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CHAPTER I

INTRODUCTION AND SCOPE OF STUDY

By

B. Datta., R €. Peralta and J. Scolaimanian

1.1 THE STUDY AREA

Tha goal of this study ia to develop sustained yield
pumping (discharge via wella) strategiss for the Bosuf-Tensas
Basin area. The demarkation of the Boeuf-Tensag area is described
in the Arkansa® State Vater Plan (Arkansas Soil and Water
Conservation Commission, 1984). The Boeuf-Tensgas Basin is =
highly daveloped s&gricultural region located in the southeast
corner of Arkansas. Hydrogeclogically. it ia part of the Baycu
Bartholomew/Alluvial Aquifer Sygtem (Broom and Reed, .1873).
Baefore describing the Bdeuf-Tenmas Basin. the Bayou Bartholomew
region should be discussed. -

The Bayou Barthclﬁmeu region (Figure 1.1} encompasses

about 3.420 square miles (2,188.808Q¢ acresa). Comprised of portions

of 3ix counties. thiéuérea has an overall length of about 125
miles in a gane;ally north—-south direction and averages about B3
miles in width. The contributions of these counties to the total
area are! Ashley-495,360 acreg (22.3 percent)? Chicot-—443,.520
acres (20.3 parcent)i Desha-4283,200 acres (18.4 percent);: Drew-—
299,529 acres (13.7 percent);’ Lincoln-334,02808 acres=s (15.3
percent) ;i and Jefferson~213-120 acres (9.7 parcent).

The total area studied in thi=s project is identical to the

one reported by Broom and Reed (1973). Its northern and eastern
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Figure .1

s

Location of The Study Area in Arkansag




boundaries coincide with 3 leves that protects the area from
‘floods of the Arkansas and Missisaippi Rivers. The levee extends
2astward a;ong the south bank of the Arkansas River from Pine
Bluff and southward along the west bank of the Mississippi-River.
On the gouth this area is bordered by the Arkansas-Louisiana
statea line. The northweatern boundary isS the boundary of the
Guaternary aquifer that underlies the regionK(Broom and Reed,
1873). The southwestern boundary i= not a natural boundary and
leaves a part of the Quaternary agquifer outside the study ares.
It was selected =so0 as to enélasa only that portion of the
aquifer where appreciable grounduster pumping is historically
reportead.

Figure 1.2 showsa both the Boeuf-Tensas Basin and the Bayou
Bartholomaw Ba=in araaé. The amallar area to the sast o©0f the
dashed boundary line is the HBoeuf-Tensas Area (Area A) which
forma a part of the Bayou Bartholomew Basin area {(Area B) shown
in Figure 1l.1. The westarn boundary of the Boeuf Tensas area
(Area A} is the eastern divide of the Bayou Bartholomeu.
watershed. The purpose of this étudy is to desvelop optimal

gustained yield groundwater withdrawal (pumping) strategies for

the Boeuf Tensas Basin (area A). Howevsr, in order to properly
repregent the aquifer boundary conditions, the entire Bayou
Bartholomew area f(area B) was included in the groundwater

gimulation and optimization models used for strategy develaopmsnt.
The withdrawal sStrategy for Arsa A (Boeuf-Tensas Basin) was
subsequently obtained as a subset of the withdrawal strategy
developed for the entire area (area B).

The natural surface drainage within the basin consigsts

1-3
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primarily of about 21 meandering streams and rivers. Excess
surface water leaves the area through the Baycu HMacons Bayou
Bartholomews and Boeuf Rivers. which outlet into the Ouachita
River in Louisiana. Because &f hydraulic connection with the
agui fer, under varying conditions these 3 rivers can cause either
recharge to or discharge from the aquifar.

Most of the groundwater withdrawal in this area is used
for agricultural production. Other usages include: aguacultural,
municipal., and industrial. Agricultural production in this areaa
is dependent on large guantities of groundwater to meet the

irrigation demand of rices soybean and cotton acreages.

1.2 OBJECTIVEQ

The objective of " this study is to develop optimal
sustained vyield regicnal pumping strategies for the Boeuf-Tensas
area of the Auatsrnary agquifer. The optimal withdrawal strategiss
can be based on either ot ﬁha following two objectives: i)
maximization of total withdrawal from the laquifar subject to
gugtained yield hydraulic constraints., ii) maximization of the
sugtainable maintenence o0of the current (i.e.. sgpring 1983)
potentiometric sBurface. The ultimate sslection of one of 'thesar
two objectives as the one more suitable for this region will
depend on analysis of the economic and social ¢ongequences of
implementing a particular optimal stratag?. Since final selection
is outside ths scope of this study,. we present & number of
alternative strategiaes which satigfy either of the two objectivgs
as well as plausible physical and managerial constraints.

The constraints inceorporated in the optimization models



include! limits on recharges into the area through the boundary
cells, limit2 on recharges or discharges through stream/aquifer
connectiong., upper bound on pumping at each of the fiﬁite
difference internal c¢ells and lower limit on the saturated
thickness (20 f£t) at every cell. The objective functions and the
consgtraints used in this study are discussed in detail in Chapter
4.
The complete study includes the following sSteps:

a) estimation of tha historic pumping in each cell, based on
grop acreages and irrigation demands, aquacultufal
acreages, and recorded municipal and industrial groundwateaer
use from the Quaternary agquifsr

b) estimation of the potential demand for agricultural water
uge in each cell. based on maximum potential irrigation
demands

c) sztimation of aquifer parameters through literature revieuw

d).estimatidn by geostatistical kriging of the top and base
glevationg of the aquifer at the center of each .3-mile by
3-mile cell

a) estimation by kriging of the water table slevations dr
potentiometric surface elevations at the center of each
cell, for the period between 1373 and 1883

f) eatimation of the degree of streanmn/squifer response for
those streams hydraulically connected to the aguifer

g) validation of a groundwater flow gimulation model with
historic data

h) estimation of the net recharge that has historically

occurred: from =along the study area boundaries. from

1-8



unspecifiad stream—agquifer interaction., and £from the
differance between actual time-variant recharge and the
asgumed stsady recharge.

i) estimation of the annual volume‘uf water that ;an bé
withdrawn from the Wduaternary aguifer underlying each
cell: sSo as to maxihiza the total amount of annual
withdrawal £from -tha region while maintaining sustained
yield conditions

j) detarmination of the annual volume of water that should be
withdrawn from the Quaternary aguifer underlying each cell,

in order to maintain the potentiometric surface

approximatsely at current (1583) elevations.

1.3 BOUNDARY CONDITIONS OF THE AQUIFER

In order to use an goptimization model that can prescribe
an optimal pumping strategy for a given aquifer. the physical
parametars of the aquifer need to bae aspecified. Estimates of
theae parameters can be obtained by the calibration and
validation of a groundwater simulation model . Implementation of
both - the simulation and-the optimization modelis requires the
gpecification ef proper boundary conditions. Also., the
application of a numerical model to an aquifser extending over a
large area (such as the Bayou—-Bartholomew Basin) reguires
discretization of the entire area into finite difference cells.
This section describes bhoth the boundary cgonditions important in
the simulation models and the discretization scheme. The precise
boundary conditicons used for obtaining optimal pumping strategies

are discussed in detail in Chapter S.
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The aquifef is divided into 376 cells that are 3 miles
by 3 miles in size (Figure l.3). Finer grid spacing was not used
for this model because of the high cost oif s}mulation runs. Ths
study area cells are of two types: 'conatant—head cails of
variahle—head cells. Most of the ares's periphery i= simulated by
a set of 52 constant—-head cells. In sach of themse c¢slls the
simulated groundwaﬁer laval is maintained at a constant elevation
(head) during a gimulation period. The rest of the study aresa
periphery, except for 7 cells on the soufh—westsrn boundary.
coincides with the western =2dge of the aguifer, Therefore. the
calls on the western boundary were asgumed as variable—head cells
with negligible transmisgivity. All constant-~head ceils including
thoge 7 c¢ells on the south-western boundary. are shown shaded in
Figure 1.3.

Some recharges to— the area take- place through the
constant-head cella~-—-the recharge volume being provided either
from rivers penetrating to the aquifer in those c¢ellzs, or water
entering them from exiensiuns of the aguifer outside the region.
Analysis and study indicate that streams passing through some of
the internal cells in the Boeuf-Tensas Basgin are also providing
recﬁﬁrge to the aguitfer. In most of the rest 0f: the internal
cella, a relatively impermeable clay layer overlies the aguifer.

A major portion of the aguifer ia confined in the
springtime. Howaver, the degree of confinement iz small encugh
that the aquifer is probably unconfined in the vicinity of

punping wells in most of the area. Therefore, a generally

applicabls., linearized., two dimensional groundwater model known
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ag AQUISIM (Verdin et al, 1981) wae selected for the simulation
of the groundwater flow hydraulies in this study. Dusa to the
assumptions and approximations of linsarization. the model is

appropriate for both confined and unconfined caonditions.

1.4 SUMMARY

The main objective of this study is to estimate the volume
of water that can be snnually withdrawn in each cell while
maintaining sustained yisld conditions in the aguifer. Two
different regiocnal objectives are considered: i) maximization of
total withdrawal from the aguifer. and ii) minimization of thse
waighted sum of deviations of optimal potentiometric surface
elevations from current elesvations.

Chaptear 2 discusses the development of the necessary data
base. Chapter 3 discusses the validation of aquifer parameters
through the simulation of aquifer responses to hydraulic
Stressedg. Chapter 4 dascribes the opitimization theory and
maethodology. Finally Chapter S discusses the application of the
optimization models to the Quaternary aquifer underlying this
study area: and presents the alternative withdrawal strategies

obtained as solutiona of the optimization models.



CHAPTER 1 ' -

DATA BANK DEVELOPMENT

By

J. Solaimanian: B. Datta and B. C. Peralta

2.1 INTHODUCTION

Tha basic issue in a regional grounduwater managemant
strategy is where and heow much water can be withdrawn from the
aquifer in order to satisfy certain eobjectives and constraints.
The simulation and optimization of 7gr0unduater flow for an area
as large ag the Bafcu Bartholomaw/Alluvial Aquifer System,
requires the uge of a great deal of data. This chapter describes
the development o©oi the data that are used to determine historic
recharges to and. withdrawalgs from the Quaternary agqgui fer
(Solaimanian. 1385}). These data include crop acreages., Grop
water needs» agquifer top and base, reach transmissivity, river
atages. and potentiometric surface elevations. The assumptions’
used in preparing the data are reported where appropriate in the
following sections.

The higtoric recharges and discharges and assumed agquifer
parameter values are verified by using a groundwater simulation
model of the area as digcussed in Chapter 3. Historic values
between sapring 1873 and spring 1983, termed the wvalidation

period. are used in this process.



2.2 ESTINATING PUMPING FEOM THE GQUATERNARY AQUIFER

2.2.a Introdyction

The major wusers of Quaternary groundwater in ths Bayou
Bartholomew Basin are agricul ture, aguaculture. and
industries. This Section describes the procedure used to estimate
the amount of pumping from the Quaternary aquifer which occurred
from 1973 to 1882. Pumping from the aquifer (discharge) ig
considered ag a positive valué. Vater moving into the aquiifer
(recharge) is considaered as a negative pumping value. Pumping is

not considered in constant—head cells.

2.2.b Estimating Agricultural Pumping

Agricultural pumping must be estimated since no record of
actual pumping exists. The following procedure. aﬁalogaus to that
by Pefaita et al (13983, 1885), is used to sstimate the amount of
agricultural pumping in the study area. The 1972 Natural Regource
Inventory System and-Land Uge Data Information System data bases
contain the dominant land use of svery square kilometer in the
study area. (This data is reported in a series of publications by
the Arkansas Department Of Local Servicesa, 1377). Table 2.1 shous
the area of total land and agricultural land in each county of
tha study aresa. The U.S. Department of Agriculture’s (UsSDA)
Economics, Statigticss and Cooperatives service reperts total
acreage of rice, soybean, and cotton as well as data that can be
used to estimate total agricultural acreage (USDA-. 1981). These

acreages are shown in Tables 2.2y 2.3 and 2.4.




The total rice acreage in each county are assumed to be
irrigated. Thé percentages of soybean and antton acreages
irrigated in sach county from 13972 to.1382 are obtained from
unpubl ished data pravided by Don Von Steen, USDA, Crop Reporting
Servicess Litile Rock: Arkansas. The vearly percentages and their
11 year averages for soybean and cotton are shown in Tables 2.5

and 2.6.

Table 2.1

Area aof total land and agricultural land
in each county in the gstudy area (1372)

i County! Total Area | Agricultural Area |
| i (acre) d (acra) :
; d d g
] i i i
{ Ashley | 810,350 d 164, 794 '
i Chicot | 467,522 : 336.616 ;
i Dasha | 542,150 ; 288,075 '
! Drew ; 582,921 ' 1B2.645 .. . .. i
i Jeffer.i 582,921 ' 291, 4650

i Lincoln! 373,161 ' 297,290 '




Takhle 2.2

Rice Acreage Harvested - (1009 Acres)

i ' COUNTY H
i Year | Ashley Chicot Desha UOrew Jefferson Lincoln}
1973 1 8.1 11.9 17.1 5.5 21.4 19.9 1
i 1974 | 13.0 21.9 25.7 7.7 29.2 17.6 1
v 1875 | 15.6 28.7 32.5 9.7 4.3 23.3 |
i 1976 | 16.0 22.0 31.3 9.9 37.1 28.8 |
11977 1 13.1 16.2 22.9 8.9 28.5 16.4 |
11978 | 18.7 28.3 34.5 12.4 44.3 24.3 |
1879 1 21.4 39.2 35.86 13.7 42.5 23.4 |
' 1980 | 27.6 38.5 45.5 21.8 53.0 28.56 1
i 1981 | 27.4 5@. 4 52.5 21.0 B7.5 36.2 |
i 1982 | 25.8 42. 4 45.4 17.7 54,3 31.6 |
Table 2.3
Soybean Acreage Harvested (1209 Acres)
i i County i
i Year | Ashley Chicot Desha Drew Jefferson Lincoln:
i 1973 1 75.0 181.@ 185.@8 47.0 98.0 63.92
v 1874 1 S5B6.9 169.9 158.9 46.09 765.0 65.9 |
i 1975 1 76.0@ 197.0 18@¢.0 58.9 113.9 72.0
¢ 1976 1+ - B1.9 184.9 157.9 45.8 95.0 539.9 |
1977t B4.4 199. 4 167.7 45.8 116.1 74.6 |
i 1978 | 6B69.0 2@38.6 169.5 449.5 111.8 74.5 |}
i 1979 1 76.0 227.9 178.2 58.0 122.0 89.@ |
i 1980 | 65.09 185.@ i6@.0 45.9 118.9 71.9 1
i 1881 1 B9.3 185.@ 151.5 48.5 119.9 74.2
i 1982 | 66.0 184.9 152.0 49.0 157.0 84.2 |



(1090 Acres)

Table 2.4

Cotton Acreage Harvested

L]
[
1
[}
1
]
L
1
t
]
H
1]

County

Lineoln
41.09
42.0
26.7
39.8

Jafferson
51.3
g92.0
£§8.2
96.6

Drew
12.6
16.4
17.2
18.7

Desha
46,3
58.4
35.1
52.5

30.5
38.3
16. 4
32.4

Ashley Chicot

41.3
47.0
1)
3
S@.7

834.6
84.58

19.5
i19.5

54.4
24.7 49.86

26.6

-
7
18738

24,7
26.2
23.9

566. 4
652.3
46.0
25. 4

12.6
13.7

ig9.1

44,8 -
48. 4
51.0

21.7
25.3
34.0

49.3
S51.8
5@.6

12.9

38.0 20.9 4@3.2 14.2

1982

Lincolni

1
H

Desha! Drew: Jeffarson

Table 2.5

]
1

in sach county

Chicot

Ashleay!

+
L

Percent of soybean acreage that is irrigated

iCountyi

3.3

5.2

2.1

5.6
4.2

5.9
9.1
737
8.8
11.1

4.8

2.9
15.6

D.8

5.0

1.6
2.8
2.2
2.3
1.2
2.6
9.1

1974
1975
1976
1979
1980

11.5

16.3

12.1
14.5

12.6

8.7
9.1

381
Q82

— —t

8.0

3.7 .

Avg.




Table 2.6

Percent of cotton acreage that is irrigated
in each county

r -

iCounty! Ashley! Chicot! Desha! Drew! Jeffersoni! Lincoln:
! Year | } i i : : i
{1972 13.3 1.6 39.5 31.8 13.1 26.8 |
i 1973 15.9 3 % % 20.1 29.8 9.9 19.8 |
! 1974 % % % % % KERE KR * %% % ®X%E |
i 1875 7.9 % % % % 9.4 23.8 3.2 4.1 |
i 1976 7.4 2.6 43.6 52.4 14.8 26.1 |
i 1877 5.4 * % % 32.7 38.5 8.3 16.5 |
i 1978 1.4 4.0 3l1.6 38.5 14.9 33.4
i 18979 49.5 25.8 49,1 25.1 8.1 16.2 i
i 1980 20.3 11.9 28.8 3¢.8 14.4 21.8 ¢
! 1981 5@.5 13.5 5@.3 41.5 10.9 30.1
i 18982 52.56 14.3 47.3 42.9 11.8 3i.@¢
| Avg. 22.1  12.@ 34.0 36.0 11.2 22.0 |

*x#%%# indicate that there ig no reco£d .

It is assumed that the crop acreage-in gach cell varies
from year to year within the validation period, depending on each
year'’s county crop acreage. Seasonal egtimates of rice, soybean
or cotton irrigation water needs are based on daily soil—-water
balance simulation and scheduling. The utilized programs were
developed by Peralta and Dutram (1984) and Dutram et al., (1384).
By this method annual water needs that vary depending on the
year’s c¢limatological data are estimatad per acre of rice.
soybean, cr cotton.

The daily water balance for rice i3 represented by the

following squation:

[



Flocd level = Initial flood level + Precipitation + I[rrigation

~ Evapotrangpiration — Runoif - Seepage.
According to Peralta and Dutrams (1984) the agsumptions
used in the rice uwater—-bhalance are a8 follows. The average
irrigation period extends from June ! to Sept. 1. The initial

irrigation requires 5 inches of water, one of which iz needed to
saturate the root zZone while four remaina above the =oil surface.
[f the depth of flood drops through evapotranspiration to less
than 2 inches the field is flooded to a 4—-inch depth. [If rainfall
causes tha water depth to exgeed § inches:, the levees are drained
to prevent damage causesd by overflow, and the field is reflooded
to a 4-inch depth on the following day. The amount of leakage
through the levees is inciuded in the_estimate of s=seepages and
watar is rarely lost at the end of the field due to overfilling.
The result is an average annual pumping regquirement of 23.8
inches and a requirement of 32.7 inches for 1380. a drought year.

The daily water balance for soybeans and ceotton is

represented by the follouing equations:

Soil moisture = Initial so0il moisture + Precipitation +
Irrigation - Evapotranpiration — Runoff.
In the model by Paralta and Dutram (1984), the
agsumptions used in soyvbean water—-balance simulation are as
follow. The average irrigation period is from June 1 to Sept.

1. The root zone is 2.5 feet deepr and the soil is at field
capacity (§ inches of available moisture) on  the date of

emergence {(June 1). The fields are irrigated with 1.25 inches



whenever evapotranapiration causes the available smvil moisture to
drop té 2.5 inches. Rainfall can replenigh the s0il moisture up
to thé amount of deficit in the root zone, but nov more than 1.25
inches ig allowed in any one day. Precipitation greater than 1.25
inches is logt as runoff. With these asgumptions. the model
predicts an average annual irrigation requiremenﬁ of 4.3
inches =and a raquirement of 12.5 inches for 198B8. Additional
azgumptions of tha soybean model are that aspproximataly 690
- percent of +the soybean acreage is furrow—irrigated at a a=system
efficiency of S5 percent and that approximately 4@ percent is
flood=irrigated at a system efficiency of 75 percent. giving a
weighted efficiency of B2 percent. Therefore the initial water
reguirements for soybeans are multiplied by a factor of 1.824 to
estimate the volume delivered. to the fisld. This yields an

avarage of S.1 inches/year and 20.3 inches for 1988.

In accordance with Dutram et al., (1984) the average
irrigation period for cotton is from June 1 to September 9.
For 1980 (an excsptionally dry vyear). cotton water requirements
are estiﬁatad through the end of Septé#gg;:__;;;mé;£taﬁﬁ;;;;;;;;

are assumed to be irrigated by a furrow—irrigation system with 55
percaent afficisncy. Therefora'-the initial estimated water needs
for cotton are multiplied by a factor of 1.818 to determine the
total volume delivered to the field. The result is an average of
13.8 inches/year and 27.3 inches for 1980.

The percentage of each county’s total wster requirement
obtained by pumping from the Quaternary agquifer is derived from

figures prepared by the Arkansas Geological Commigsion in

o



cooperation with the U.S. Geological Survey (Halberg, 1975
Ludwig et al.. 1980). Table 2.7 summarizes the results of this
analysis. Percentage A represents the groundwater pumped {rom

the Quaternary aquifer am a percentage of total groundwater used

in a c¢ounty. Percentage B is the percent of irrigation water
neede satisfied by groundwater in a county. Percentsge C
represents irrigation needs met by groundwater from the

Quaternary aquifer as a percentage of total irrigation water

neaeds. Percentage C is the product of A and B.

