruption in ths

‘search pattern.

The perturbstion size used in the Hooke and Jeeves
pattern search.

A ;raquenc; factor of short term fluctuations in tne
hydrology generator, cyc./uo,

A frequency factor of long term fluctuztions in the

t
hydrology generator, cyc./ M0

A frequency factor of seasonal [luctuations in the
1rrioablon tercet oubnut demand, eye./mo.

benefit ascrued from hydroslsciric
ame n, dollars/mo

Loss susteined T e below target out-
s

put demand for

System benefit accrusd from irrigation during stzge
n, dsllars/no.

Looss sustainsd fron irrigetlion shorvage belou the
targst output demand for stazs n, aallqrs/:o.

W
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~System benefit accrued from water based recreation

during stage n, dollars/mo,

System henefit accrued from water sunply to urban

areas during stage n, dollars/mo,

Loss sustained from urban sunply shortaze belowv the
target output demand for stzge n, dollars/mo.

Unit benefit from hydroelectirlic pover output,
dollzars/k.w. hr, :

h) b3 ] b} ] Lg "
él’ Scheduled release of water for urban use during
stage n, acre ft./mo.

) .
éh Scheduled release of watsr for irricetion durine
2’ a3 o

staze n, acre ft./mo.

é%i Scheduled release of water in excess of é%% and

ter
815 during stage n, acre ft./mo.

)
éh, Water flow from the ressrvoir vhich cannot be
utilized for hydroelectric power, acre ft./no.
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The purpose of this thesis uas to devise an efficient
~approach to wstier resource coatrol optinization. A4 test systen

has been constructzd and so1fea within an analyticsl framework.

While constructing a model for the test system, particular
attention wzs devoted to sources of water supply, water demand,
and the measures available for meeting these derizands. The
major elements of water supply are components of surface and
ground vater flow as well as natural storage.
acteristics are quantity, quality and availabiliiy neasured with
respect to time and location. Data used in the model wvas
dravm from the literature vherever possible. This practice was
adorted to insure realistic resgponse bﬁhévior. In addition,
this data is of a form which subsequently may be deternincd Tor

the analysis of real systems.

The criteria ggzainst which operational policies are juczed
is their effect on the monetary benefits and conseguences
accfnea bj egech deﬁand source. Cbﬂsequentl“, functions have
beéﬁ derived for each sou;ce, relatiﬁ
as a2 function of schedulsd releases within the systen, mach-
point from a benefit functisn necosures the resource cost of
providing egquivalent goods and ssrvices by the least costly
alternative. Each noint from 2 loss fuanction reasures the

penalty of Tailure 10 meet & tzarzet oubrut censnd.



The objective function developed in the system medel cone-
sists of four cdecision variables and onc state variable anplicd

at eacir of I stages. Solutinn, consequently, fell quite natur-

cynamic prorraw routine, a secrch was concucted by the comnuter
for an optimal set of values wvhich iniluencez the onurol

policies Tor that staze, This was acpornl¢ hed by the Eooke

and Jeeves pattern search technique. The sear ch subroutine

was nodified somewhat, so that it could handle constrained
problens, Th:s solution 1s printed in table forn for a twelve

T

With output dzta in this form, one nzy select

‘“\
f=t

staze pro
an initial (or final) state variable from a list of grid values,
and then trace an optimal path relating control npolicies
against time. The size of the list found in thesc tables is

controlled by input parameter cards. The size, and hence

accuracy =zay be varied o it the nesds of the problem., The

systen nodesl was QeVQlOFEu with the idea that it could be

rnodified or extended to cover différent situztions. Conse-

desircd, be utilized by conpl:ztely genaraie molel a-d con-

straint subroutines,