Table 2.7

Significant percentages describing groundwater

use
i parcaentage A percentage B percentage C '
i County i
; Ashley 9% o ;;% B4% -““—;
; Chicot 98% 48% 47% ;
. Desha 98% 75% 73% :
; Drew - 9% 82% T3% ;
' ;
; Jeffergson = G&66% 86% 57% ;
; l.incoln 98% 82% 81% ;
The product of riece acreags, rice irrigation water
delivered to the field for rice, and percentage of those needs

coming from the Quaternary aquifer (all for a particular year and
cell) ig the amount of water pumped for rice from fthe Quaternary
aquifer in +that particular year and cell. Thi= amount plus an

analogous amount for soybean and cotton represents the total
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agricultural pumping for that cell in that particular year. A
more detailed explanation of computational procedure ig found 1in
Appendix A. It should be noted that the amount of agricultural

pumping varies from year tu year depending on rices goybean and

irrigated cotton acreages. and climatological differences.

2.2.c Estimating Aguacultural Pumping

Estimates of agquacultural pumping are derived as follouws.
The location and acreage of fish ponds are obtained from Gamse
and Fish Commission’s permits for year 1979. Accerding to these
documents. the following aquacultural acreages exigsting within
the study area were sgpported by the GQuaternary aguifer: 3395
acres in Ashlay'County= 6@ acres in Chicot County: 1,247 acres in
Desha County: none in Drew County’ 9¢0 acres in Jeffsrson County:
and 123 acres in Linceln county. In agcordance with U.S.G.S5.
estimates (Halberg, 1877) an applied depth of 7 fset (7 ac-ft per
acre) is agaumed to compute the guantity of water pumped into the
fizh and minnow farms. A total of ten fish farms are located.in
25 cells of the study area: The average annual pumping from the
Quaternary aquifer for the cellg having agquacultural wuse are
computed to be betwsen 535 acre-£ft and 3,343 acre—ft. Most of the
aguacultural pumping occurs near Pine Bluff in Jefferson County

and Dumas in Desha County.

2.2.d Estimating Municipal and Indugtrial Pumping

Most of the municipal and industrial grounduater

withdrawals in this region are obtained either from the Tertiary

.

T



aquifer or from streams and‘rivers. The only industrial pumping
from the GWuaternary aquifer in the study area iz by & paper
company in Pine Bluff. Based on inforﬁation from unpuslishe&
U.5.G.5 records, the paper mill pumps 6.831 MGD (7828 acre-

ft/year) from the Huaternary aquifer.

2.2.e BResultis From Estimating Groundwater Withdrawgls

Figure 2.1 shows a representative set of cell- by-ceall
eatimated agricultural pumping from the Quaternary agquifer, using
the 1982 crop acreages and éverage c¢limatic conditions.
Expectedly, Chicot, Desha» and Lincoln Ceunties have the largest
amount of agricultural pumping from the Quaternary aquifer of any
counties within the study arsa,» due to their extensive crop
acreages.

The total annual pumping from the Quatsernary aquifer for
@ach cell is astimated by summing the agricultural. aguacultural
and industrial pumping for the cell. Table 2.8 =shows the to£31
annual pumping for each year from 13972 to 1982. For simplicity.
and because they contributed only about 14 percent of total
annual pumping, aguacul tural and induétrial use were assumed to
be constant during the validation periocd diacussed in Chapter 3.
Analysia shouws that the total amount of pumping has Iincreased
with time. However. tha.most pumping occurred iﬁ 1389, a droughty

year: and 1981 another dry year.
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Figure 2.1 Agricultural Groundwatar Withdrawal From The
Quaternary Aquifsar For 1982 Crop Acreages And
Avarage Climatic Conditions: (gc—ft X 10).
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Table 2.8 Total Historic Pumping from the Quaternary

Agquifer
{ YTear of Egtimate g Total Pumpi%g :
i ! (Ac—~Ft) i
; 1973 120,340 ;
; 18974 148,332 ;
; : 1975 120, 168 ;
; 1976 _ 152, éss E
; 1977 123.645 ;
; 1978 266,147 ;
; 1979 _ 178,871 ;
; 1980 352,916 ;
; 1981 ) 325, 488 ;
; 18982 171,282 ;
; " Average 193, 356 ;

2.3 ESTIMATION OF POTENTIAL AGRICULTURAL PUMPING

An estimate of maximum potential water needs for each cell
is needed a= a posSsible upper bound on groundwater withdrawal on
that cell. [t i=2 asgumed that future aguacultural, municipal and
industrial demands will follow hiastoric patterns. Therefore, the
maximum potential water needs is the 8sum o0f current non-
agricultural water needs and maximum potential irrigation water
needs. The maximum potential irrigation water needs aggumed for

this s8tudy are those reported by Dutram et al.. (1384) for
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maximum potential irrigation acreages and average climatic
conditions.

Figure 2.2 shows the estimated maximum potential demands
for groundwater in the study‘area. Thi; includes agricu;tural;
squacul tural, wmunicipal and industrial demands. For purpose of

comparison, Figure 2.3 shows the estimated pumping values for

1982 acreages and climatic condition.

2.4 HISTORIC AQUIFER PARAMETERS (HYDRAULIC CONDUCTIVITY AND

EFFECTIVE PORCSITY)

As previcusly astated. the aquiier underlying the study
arga is part cf an extensive aquifer asystem that underlies much
of eagtern Arkansas. It is appropriate to consider aquifer
parametsr aes3timates for other portione ot the same aguifer when
developing estimates for the study area. The effective porogity
(specific yield) in an adjacent part of the zgame aguifer, the
Grand Prairie. uéa reported by Sniegocki (1964) to be @.30.
Griffig (1372). and Peralta =t al. (1985) both umed this value
for the Grand Prairie region. Broom and Lyford (1981) used this
value for the adjacaﬁt Cache River basin.

Engler et a3l. (1845) reported a permeability of 13900
gallong per day par square foot (254 ft/dayl)» and Sniegocki
(1964 reported a3 wvalue of 2000 gpd per square foot (267
ft/dayl for the Grand Prairie. Griffis (1972) used the latter
value in his work for the adjacent aquifer in the Grand Prairie
region. Peralta &t al., (13885) obtained best results when using a
hydraulic conductivity of 270 ft/day in their simulation of the

Grand Prairie region. Broom and Lyford (1881} achieved best

2-14
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regults when wusing a hydraulic conductivity of 278 ft/day 1in
their gsimulation of the Cache Basin.

Based on these reported values an effective porosity of

@.3% and a hydraulic conductivity of 2sd ft/&ay were considare&
ag the intial estimates of the agquifer parameters for the
Quaternary aquits; in the Bayou Bartholomew region.

It should be noted that. as is explained in section 3.3,
although the aquifer is confined in much of the area during the
springtime. tha degree of confinement is not great. It is assumed
that the aquifer behaves asg if it is locally unconfinad in the
viginity of high-yielding pumping wells during the water use
Season. For this reasons our study does not require an estimate
of the storage coefificient. However, Broom and Reed (1973)
reported aﬁ average value of 9.2 x 19—333 the storage coefficient

for this part of the Quaternary aquifer.

2.5 ESTIMATING AQUIFER TOP AND BASE

The slevation of the top and base of the ' Quaternéry
aquifer at the center of sach 3-mile by 3-mile cell is estimated
by gaecstatistical kriging (Sophocleocus at al.: 1982) from the
ragcords of conatruction of 328 walls in the study area. The use
of this geostatistical msethod supplies an estimation arror for
each estimated elevation. This error term is a3 function of the
semi—variograms of the observed elevations. The semi-variograms.
in turn, ars functions of the number and value of obeervations

and the distance between them.

The results indicate that the top and base elevations

7



decrease in the north-south direction (Figures 2.4 and 2.5

regpectively). Figure 2.4 shows that the elevation of the aguifer

top is highest in the most northwestern cell. 200 feet above sea

lavel, and is lowest in the mo3t southern cell, BS feet above sea
level. Figure 2.5 shows that the base slevationa are highest in
the most northeasatern cells, 199 feet above saa lavel., and are
lowest in the scouthern portion of the study area. 27 fset below
sea level.

The atandard da@iaticns of probable error oif estimated
top and base slevations are shown in Figures 2.8 and 2.7
regpactively. A 3een in Figure 2.6, the standard deviation of
prabable error in the estimated top elevation rangems from three

to twelva feset for most cof the internal cells. For boundary

cells and cells in the western part of Ashley and Drew counties

within the study area. the standard deviation ranges from five to
thirty feet. due to the sﬁarcity of well ngs in these regions.
Figure 2.7 shows that the astandard deviation of probabls
error is much léss for estimated base elevations than for
eatimated top elsvations. For the base, the standard deviation
ranges from two to six feet in most of the internal cells. The
range for boundary and western cells is larger. from two - to

thirteen faet.

2.6 ESTIMATING HISTORICAL GROUNDVATER ELEVAT]ONS

Sixty-seven sgpringtime groundwater level obgservations are
available from U.S. Geological Survey records (Edds. 1983 for

all eleven years of the validation periocd. From these records.
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Figure 2,7 Standard Deviation 0f The Error For The Kriged

Base Elevations, (ft).



the water levels at the center of sach cell ars estimated for the
gprings of 1973 to 1983 by kriging.

As an examplse. the 1983 potentiometpic surface and its
standard deviationse of probable error a;e shown in Figurés 2.5
and 2,9 reépectively. Figure 2.3 alsoc shows that the
potentiometric surfacse decreases in the north-south direction,
from 1S@ feet above sea level iﬂ the northwest to 90 fset above
sea level in the southeast.

Figure 2.9 8shows that the s=tandard deviation of the
probable error of estimated potentiometric surface elevations is
ass high as 20 ft in gsome cella. These are cells that are distant
from an observation well. Standard deviations are much smaller in
cells near observetion wells.

For the internal cells, the water levels of spring 1973
are used a2 the initial conditions for the validation discuésed
in the next chapter. For sach constant-head cell. the averags
springtime groundwater level (for 1973-82) at the center of the
cell is used a= the csell’s conatant groundwater alevation in

gimulations conducted for the validation period.
2.7 MHMODELING STHEAM-AQUIFER INTERFLOW

Interflow betwean the aqu;fer and hydraulically cannected
streams is modeled based on Darcy’s law. The program RECHARGE
was written to utilize this law in estimating interflow between
the agquifer and the streams. RECHARGE requires the following
data: agbaerved monthly stream stages. kriged groundwater

elevationg and reach transmissivities. Darcy’s law and reach
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transmissivity are described briefly in the following sections.

2e7.3. Darcy’'s Law

Flow through a porous media of cross—-sectional area A
normal to the direction of flows can be computed by using the

following representation of Darcy's law.

Q@ = -k A (dh/dx) ' (2.1)
where,
@ = the flux through a croses section of area A» normal to
3

the direction of flow (L /T)

k = the hydrauliec conductivity of the aguifer material.,
(L/T)s

2

A = unit area normal to the dirsction of flow, (L J3i-

h = the potentiometric. surface elevation or hydraulic
head, (L);

®x = tha distance in the direction of groundwater £flow,
(L)

dh/dx = the hydrauliec gradient, (L/L);

2.?;b Reach Trangmisgsivity And APS Valueg And Their
Relatignship
HReach transmiséivity i® a measurs of the abilify of the
streambed material +to tranamit water from the stream to the
aqui fer or from thea agquifer to the stream. The reach
transmiasivity for a cell which ig not hydraulically connected to
a stresm is squal to zero. Reach transmigsivity can be dafined by

the following relationship (Morel-Seytoux. 1979):

JE—



q = G . { h - R) (2.2)

whare,
q = discharge from (+ sign) or rachargs to (- sign)
i the aquifer for a particular cell containing
reach r» (L3/T)=
h = potantiometric surface alevation at the given
’ cell that contain reach r,» (L)
R = the assumed constant river stage at the given
i call that contain reach r» for a given time
steps, (e.g.. one month in tﬁia gstudy). (L)3
G = reach tranémisaivity at reach call T
r 2
(L /T);
To apply Equation 212; if is necessary to estimate reach
transmigsivity,. G . It may ba calculated analytically (lMorel-

r
Seytoux, 1979),  or sampirically through model calibration. 4

gimilar parameter the APS or gtreambed parameter. may be
gimilary obtained (Reed and Broom:. 13878).

APS walues refilect the degres of hydraulic connection
between the stream and the aquifer. These values represent the
hydraulic conductivity of the streambed material multiplied by
the horizontal area of the streambed at a node.,. divided by the
thickness of the streambed matarial. Therefore for a particular

cell (Ased and Broom., 1979):



r T T
APS = ———mmmmm—mmmme—ee (2.3
r H
r .
whare.
APS = streambed parameter reflecting the degree of
r
hydraulic connection beitween a stream and a
2
agui fer for cell r. (L /T)3
K = hydraulic conductivity of streambed materisl
r in cell rs (L/T):
L = length of the stream in ceoll r, (L)}
T
Vv = average uwidth of the =treambed in cell r. (L)}
r
H = thickness of the streambed material in cell r.
- r (L) i
For cell r containing a atream reach of length L .
by
and average width W » and a bed of thickness H and hydraulic
r r
conductivity K ’ the variables in Egquation 2.1
r
can be described as:
r
A=L.W (2.5}
r r
kB =K (2.8)
T



di

[
b

(2.7

dh

]
ba g
1
a

(2.8)

Replacing these variables in Equation 2.1, it can bes stated as:

g = ————————————— (h - R (2.9

Therefore, comparing Equatien (2.9) and (2.2}

G = (2.10)

The reach tranamissivity G and the APS valuss are
T
identical - for the same variables on the right hand side of

Equation 2.3. Thisg identity is useful for calculating interflow

between atrsam and agquifar (Equation 2.2) when the APS value is

known.
2.7.c Stream—Aquifer Interflow

AS specified by Read and Broom (12972), only those
gtreams which have significant hydraulic connection with the
aquifer (Mississippi River,. Arkangas River. Bayou Bartholomew.
Bayou Macon and Boeuf River) are considered for modeling stream—
aqui fer connection.

Reed and Broom (197%9) repcorted the APS values used when

validating an analognous simulation modesl. In some portions of the
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study area» their values are too large to work satisfactorily
with the digitized sgimulation model wumed in this study.
Therefore a different technique is used . to estimate the
recharges or discharges occuring in séma af the cellé uifﬁ
stream—aqui fer connections. These cells (Figure 2.1@) include 2
cells in the northern reach of the Boeuf River and 4 calls in its
sauthern reach. Alsa- included are nine cellsg in the region

through which the Arkan=as River and Misgissippi River travel,

which are not used as conetant—-head cells. The annual stream—

agquifer intarfleow at the two northern cells on the Boeuf River is

astimatad by assuming that they have tha same 5/A interflow as
adjacent S/A cells. The 5/A interflow at the other.13 cells is
estimated by solviﬁg for the annual volumes of steady state
withdrawal which will maintain observed springtime groundwater
lavels. |

The APS values for other internal c¢=lls with stream-
aquifer connection are obtained from Reed and Broom (1S79). In
‘that study the dimensions of sach cell are 724Q@ ft by 7940 rt.rln
this study the dimensions of sach call are 15840 ft by 15840 ft.
Therefore. to agtimate an approepriate valus of reach
trangmissivity (G ) for the larger cell in this study, the APS
values .obtained_f;om Reed and Broom (1979) are multiplied by a
factor, 2.25 (= 15840.2 / 70490.0). In this conversicon the average
width and thickness of the streambed are assumed to be constant.
The hydraulic conductivities of streambed material used by Reed
and Broom (1372) for their analog model are virtually identical

te those used to model the stream—aquifer intsraction in this

e ——
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. 8tudy.

Cnce reach transmigsivities are estimated. monthly values
of gtream—aquifer interflow are computed based on the difference
in elevation betwsen unpublished montgly river sStage ;ecora;
obtained from the Corps of Engineers and apringtime groundwater
levels in each cell with stream—aquifer connection. MNMonthly
valuee of interflow are subgequently summed to estimate annual
interflows. Thuss although the groundwater levels are assumed
constant throughout the year, the seasonal variations in river
8tages are incorporated in the computation of interflou.

WVhere the potentiometric gurface is above the gtreanm
stager. discharges occurred from the aquifer to the stream.
Analysis of historic river stages and grounduwater levels indicats
that the Quaternary aqguifer discharged to the Bayou Macon an
annual average (1973-82) of 4-@57'acra—ft. This analy=is also
indicates that Bayou Bartholaomew and Boeuf River racharged the
aquifer an annual average of -3,757 ac—ft and -6,678 ac—f{ft
respectively.

In this study. the yearly cell-by-cell stream/aguiifer
(S/A) interflow is added toc the cell~-by-call total annual'pumping
from the Quaternary aguifer to estimate the total annual
hydraulic 8sStimulus occurriﬁg at each cell, The use of these net
stimuli in the validation process is described in next chapter.

2.8 ESTIMATING RECHARGES IN THE SYSTEM THROUGH CONSTANT-HEAD
CELLS

The system can be recharged through each of the &6

congtant-head c¢ells which comprise most of the area's periphery.
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The recharge comes either from rivers penetrating to the aquifer
in those c¢ells or from extensiong of the agquifer outside the
region. These cells include all the boupdary cells through whiqh
the Arkanseas and Mississippi Rivers travel as well as the soutﬁ
and southwestern boundary cells (Figure 1.3). The groundwater
lavels and pumping are fixed in conatant head cells.

The average annual historic net recharge through the
constant-head c¢ells into the system is estimated wusing the
water volume balance sguation, presgentad in detzil in the last

section of the next chapter.
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CHAPTER I1I1

CALIBRATION AND VALIDATION OF -PARAMETERS -

—— — . e e — el St ——— e i e,

FOR A GROUNDWATER FLOW SIMULATION MODEL
By
B. Datta, J. Solaimanian and R. €. Peralta

3.1 INTRODUCTION

Simulation of groundwater flow hydraulics and the
hydrology of an aguifer requiras the wvalidation of certain
physical aguifer parématers. For a amall area these parameters
can be estimated through a few well! tests at specific locations.
However. for a large area such as the Bayou Bartholomew Basin, it
isa impossible to conduct enough well tests to accurately
datermine the spatisl distribution of these parameter values. In
thisg study,» economic considerations restrict the amount of field
data that can be collected. Accordingly the first objective of
the wvalidation is to varity, uging existing rscordsad daﬁa-
preliminﬁry egtimates of the effective poromity and hydraulic
conductivity of the Quaternary.aquiiar underlying the region. The
sacond objective is to validate egtimates of vertical aceretion
(deep percolation through the soil profile) to the aquifer and
the -call—by~call values of resach transmigasivity (and S/7A
interflow).

In the wvalidation process, it is asgsumed that the agquifer
is isotropic and homogeneocua with respect to efifective porosity

and hydraulic conductivity. The AQUISIN Model (Verdin et 2l.:



1982) izs used to simulate changes in the potentiometric surface

within the validation period.

The AQUISIN model accomplishes the simulation procesa in

two gteps. In the first =tep. influence coefficients are
generated. These desscribe the influence of a unit distributed
excitation (pumping) at a given cell occgurring at a given time
pariod, on the hydraulic head at a different or tha game pell
during any given time period. The excitations used in this study
are termed "distributed"® becaués they are asgsumed to bhe avaraged
ovaer the area of a cell. Influence coefficients are calculated
for all the celle in the asystem. These influence coefficients are
based on the effective porogity and transmissivity of the
agquifer. The transmiassivity depends on the hydraulic conductivity
and saturated thicknessa,

In the second step of the mimulation. the influence
coefficients are multiplied by known excitations of groundwater
dischargese or recharges at each c¢ell. The modeael sums the
respenses to all stimuli to simulate the hydraulic heads at the
aend cf each time period within the time horizen of the
simulation.

The ideal procedure for using a groundwater simulation
medel feor galibration and validation of aquifer parameters can bhe

described by the following steps (Peralta et al. 1985):

1. Usas availabls data to determine the precise astudy
areas select 8 simulation model and make the best hydrogeologic

agsumptions possible.
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2. Use the selectsd assumptions, modifying them if
necesSsary., to calibrate the modsl. In calibration., the model’s
regponse to pumping during a gpecified time period is compared

with the historic observed respense of the aguifer over the sanme

period. Model response is made to be more in harmony with

histeric regponse by improving the estimates of aquifer
phyaical c¢haracteristics used within the modsl. Tha‘process is
continued until the model emulates historic conditions within

pre—-agsigned approximation limits over the calibration peribd.

3. Test the model over a second time period, the
validation period. £ the model-predicted watsr lavels again
compare with historic observed levels within pre—asigned
approXximation 1limits, the model iz congidered sufficiently
validated +to be used for predictive purposes. In this step the
sengitivity of the model to small changes in the assumptions= is

evaluated.

4, Salect the best sggumptions from the
validation/gensitivity analysis sStep and use the model to predict
water levals. Prediction is generally limited in time span to the

same number of years asg validation.

Sufficient accurate data are not always available to
perform both calibration and validation for time gpang of
satigfactory duration. [In such situations=» when using a generally
applicablie (aa opposed to site-specific) model., validation alone
iz adequate» as long as the hydrogeolcgié assumptions are not

changed significantly during the validation process.
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Vatar—use informatiﬁn and groundwater—level Sbservations
for +the study area prior to the 19798 are not detailed and
reliable encugh to perform botih model calibration and validation.
The 1@ years between 1873 and 1983 is the longest period a} timé
for which sufficient data could be obtained. For this reason. and
because previous studies on this aquifer and the adjacent Grand
Prairie region were consigtent in selected agquifer parameter
values, the calibration period was omitted in this study.

Validation and sensitivity analysis of the paramsters are
acconplished for the 1973-1983 pericd using the common practice

of history—matching and the data discussed in the preceding

chapter! withdrawals from the aquifar, discharges from or
recharges to the aguifer through sgtream aquifer interflow.
aqui fer top and hase elevations and historic Quaternary

groundwater levels for the yeafé 1973-83.

Additional aquifer parameter values and characﬁaristics
assumaed and used in tha wvalidation process include the hydrau;ic
conductivity, effective porosity and deep parcolation thréugh the
20il profile. Thesese assumptions are described in the following
paragraphs.

A value o0of 2.3 is used a8 an ;quitar—uide estimate of
affective poragity. An aquifer-wide estimate of 250 ft/day was
salected ag an appropriate hydraulic conductivity. Thege
parametsr values Were =Zelectsd based on thse previous studies done
in this area and the adjacent Grand Prairie region as discussed

in Section 2.4, The hydraulic conductivity of 250 ft/day is an

average of the values used by Reed and Broom (1373} for this

[



aresa. In addition. 25@ £ft/day was-considerad appropriate because
previous regsearchers reported hydraulic conductivity wvaluse of
254~-279 f{t/day for the adjacent Grand Pyairie. In alluvial
deposits, particlie sizse usually increases with depth. Hfﬁraulic
conductivity increasses with particla_siza. Since the agquifer in
Bayou Bartholomew study ares is less dewatered than that in the
Grand Prairie region. one would expect the average hydraulic
conductivity to bhe somewhat less in the Bayou Bartholomew Basin
than in tha Grand Prairie region.

Annual transmigsivities for each cell in the study area
are obtained by multiplying the annual hydraulic conductivity by
the distanca between the base o0f the aqguifer and either the 1973
groundwater level or the top ot the agquifer, whichaver is lower
at that point. These transmissivities ars used in the validation
process desc}ibed in this section.

Brogom and HReed (13873) reported a total amount of deep
percolation egqual to 47,000 ac*ft/yaar for this study area.
Bacaussa, in most of the internal cellsa, a gsomewhat impermeable
clay laysar iz aggumed to overlie the aguiter. this slight amount
of recharge seems reasonable. In this study, it was assumed that
thera i3 only @.20 inches cof recharge through deep percolation'
per yaar (168 ac—ft/year per cell}) for all 380 cells. This
totala to 38,000 ac-ft per yoar for the entire area. As apown in
the following section. this assumption resulted in very =#mall
errorg betueen simulated and observed storages in the aguifer at

the end of the validation period.



3.2 VALIDATION OF PARAMETERS AND SENSITIVITY ANALYSIS

The praceding chapter and section described the
development ot our best asgumptions concerning aquife?
characteristics and inputs and outputs to the agquifaer aysteﬁ.
There is. however:, always error agsociated with making aguifer-—
wide estimates of aquifer characteristics and 1in aétimating
pumping- or recharge. In the model validation and sengitivity
analysis satep our aim was to detarmine whether we had identified
the best assumptions possible for uge in predicting future water
levaela. To accomplish model validation and sensitivity analysis,
we performed a series of simuylation runs. Qur best assumptions
were incorporated in Run ls the validation run. In thia run. a
hydraulic conductivify of 252 ft/day, effective poroasity of 9.3,
accretion equal to 19@ ac—-ft/year per cell and reach
transmissivities ag discussed beifore yers assumed. In order to
detearmine the sangitivity of the meodel . the hydraﬁlic
conductivity. affactive poreogity and améunt aof vertical
accretion wers wvaried in saven additional runs.. Table 3.1
displays the groundﬁatar that was estimated to exist in a=storage
in 1973 and 1883 based on observed groundwater levels and the
agauned effective porosities in the 8 gimulation runs. Also shown
are the storage values that were simulated to exist in all eight
runs, based on gimulated groundwater levels and assumed effective
porosities.

The criteria for sstimating the erreors resulting from each
gimulation run are the three percentage error messures describad

belouw. The obsarved storage in the three criteria are based on
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the kriged groundwater levelsa and effective porosmity for each
run.
simulated storage 1883 - observed gtorage 1983

PCl = === — - - x 199
obgerved storsge 1383

8imulated storage 13983 ~ observed storage 1883
PC2 = X 09
observed storage 1373 - observed storage 1983

sinulated storage (883 -~ observed =ztorage 1983
e e e e e x 100
total pumping (13973 through 1382)

PC3

Table 3.2 displays the results of the simulétion rung in
termg of these three error c¢riteria. The analysis of the results
is analogous to that performed by Peralta et al. (1985, The
BSimulatad results that most satisfactorily matched historic data
are obtained with Runs i1 and 5. Run 1 {(tha wvalidation run)
underestimates groundwatar storage in 18983 by &.9%4 percent and
the reduction in storage by ©2.56 percent. The simulated storage
reduction after 1@ years is ©0.97 percent lems than the observed
value (measured s a percent of the tuta} pumping for the 142

yvear period).



Table 3.1 Simulated

and observed groundwater storages

i Observed i Obsarved i Simulated
Run | Storage 1873 | Storage 1983 | Storage 1983

{(acre—~£ft) X 1900 (acre~£ft) X 1090 (acre—=ft) X 1909

1 ; 341@1.9 g 33869.2 ; 33867. 9

2 ; 39785.7 ; 38514.02 ; 39557.@

3 ; 28418. 4 E 2&224.3 ; 28175.8

a 34101.9 : 33869. 2 : 33872. 4

5 ; " ; " : 33872.1

= ; " ; " ; 33816.9

7 ; " ; " ; 33820.9

8 . : " i 33816.7




Table 3.2 Validation Rasults

H : : i Deep : i ' * |
! Run ¢ K H e {Percolation | PC1 ! PC2 H PC3 |
! i (f£t/day) | i (gaec—£ft)/celll (%) | (%) i (%) |
' i i : . : ' H H
H 1 H 250 1@.301 120 1-3.004! -0.559:-0.067 !
H H H i i i i !
: 2 H 258 1G.351 12@ i\ 9.1288! 15.8261 2.2171
! 3 H 250 1@.251 103 1 =@.1721-24.9871-2.500 |
H 4 H 279 19.301 12¢ | ©.00Q09! 1.375! @.165!
= H 230 19.301 12¢ | @.0031 @.387! ©P.046|
' H H : H H H H
! 6 ! 250 10.30! ] =@, 154 -22.47%~2.7383 1
] 7 i 270 1 @.301 @ 1 =@. 1431 -20.7961~2. 490!
: 8 H 230 10.30] 2 1=@.1551-22.5611-2.707!

*
average annual pumping (1973-1882) is 193:9%56 ac—ft.

K is ths Hydraulic Conductivity

e is the Effective Poromity

Run 5 is performed agguming an hydraulic conductivity of
23@ ft/day and an effective porosity of 2.3. In addition, deep
percolation aequal to 120 ac—ft/year per cell is included in Runs
! through 5. BRun S simulated actual conditions with about the
game accuracy as Run l. In such a situation, where two runs

gimulate with comparable accuracy, one must determine which set



of aggumptions should be wused for prediction of future
groundwater levels. In this case, the assumptions of Run 1 are
preferred for several reasons. The {first reason is that 250
ft/day is more comparable than 230 ft/éay to the 279 nft/da}
value, validated for the adjacent Grand-Prairis region of the
game aguifer. The s=second reason is that for the ten yearas of
validation (1973-1983), the average annual errar in simulated
gtorage compared to observed storage is smaller for Run 1 than
for Run 5. The third reason is that it is safer to underestimate
the available starags than overestimate. Run 1 undsrestimates
slightly while Run S overestimates slightly.

Rung 2 and 3 usa a hydraulic conductivity of 250 ft/day
and effective porosities of ©.35 and 0.25 regpgctively. It ié
evident from Table 3.2 that theee porosities result in much
larger errors than those of Run 1. Assumption of an effective
porosity aqgél to 2.3 and hydraulic conductivity of 27@ ft/day as

in Bun 4 results in larger arrors than in Run 1. Runs &, 7, and 8

agsumed no desp percolation to the agquifar. All threse of these.

rung resulted in larger errors than did Run 1.

A comparison of Runs | and 6 permits an observation to be
made about the sensitivity of the model to the estimated volume
of deep percolation to the aquifer. Tha diffsrence between Run |
and Run & is that in Run | é desep psrcolation of 1909 ac-It/year
per cell is assumed. while none is agsumed in Run 6, From Table
3.2 it can be noted that Aun 6 result=2 in arrors 40 to S@ times
larger than that of Hun 1. Therefore the estimatad amount of

vartical acgretion is reasonable.




Figure 3.1 shows how accuratsly the hest run (Run )
predicted cell-by—-cell groundwater levels for the spring of 1983.
The wvalue in each cell is the difference between simulated and
observed (kriged) groundwater levels in 1983 for that cell. A
nagative value indicatea that the simulated level i= lower than
the observed elevation. The standard deviation of probable error
of astimated kriged potentiometric suriace sleavatiens for 1383
ranged between 4.5 and 20.5 feet in the study area (Figure 2.9).
Différanc@s between simulated and observed valuaé that are less
than ﬁhe standard da&iation of probable errors of estimated
observed potentiometric surface elevations are congidered
ingignificant. As a resgult. the differénca between simulated (Run
1) and observed aelevationa are ingignificant in all c¢cells for
1983 grounduwater leveala.

In =summary: after performing a litarature resviesw and
judging the rséults of the wvalidation and the Beﬁsitivity
analysis, a hydraulic conductivity of 25@ £ft/day and -an
affective poresity (specific yield) of 0.3 were selected as being
appropriate for the Gduaternary aquifer underlaying the Bayou
Bartholomew/Alluvial Aquifer System. In addition» an average of
.20 inch/year of water was assumed to parcolate through the soil
profile to the aquifsr throughout the study area. This values,
equaling i190Q acre—ft/year per cell. sums to 38,0008 scre—-ft/yr for
the entire region. As daécribed in Chapter 4 and 5 these values
are used as inputs to the sustained yield groundwater withdrawal

optimization models.
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3.3 Evaluating Current And Higstoric Aguifer Conditions
Using The Validated Parameterg

The program VOLCAL (Peralta et a{.- 1983b)  was m?difieq
and used to estimate the cell-by-gall volume of grounduate;
stored in the aquifer in the spring of sach year, ag well ag the
change in storage from 1973 to 1983 using the assumed effective
paorogity. It is alse used to compute the saturated alevation
(the slevation of the top of the aguifer or the slevation of the
potenticometric surface. whichever 18 lower’), the saturatad
thickness and the degree of confinement at the center of each
caell in the study area for each year of the validation period.
In addition, VOLCAL ealculates the changes in the potentiomat}ic
sﬁrfaca and gaturdted elevation from year tnlyear and from 1873
to 1985;

Figure 3.2 shows the degree of aguifer confinement in the
springtime of 1983 as the difference batween the 1983
potentiometric surfaca elevation and the slevation of the top of
the aquifer. Since positive values indicate confined portions of
the aquifer, one @=ees that most of the aquifer is contined,
although the degree of confinement i8 not great. . (For
representative pumping rates the aquifer can be assumed to act as
if it is unconfined in the vicinity of pumping wells). Changes in
grounduwater storage occur only in the unconfined portions of the
aguifer.

Figure 3.3 and Figure 3.4 show the change in saturated
elavation and potentiometric surface elevation between 1373 and

1983 respectively. As seen from Figure 3.3 most of the cells in

3-13
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the area have no change in saturated elaevation. Thig is due to
the fact that a large portion of the aguifer is confined in the
springtime. Figure 3.4 shows that the changes in the
potentiometric surface elevation are fairly small. The average
change in potentiometric surface elevation over the entire area
im about 4 fset, with larger changes oceurring in the eastern
portion of the area, where pumping was greatsst.

The saturated thicknesses in spring 1883 are shown in
Figure 3.5. The satursated thickness is the distance between thae
potentiometric surface elevation and the base of the aquifer.
According to Peralta et al.s (1985} the minimum desirable
gaturated thickneas for 1380 climatiec conditions (the most
savere recent drought year) is about 25 feet for the adjacent
Grand Prairie region of the same aguifer. The average sSaturated
thicknesa over the entire Bayou Bartholomew Bagin ig about 80
feet, which is agaquata. The louaét gaturated thicknesses are
obsarved in southwestern cells and range from 22 to 4@ feet.
Three of thesme cells have saturated thickness less than 25 fset.

The storage and the change in stobage for gach year of the
validation period (1973—13983) are shown in Table 3.3. Table 3.3
also showsg the change in groundwuater Etopaga as a percentage of
1973 8storage and previocous vyear punping for each year af
the observation period. Because the aquifer isg confined in most
of the study area: the change in stofaga ig very sSmail-s degpite
the fact that potentiometric surface elevations are widaly
declining. The total decrease in groundwater storage from 1973 to
1983 is 232,79@ acre—£ft, which is only @.68 percent of the 1973

gtorage.
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The total change in groundwater storage between 1873 and
1983 is 12 percent of total groundwater pumping (1,939,560 acre-
ft? for that period. Thias percentage. the mining percentage.

indicates the proportion of groundwater pumped during the

obgervation period that is not replaced by recharge.

Table 3.3

Storage and Change in Storage

i H i i L Change

i ! i i iin Storage
} ; i i Change i as a

i ! i | in Storage | percent

: ; i  Change iag a percentiof previous
H H i in J of 1973 H yaar

H H Storage : Storage ' Storage i Pumping
{Year! (ac—ft) X 19000 (acre—£ft) | (%) i (%)
(19731 34121.9 i ' H

' i 1 =23125.9 | -@.97 i -23
11974, 34078. 3 i g !

i ; H a87ee.5 | 0.23 H 5]
11975 34987.5 i g H

! ! i —-43125.6 | -@.13 : —36
11976 34044.3 i i i

i 4 | —47464.7 | -3.14 ) =31
119771 33996. 9 ; g H

} i ! -58382.6__! _ _=0.17.. .48
119781 33937.9 } ' H

i : : 1567.3 ! @.021 i 1
119791 33938.1 H ; i

i i i .33910.1 i B.19 : 19
119801 33973.09 : ! i

i g i —-51943.6 | -@.15 ' =15
119811 33921.0 ; : '

g ' t ~95841.0 ¢ -2.28 ' —-29
119821 33825.2 ! ' g

g ! i 43087.6 | @.13 ' 25
119831 33869.2 ' ! H

ravg. 33979.5 i —23279.0 | -9.07 i -13

LB
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3.4 BResult From Estimating a Volume Balance For Theé Area

The aversge annual historic net recharge from causes other
than those previosly specified can be détermined by ccnduéting ;
water volume balance analysis. In applying the following water
volume balance equations, all discharges from the aquifer are
positive wvalues and all recharges to the aqdifar ara negative

valuss.

Ragional Discharge <+ Regional HRacharge
+ Change In Storage = 9 ’ (3.1

Qre

{ Pumping + &/A Discharge} + {5/A Recharge + Deap
FPercolation + Net Recharge From All Other Sources?

+ Change In Storage = @ f3.2)

The avarage annual components of the water balance for

1973-83 estimated as described in the preceding sections arei

Pumping = +183,956 ac—ft
S/ArDischarge = +4,057 ac—ft

5/A Recharge = -16.,432 ac-it

Deep Percolation = -38.000 ac-ft
Change In Storage = -23,27@ ac—-iIt

Therefore. the average annual Net Recharge From All OQOther

Sources igt

193,956 + 4,057 - 16,432 —~ 38.900 — 23,270 = 120,311 ac-—-1ft

i,




Conventionally, this wvalue is negative in .sign. [t includes
recharge entering through periphaeral constant-head calls,
recharges entering at internal stream/aquife: cells that were nat
20 designated in the models, and the diffsrence between steady

recharge ratas based on springtims gradients and the actual time-—

variant recharge.






CHAPTER [V

METHODOLOGY

By

P. J. Killian, R. C. Peralta and A. Yazdanian

Components of any optimization problem include the
objective function, the involved variables and constraints. Tuwo
objective functions are applied in the management model presented
in +this report. The first seeks to maximize the sustained yield
withdrawal from a given region. The gsecond develops sustained
yield withdrawal strategies that maintain groundwater elevations
ag close ag possible to predetermined 'target' elevations.

The variables subjact to management ﬁounding or congstraint
include drawdoun. pumping. and recharge. In arder to assure that
the models properly aimulate groundwater flow. the finite
diffaraence approximation te the differential squation of steady-
state. groundwater flow is8 used as part of the congtraining
conditions in the management model. This technique of linking
the asimulation to +the optimization is referred %o as the
embedding method (Gorelick, 1883). The embedding method is used
to express both ﬁha'constraining equations and the objective
functions in terma of only a single type of variable. static
drawdown. This is done s=o that other objective functions can be
applied without medifying the constraint set. MNuch of thig
chapter is dedicated to developing the constraining egquations

uged in the model.



The optimal solution is found through application of
operations research theory. The cptimization algorithm employved
in this management model is WPTHOR, a2 linear 3nd gquadratic
programing subroutins written by Leifséon and others }1981);
QFTHOR uses the Gensral Differsntial Algorithm, a direct climbing
method of locating the optimal gsolution through =a systematic

gradient search routina.

4.1 FINITE DIFFERENCE APPROXIMATION OF THE TWO-DIMENSIOMAL FLOW

EQUATION
The following linearized  Boussinesq egquation describes
grounduwatar flow .in two dimensiona (Konikow and Bredehoesft.
1975).
(4~1)
W —dsdx (T* (dh/dx )) + Sc (ah/adt) = @ inj = 1,2
i 1j J ‘
where
'} = the excitation or volumetrix flux of recharge or
withdrawal per unit surface area of aguifer,. (L/T)3
T* = the transmissivity tensor such that T* = k b»
ij 2
(L /T)3;
k = the hydraulic conductivity of the aguifer material.
(L/T):
b = the saturated thickness of the aguifer materisl,
(L)
h = potentiometric head, (L)}
Sc = the storage coefficient, (dimensionlesa’.
The saturated thickness., (B, iz assumed constant as it
appears in Equation (4-1). Thig agsumption is valid only in the
case of a confinéd agui fer. In unconfined situations., a change




in potentiometric head resulte in an equal change in @saturated
thickness. If the saturated thickness of an unconfined aguiiar
ig very large compared to the chéhga in heads then Eguation (4-1)
iz relatively accurate, I1£f however, the saturated thicknesa is
only s=slightly larger than the change i% p&tentiometric- head;
Equation (4-1) is an inacgurate reprasentation of unconfined
groundwater flow. This problem is addressed when using the

management model by sequential re—initialization in a manner

which is presented in a subsequent section.

Konikow and Grove (1977} provide a sgsummary of the
agsumptions considered in the development of Egquation (4-1):
1) The porous medium can only deform vertically.

2) Igothermal conditions prevail.

3) The volume of individual grains remains constant during the
daformation of the medium.

4) Fluid density igs a linear combination of pressure.

S) The permeability is independant of pressure and tempersaturs.

6) Hydraulic head gradients are the only significant driving
mechanism. '

7) Homogenepus fluid density and viscosity.

8) Two dimensional flow.

To approximate the diffarential eguation describing
groundwater £flow. a block centered cell system ig used. The
study area is subdivided intc a number of sgquare blacks or cells
in which the aguifer properties are assumed uniform. The
continuovua derivatives in Equation (4-1) are replaced by finite

difference approximations at the center of each cell to yield:

(4=2)
1/« T (@h/3x ) - (T* (ghs/3x M) 1+

i XX i i+1/2.] XX i i-1/2.]
1Ay [(T* (@nsdx ) - (T* (3nh/ax ) 1 =

J vy 3 irj+1rs2 vy 3 irj—t/2

SCisj2#\t (h(is3) — hti.jeat=1)) + W(i,j,t)



the space increment

(L)

in the x—direction for column i.

the space increment in the y-direction for row j»

(L)s

the time increment, (T):

the index in the x-direetion for any c2ll in the

study areas’

j = the index in the y—direction for any cell in the
study area:
t = the time indsX.
Further spproximation yislds:
(4=3)
17/ x (I DTR(i,3) (hii+l,j) — hii,j))s/\ x 1 -
i i+1/2
[ DTR(i-1:3) (h€i.j)-- h(i-1,j07 A\ x 1} o+
) Ci-ts2
17\ y (I DTU(i.j) (h(i-j+1) = h(ijois7 A\ y ] -
J j+lrs2
[ DTUCi»j~1) (h(isj) — heir.j=103/A\ vy 1y =
j=1/2

Stij)//Z\ t (h€i.j) = hisj.t=1)) + W(iejs-t)

where:
h(i»j} = the potentiometric surface elevation in finite
difference call (i,j) at time period t ,(L);
DTR(i,»j} = the trangsmissivity between cell (i.j} and cell
2
(i+1,3), (L /T)3
DTU(i»j) = the transmis=ivity betwean cell (i,j) and cell
' (i+3+13, (L2/T)3
Zﬁx' = the distance betuween center of cell {i.3) and
1+1/2 center of cell (1+l,j). (L).
The 9ize and dimension of each finite difference cell
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depends on the anisctropy of the aquifer characteristics and the
capapilities of available computational resources. The use of
gmaller dimensions in defining the cells will more clesely
approximate Equation (4-1), but at the same time increase the
number of unknowns in the sclution set.

The managemanﬁ model applies a sguare cell system to the
study area. Consaquently, all ﬁhe gpace increments in Eguatian
(4-=3) are squal and some simplification occurs. HMultiplying each
side of.Equation (4-3) by the area of one sguare cell yields

(4—4)
DTR(i»j) (h{(i+l,3j)=h(is»j)) —~ DTR{i-1,j) (h(isj)-h(i—1.3))
+ DTU(i,3j?) (h{i,j+1)=h{isj)}) = DTUC(i,j—=1) (h{(i,jl—h(i,j—=1))

= S5(i.j) (AZ\t (h(i,ji=h(i.j)) + W(i,j) AR

where:
AR = the surface area of one square finite difference cell,

2
{L ).

4,2 STEADY-STATE GROUNDWATER FLOW

Steady—state groundwater flow is s8imulated in order to

approximate a sustained yield condition. Steady-state excitation

rateg are thoge valusa of pumping and recharge which, when
applisad to the sygtems continuously maintain congtant
potentiometric surfzsce elevations. For a given gset of

potentiometric surface elevationas, there exists a corresponding
get of steady-state pumping values,.
This idealistic description of a gteady—-state system is

net repregentative of a natural system of groundwater recharge



and withdrawal. Seagonal precipitation and pumping for
irrigation are time-varient. In an agricultural area, mors
groundwater is removed from the aguifer during the growing =season
and mors recharge is available during tﬁe spring. FortﬁhatEIQ;
Faralta and Peralta (13984) and Yazdanian and Peralta (1985)-have
gshown that a steady—-state potentiometric surface is generally
maintained ovar the iong term if the total transient excitations
for a given time period equal the appropriate total gsteady
excitation rate over the same time period.
Under steady—-state conditions. Equation (4—4) becomas:
(4-5)

DTR{(i,j) (h(i+l,j)-h{i,j)) = DTR(i-1,j) {(h{i.j)-h{(i-1,3)) +
DTUCi,j) (h(i,j+1)-h{i«j)) — DTU(i,j-1) (h{i,j)-h(i.j-1)) =

Wii.j) a .

The potentiometric surface elevationg are replaced by
static drawdoun values for computational efficiency. Drawdown is
defined a8 the difference between the elevation of a horizontal
datum located above the ground surface and the elevation of the
potentiometric aurfacé. With this substitution and the
digtribution of tranemissivity terms. the following equation

results.

(4-6)
~DTR(i.j) S{i+l,j? — DTR(i~1l»j) S(i—-l,3) + T{(i.j) S(i,j)
=DTU{i.j) S(i.j+1) — DTU(i.j-1) S(i,j—-1) = W(i.,J) A
where:
Sti+j) = +the steady—-state drawdown in cell i.j during the

time period of simulation., (L)}




T(i,j> = DTR(is,j} + DTR(i-1,j) + DTU(i,j) + DTU(i»j-1) .

This relationship is simplified by writing it in vector

notation as=

{T} {g} = W(i.j) A (4-7)
wheres

{T} = the transpose of the S—-dimension vector of trans-
migsivity values:

{g} = a 5 dimengional vector of draudqun values.

The expansion of Equatign (4-7) over all cells of the study area

ig written in matrix form as

[T1 {(s’} = {w*} (4--8)
where:
(Tl = an N by N square matrix of transmisgsivity valuaes.
having a maximum of S nonzero elements in each
rows;
{8’} = an N dimensional vectar of drawdown values;
{w*}! = an N qimensional vactor of excitation values;
N = +the total number of cells in the study region.
Solution of Equation (4-8) for {8’} when {w'l! is known Iis

accomplished by simultanecus evaluaticn of N equations and N

unknowns.

4.3 SEPARATION OF VOLUMETRIC FLUX

The right hand side of Equation (4-86) represents the rate
of groundwater entering or leaving the aquifer at a particular
finite difference cell. This term is positive if water is leaving

the systen-. and negative if watsr i entering from oputside the
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system. To add more flexibility to the model., the wvolumetric
flux 1is separated into three components including groundwater
pumping. stream/aquifer flux (referred to as sitream/aquifer

regponse or interflow), and recharge such that

W(i,j>» A = P(i,j) + Qr(i.j? + RCH(i.,]) (4-9)
wheret
P(i.j? = the steady—-stats groundwater pumping in cell
3

(i+jJ) during the simulation period. (L /T):
QAr(i.j? = the stream/aquifer responsSe in cell (i.3)
during the simulation period., (LE/T):
HCH(i;jJ = the recharge to the aquifer at ce=ll (i,j)
during simulation period, (L3/T)=
Tha sign coﬁvantion and above definitions imply thatrvalues
of groundwater pumping. P¢i«3), are typically positiver to
indicate the volume withdrawn. A negative .pumping value is
interpreted as caused by an injection well.

The recharge values, RCH(i.,j),» are negative when water
enters the aquifer from outside the sy=tem. A pogitive recharge
value occurs at a particular cell, when watsr is leaving the
gystem at that location. Some examples of negative recharge
include infiltration and flow from adjscent BsStudy areas.
Evapotranspiration is one example cof pozmitive recharge.

The boundary of the study area ie treated ams a no flow
boundary. Congedquentliy., the trangmissgivity at the periphéry is

zero. Flow into the agquifer from outside the system is simulated

by applying recharge in the peripheral cells where conditions




indicate the existence of such a condition.
Substituting Egquation (4-3) into Equation ((4-=7) and
writing the relationship in matrix form. resulis in the following

expression. ‘ ' T

{T} {8} = P(i,j) + @r{i»j) +RCH(i,j) (4-10)
The interflow between the aquifer and a gtream in
hydraulie connection is represented by the term., dr(i.j), of

Equation (4-12). This response ism greater than zero i1if the
dirgaction of £flow is from the aguifer to the gtream:. and less
than =zero if the stream is recharging the aquifer. No stream
aquifer response is present in cells whiech are not hydraulically
connaected to a surface water source. Agguming that the river or
stream 13 penetrating the aquifer such that the medium between
the sStreambed and the agquifer matsrial is Saturated. the

interflow is determinad by

QAr(i.j) = Tr{i.j) (Szstii.j)—= 5(i.j}) ' (4-1 1)
where:
Tr(i,j) = peositive valued reach transmissivity of cell

2
(i,3)s (L /T);

Sat(i,3)

gtatic stream drawdown or the difference betuween
the elevation of the datum and the slevation of
the water in the stream at cell (i,j), (L).
Reach transmissivity, Tr{i,j), i a measure of the ability
of the streambed to transmit water to the aguiifer. The reach

transmissivity for a cell which is not hydraulically connectad to

a stream or Iake is equal to =zero. The wvalue of reach
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tranemigsivity can be calculated analytically (Morel-Seytoux
1879, or empirically through model calibration. By assuming a
constant wvalus o0f reach transmissivity. and a constant _agtream
stage for the period of simulation. stream/aqui fer response
becomes a function of groundwater drawdown alone. Thus, interflow
betueen a stream and the underlying aguifer can be controlled in
a particular c=lls by limiting the drawdouwn.

The expression for stream/agquifer rasponse is incorporated

into Equation (4-1@) to obtain

(4-12)

£T3 (=3} + Trlirsj) SCisj) = P(isj) + RCH(is3) + Tr(i,j) Sst(i,j) .

Equation (4-12) ig the finite difference form of the
equation o¢f groundwater flow used as a controlling conditioen in
the management model. The expanéiun of Egquation (4-12). as
applied to a single finite difference cells, is written as

(4—13)
(T(is3j) + Tr(isj)) SCisj? — DTRCi,j)S(i+1¢j? — DTR(i=1,3)S(i=1+3)
- DTU(i,j)S(irj+1) = DTUCi»j=125Ci,j—1) — Plis+j)» — RCH({i»j)

= Tr{i,j)Sst(i,j)

The drawdown, pumping and recharge terms are either constant or

variable depending on the type of cell being modaled.

4.4 TYPES AND CEARACTERISTICS QOF CELLS

— e R e e e e e . e o Tl

To model a ragion using the management method introduced
in this report, the area must be defined by 3 set of finite

difference cells. Each ¢ell 1s identified according to the
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variable nature of the drawdowun. pumping. and recharge at ‘that
location. It is not within the scope of thig section to comment
con technigques wused to determine the hydrolegic boundaries and
characteristics oif this system of cells, only on the application
of the information.

For each cell there aré three factors to considaer. These
factors, found in Equation (4~12), include drawdown, groundwater
pumping., and recharge. The different types of cells are the
ragult of the various combinations of these three  factors
considering each as a constant or a variable. For each variable
value there is a corresponding upper and lower limit defining the
range of feasibility.

A variable cell is any cell which has a variable draudown,
a variable valus of groundwater pumping, and a constant valuve of
recharge. For @avery variable c=11 there is an upper and lower
limit on draudounv and an uppsriand Iowérllimit on groundwater
pumping. Variable c¢ealls exist in areas where the steady-state
drawdown and the corresponding pumping value is unknown while the

‘vertical infiltration is assumed constant. This type of cell
will usually comprise the major portion of the study area.

A mpecial type of a variable cell is a constant—-flux c&ll.
A constant—flux cell has a variable drawdown, a constant value af
groundwater pumping, and a constant recharge value. The constant
sum of pumping and recharge may rapresent actual egtimates of
system conditions, or design withdrawal rates which the water
manager considers necesgary to achieve. A variable cell becomes

a caongtant—-£flux cell when the upper and lower limit on



groundwatsr pumping are equal.

4 constant-head cell reprssentz a c=l1 in whieh the
drawdown and pumping valu=s remain constaqt. but recharge may
vary. Typically. constant—-head ce=lls wili be along the per;pher§;
élthough this is not a necessary condition. Because the drawdown
and the pumping values are congtant. to reduce computational
requirements. the objective function is not applied to conatant
head cells.

Aﬁy variable e¢ell may be further characterized as =a
stream/aquifer gell if investigations indicate the exiétence of a
hydraulic connection between suriace water and groundwater in
that cell. For every gtream/agquifer cell., the reach
transmissivity and sStream stage are estimated and applied as
outlined previously. The interflow in a straam/aquifa; cell ig
subject to conditions imposed by an upper limit on the volume

transfsrred as indicated by

QAr{iv,jv) > drmindliv.,jwv) (4-14)
-whergt—— — . _
drmin{iv,jv) = the minimum =llowable interflow between the
gtream and the aguifer during the time
3

period of simulation. (L /T);

iv = the column index for any variable cell in the system:

jv = the row index for any variable cell in the system.

I'f Qrmin{iv,jv) i3 positive, +the interflow at that cell is
gtrictly return flow from the aguifer +to the stream. 1£

@rmin{iv.jv) is8 negative. recharge from the stream to the aquifer

is limited. Qrmin(iv,jv) is expressed asg a function of cell
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drawdown by re-arranging Equation (4-11) to yield:

{4=15)
Smax*{iv,jv}) = Satl{iv,jv) — Qrmin(iv,jv)/Trliv.jv)
where:
Smax*(ivsjv) = the maximum drawdown allowed in cell (ivsjv)
such that the lowar limit an interflow is
not violated, (L).

This ecapability is included to provide a means by which surface

watar auppliss can be pratectad.
4.8 VARIABLES

The wvariables involved in the management model include
drawdown:. pumping. and recharge at constant—-head c¢ells. The
raatrictiong and limitations imposed on these variables are
axpressed as conatraints. These constraints represent conditions
which must be met in order for the variable values to be
conslidered as a feasible solution. The constraints imposed
indicate physical conditions or the implementation of management
decisions.

The primary constraining condition is the equality
condition expressed by Egquation (4-12). This congtraint
represgents the physical relationship between the variables by
maintaining tha conditions of steady—-state groundwater Iflow.
The remaining constraints are formulated a8 bounds on drawdown,
pumping and recharge in constant-head cells.

Limita on the drawdown in variable cells define the range

in which water levaels can rise or fall. Becauge of the



relationship between drawdown and water alevation, the vupper

limit an drawdown corresponds to the lower limit on
potantiomstric suriace elegvation, while the lower limit on
drawdoun relates to the upper limit on elevation. A natural

upper limit on drawdown is the physical bottom cf the aquiifer.
[f additional saturated thickness iz desired for economic reasons
or for drought protection. the upper 1limit iz decreased
accordingly. The lower limit on drawdown is provided to prevent
the flooding of foundations of construction sites. Several other
congiderations for determining limitations on drawdowns are
listed by Bear (1979).

The feasibla range of values for cell drawdowns is

sumnmarized by the general formulation:

Smin(iveiv) > Slivejv) > Smax{iv.jv) ) (4—18)
where:
Smin(iv,jv} = the lower limit on drawdowun in cell (ivsjv).

(L):

the upper limit on drawdowm in cell (iv-jv).
(L)3

Smax{iv.,jv)

and=:
Smax’ {iv,jv) > Smax(iv.jv) .

Recall that_ Smax'(iv,jv) i= the maximum drawdown in the
call such that the lower limit on interflow is not violated.
Thua, the final condition maintains the limit on stream/aquifer
regponsea.

The groundwater pumping in cells other than constant—head

cells 1is a wvariable and a= such is bounded by an upper and &

4=14
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lowar limit. The lower limit on groundwater pumping i=s
established in terms of variable draudouwn values by utilizing the
relationship éxpresaed in Equation (4-12), recalling that in all
variable cellg the value of recharge igs a constant and., if the

variable cell is a constant-flux cell, the pumping is a constant

ag well. The following relationship applies to every variable
csll.

(4-17)
Plivyjv) = {T} {m} + Triivsjv) SCiv,jv} — RCH(iv,jv)

= Tr{iv,jv)Sst(i,j?) > Pmin(iv,jv)

wharea:s
Pmin{iv,jv} = the minimum value of groundwater pumping at
call (ivs.jv) during the simuylation period:
(LBXT).

Based on the adopted gign convention: a negative value of
grounduater pumping signifies water going into the system. This
internal injection is prevented by setting Pminfiv-jv) equal to
ZBro. A lauwer 1imit on groundwater pumping which is grester than
zerno reflects the design requirements of the water manager. For
example. if a particular cell nmust have no less than = cértain
amount of groundwater available dus to sgtrict quality
requirements, then tha lowar limit on pumping would indicate thisg
nacaessity.

The recharge in constant—-head cells is describad in tarms
of drawdown by again rearranging Eguation (4-12). Because both
drawdown and pumping in constant—-head cellz are fixed the lower

limit on recharge iz expresged as:



(4=-18)
RCH{ic.jec) = (T} {8} + Trlicsjc) Slic.jc)? - Plic,jc) -

Tr(ic,je)Sst(ic,jc) > Rmin{ic,jc)

whera:
Amin(ic,je? = the minimum allowable recharge in cell {(iec,je)
which can ocgur during the simulation period.
3
(L /T):

iec = +the column index for any constant-head cell in the
. study areas :

je = the row indax for any constant—head cell. in the study
areas
The louer 1limit on recharge refers to the greatest
possible amount of water which can enter the constant~head cell
from outside the system. Tha lower }imit on recharge 1is
typically lass than =zero unlessa it is desired to model a
condition in which water can only leave the systen.

89 using Egquation (4-12), a _constraining condition: tg
define the pumping and recharge terms, it is not necessary to
include Equation (4—12)‘33 a distinct equality constraint. For a
study area with NVAR wvariable cells and NCH constant—-head cells.,
there are at lea=st (NVAR + NCH) ineguality constraints. NVAR
constraints are defined hy (4-17) and ‘NCH congtraints are

expressed by (4-18).

4.6 UPPER LIMIT ON PUMPING AND RECHARGE

When an inequality constraint ig input +to the General
Differential Algorithm: one of the initial steps is the common
practice of transforming the inequality constraints into equality

conditions. This isg accomplished by adding what is referred to

4=186
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ag a slack variable. A slack variable describes the difference
batween the l1sft and the right hand side of the constraint:s or
‘how "close" a constraining condition is to ite limit. 1I1f a slack
variable i3 =zero, the value o0f the left hand side of the
consgtraint is equal to the right hand limit and the congtraint is
said to be "tight".
The introduction of a slack variable to constraint (4—~17)
viaslds the following equation.
(4-19)
£tTY €3} + Trliv.jv) S{ivsjv}) — RCH(iv,jv)=Tr(ivsjv)Bst(iv,jv) —

Pmin(iv,jwv) = X*{iv.jv)

where:
X'"(ivsjv) = the slack variable aasogiated with the ground-
3

water pumping conatraint, (L /T).

This relatienship can be gimplified to

Pliv,jv) = Pmin(ivs,jv) = X’ {iv,jv) {4=28)
or
P(iv,jv) = X?(ivejv) + PmintCiv,jv) . (4-21)

The upper bound on groundwataer pumping is applied such that

(4-22)
Pmax(ivsjv) > Plivsjv) = X' (ivsjv) + Pmin(iv,jwv) > Pmin(iv,jwv)
wherat
Pmax(iv:jv) = the maximum sllowable pumping in cell (iv,jv)

32
during the simulation period. (L /T).
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Equation ({(4-22) is reduced such that the limits on the slack

variablse are defined.

Pmax(iv,jv) — Pminf(iv,jv) > X'({iv,yjv} > @ (4—23)

By =zpplying a lower limit of zero and an upper limit, equal *to
the difference between Pmax{iv,jv) and Pmin(iv.jv}., on the alack
variable of the pumping conatraint, the groundwater pumping in

avary variable cell is bounded by:

Pmax(iv:jv) > Plivejwv) > Pmin{ivsjvi (4—24)

A gimiliar procedure appliéd to recharge constraint (4-18)

yialds
Rmax(ic-jc? — Bmin(ic:je) > X"(ic.,je) > @ (4-25)
such that:
Rmax(ic.,jc) > RCH(ic.,jc) > Bmintic,jc) ' (4—-26)
wherea:

Amax(ic,jc) = the maximum allowable recharge at constant-

head ¢cell (ic.jg)} during the gimulation
3

period. (L /T33

X"({icvjc) = the slack variable associated with the recharge
constraint at congtant-head call {(icsje)s

(L3/T)s

An upper limit on recharge which is lesz than 2ero describes

a gituation in which water c¢an only snter the system and is
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regstricted from leaving the system at that cell. Bacause =a
steady-state condition iz modeled. the total flux into the gystem
ia equivalent to the total flux out of the systam. A negative
upper limit on recharge may prevent the maximum utilization of
available recharge at other constant-head cells. Fer this
reasort. it is suggested that a large pésitive value of

Rmax{ic,jc) be used for the initial optimization.
4.7 REACH CONSTRAINTS

The preceseding section discusses censtraints imposed on
recharge valuaes in a particular constant—head cell. In addition
to these constrainta. it 1is possible to constrain the total
recharge which occurs in a given subsystem or reach of constant-
head cells. Thia ecapability ’'is utilized to simulate a gy=tenm
where the constant-head cells rep;esent a stream or lake Ifrom
‘uhich the total recharge is limited. This congtraint ié
formulatad by applying Equation (4-18) te all constant-head cells
in thae designated subsystem. The following relationship

rapregants this summation.

AT (igg) = Eéfcs)HCH(i) » CHSMIN(ics) {4~27)
i=1 -
for ics = 1, NCHSUB
where:
RT(ics) = thé total recharge in constant-—-head subsystem ics.
(L3/T):
I(ice) = the total number of constant-head gells in sub-—-

sysatem ics:
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CHSM{N(ics) = +the lower 1limit on total recharge Ifrom
3
conatant~head subsystem ics., (L /T):

NCHSUB = the total number of conztant—head cell subsystems;

A congtant—-head cell cannot belong to more than one

conatant—head rsach at 3 timea. However, any constant-head cell

in a subsystem can hava an additional constraint lIimiting the

amount of recharge in that particular cell. (gee relationship (4-
18)).

In addition to constraining a reach of constant—head
calls, it im also possible to constrain a }aach cf stream/aquifer
variable cells. The stream/aquifer gubaystem constraints are
formulated by applying Equation (4-11) to all the cells ;n the
stream/aguifer sgpubaystem. Tha following expression represenis

this gummation.

J{isal ]
ST(isa) = _>_ Qr(j) > SWMIN(isa) (4-28)
i=1
tor isa=1,NSUB
wheret!
ST(isa} = the total volume of flow from the aquifer to the
3

stream in subsystem isa. (L /T);

J{isa) = the total numbser of cells in stream/aquifer sub-—
systam iga;

SWNniN(iga) = the lower limit on total interflou from sub—
gyatem isa;

NSUB = the total number of stream/aquifer subsystams.
A variable call cannet belong to more than one
stream/aquiter gubsystem at a time. However: in addition to the

reach constraints any variable cell can also be constrained

ey
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such that the minimum allowable interflow in that cell is not
viclated., (see Equation (4-15)).

Conaidaring the reach constraints @ discussed in this
section, the total number of inequality constraints applied to

the study area is described as

K = NVAR + NCH + NCHSUB + NSUB {4—-29)
where!

K = the tetal number of inequality constraintsas

NVAR = the total number of variable cells:

NCH = the total number of congstant-head cells:
The total number of variables., including slack variabless ig

equal to K + NVAR. As described previously», each variable has an
upper and lowar limit imposed upon it. The slack variables
representative of the reach constraints have an upper bound set

artificially high.

4.8 OQBJECTIVE FUNCTION FOR OJEVELOPMENT QOF MAXIMUM SUSTA!NED

YIELD STRATEGY

One possible regional policy is to maximize annual
Euétainable groundwater pumping. A linear axpression to describe
maximization of the total volume of groundwater withdrawn from a3
region during a sSpecific time period i3 formed by sSumming
Equation (4-17) for all variable-head cells:

(4—39)

1 I
Maximize Z (8) = 2 S {T} {s} + Tri{iv>jv)S(iv.jv)
1 iv=l jv=1

= BRCH(iw.,jv) — Triiv,jv} Sgtliiv,jv)
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subject to congtraints (4-16), (4-24), (4-26), (4-27) and (4-28B).

The objective function (4-3@) is similiar to 'those used by- Aguado

and others (13974). Alley and otherg (1876)» and Elango and Rouve

198@.

4.9 OBJECTIVE FEUNCTION FOR DEVELCOPMENT OF SUSTAINED YIELD

STRATEGIES THAT APPROXIMATELY MAINTAIN ’*TARGET® LEVELS

Another poggible regional objective is to maintain water
levels as cloge as possible to =Some pre—-determined T'target?
elevations. This is the Target Lavel Approach (TLA) proposad by
Peralts and Peralta (1984) and described by Peralta and others
(1985). As a technicél proplam, this can be re-stated as
'developing the pumping strafegy that will cause the evolution of
a steady-state potsntiométric surface that is a= close to Eargat
elevationa as paosaible'.

The objective function employed is an application of goal-
programming (Cohan, 1978) to the design aof sustained yield
grounduwater withdrawal gtrategies (Yazdanian and Peralta. 1985).
The approach seeks to minimize the sum of deviations of a set of
regionally gptimized groundwater elevations from their
correspondiﬁg targets.

The objective function is:

(4-31)
J 2
Minimize Z (g) = :E {(Stivsjv) = Stliv,jv)) % wlivsjv)}
2 iv=l jv=l
gubject to constraints (4-16), (4-24), (4-26), (4-27) and (4-28);

where:




St(iv.jv) iz the target (known) steady-state drawdown in
variable~head cell number (iv.jv)., (L}3
wiivsjv) is a weighting factor assigned to achievement of

the target drawdown in cell number (iv.jv}.

Attainment of the target elevations are usually required
with different degrees of importance in different partz (cells)
of a region. There are occasiona when the exact targets, and
aggociated gradienta. need to ba achieved. for example. to
provide 3 minimum saturated thickness for drought protection., or
to c¢ontrol groundwater contaminant movement. In contrast. there
are <ella where attainment of the exact target elevations are
less critical. The weighting factors in Equation (4-31) make it
possible to emphasize schievement oif target elevations more or
lesso in different parts of the region acgording Lo manageﬁent
raquirements. Further explanatien of weaighting factors is
ﬁrnvided by Yazdanian and Psaralta {IéBS). An application case is

also préaantad by Peralta and others (1985).

4.10 OPTIMIZATION METHOD

A direct climbing method of locating the optimal sSolution
through a systematic gradient search, known as the General
Diftferential Algorithm (Wilde and Beightlar, 196735 Morael-Seytoux
»1972)» ig employed for optimization. To aid in the explanation
cf the General Differential Algorithm consider the minimization
0of a quadratic objective funciion with N variableg subject to K
inequality constraints. During any iteration in the search

processg, the problem will consigt of K egqguaticns and N+K

4-23



.
variables, (K of these variables are slack variables introduced
to transform the inequality constraints into equality
conditions). The congtraining equations are geparable and as
such, K variablass area expressed ss a8 function of N independent
variables. N independent variables are initially referred to as
decision variables while K dependent variables are referred to as
golution or state variables. The specific separation of
variables into gtate variablaes and decision variables is known
.a8 the partition of the aysten.

The functional equivalents of the atéte variables are
diractly substituted into the objective function such that the
objective function is an unconstrainad expression of N decisgsion

variables and no stats variables. During each iteration in the

optimization process. one decision variable is changed to
improve the value of the objective function. In the model
pregentad here. a decision variable is either a drawdown

variable, or a 8lack varizble corregponding to one of the
inequality conditionse described previousliy. A change in any
decigion wvariable will cause every state variable related by the
K aguality conditiona to change.

The change in the value of the unconstrained form of the
principal objective functions for a given change in a particular
decision variable, ig expressed in terms of the gradiesnt of the
unconatrained objective function. The gradient of the objective
function i=s the vector of first partial derivatives with respect
to the decision variables. Each first partial derivative is

referred to as a congtrained derivative. ("Constrained"
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derivative implies that the constraining conditiona have been
substituted into the objective function.) The congtrained

derivative describes the direction and magnitude of a change in

.

the wvalue of the objective function for an instantanesus change
in the value of the decision variable. For the linear objsctive
function (section 4.8), each consgtrained derivative of the
objective function iz a constant and is independent of the other
variables. For the quadratic objective function (section 4.9)
the constrained derivatives are linear functions of the decision
variables. Therefore, the vector of second partial derivatives of
the unconstrained objective function is a vector of constants.
These constants identify the change in the value of a constrainsd
derivative for a change in the value of any decimsion variabla.
Any change in-tha valua of a decieion variable will change the
value of all related constrained derivatives.

The General Differential Algorithm msearches for the
decigion variable for which the absclute value of the constrained
derivative is +the largest. This variable is referred to as
¥ (jmax). This decision variable is changed te improve the value
02 the objective function. The sign on the constrained derivative
indicates tha direction in which to change the variable in order
to improve the value of tha objeactive function. Conmgidering a
minimization process. if a constrained derivative is pasitive,
the correponding decision variable is decreased to improve the
value of the objective function. Similiarlys if the constrained
derivative ig negative., the decisgion variable is increased during
the optimization process.

The change in the value of the objeetive function £for a
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specific change in one decision variable is expressmed in terms of
the canstrained derivatives as
. : {4=-32) .
2
Az = viimax) A x (jmax) + (1/2)b(jmax.jmax) ¢\ x (jmax))
d d
where:
ZS Zz 13 the change in the value of the objective function:
ZS x (jmax}) is the aspecific change in the decision variable i
d : .
v(jmax) ig the first partial derivative {congtrained
derivative) of = with respect to x (jmax):
d

b(jmax,jmax) is the second partial derivative of =z with

regpect to x (jmax).
d

The change in a constrained derivative resulting from a
change in a ®ingle decision variable due tg the naoan—linearity of

the cobjesctive tunction is expressed as follows.

A vii) = blj,jmax) x (jmax) {4-33)
d

far j=1,N S
where ZSy(j) is the change in the constrained derivative of the
objective function with respect to decision variable j.

Equation (4-32) ig valid when the change in the. decision
variable doges not cause a repartitioning of system variables.
This limitation is subsequently discussed.

The change in all system variables in response to a change
in the value of a single decision variable is referred to as the
gystem response. Because all deeision variables are independent.

a& c¢hange to one decision variable will not effect the wvalue of
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the remaining decision variables. Every state variables however.
iz expressed as a function opf decision variables and 1is
therefore affected. By evaluatiﬁg the gradients of the state
variables, the change to the state variable=s in regsponse to a
change in the valus of a single decision variable is determined.

In thia model, the constraints are linear and the
regultant state gradients are column wvectors o0of gsonstants.
Therefore. the first partial of a state variabie with respect to
@ach decision variable is valid for any arbitrary change in a
gingle decision variable. The system regponse to a change in
the wvalue of a single dacision variable i5 reprssentaed by the
following formulation.

ADx (i) = dti,jmax) A x (jmax) for i=t.K (4-34)
s d

where:

A x (i) is the change in state variable i;
a8

d{i,jmax) is the firgst partial derivative of astate variable k
with respect to decision wvariable i.

The partial derivatives of the state variables. d(i,jmax), are
ravised esch time the syét:m variables are repartitioned.

Having determined which decigion variable to change. and
the dirsction in which to ;hanga it the next step is to
determine how much change is pogeEible. There are three factors
controlling the maximum change to a decision variable. The
decigion wvariable is changed until 1) the decision wvariable

reaches its upper or lower limit. 2) a state variable reaches itz
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upper or lower 1limit. or 3) the constrained derivative
coressponding to the decision variable becomms zsro. The

gmallest change in x (jmax) that satisfies the above conditions
d
ig the maxXimum amount x (jmax) can be changed.
d
The first restriction is the difference between the

current wvalue of thea decision variable and the bound it is

approaching. Thie deviation is described by

A x'(jnax) = x (jmax) - x (jmax) (4—35)
d d bound d
whare:
Zﬁx’(jmax) = the maximum change in x (jmax) due to limits on
d. d
decision variable:?
x (jmax) = the bound that x {(jmax) is approaching:
d bound d
®x (jmax) = the current value of decision variable with the
d - largest constrained derivative.

For a8 minimization process. the bound approached by the decision
variable ig the upper limit on the decision variable if the
corrsesponding constrained derivative is negative. 1£ the
congtrained derivative is positive. tbe approaching bound is the
lower limit on the decimion variable.

The gstate variabless a8 functions of decision wvariables.
are subject to change as each decision variable changes. This
change is described by Eguation (4-34). The gradient of each
gtate variable i3 applied to define the change in a decision
variable which causes that state variable to reach a limiting
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A x"(jmax) = min (x (i) - x (i))/ d(isjmax) (4—36)

d g2 bound 8
for i=1,K
where!
le"(jmax) = the maximum change in x (jmsX) due to limita on
: state variables: o
x (i) = the bound approached by state variable i:
8 bound
x (i) = the current valus of state variable i.

=]
The bound approached by a state variable depsnds on both the
gign of the conatrained derivative of the objective function,

- vi(jmax), and the sign of the constrained derivative of the state

variable, d(i.,jmax). In a minimization process. if vijmax) is
positivea, the decision variable x (jmax) is8 decreased. . [f. in
édditicnv d(i,jmax) is positive? atate wvariable x (i) also
decreases and the bound approached is thae lower limit o: x (i)

=]

The third reatriction must be considered in the case of a
quadratic abjective functiaon. [£f the objective function wsare
linear,. Egquatiaons (4-35) and (4-36) wopld be agufficient in
determininé the maximum change in a decision variable.

The gradient of a gquadratic cbjective function ig a linear
funetion of the decision variables. As a single decigion variable
changes, the vector of constrained derivatives is also affected
as described by Equation (4-33). The initial =sign o0f the
constrained derivative indicates the direction in which the
decision wvariable must be changed to improve the value of the
objective function. For saxample. in a minimization process., if

the constrained derivative is positive. the decigion wvariable
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must be decreased in order to decrease the valus of the objective
function. If the sign of b(jmax.jimax) is negative. a decrease in
x (jmax) cauvaes constrained derivative ‘v{(jmax) to increase in
a:cordanca with Eqguation (4-33). It i= possible to decrease the
decision variable such that the constrained derivative changes
gign (goes from pogitive to negafive). Any further decrease in
the decisiogn wvariable will increase the value of the objective
function» an undesirable sffact.

The change in the value of a decision variable is limited
guch that the constrained derivative does noit change signs. The
magnitude of this change is determined by rearranging Equation

(4-33).

Ax'"(jmax) = (@ - v(jmax))/b{jmax,jmax) (4=37)
d

where:
élx'"tjmak) ig the maximum change in x (jmax) such that v{(jmax)
¢ does not go to =zero. ¢
In summary. the gystematic optimization process first
locates the deéision variable with tha largest congtrained
derivative (absolute value) and determines the direction in which
to éhange the decision wvariahle. Equat;gns (4-3%). (4-36) and
(4-37) are used to calculate thaZ&x' , ékx" and le'" . The
smallest of thesea three values is tie maxi:um change din the
decision variable. After this change ig made. the values of the
state variables are revised in accordance to Equation (4-34). 1%
the change cauges a state variable to baeome tight. the system

variables are re-partitioned with +the tight sstate varaible

becoming a decision wvariabla. The wvalue of the objective
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function i8 then updated as shown by Egquation (4-323; thus
completing a single iteration. The process continues until the
optimal solution has besen reached. ‘ ' -

At the optimum, all decigion variables that are limited by a
binding constraint are associated with a non—-zero congtrained
derivativg. Agsuming a minimization process. if a decision
variable is againzt an upper limit. the related constrained
darivative must beae naegative. A decision variable has a
pogitive constrained derivative associated with it if the lower
limit is binding. If the value of a decision variable is not
equal to a limiting condition, the corregsponding constrained
derivative i1s zero and any change in the decision variable does
not improve the value of the objective function. This is simply

a non—dogmatic explanation of achievement of the Kuhn—-Tucker

conditions.

4,11 INIT!AL FEASIBLE SOLUTION

The gradient search technique used to optimize the
cbjective function must be given a atarting point from which to
proceed. Thia 1initial feasible solution consists of a get of
drawdown values which satisfy all constraining and limiting
conditiona. WVhen a large number Qf variables are considered., a
trial and error mathod is time gonsuming and evasgive. Because
this problem is formulated under sSteady—state conditions. the
initial system drawdownsis a2 product of trangEient phenomenon, also

fail to provide a feasible solution to tha problemnm.



To compute an initial feagible golution, the get of
equations described by Equation (4—-8) ig solved for the variable
drawdowns with the vector of excitation, {w’}, =set equal to the
vector of Iower limits on excitation. Tﬁe Gauss—Siedel itérativé
technique is employed to solve the set of simultansous equations.

The recharge values at constant-head cells are calculated
using tha—initial feasible set of drawdowns and Eguation (4-18).
1f the lower 1limit on recharge has been vioclated in any constant-
head cell. no optimizatioﬁ can ﬁe performed. The least amount of
feasible groundwater withdrawal cannot be supported by the
maximum allowabls recharge. In this caser the computer program ig
get up to isspue a warning message =stating which recharge
constraint{a) are violated and by what amount.

Since thse constraint set is the same for both objactive

functiona. the optimal solution f£from one objective functionm can

be used as initial feasible solution for the other.

4.12 RE-INITIALIZAT!ION

The transmissivity values, used in the formulation of the
objective functions and constraints, are calculated aa the
product of hydraulic conductivity and saturated thickness. £ an

unconfined agquifer is modeled. the saturated thickness changes as

drawdown Iincreages or decreases. This causes a nonlinearity in.

the groundwater flow egquation. Az a resuit, transmissivity
valugg initially determined are not representative of optimal
conditipons and the accuracy of the results is reduced.

if the difference between the initial drawdowns and the

optimal drawdowns is small- relative to the =saturated thickness.,
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the effect on the transmissivity wvalues is negligible. . I1£,
however. the change in drawdouwn is= large., such that
tranamiasivity values are significantly _ altered., a re—
initialization procedure is performed.

To improve the accuracy of the results without
introeducing nonlinear constraints, the drawdowns resulting from
one optimization process are used a=g the initial conditions for a
secaond optimization. I1f rnecessary, a third gptimization is

performed using the results of the second optimizations to

calculate trangmigsivity valuesg. Each additional re-
initialization brings initial conditions closer to optimal
conditions such that the saturated thickness more accurately

carresponds® to the resulting drawdown. pumping. and recharge
values. Subsequent optimizations are continued until a

predetermined convergence criterion is satisfied.

4.13 SUMMARY

This chapﬁer describes the methodology used for obtaining
optimal sustained yield pumping strategies. Two regional policy
objectives ares considered. The first cbhjective seeks to maximize
the total annual sustainable volume of groundwater withdrawal.
The @mecond objective is set to develop sustained yield pumping
gtrategies that maintain an optimal potentiometric surface as
cloge as possgible to a predetermined 'target’™ surface.

Congtraints used in the optimization model include limits
on recharges or discharges into the area through the boundary

cells, limits on recharges or discharges through c¢ells with
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stream/ agquifer connection, upper and lower bounds on pumping at
@ach variable—-head ceall, and lower limit on saturated thickness
in every cell. The application of this methodology to the Bosuf-

Tensas area 18 described in the next chapter.




CHAPTER V

DEVELOPMENT OF OPTIMAL SUSTAINED YIELD REGIONAL

PUMPING STHATEGY

By . ’ .

B. Datta. R. €. Perslta, J. Solaimanian and A. Yazdanizan

5.1 INTRODUCTION

This chapter describes the application of altarnative
water management policies as constraints in developing optimal
sugtained vyisgld pumping strategies for the Bosuf Tensas area of
Arkansas. The optimal stirategies are obtained from the =solution
of the S5TARS model, described in Chapter 4. The data requirsed to
congtruct thia madel for this arsea is based on the aquifer
parametar values and estimates o©0f historical conditions as
discussed in Chapters 2 and 3. [t should be mentioned that the
preocegs of reinitialization (Section 4.12) was not used in
developing the strategissg because: the aquifer is in gensral
initially confined. saturated thicknessmes are large, and this is
a reconnaisance level study.

The two objective functions., which represent two different
optimization models. are: i) maximize total withdrawal from the
agquifers and ii) minimize the total deviation of optimal water
table elevationa {or potentimetric surface elevations) at the
center of each variable head cell, from target (or curremnt)
elevations. As discussed in Appendix B, either of these two
objective functions can be used in SS5TARS by assigning
appropriate wvalues to the index [SUS. In this study the target

elevations in the second model are the current (13883) water table
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elevations. The weighting factors W ars the inverge of ths
standard deviations of the estimation :rrors for estimating these
elevations by kKriging. Other weighting factors or other
techniques of conputing these standard(dsviatinns can bé uséa
aiso.

Constrainta defining sustained yield hydraulic stresses
are incorporatad in both models. However, alternative optimal
sustained yisld pumping atrategies are obtained by incorporating
differsnt sets of physical and managerial constraintg., Solutions
of the optimizmation model with these different sets of
conatraints represent different optimal sustained yield pumping
gtrategies for different scenarios. The scenarios tested in our
study represent plausible conditions which may have to be
satisfied bsmed on other economic, gocial., and political
considerations. Presentation of the altérnative strategies should
aid in the selection of a single optimal sustained yield pumping
strategy for the Boeui-Tensas area, from a set of altarnatives.

The following section describes the different scenarios
which were tested. Amongst the scenariom tested for Model 1 (the
maximize pumping objective function) one was selected as being
most appropriate for implementation. The constraints for this

scenario and a slight variation of it were then used develop

strategies using Nodel 2.

5.2 DESCRIPTIONS OF SCENARIOS WITH MAXINMNUM

PUMPING OBJECTIVE FUNCTION

The s=Scenariog differ because of the agsumptions made in

.
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the constraining equations. Each get of sgsumptions and the

scenariog to which they apply éra discussed here.

5.2a General Description 0f Assumptions and Constrajints

Formulation of the congtraining equations of an
optimization model regquires estimates of physical parameters of
the aquifer. Egtimation of these parﬁmetars wags described in
Chapterg 2 and 3. OQther iménrtant aspumptions required to
formulate the consﬁrainta are the physical boundary conditions of
the aquifer underlying this area. Finally, bounds and constraints
impoged on the decision variablas should reflect both phy=sical
and institutional feasibility. Therefore a number of wvariations
of these asasumptions were utilized for obtaining alternative
management strategies. For the gske of gystematic presentation we
will saparats these asgumpticons into the following three
categories. It 2hould be notad however. that the partitioning
between these categories are very artificial. It is no doubt
possible to argue that there is some overlap.

i} Boundary Conditions:

T @)y asppumptiofis Tregarding the hydraulic states of
peripheral c¢ells (treatment as constant-head or variable-head
cells)

b} specified steady values of hydraulic variables at

given cellas which include i) constant recharges at a boundary
cell OT» constant recharge to an internal cell through
stream/aqui fer (S5/A) interaction; ii) congtant vertical
accretions (deep percolation)

c) bounds on recharges through 3 single cell or & sub-



system of boundary cells
ii) Bounds on recharges or digscharges through S/7A
interaction®g for a single cell or a sub-system of cells
iti) Bounds on pumping at internal cslls T

Boundary Conditions

Figure 1.3 showa those . cells along the study area
boundafy which were identified as constant-head cell or as
congtituents of a constant—-head cell sub—-aysteam. Those boundary

- cells not shown as constant-head cells constitute the impermeable

boundary of the agquifer. Cells along the western boundary above
[=28 were treated as no-recharge- nc—pumpingv variable;head
cells. In a8ll the scenarios, those boundary calls which contained
the Arkansas or the NMississippi Rivers were assumed to be
constant-head cells. - |

For ali Scaenarios. constant recharyges due to
stream/aquifer interflow were assumed for some internal cells.
These recharges were calculated based on sSpringtime gradients
betwesn 1973 énd 1983, and the 2-dimensional Boussinesq squation

for steady flow. The cells treated in this manner included all

those éélia where reliable estimates of APS freach
transmissivities obtained from the U.5.G.S5.) values were not
available. The estimated average annual recharge for the period
between 1973 and 1983 were used as constant recharges.

The asgumption that a vertical accretion cf 100 ac—-ft per
year occurs uniformly in the region (at every cell) ig based on
water balance simulation and the low vertical permeability of the
soil above the aguifer. As discussed in Chapter 3, this value is

close to the value sestimated by'Broom and Reed (13973).
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Ne . maximum recharge conagtraints were imposed on the
boundary cells having stream—aguifer connection with the
Mis=siggippi River (pefsonal communicatign. Corps of Engfneerg(
Vicksburg Distriet). For the sub-system of boundary cells having
S/A connection with the Arkansas River, the maximum legally
permisgible recharge was assumed to be 7240 thousand ac-ft/year.
This wvalue is the difference between the average annual flow at
Murrsy Dam gaging =station and the minimum annual flow volume
required to meet stream water quality ecriterion according to
Dixon and Perslta., (1984). It was used only as an upper bound.,
and the actual recharge in this sub-systems required to implemsnt
any one of the optimal strategies. was only a fraction aof this
value.

An upper bound on recharge of 500 ac—ft per year,
including l@éwacm:t vertical accretion was used for each of the
gouthwestarn constant—-head boundary cella (Figure 1.3). This
value is based on the fact that although the agquifer axtaﬁds to
the west beyond that artificial boundary: “the aquifer is
relatively untapped by wells beyond that line.

The preceding bnundafy conditiona can be stated as the
genaeral boundary conditions for the aguifer, since they remain
.unchanged in all the scenarios. Boundary conditions for the cells
along the southern houndary of the study area were changed in
different scenarios., and are presented later. The general
boundary conditiona can be restated as?

i) impermeable boundary along the western periphery of the

Bayou Bartholomew basin. above [=28 (Figure 1.3)3}



ii) vertical asccretion of 19¢ ac—ft/year in each cell:s

iii} constant recharges bagsed on the Eolutign of 2-dimensional
Boussinasg equations for some internal 5/A cell= where reliable
estimates of APS valuss were not availablaes i

iv) no upper bound on recharge for those boundary calls having
S/A connection with the Missigsippi river:

v) maximum permissible recharge of 7242 thousand ac—ft/year
for the sub—-sygstam of boundary cells having S5/A connection with
the Arkansas River:

vi) upper bound on recharge for 50@ ac—ft/year for each south
wastern boundary dslf including and below =28 (Figure 28).
The boundary conditions for the cells along the =aouthern
boundary were treated in four different ways. In order to assure
that historic discharges of groundwater flowing into Louisiana
are maintained in an optimal strategy:» an upper limit wés placead
on tﬁa groundwater entering the region through the southern
boundary: The different assumptions regarding the boundary
conditigne wers grouped into the follouingrfaur categories. These
four categories differ only with respect to the treatmant of the
southern boundary of the aguifer underlying the Bayou Bartholomew
bagin. |
Type ! Boundary Conditions:?
a) General boundary conditions
b) In each of the 11 southern boundary cells, up to 5S@2 ac-—
ft/year of recharge from Louisiana is allowed per cell. All
the 11 cella are treated as canstant—head cells including
those with S/A connection: (35, 10),(35,11), (35,15): (35,16,
and (35,17).

Type 2 Boundary Conditions:

a) General boundary conditions

S-5




b) ©Six of the southern boundary cells without S/A4 connection
are treated as a constant—head cell sub-system. The total
net recharge for this sub—-syatem is bounded to bhe lamss than
600 ac—ft/year (B8 x 10@ ac—it/yr per cell of vertical
aceretion). Recharge in each of the other § c¢ells is bounded
to be less than S@0 ac—ft/year. ) - -

Type 3 Boundary Conditions:®

a) General boundary condition

b) All 11 cells on the southern boundary are fLtreated as a
constant—-head call sub—~systen. A total of at least 3900 ac-
ft/year discharge ia forced tec ogcur through this sub—-system
to Louisiana.

Type 4 Boundary Conditions:

a) Genaral boundary conditions

b) All 11 southern boundary cells are treated as variable head
cellss, with an upper bound of 50@ ac—ft/year on recharge
through sach cell.

Bounds on Stream/Aguifsr Interflow

The atream/aquifer cells for the three internal rivers
(Bayou Bartholomew, Bouef River, and Bayou Macon) vara also
asgumed as three different sub-systems (Figure S.1). In different
acenarios the upper limit on recharges to the aguifer from these
rivers were varied to satisfy potential institutional goals.,
while assuring phyasical realism. Table 5.1 shows the estimated
historic S/A resgponses.

As seen from Figura 5.2, there has been substantial
decline in groundwatar levela in the cella along the Bayou
Bartholomew River (as much as 7 feet) in the last ten years. This
hasg caused an increase in recharge from the gtream to the aguifer
for the last few years of the simulation peried. Therefors: in

gome of the scenarios. the maximum estimated recharge through

S5/A connection computed for any year between [373-1983 was
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Table 5.1 Historic Stream/Aquifer Interflow

*

S/A
Interflow

Maximum
Recharge
(acfft/yaar)

Average
Recharge
{ac—Ift/year)

1
1
1
(]
t
i
1
1
)
]
]
]
1
1
i
i
]
1
1
1
1)
t
]
1
1
i
1
1

Boeuf River =37.,909 - 6.700@
Bayou Bartholomew ~-25, 800 -9, 80¢
Bayou Macon ~14, Q300 +4, BOG

Based on data from 1973-1983.

Negative

racharge to agquifer from stream

value means
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Figure 5.2 Change in Observed Potentiometric



imposed am the upper bound on S5/A recharge.

For other scenarios, the average annual S/A interflow was
uged as an upper bound on recharge from S/A interflow at internal
cells. However: the wuse of this constant may be .overly
conservative. This is pointed out by the fact ‘that,» although the
average S/A interflow for the Bayou lMacon river is a diascharge
.from the aquifer, in soms years, a aubstantial amount of.recharga
was estimated to occur.

Bounds gn Pumping

The maximym allowable pumping in each internal c¢sll was
constrained to be less than one of the following three valueg:

i} emstimated annual pumping bamsed on 1882 acreage and

avarage climatic conditiona (Figure 2.1)
ii) estimatad annual pumping in a drought year (1982) far
198@ acreage and climatic conditions
iii) estimated annual maximum potential pumping as discussed
in Chapter 2. (Figure 2.2)

The sum of these upper bounds on pumping are shown in

Table $.2. The minimum allowable value of pumping in each

internal cell was assumed equal to zZero.

'5.2b Description Of Scenariocs For Model 1

The different scenarios used for cobtaining the alternative
strategies are discussed in this sub—-section. These =scenarios
diffar on the basis of the assumed boundary conditions. and the
bounds on S/A interflow and pumping. A summary is presented in
tabular form in Table 5.3.

Scenario 1.
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Table 5.2 Historic Groundwater Withdrawal in Bayou-

Bartholomew Bagin

i ! Average | i i
d i (1973-1883) ! 1980 ; 1982° :
' ' Pumping’ | pumping ! pumping !
} i (ac—=ft/yr) | (ac-ft/yr) | (ac—ft/yr) |
i Regional | 134,000 i 353,000 {171,300 i
i Pumping } L ' !
i H ! (277,400 | (140,300) H

Values inside parentheses repregent total pumping in
tha Bosuf-Tensas area.




Scenario 2

2.1.

Scenaric 3

3.1.

Scenario 4

4.1.

Scenario S5

5.1.

Scenaric B

65.1.

The southern boundary conmigsts of 11 constant head
(35,16)s and (35,17). with S/A connection. [In each of-
these 11 constant-head cells, up to 580 ac-ft/year of
racharge is allowed per call.

A wvertical accretion of 19@ ac—ft/year is assuned to
occur in each {(boundary and internal}) cell. )

The Boeuf River, Bayou Bartholomew, and Bayou Macon
are considered as three different astream/aguifer
sub—systams {(Figure 5.1).

The maximum rechargesg to the agquifer from each of the
three stream/aquifer sub—-sytems are constrained not
to exceed the maximum obgerved annual wvalues for
1873-1983.

All the =outhwest boundary c¢ells (Figure 1.3) are
treated as constant—-head c¢ells with a maximum
allowable recharge of S00 ac-ft/year per cell.

Maximum potential irrigation demand is umsed as the
upper bound on pumping in each internal cell.

Same as Scenaric 1, except that the 13682 base pumping
values are used as the upper bound on pumping in
gach of the internal cells.

Same as Scenario ls, except that the 1980 (a drought
year) pumping values are used as the upper bound on
pumping in each internal cell.

Same as Scsnario 1., except that the total net
recharge in the gouthern boundary constant—-head cell
sub—-system {(excluding the 5 5/A connection cells) is
bounded to be less than BG@ ac—ft/year (vertical
accretion of 199 ac—fi/yr per cell). Recharge in each
of the S5 5/A cells bounded to be less than SO0 azc-—
ft/yesar. This implies no net groundwater movement
from Louisiana to Arkansas through these cells.

Same as Scenario 4, except that the 1982 base pumping
valuea are used as the upper bound on pumping in
each internal cell.

Same as Scenario 4, except that the 1980 pumping
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values are used as the upper bound on pumping in each
internal cell.

Scenario 7

7.1. Same as Scenario 1. except that the maximum allowable
recharge through stream/agquifer connections for the
threse sub-systems. are the average annual values for
the period between 1373 and 1383.

Scenario §

8.1. ©Same as Scenario 7» except that the 1982 base pumping
valuegs are uged a2 the upper bound con pumping in
g@ach intarnal cell.

Scenario 9

g.1. Same as Scenario 7» eaxcept that the 1889 pumping
values are used as the upper bound on pumping in each
internal cell. : ’

Scenario 10
1.1, Same ag Scenario 4, except that the maximum allowable
recharge to the aquifer through stream/aqui fer
connectieon for the three sub-systems are the average
annual values tor the period betwsen 1873 and 1583.
Scenaric 11,
11.1. Same as Scenario 1@, axcept that the 1982 bass pump-
ing values are umed as the upper bound on pumping in

@ach internal cell.

Scgnario 12 -

12.1. Same as Scenario 1@, except that the 1986 pumping:

valuags are used as the upper bound on pumping in
each internal cell.

Scenarig 13

13.1. Same as& BScenaric 1, except that the discharge to
the Louisiana portion of the aguifer through the
sguthern boundary cell sub-system. including S/A
cella., im constrained to be not less than 3000.
ac—ft/yr.

Scenario 14
l4,1. Same as Scenario 13, except that the 18982 hase pump-

ing values are used as ths upper bound on pumping in
each internal cell.

o~



" Scenario 15
15.1. Same as Scenarice 13, except that the 1380 pumping
values are used a8 the upper bound on pumping in each
internal cell.
Scenario 6
16.1. Same a8 Scenario 13. except that the maximum allow-
able recharge through stream/aquifer connections for
the three sgub-systems. are the average annual value
for the the period between 1873 and 1983,
Scenario 17
17.1. Same as Scenario 16, except that the 1882 base pump-
ing values are used as the upper bound on pumping in
each internal cell.,.
Scenario 18
18.1. Same as Sceanario 16, axcept that the 1980 pumping
values are used aa the uppser bound an pumping in each
internal cell.
Sceanario 18
19.1. Same as Scenario 7, except that the southern boundary
cellsy, including S5 S/A cellas are asgumed to be
variable-head cells, with an upper bound of 502 ac-
ft/year on recharge through each of the 1l congtant~
head calls.
5.2c Description of Scenaricg for Medel 2
Scenario 20 represents the usae of Model -2 with Type 3
southern boundary conditions: 1982 base pumping values as upper
limits on sach cell by cell pumping: and maximum annual S/A
recharge as the upper 1limit on recharge from internal S/4 sub-
systems. These assumptions, identical to those of Scenario 14,
were gelected as being most realistic and acceptakie for future
management purposes. Scenario 21 representa the same constraints
ag in Scenario 20 except that the upper limit on pumping in each

cell ig the potential demand for groundwater in those cells.

Because 1883 water takle elevations were the most recent data



available during the development of our data base for this gstudy.
these elevations weare conside?ed as £he current (or targst)
glevationa in Scenarios 20 and 21. In summary the following
scenarios ware ugsed for developing Btraﬁagieé using Model‘ﬁ.
Scenario 28
2@8.1, Constraints =same as 1in Scenarie 14, and 1983
groundwater table elevations are the target
elevations.
Sgenarig 21
21.1. Constraints same as in Scenario 13, and 1983

groundwater table elavations are the target
alevations.

5.3 DISCUSSION OF ASSUMPTIONS AND RESULTS

The afore mentioned gcenario= are used for obtaining
alternative sustainad yield pumping stratsegies for the Bayou
Bartholomew Basmin. The total values of pumping. recharge. and S/4
interflows (for study area B)., ocbtained as =sclutions aof MNodel 1
for different scenarioess are shown in Tables 5.3 to 5.5. The
regional sustainable values of pumping, recharge and S/4
interflows, obtained as solutiona of Model 2 for Scenarios 29 and
21 are shawn in Table 5.7 to 5.9. The total annual sustainable
pumping wvalues for a selected number of scenarios are also
computed for the Buegf=Tensas hasgin area. These pumping values
are shouwn in parentheses in Tables 5.4 and 5.7. The Boeuf-Tsnsas
basin constitutes that portion of the Bayou Bartholomew basin
area which. i3 to the east of the sgastern divide of the Bayou
Bartholomew watershed. This boundary of the Boeuf-Tansas basin
(as shown 1in Figure 1.2) partitions the cells lying on this

boundary. The fraction of the total area (5 sguare miles! of sach



Table 5.3 Scenario Numbering System for Model 1

B = As me we —a mE mE mm mm Ls mE mEm ee me mm =R AA —d - —= e &S e —— —= == ma

*

*

*

*
Type 1
Boundary
Conditions

*
Type 2

Boundary
Conditions

*
Type 3
Boundary
Conditions

*
Typa 4

Boundary -
Conditions

B . L

'

S/a iPumping |
Upper | Upper Strategy Number

Bound | Bound \

i Poten.i d ! i i

Max. | Need ! 1 d 4 H 13 ! :

S/A i 1982 } ; i i i

Pumping! 2 i 5 : 14 } i

Rech. ! i : H : H ;

i is8e | H ' : !

iPumping! 3 ; 6 ' 15 ! H

i Poten.! i ! : d

Avg. | Nead | 7 ! 19 d 186 ' 19 i

s/a | 1882 | ' | d !

iPumping! 8 i 11 i 17 i i

Rech. | ' H : ! H !

i 1980 i i H i i

{Pumping! 9 H 12 : 18 H !

Type 1 Boundary Conditions (for gouthern boundary):

In each of the 11 southern boundary calls, up to 52 ac-
ft/year of recharge from Louisiana iz allowed per cell. All
the 11 c=2lls are treated as constant—head cellz including
thaese with S/A connection: (35, 12)+ (35 11), (35,15}, (35, 16),
and (35,17). ' '

Type 2 Boundary Conditions (for southern bhoundary):

8ix o0f the southern boundary cells without S/A connection
arag treated a® a conzatant-head cell sub-gystem. The total
nat recharge for this sub-sysgstem iz bounded to be less than
@0 ac—ft/year (B x 100Q ac—ft/yr per cell of wvertical
acceretion). BHecharge in each of the other 5§ cella is
bounded to be lass than 500 ac—ft/year per call.

Type 3 Boundary Conditions (for southern boundary)?

All 11 cells on the scuthern boundary are treated as a
constant—-head cell sub-system. A total of at least 3090 ac—
ft/year discharge i= forced to occur through this sub—system
to Louisiana.

Type 4 Boundary Conditions (for sSouthern boundary):

All 11 southern boundary cells are treated as variable head
cella, with an upper bound of S@@ ac—ft/year on recharge
through each csell.
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Table 5.4 Total Regional Maximum Pumping (Sclutions of Model 1)

B == = mm e mw e mm e wm Mme me mm mm mR mm mA . e mE Ma W= me S mm e e == e

*

*

*

*
Type 3
Boundary
Conditions

*
Type 4
Boundary
Conditions

*
Type 1

: *
Boundary i Boundary
1

Type 2

Conditions! Conditions

——tm— o w= ==

S/7A (Pumpingi |
Upper | Upper | Total Pumping i
Bound | Bound | (ac—ft/year) }

i Poten.)| i 3 H i

Max. | Need | 344,500 | 344,500 | 336,200 i i

S/A | 1882 | ! : 147,209 i

‘Pumping! 156,200 | 195,799 | (116,008) | H
Rech. ! i ! ; ] f H
i 1880 | ! i 201,609 | H
{Pumping: 208.70¢ | 208,200 | (172,809 ! g
i Poten. ! ! ] ' H '
Avg. | Need | 148,400 148, 400 | 144,300 | 176, 490 |
i g ' ; g {
S/A 1 1982 | } | 86,90 } i
i Pumping! 88,9090 | ag.qee | (55,803) i i
Rech. | : : : i : }
i 1s8e | i i H i
iPumpingi 1929,60@ | 199,600 | 196,200 | g

Type 2 Boundary Conditions (for southern boundary):

Type ! Boundary Conditions (for southern boundary):

In each of the 11 southern boundary vells. up to 502 ac-—
ft/year of recharge from Louisiana is allowed per cell. All
the 1l cella arg treated as constant-head cells including
thomge with S/A connection: (35+12)+ (35,111, (35,15), (35, 16)
and (35,17}, :

Six of the southern boundary cells without 5S/A connection
are treated as a constant-head cell sub—-system. The total
net rescharge for thig sub—-system is bounded to be less than
580 ac-ft/yr (6x100 ac—ft/yr per call vertical accretion)}.
Recharge in each of the other S gslla is baounded to be less
than S@9 ac—-ft/year par cell.

Type 3 Boundary Conditions (for southern boundary!:

All 11 ¢ella on the sguthern boundary are treated as a
conatant-head call sub-system. A total of at least 3009 ac-—
ft/year discharge is forced to ococur through this sub-gsystem
to Loui=ziana.

Type 4 Boundary Conditions (for southern boundary)!:

All 11 southarn boundary cells are treated as variable head
cella, with an upper bound of 520 ac—ft/year on recharge
through each cell.

Values inside parentheses are for the Boeuf-Tensas area.
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Table 5.5 Total Net Recharge From Boundaries

Including Recharge

*

*

*

those with $/4A connectian:

and (35,17).

Type 2 Boundary Conditions (for southern boundary):
S/7A

of the southern boundary cells without
treated a8 a constant—-head call sub—-system.

connect
The to

net recharge for this sub-system is bounded to be lass ¢t

Sixn

areae

690G ac—-ft/yr
Recharge

(6100 ac—ft/yr per call vertical
in @ach of the other 5 cells i®2 bounded to be less

than 980 ac—-ftt/year per cell.

Type 3 Boundary Conditions (for southern boundary):
on the southern boundary are
4 total of at least 3000 ac-

All

11

cells
congtant-head cell sub-sygtem.

treatad

accretio

Through Deep Percolation (Accretion) :

H d H * | LI *
: H Type 1 | Type 2 i Type 3 ¢t Type 4 H
i + Boundary | Boundary | Boundary | Boundary |
! { Conditionas! Conditions! Conditions! Conditions:
i S/7A (Pumping: !
! Upper | Upper | Total Recharge
i Bound ! Bound | (ac—ft/year)
i i i i
' ! Poten.! ; g i i
! Max. | Need | -276,708 | -276-500 | -269.000 | !
i Srsa | 1882 | i } i !
! {Pumpingi -117.200 | -117.19@8 | -1@3,6@0Q0 ! i
! Rech. | H i ; i {
d | 198g | i i ! '
! {Pumping! -165.800 | —-165,200 | -158,800 | '
i i Poten.i i i ! H
! Avg. | Neaed | -143,180 | -143,100 | -~141,900 | -164,300 |
i S/A | 1882 | ' ! i '
: {Pumping:! -98.390 . -98,300 | -295,500 |
i Rech. | : i i i b
; o 1880 | i i H i
! {Pumping! -116,90¢ | -116,909 | -113.5Q0Q@ | H
*
Type 1 Boundary Conditions (for southern boundary):

In each of the 11 southern boundary cells, up to S80 ac—

ft/year of recharge from Louisiana is a&llowed per cell. All

the 11 c¢cells are treated as constant—head cells including

(35,12),(35,11), (35,158, (35,18 »

ion
tal
han
nl,

a2

ft/year discharge is forced to occur through this sub-gystem
Louigsiana.

to
Type 4 Boundary Conditions
All
calls,

(for

southern boundary):

11 southern boundary cells are treated as variable head

with

an upper bound of S@0 ac—~ft/year

through each cell.
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Table 5.6 Total Stream Aquifer Interflow

B m mm mm o mm e el e e e om o ae e e e e e

*

*

*

*
Type |
Boundary
Conditions

#*
Typa 2
Boundary
Conditions

* ! *
Type 3 i Type 4
Boundary

Conditions

Boundary
Conditions

d ' ' H '

S/A [Pumpingi S/A ' S/A i S5/A : S/A H

Upper | Upper | Respense | Response | Response | Response |

Bound : Bound | (ac—ft/yr)! {ac—tt/yr)i (ac—ft/yr)! (ac—ft/yr)i

i Poten.!: i : d i

Max. | Need | -67,800 | -67,800 | -67.,100 | '
S/A 1 1882 | . i ! t

{Pumping! -=-38,99¢ | -38.S@@ | -43.660 | '

Rech. | ' ' ! ] ] '

i 1980 i i i H H

iPumping! -43,009 | —-43,000 | -42,900 | i

{ Poten. ! ; ; : :

Avg. | Need | =5,400 | -5,400¢ | =-2,400 | -12,200 '

S/A i 1982 | ; ! | ;

iPumping! +8, 300 | +8,300 | +8.600 | i

Rech. | d H i i i

{ 1980 ! i ' ! :

i Pumping! +7,300 | +7.300 | +7,300 | H

Type 1 Boundary Conditions (for southern boundary):

In each of the 11 southern boundary cells. up to 50@ ac-
ft/year of recharge from Louisiana ias allowed per cell. All
the 11 cells are treated as constant-head cells including
those with S/A connection: (35,10),(35,11}),(35,15).,(35,16),
and (35.17).

Type 2 Boundary Conditions (for gsouthern boundary!:

Six of the southern boundary cells without S/A connection
areg trested as a constant-head cell sub-system. The total
net recharge for this gub—-system is bounded to be less than
69@ ac-ft/yr (6x100 ac—-ft/yr per cell vertical accretion).
Recharge in =ach of the other 5 cells is bounded to be less
than 5090 ac-ft/year per cell.

Type 3 Boundary Conditions (for southern boundary):

All 11 ¢ce2lls on the southern boundary are treated aa a
congtant—head cell sub-system. A total of at least 3000 ac-
i{t/year diacharge is forced to occur through thia sub-system
to Louisiana.

Type 4 Boundary Conditionz (for southern boundary):

All 11 southern boundary cells are treated as variable head
¢cells, with an uppsr bound of 500 ac—{t/year on recharge
through each cell.



Table 5.7 Total Regional Pumping to Maintain Current
Groundwatsr Levels (Solution® of Model 2)

Type 3 Boundary Conditions

i H i H i
d S/A i Pumping ) } Total |
i BRecharge : Upper : i Pumping g
i Upper Bound ! Bound ; i (ac—tt/year) !
i " i ! i
! ! 1982 ! Strategy g 52,800 !
H Maximum ! Pumping i No. 20 i :
! i H : (5D, 400) '
: S/ A } y ' '
H H : : ' '
g Recharge | Fotential i Strategy g 55, 300 !
i : Need i No. 21 : i
i i ' ' (54,7001 i

Values inside parentheses repressant total pumping in the Boesuf-
Tensas aresa bordered by the eastern divide of the Bayou
Bartholomew River. on the wast.



Table 5.8 Total Net Recharge From Bdundaries Including
Recharge Through Deep Percolation
(Solutions of Model 2)

Type 3 Boundary Conditions

S/A ' Pumping d ] Tatal
Recharge i Upper ' H Recharge
Upper Bound | Bound : | (ag—ft/year)
g 1982 ' Strategy ;

Maximum i Pumping i No. 29 i -52.300
S/ A ! ! }
Recharge | Potential ; Strategy '
) ! Need g No. 21 j -52, 809
i } H
5_
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Table 5.3 Total Stream/Aquifer'Intérflcu
(Solutions of Model 2

Type 3 Boundary Canditions

!
} ; ]
S/A : Pumping i i Total
Recharge i Upper i i\ S5/A Response
Upper Bound | Baund i : (ac—ft/year)
| i ;
' 1982 ' Strategy '
Maximum i Pumping i No. 20 i + 29.0
S/ A i : !
Recharge | Potential ! Strategy ;
i Need ; Ne. 21 i -4, 500




partitioned cell which falls within the Boeuf-Tenzas gide of
this boundary. and the corregponding I[.J coordinates of the
cells, are shown in Table C.1 {(Appendix C}.

The most impeortant constraints iﬁpoaéd in the two models

¢an ba separatad into the following broad categaries,.

i) maximum allowable pumping at sach cell ig constrained
not to exceed the maximum potential demand for ground-
water in that c¢ell {(Scenariog l:4,13,7:10.16,19.21);

ii) maximum allowable pumping at each g¢al! is congtrained
not to exceed the aatimaped pumping for droughty
climatic conditiong and irrigated acreage of 193@
(Scenarios 3,6,15.95,12,18)3

iii) maximum allowable pumping in each cell is congtrained
not to axceed tha estimated pumping for 1982 irrigated
acreagse and c¢limatic - conditions (Scenarios
2,5,14,8+,11,17.20);

iv) the maximum possible recharge that can enter the region
through stream/aguifer connections is limited not to
excaed the maximum annual values estimated to occur
between 1873 and 1983 (Scenarios 1+2,.3:4,5+5,13:14,15,
20+21) 3

v) the maximum possible recharge that can enter the region
through stream/aquifer connections is limited not to
axcead the average annual values estimated £o ocour
between 18973 and 1983 (Scenarioe 7.8.,9,10,11,12,16-17>
18,19);

vi) no net recharge iz allowed to enter the aquifer from

the Louisiana side. through the southern boundary cells

5-24

——




{Scenarios 4,5,6,10,11,12)3

vi}) discharge to the Lousiana gside of the équifer through
the southern boundary ¢ells, iS - congtrainsd to bg
at least 399Q¢ ac—-ft/vyear (Scenarios 13,14,15,15,17,18,
20.21)3

The four types of bundary conditions differ in how much
recharge is permitted to entar.the gtudy area from Louisiana thru
the southern boundary cells and whether these cells are treated
a8 variable-~head calls, individual constant—head c¢ells, or as a
part of a constant-head e=l1l1 subaystem. The physical interaction
that exists between the agquifer and rivers in five of the
Southern boundary cells was not modelled directly. In each of
Types 1-3: all southern boundary cells are treated as Constant-
head cells.

Type 1 boundary conditions permit a net recharge of 5520
ac—-ft/year- (11 x 500 ac—ft/year per cell’ from the aquiier
underlying Louisiana. This represents the agsumption of maximum
rechargé to our area through the southern boundary.

In Type 2 boundary conditions, those southern boundary
cells with S/A connections ware excluded from the sub-system of
congtant-head c¢ells along this boundary. Type 1 and Type 2
boundary conditions differ only in the restrictions imposed on
the 8ix southern boundary cells without any S/&4 connsection. In
Typa 2 boundary conditions, we asgume that S00 ac-ft/year per
cell is reasonable recharge from S/A interflow in scuthern
boundary cells with S/A connection. Thersfore, the constraining

of each of those cells without 5/A connection to less than 190
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ac—-ft/yvear (the estimated annual deep percolation value) in Type
2 vconditions assures no net movement of groundwater thru the
aquifer from Louisiana. It was obh=merved that even with Type |
boundary conditions the resulting optimal =trategiez did not
require any recharge from the Louisiana side of the aqgquifer.
Therafors- Type | and Type 2 boundary conditions producad
virtually identical optimal stratagies. (The small diffa}ences
betyean scme of the optimal values for scenarios using Type 1 and
Type' 2 boundary conditions are due to the use of convergence
criteria in gpecifying when the optimization algorithm shouild
terminate.?

Type 3 boundary counditions included a constraint to ensure
a discharge of at least 300@ ac—ft/year to the Louisiana part of
the agquifer. This gquantity is bssed on the average wvalua of
gstimated historical net recharge/discharge (1372-13982) through
the southern boundary cells. obtained by golving the 2-
dimensional Boussinasg equation for observed springtiﬁe
alevations. This 3099 ac—-ft/year discharge ig the sum. of the

diacharge through interflow, and recharge to thesse cells through

vartical accretion. Sinca  the ggA‘céiis are treaégaiizha same as
other southern boundary cells this 3000 ac-ft/gear bound does not
incorporate an? saparate S5/A responses.

Type 3 boundary conditions reapresent the most restrictive
of the four conditions. [t can be noted from Table 5.4 that Type
3 boundary conditions psrmitse less sustainable pumping than any
other type. For example., Scenario 13 differs from Scaenarios 4 and
1 only in southern boundary constraints, yat ita sustainable

pumping is less.
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When using Type 4 boundary conditions., the group of cells
along the southern boundary were assumed to be wvariable—~head
cells. However. this variation was not rigorously tested because
such a relaxstion of the constant head conditions along the
boundary may lead to large declines in water table elevations
aslong the Louisiana boundary. Such an alternative is politically
undesirable.

The average value of the net annual groundwater pumping in
the Bayou Bartholomew basin during 1873-1982 was estimated to be
194.900. ac—ft/year (Table 5.2). Scrutiny of the total pumping
values for Scenarios 168-18 in Table 5.4 indicaites that the use of
"average" historic recharge (through boundary cells and from S/A
intarfliow) rates as constraints does not permit this much
gustainable annual pumping. This is expected since groundwater
levels become stable in 3 sustzained yield scenario. whereas the
higtorically observed withdrawals caumed declines in the
grounduwater levels.

In a number of scenarios the recharge constraints were

cthangad  to allow gresatsr recharges than those estimated a=
histofic averagess along the boundary, &and/or through S/4A cells.
For éxampIEv Scenarios 1-6 allowed greataer recharges in the
boundary cells and the three S/A aub-aystems than the historice
averages; Scenarios 7-12 allowed greater recharges through the
boundary cells onlys 2and Scenarios 13-15 and 2@9-21 allowed
greater recharges through S/A sub—-systemss and all boundary cells
except those along the southern boundarys while Scenarios 16-18

allowed greater recharges through all boundary cells except those



along the southern boundary. Scenario 18 represents a spaéiaf
case in which the scuthern boundary was treated ag a variable-
head <¢sll Dboundary and permitted more recharges through ths
boundary cells than was estimated to be fhe average hisoric
values.

The historic annual pumping estimates that were umsed as
upper bounds on pumping in each cell were either 18982 values
(Scenarios 2,5,14,8+11,17,20) or 1380 values (Scenarios
3:6,15,9,12,.18). Estimated groundwater withdrawal valuss for 18382
acreages and average climatic conditiona are considered morse
realistic because they reflect the most recent informatianr
available when thia study waa initiated. The 1880 values ars
significantly greater than the 18982 vsalues becauge 1980 was a
drought year. Therefore, the use of 18980 instead of 13982
withdrawal (pumping) values represented a relaxation af the upper
bounds on pumping at each ¢ell, and rasulted in an increase in
sustainable pumping (Table 5.4). However, this inc;easa in total
regional withdrawal was accomplished by sacrificing the more
uniform regional distribution of optimal cell-by—-cell pumping
obtained when using 1982 values as bounds.

The maximum potential demand for groundwater at each call
was uged as the upper bound on allowable pumping in Scenarios 1.,
4, 7, 1@, 13. 16. 19 and 21. As sgesn in Table 5.4, this resulted
in an incrsase of total sustainable withdrawal from the region
compared to that obtained from scenarios which used historic
pumping values ag the upper limit. However, the resulting optimal
pumping was very much concentrated in a small fraction of the

entire srea. Thisg strategy of permitting groundwater withdrawals
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according to potential needs (whers physically fteasible)
diminishes the spatial equity in the distribution of pumpings.
Such a strategy is socially unrealistic since it would pequi;g
the shift in irrigated acreages. from current locations to other
locations nearer to recharge sources. Thereforer using historie
pumping as an upper bound on pumping at each cell is & more
desirable alternative.

Some scenarios (Scenarics 7-12, 16-13) wumed average
estimated S/A recharge (1972-83) as the upper bound on recharge
to the_ aquifer from the Boeuf River, Bayou Macon, and Bayou
Bartholomew. The rest of the scenariog (Scenarios 1-6, 13-15;
20.21) used maximum estimated annual S/A recharge (1872—~-83) a=
the wupper bound on the recharge to the agquifer from the three
internal rivers. Ae geen from Table 5.3, if all other. constraintag
remain the s=same. the use of maximum S/A racharge as the upper
bound on S/A recharge to the agquifer substantially iﬁcraased the
gustainable amount of pumping. Usalof these values as upper
bounds is not physically unrealistic since the implementation
aof a desirable sustained yield strategy will probably cause
initialA declines in the groundwatsr table elevations along the
streams. This would result in increased amounts of recharges from
these streams into tha aquifer.

Scanario 14 was chosan as the most appropriate scenario
for Model 1, because:

a) use of estimated pumping in 1982, as the upper bound on
cell-by-cell pumping. is most efficient in maintaining the

historic spatial distributicon of pumpings;



b) use of maximum estimated annual S/7A récharge ag the upper
bound on recharge to the aguifer from the three internal rivers
iz realistics and

c) use of Type 32 boundary conditioné preéervaa the :E%imataﬁ
historic groundwater flow into Louisiana.

. The usea of Ho@el 1 and results in =a totai withdrawal of
147,200 ac—-ft/yr (115,000 ac—£ft/yr from area 4» the Bosuf-Tensas
basin)} from the Bayou Bartholomew Basin Quaternary aquifer. In
contrast, Scenaria 15 (which is idsntical tﬁ Séenario 14 axcept
that the upper bounds on pumping in each cell is the 1987 pumping
value) results in 201,800 ac~ft/yr (173,000 ac—-ft/year from area
A) in the Bayou Bartholomew basin. This increase in sustainahle
pumping from the aquifer ig achieved af the cost of spatial
aquity in pumpiné. i.e.» some calls are allowed to pump more than
that sﬁécitiad for Scenario 14, while other cells are allowed to
pump much less or not at all. Thus, assuming that bur aestimates
of cell-by-cell water demands are accurate. a pumping strategy
based on Scenario 15 may be undesirabla. Figures 5.3 and 5.4
show these characteristics of Scenarios 14 and 15. The cpiimal
sugstainable paotentiomstric surfacse elevations for these scenarios
are ghown in Figures 5.5 and 5.6 regpectively.

Scenario 17 i=s algo gimilar to Scenario 14 except that the
upper bounds on recharges in the form of S/A respbnses are the
average values for 1872-83. This reduction in allowable recharge
from the streames to the agquifer results in a large reduction in
the total sustainable pumping.!rom the aguifer. Only 86.800 ac-—
ft/year can be pumped from the whole area {55,802 irom the Boeuf-

Tensas portion) if Scenarieo 17 is uysed. This wvalue is far less
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than the estimated average annual pumping from this aquifsr and
ig not very acceptable.

In summary, the constraints and boundary conditions of
Scenario 14, are the most acceptable if maximization of susmtained
groundwater withdrawual is the management aobjective. If the
maintenance of average historical interflow to the internal
rivers is also an important considefation- Scenaric 17 is the one
that should be used with Model 1.

The =ame conetraints usad in Scana;io 14 for Model 1 were
used for Model 2. The resulting scenario. numbsr 2. used 13982
pumping as ths upper bound on ¢ell-by-cell pumping, Type 3
boundary conditions. and 13983 potenticometric aurface elevations
as the target elsvations. The total sustainable pumping with
Scenario 2% was only about 32 percent of the average historic
pumping. Therefore. in Scenario 21. the uppar bound on call-by-
cell pumping was increaged to the potential need in sach cell to
verify what additional amount of total sustainable puﬁping can be
obtained with this relaxation of pumping upper bounds.  Scenario
21 represents constraints identical te Scenario 13 and differs
from Scenario 20 anly in the pumping upper boﬁnds. Even with this
relaxation of pumping upper bounds. the total sustainable pumping
increased only by about 3000 ac—-ft/year. Congtraints similar to
those of Scenario 15 were not used with Model 2+ because, the
1989 pumping values are in between 1882 values and the potential
needss. Thus the use of constraints similar to Scenario 15 would
result in sustainable total withdrawal -less than that for
Scenario 21.

As evident £from Table 5.7, Scenarioc 20 specifies san



optimal regional pumping value of 52,800 acre—ft/yr (50,400 ac-—
ft/yr for the Boeufi-Tensas areal). This amount can be pumped from

the =study area while maintaining the potentiometric Eurface near

that of 1983. If the maximum allowable pumping at each cell is
the potential demand for that cell (Scenario 21)s the optimal
regional wvalue of pumping is alightly greater, 55,890 ac-

ft/year (54,709 ac—~ft/year from the Bosufi-Tensa= arsal). The cell-
by—call regional optimal pumping valuea for Scenariocs 20 and 21
and tﬁe gorresponding potentiometric =surface elsvations that
those sgtrategies will maintain are shown in Figures 5.7 to 5.10
regpectively.

The total optimal pumping values obtained by using. Model 2
for the two most realistic scenarigs are far less than those
historically observed. A major reason ia that the historic
withdrawals éauzed a continuous decline in the potentiometric
elevations (Figure 5.1?. Thereforea. gustanance of current
potentiometric surface elevations will pérmit much less pumping

than has been historically observed.

5.4 SUMMARY AND CONCLUSIONS

Sclutiona of an coptimization model useful for developing a
ragional groundwater management strategy a;e depengent on the
specified boundary conditions. Two types of considerstions are

necessary while selecting these boundary conditions: i) physical

feagibility based on hydraulic conditiona, and ii) managerial

feasibility based on social, aconomic and political
considerations. Theme two criteria were considered in developing

optimal sustaingd yield pumping strategies for the following two
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objectives:
i) Maximizing sustained yield grounduatér pumﬁing (Hodei 133
ii) Maximizing maintenance of current potentiometric surface

elevationa (Model 2). ) ' i

For HNModel 1. the most acceptable strategy (Scenarioc 14)
assumsed that!

a) the eastimated average annual groundwater flow to the
Louisiana portion of the aguifsr should be maintained.

| h) the upper bounds on pumping in each internal cell should

be 1982 values. (The gpatial distribution of the resulting
opﬁimal pumping aﬁratagy cinsaiy conforms to the historically
obgerved valuaes.)

c) the maximum annual values of recharge to the aquifer
from the internal streams that were estimated for 1973-1983
should be umed as upper bounds on stream/aquifer rechargs.

The sumstainable pumping from the Quaternary agquifer under
lying the Boeuf-Tenga& bsein for this scenario is 116,900 a&c-—
ft/year. This value is within 18 pesrcent of the estimated pumping
in 1982 in this }BgiOﬂv 149,399 ac—ft.

A greater. and guantitatively satisfactory. gugstainad
yviaeld can be obhtained if one uzes the same congstraints as those
of Scenarioc 14, with the exception that the upper bounds on
pumping in each internal cell are the 1980 pumping values. The
result of this scenario. number 15 i an annual sustained yieald
ot 172,800 ac—-ft/year for the Bcaut—Tansés basin. This is about
11 percent of thig area’s estimated average annual pumping.
Unfortunately. to achieve this yield: pumping is concsntrated

near recharge sources. Assuming that our estimats of the spatial
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distribution of historic pumping reasonably accurate, the

redistribution of pumping locations that would be required by

adopting this scenaric is probably not-  politically desirable.s

The other most acceptable strategy for Model 1 (Scenario
17) had the sams constrainta as those of Scenario 14 except that:
the average egtimated streaﬁ/aquifar recharges for 1973~83 were
used 33 thse upper bounds for tha- three internmnal rivers. Tha
sustainable pumping for Scenario 17 55,800 ac—ft/year for the

Boeuf-Tensa= basin region: is naturally lower than that for

Scenario 14. Scenaric 17 may reprasant overly restrictive

conditionss, s8ince groundwater levels have been declining, and
hence recharge from the streams ia likely to increase with time.
The same assumptions as were used for Scenario 14 in
Model 1 wers applisd to nodel.zi Scenario 20. The resulting
sustainable annﬁal pumping for this strategy i=s 50,400 ac—
ft/year. Because this value of sustainable pumping is only about
392 percent of tﬁe average historic (1872-82) pumping. in Scenaric
21 the wupper bound on call-by-cell pumpihg was increased to
potential need in each cell, while retaining all other
consEtraints the same as those of Scenarioc 20. Thé total value of
sustainable pumping fo£ Scenario 21, 54,609 ac-ft/year. iz only
s8lightly different from that of S¢enario 20. For bath of these
scenarios used for Model 2, the allowable total pumpings for the
Boeuf Tenmas Basgin are only about 3¢ percent of ths estimated
annual pumping in 1882. Ther=sfore. it might be extremely
difficult to implement a pumping strategy based on the objective

of Model 2.

[




No doubt. the choice of a single strategy from a set of
alternative strategies requires analysis of social. political and
economic consegquences. However: if the sole criterion for
implementing an optimal strategy is the maintainance of thé
potentiometric eleavations as close as possible to the current
lavels, then the regional withdrawal policy must be bamed on the
golution of MNodel 2. On the ¢ther hand, if the goal for
implementing a regional pumping strategy is to maximjize
sustainable groundwatsr pumping. & sustainable yield pumping
strategy for thie area should be based on the solution of NModel

1. preferably with the constraints of Scanaric l4.
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APPENDIX A

Procadurs toc Estimate 1581
Agricultural Pumping in Call M, County A
{Peralta et. al., 1983)



I

ACRE (M) the sgricultural acreage in cell M in 1877

(ag)

TAGAC (A) = the total agricultural acrsage in qnuﬁty A
within the study srea in 1977 {ac)

the rice acreage in county A within the
gatudy area in year 1381 (ac)

RAGA (A,81)

SAGA (A.81)

the soybean acreage in county A within the
study area in year 1981 {ac)

CAGA (A.81)

the cotton acreage in gounty A within the
‘study area in year 1381 (ac)

RIR (81) = irrigation water used for rice irrigation
in 1981 (ft)

SIR {8l1) = irrigation watear used for sbybean

' irrigation in 1981 (ft)

CIR (81) = irrigation water used for cotton
irrigation in 1881 (ft)

QUAT (A) = the percent of the county A'sg irrigation
water which i3 drawn from the Quaternary
aguifer

Z (A,B81) = RAGA (A.B81) * RIR (81) + SAGA (A,81) #«
SIR(81) + CAGA (A.81) » CIR (81)

Z (A,81) = total water used for rice. s=soybean and

cotton irrigation in county A in vear 19381
{ac—ft)

AGPUMP (M.81)= Z (A,81) # ( ACRE(M) / TAGAC(A) )} * QUAT (A)

AGPUMP (1li,81) = the volume of the water used for rice.
soybean and cotton irrigation in cell M
year 1981 (ac—ft) which is pumped from
the Wuaternary aquifer



APPENDIX B ‘ ' -

SUBROUTINES USED IN SSTARS

Subroutine MAIN

The main function of this subroutine is to direct the execution
to other subroutines. This subroutine also initializes the input
unit, I[N» and the two output units, ITOUT and I[IMAP. This
subroutine directly calls subroutines READRO. TSAVG, COEF3.,
COEF1., SWCON., LPMIN, TARGET . INFOUT, SENSE and -CHECK.
Additional subroutines describing other cbjective functiona may
be called from subroutine MAIN any time after the call to

subroutine CQOEFI1.
Subroutine READRQ

Thig subroutine reads in data from the main data file from unit

IN. Some variablea and arrays are initialized for subseguent
subroutines including . QPTHOR. From the input data., this
subroutine calculates the initial saturated thickness, the
initial drawdouwns. and the midpoint transmissivities. If IW=1l.,
the following information isw output to unit I[IMAP: the ceall

numbaring system., the initial potentiometric surface elevations.
the initial drawdowns., the upper bound on drawdown. the initial
saturated thickness., the minimum allowable recharge, and the
upper and lower limits on groundwater pumping. The sgubroutines

directly called from subroutine READRO include NUMBER and MAP.
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Subroutine NUMBER

This subroutine assigns a one-dimensional ~ integral wvalue tgo

identify fach finite difference cell located by (I.J)
coordinates. The set o0of cells is defined by a cartesian
coordinate systam with the origin located at [=3,. J=0. An

integer designaticon is assigned separately to each variable—head
call and sach constant-head call. The variable-head cells are
numberad beginning with the cell in column one which is in the
rocw with the smallest J-value. Segquential numbering continues in
the vertical direction until reaching the last row in column one.
The next number is assigned to the cell in column twe which is in
the row with the smallest J-value. Thig pattern continues until
all NVAR variable cells have been numbered. The constant-head
cellas are similarly numbsred beginning with one and ending with

NCH.

Subrgutine TSAVG

From the midpoint tfaﬁsmi;;ivity values déiéfmjned by subroutine
READRO, this subroutine calculates the five-paint finite
différance transmissivitias. A gecometric averaging method is
used to determine the average transmisgivity between eéch finite
difference cell and the cells immediately adjacent to it in the
poEitive [-direction and the positive J-direction. The

transmisgivity wvalues are in units of (sguare feet per year) *E-

265. Values are truncated one place after the decimal point.

.




Subreoutine MAP

This subroutine takes the data in the array which is passed to
it and outputs this data on untt IMAP in & map format. The data

in the argument array muat_be identified by (I,J}! coordinates.
Subroutine COEF3

This subroutine formulates the constraints imposed on recharge in
every constant—head cell in whiceh [ISW iz aqual to zero. This sat
of KCH constraints limit the recharge in congtant-—head célls such
that it is graata¥ than ACCRN. The upper limit on recharge is
imposed in subroutine LPMIN or TARGET (whichever ig called) in
the form of an upper bound on the slack variable associéted with
ineguality constraints (NVAR+!} to (NVAR+KCH). Subroutine COEF3
also formulates a donstraint for every conastant-head cell
subsysten. There are NCHSUB additional congtraints. The lower
1imit on total recharge in each constant—head subsystem is éet

agual to CHSMIN. Tha upper limit i=s imposed in subroutine LPMIN

(or TARGET) in the form of an upper bound on the slack variable
associated with inequality constraints (NVAR+KCH+1) to

{(NVAR+KCH+NCHSUB) .

Subroutine COEF1

The finite difference transmissivity values are utilized in this
gubroutine toc determine the coeffigients and the right hand side
af the linear constraints on pumping in all variable cells. The

conatraint limiting groundwater pumping to be greater than PHIN
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is formulated. The upper limiit on groundwater pumping is impoesed
in subroutine LPMIN (or TARGET) in the form of an upper bound oaon
the slack variable associatsed with the first NVAR inagquality

constraints.
Subroutine SWCON

This subroutine formulates the final NSUB inequality consatraints.
A constraint for each stream/aguifer sSubsystem i developed
limiting the sum o0oif the stream/adquifer regponse to be greater
than or egual to SWMNIN and less than or equal to SWMAX. The index

1SA indicates to which subsystem a sitream/aguifer cell belongs.
Subrputine LPMIN

In thig subroutine, the linear gbjective function to maximize

total rsgionél groundwater pumping is formulated and submitted to

WPTHOR. Upper and lower limits on drawdown. arc applied to the -

firgt NVAR wvariables. Limits on the slack variable asgociated
with the pumping constrainté are imposed on the next NVAR
variables. The. upper and lower limit on the slack wvariables
associated with the recharge constraints are applied to the
naext KCH variablas. The limits on the recharge in the constant-
head subsystems are applied to the next NCHSUB wvariables.
Finally. the limits on .=tream/aquifer interaction in sach
stream/aquifer subsystem are applied to the last NSUB variables.
This subroutine is directly called from the main program when the
index ISUS = @. The subroutines directly called from subroutine

LPMIN include subroutine GSIMEQ, and QPTHOR.

e

e

[
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Subroutine GSIMER

The function of this subroutine is to develap'an initial feasible
golution from which the optimization process will beg;n. A
Gausg—Sidel iterative method is used to =solve the sat of
gimultansous equations to compute the drawdown values for which
the groundwater pumping in all cells is equal tec PMIN. £ the
lowar 1imit on pumping in all cells is =zero. this strategy
represents an unstressed agquifer condition. From the initial sat
cf - drawdouwn values. the recharge necessary to support minimum
grounduwater reguirements is computed and compared to the imposed

recharge constraints. I[f the maximum amount of recharge at any

congtant—head cel] is axceeded, a message is8 output to unit 10UT.
Subroutine WPTHOR

This subroutine optimizes the objective function formulated by
gubroutine LPMIN <(or TARGET) under the constraints defined by
sﬁbroutinsa COEF1 and COEF3. It has the capability of optimizing
both tha linear &and quadratic objective functions. This
subrouting is a élightly modified version of the GPTHOR written
by Leifsson and others (1881). A ussr’s manual of the unmodified
program may bae purchased from H. J. HMorel—-Seytoux, Civil Eng.
Dept.. Colorado State Univermgity. Ft. Collins. CO 80523. &PTHOR
i not to be extractaed from SSTARS and used for other purposes

without the permission of H. J. Morel-Sseytoux.
Subrpoutine INFOUT
This subroutine outputs the results from subrgoutine @QPTHOR in a
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map formst on output unit [MAP, The information output from this
subroutine includes: draudowns, elevations, groundwater pumping.
racharges total excitation. the percent of maximum recharge usedsr

gtream/aqui fer response» and optimal saturated thickness.

Subroutine SENSE

This subroutine uriiaa out the constrained derivatives associated
with each decision variable to output unit ITOUT. The
conatrained derivativea indicate the change in the value of the
objective function due  to a change in the value of a wsingle
decision wvariabls. The information from this subroutine is
ugseful in determining the effect of relaxing a constraining

conditian on drawdown, pumping. or recharge.

Subrgutine TARGET

This subroutine formulates a quadratic goal—programming
objective function to create a set ofloptimized potentiometric
levels 8o that the deviations of the latier set from the input
elevations (current or any given set of 'target® slevations)s are
ragionally at a minim&m. Limits are imposed on variables in the
same way as in gubroutine LPMIN. Subroutine QPTHOR is called for
optimization. Subroutine INFOUT is called subseguently, to
calculate the steady—-state pumping values that correspond to this
optimized s=et i.e.,» sustained yield strategy for the optimized
aelevations, A

If this subroutine i8 being czlled:, an input data file

containing the weighting factors (as described under methodology!?
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must be provided. The description of this input file is given in
the next section.

This subroutine is called directly from the main program
if the wvalue of the index [SUS on card C iz set to one of its
values other than @ (i.e.» 1, 2 or 3). In other words, if [SUS
equals @, this sSubroutine is not executed (zee Input Data to
SSTARS). Under apecific options, calls are also masde by this

subroutine to subroutines LPMIN. GSIMEQ and DETERM.

Subroutineg CHECK

This subroutine is included to print out, on unit ITOUT. the
optimum valus of all variables, including original and slack
variables. and . their cérrespcnding lower and upper bounds., The
combination of feasibility and optimality conditions dictates
that all the vptimal values must be Within. or at one of., their
bounds. This print out is provided, however. Lo indicate any
remotely probable instance whsen the conditibn may be violated due
computational inaccuracy encounteréd in extermsly large éize
problems. In such a case. the message ’*Violated?’ is printed on
the same line ag the violating variable and it= bounds.

Tha output from this subroutine is also provided for a
practical purnose. That is, a computser file containing the
optimal values may aiso be saved if tutﬁre uge of these values as
initial feasible solution to a sSubsequent optimization is
envisaged.

The optional c¢all to this subroutine is made from the main

program conly if the index [CHK = l, on card C.



Subroutine DETERM

Subroutine WPTHOR is designed for minimization of convex quadratic
functions. In other words, global optimality of a-solution is
agssured only when the function is convex (concave in the case of
maximization). Tha necassary and sufficient condition for
convexity 1is that the coefficient matrix of quadratic terms,
called the Hessian matrix, must be positive definite. A matrix
is positive definits 1if the determinants of all minors. are
greater than =zero. The coefficient matrix o0f the objective
function introduced here is a diagonal matrix whose diagonal
elements are reciprogals of squares of the weighting factors.
Therafore they are all nonzero and positive. This guarantses the
positive definiteness of this matrix. However, the present
subroutine is included as a capability for the management model
to check the condition of any Hessian matrix that may ari=e by
uging different guadratic objective functions. The subroutiné
first transforms the Hessian matrix to a lower triangula£ matrix,
Ip then examines whether all diagonal elements are positive. The
rasult of this test is printed on unit ITOUT as a message stating

whether the coefficient matrix is or is not pogsitive definite.




INPUT DATA FOR SSTARS

s

These are the definitiona and format for the input 'déta to

Card A. Format (F190.8.F10.8)

Field 1: Hydraulic conductivity in feet per year %;ng’—

Field 2t Computational sccuracy criterion (ACC). The suggested
value for ACC for optimization of both ocbhjective
functions is 0.002.

]

ard B. Format(4IS)

Field 1: ISTART: Minimum l!-coordinate assgciated with a finite-
difference call.

Field 2: IiMAX; Maximum [—coordinate associated with a finite-
difference cesll.
Field 3: JHMAX: Maximum J-coordinatse associated with a finite—

_ differenca cell. .
Fiald 4: ICELL; Total number of cells in the study area.

Card C. Format (5195)

Field 1: 1RCH; Index dafining whethar recharge w«will be
constrained. 1f IRCH = @ no recharge constraints are recognized.
It IRCH = 1 there are recharge constraints.

Field 2: [TER; Index defining whether optimal results will bhe
used as initial conditions for purposes of sequential
optimization If ITER = @ initial conditions are read from msin
data file and results are not saved on FT23F281. If ITER = 1

initial conditions are read from main data file and resultits saved
on FT23F9@1. 1£f ITER = 2, input iz read from FT23F9@1 and results
ara not w=aved on FT23F@@1. If ITER = 3 input 1is read from
FT23F99®1 and results saved on FT23F0901,

Field 23: 1SUS: Index defining whether ithe subroutine TARGET is
to be called. It ISUS = @ no call is made. [f I5US equals 1. 2 or
3 thia subroutine is called. Whenever this subroutine is called.
an input file containing the cell co—-ordinates and the weighting
factors for all cells in the region must be provided under
FORTRAN UNIT 11. The input format for this file is (215,
F1@.3). The three fislds corregspond to the cell co—-ordinates 1.+J
and the reciprocals of the weighting factors respectively. The
reciprocals are needed because sSubroutine TARGET has been
developed to wuse the inverse of the standard deviations from
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kriging as the weighting factors and these standard deviations
wore directly input to the program. Therafore., if~- any other
weighting factor is to be usaed, its reciprocal must be input.

The three values 0of index [SUS determine the source of the
initial feasgible solution (IFS) to be used by Subroutine -QPTHOR
for optimization:

If ISys = 1, subroutine LPMIN is called by TARGET. and the
solution found by that subroutine is transferred ag an I[FS to
QPTHOR.

If ISUS = 2, an IFS must be provided as an input file on unit 25.
The file must have the initial feasible values for each of the
original wvariables (variables in the objective function) in
continuous ssquence from variable number one to number N,
according to the varisble numbering system explained 1in =&
following section of this report. The format for thig fils is=
{18X,F15.7).

1f ISUS = 3, subroutine GSIMEQ is called to generate the IFS.

For a large sizs aquifsr system, the numerical difficulties
inherent in optimization of quadratic objective functions require
the fairly careful saelection of an IF5 and an accuracy critgrion.
It has been obgerved that for the Boeuf-Tensas Basin. which is a
fairly unstressed system, an [IFS generated by subroutine GSIMEQ
(ISUS = 3) and an ACC = @.002 are most appropriate. Our
experience has been that when using subroutine TARGET an IFS that
is cloge to target levels will cause a more rapid ceonvergence and
a satigsfactory gset of water levels than an IFS that is far from
the target =2levationa.

For large 8ize problems. . subroutine TARGET may take  a
considerable amount of computer time even for a fairly small
number of ifteratieons. For the Boesuf-Tengas Basin, a problem with
660 variables and 346 constrainta, a computer run required 1661
geconds of CPU time to perform 68 iterstions. The most important
single factor determining the computer run time is., cf course.
the size of the problem. BRun time increases exponentially with
increase in =size. Accuracy is another factor that affects
axecution time. More accurate solution is normally associated
with more iterations and, thus, with more CPU time. Thersfore,
the model user must decide whether he can afford more iterations
required by a smaller ACC in order to achieve a more satisfactory
golution.

Field 4: ICHK; Index defining whether subroutina CHECK is callad.
I1f ICHK = 1, the subroutine is called; if it is =zaro nao call is
made. '

Field 53 [IPDM; Index defining whether subroutine DETERM is
called. The subroutine is called for IPDM = 13 for IPDM = @, no
call is made. [f ISUS = @, IPDM should be zeroc too.

-
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ard D. Format (3195

Fisld 1: ISP; Index defining whethar sensitivity analysis on
the optimization results is performed. If ISP = @ no sensitivity

analysis 1is performed. If ISP =1 gsensitivity analysis of
optimal solution is performed by subroutine SENSE. - T

Field 2: IWP; Index defining whether results of optimization are

output in map format. [f IWP = & no map output of optimal
solution is provided. If IWP = | resulte2 are output in map
format.

Field 3: I¥: Index defining whether any input data iz output

in map format. 1t I¥V = @ no input data is output in map format.
[f IW = 1, salected input data is output in map format.
Card E. Format(I5)

Field 1: NSUB: Total number of stream/aquifer subsystems. 1t
NSUB = @ skip to Card G.

Card(g) F. Fermat(F10.8) (optional)

Field 1: SWUMIN(L): The losar limit on interflow, in acre feet
per year. from the stream in stream/aquifer subsystem 1 to the
aqui fer.

Continue with the.next F-Card for strsam/aquifer subgystem 2.
The total number of F—-Cards is equal to NSUB., (Card E. Fielad 1l).
Card(g) G. Format (2I5)

Field t: JSTART (1) The smallest. lower—most J—-coordinate in
the left-most colummn, column 1.

Field 23 JEND (1) The largest., uppar—most J-goordinate in
column 1.

Continue with the next G-Card for 1=2 {golumn 2) with the
smal lest and largest J—coordinate in column 2. Then a G-Card
for column 3.... The total number of G—-Cards should egqual I[MAX
{Card B, Field 2).

Card H. Format(215)

Field 1: NCH; The total number o0f congstant—-head cells. [£f NCH =
@ then gkip to Card K.

Field 2: NCHSUB:; The total number of ceonstant—-head call
subsystems.

[re)
1
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Card(s) 1. Format(3I%5) {optional)

Field 13 ICH(1); The [-coordinate of the first ccnsﬂant—head
cell. . : _ oo

Field 2: JCH(L1) 5 The J-coordinate of the firsit constant-head
call.

Field 3¢ [CF(l1}): An index defining whether a constant—head cel!l
ig part of a constant—~head cell subsystem. It ICF = @, the cell
is constrained alonsa. 1 ICF ims greater than zerc., ICF indicates
the constant-head subsystem to which the constant-head cell
belongs. The largest value of ICF is NCHSUB.

Continue with I[—-Card= until all constant-head cells have been
located. The total number of I-Cards equals NCH (Card H., Field
1}.

If NCHSUB = @, (Card H., Field 2), skip to Card K.

Card(¢(g) J. Format (Fl12.8) {(optional)

Field 1: CHSMIN(L1); The lower 1limit on total .recharge in
constant—head subsysteam 1.

Continue with the next J-Card for constant—-head subsystem 2. The
total numker of J—-Cards iz equal to NCHSUB (Card H, Field 2)

Card K. Format (i5)

Field 1: NSA; Tetal number of stream/aquifer cells. If NSA = @
then skip to Card H. .

Card(s) L. Format (3[5,F106.2,E12.6,F18.2) {optional}

Field 1: 123 I-coordinate of first stream/agquifsr cell.

Fiald 2: J2: J-goordinate of first Stream/Aquifer cell.

Field 3: ISA(1)} An index defining whether cell ([2,J2) is in a
gtream/aquifer subsystem. The integral value of [IS5A indicates
the subsystem to which the stream/agquifer cell belongs. The

largest value of [SA is NSUB. If 1SA is equal to @y cell (]2,J2)
does not belong to a stream/aquifer subsystem and i3 constrained
by STMAX., (Field 6).

Field 4: XS5T: The alevation of the water in the stream at cell
([2.,72).

Field .5: XAPS; The reach transmissivity at cell ([2,J32) in
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units of square feet per year.

Field 6: STHAX: The minimum allowabl2 interflow between the
gtream and the aguifer at cell ([2,J2) in acre—-fest per year.
Use appropriate sign convention. I1f STHAX is equal to 2., . the

call is conatrained only as part of s siraam/aquifer subbysteﬁJ
I[If STHAX is not equal to zero, thea drawdown in cell (12,J2) is
limited such that STHMAX ig not excesded.

Continue with L-Cards until all stream/aquifer calls have been
located. The total number of L-Cards should equal NSA (Card K,
Field 1).

Card(s) M. Format(1X,12,1%,212,8F3.2)

Field 1: 12 The [—-coordinate of any c=211 in the study area.

Fiald 2: J25 The corresponding J—-coordinate of the cell
partially identified by field l.

Field 3: ISW: An index defining which cells will be used in the

maximization of selected groundwater withdrawal. 1t ISW = 1, the
cell will be included in the linear optimization. [f [SW = @. the
call will be excluded from the linear optimizstion. 1£f I1sW = O
for a constant—head cell, the congtant—-head cell is constrained
by XACN and XACX (Field 8 and Field 9) I£E ISW = 1 for a

congtant-head cells tha constanit—-head cell is congtrained only as
part of a conatant—head cell subsystem. '

Field 4: XELEV: The initial {(current or target) elevation of the
potentiometric surface at cell (I2,J2) in feet.

Fiald G: XTOP: The elevation of the top aof the agquifer at cell
(12,J2) in fset.

Field 6 XBOT: The elevation of the base of the agquiier at cell
(12,J32) in feeat. '

Field 7: XSATM: The minimum acceptable gsaturated thickness 1in
call ([2:.J2) in feet. :

Fiald 8: XACN: The minimum acceptable recharge (maximum flux
from outside the syetem) in cell (12,J2) in acre-feet per year.
If cell (12,J2) is a variable—hesd cell, this value is considered
a constant.

Field 8: XACX: The maximum allowable recharge in cell (12.J2)in
acre—-feset par year. I[f cell (12,J2) is a variable—-head cell,
this value ia ignored.

Field 18: XPMIN:; The minimum acceptable groudwater pumping in
cell ([12.02) in acre—-feet per year. If cell (12,7323 is a
congtant—head cell, this value is considered a constant.



Field 11: XPMAX:; The maximum allowable groundwater pumping in

cell (12, 72) in scre—feet per year. 1f cell ((2,J32) is =z
constant—head cell. this value is8 ignored.

Continue with M-Cards until all cells have been assigned these
characteristics. The total number of M-Cards must equal. I[CELL
{(Card B, Field 4). The order is not important.



MATRIX DIMENSIONS
To mod{fy SSTARS to execute for any given study area. the
following matrix dimensions must be: changed based on the
characteristicse of the region. The matrix modifications listed
for GQPTHOR are from the QPTHOR User'’'s MNanual (Lei fason and

others, 1981). ' -

COMMON/BUNCH 1/I1START. [MAX.JMAX, JSTART (IMAX) . JEND{(IMAX)

COMMON/BUNCH 3/NCELL(lHAX:JNAX),NCHN(lHAX-JHAX)»ICH(NCH),JCH(NCﬂ).
# [CF(NCH),» ISW(ICELL)

COMMON/CHUNK 1/DTR(IMAX, JHAX) »DTU(IMAX. JHAX), T(IMAX, JHAX)

COMMON/CHUNK 2/ACCRX (I1MAX, JMAX), ACCAN(IMAX, JMAX) » PMAX (IMAX, JMAX),
*PMINC(IMAX, JMAX) » XM (IMAX, JHMAX) » ST (IMAX, THAX)

COMMON/BLOCK 1/CA(NVAR+K) AA(K,NVAR+K),R(K),B(K.K),D{K,NVAR).,
#V (NVAR)

COMMON/BLOCK 2/X(NVAR+K) ., ITYPE(NVAR+K),XO(NVAR+K) , XU(NVAR+K) , XL (NVAR+K)

COMMON/BLOCK 3/NS{(X).ND(NVAR),NN(NVAR+K)
COMMON/QPOUT/QG(IMAX, JMAX) . SSOP( IMAX . JHAX)

COMMON/SWC 1/NSUB,SWNMIN(NSUB), SWMAX (NSUB), CHSMIN(NCHSUB) . CHSMAX (NCHSUBR)

COHHON/AQUIF/TOP(ICELL)vBOT(ICELL)

COMMON/STAR/ SST (I MAX, JMAX) , APS(IMAX, JHAX), ISACICELL)
COMMON/QUA 1/Q(NVAR.,NVAR) |

CONMMON/ AAA/TARCIMAX: JHAX)

COMMON/YAZ/SD{IMAX, JMAX)» S2(1CELL)

DIMENSION DATA(IMAX., JMAX)

DIMENSION SCR(IMAX.,JNAX)

DIMENSION CH{IMAX, JMAX)

DIMENSION FACTOR(NVAR)

DIMENSION TV{NVAR),SCR(NVAR),3CR2{VAR}



DIMENSION SS{(NVAR).,SCR({INMAX,JNMAX),SCR2(IMAX, JJMAX) ,SCR3(IMAX. IJMAX)

DIMENSION RT(NSUB+NCHSUB)

DIMENSION Z(NVAR+K)

The
IMAX
JMAX
NQH
NVAR

ICELL

KCH

NCHSUB

NSUB

following definitions apply to the above variable
dimensions.

the maximum number of columns in the finite difference
cell gystem.

thae mazximum number of rows in the finite differancs cell
system.

the total number of congtant-head cells in the sgtudy
area.

the total number of variable-head cells in the study
area.

the total number of finite difference cells in the study
area. ICELL = NCH + NVAR.

the total number of constraintg in the problem:
K = NVAR + KCH + NCHSUB + NSUB.

the total number of individually constrained constant--
head cells. :

the total number of constant-head subsystemng.

the total number of straam/équifar Subsyatems.

ey




DEVICE INPUT UNITS FOR SS5TARS
The follou;ng iz a listing of the computing device units
ysed by the SSTARS water management model to read in datas

Unit IN

The main input, described under INPUT DATA FORMAT FOR
SSTARS: should be provided on thigs unit. IN is currently assigned

to unit 4.

=]

nit 11

If the index ISUS (Card C, Figld 3) ig either 1, 2 or 3+ the
input file c¢ontaining the weighting factors must be provided on
this wunit. Format and order for thies input file are given under

Field 3 of Card C (page B-3).

:

nit 23

)

his wunit izs used if values of ITER {(Card C. Field 2) are
othar than =zZaro. The unit may be either an input or an output
unit or both. depending on- the value assigned to [ITER. Tha output
file created on this unit is 8@ column and the same file is usad
as input in a subsequent run. Therefore, the format ﬂﬁ‘ordar nead

not concern the uger.

=

nit

25
If ISUSs = 2. tha tile containing initial feasible solution
must be provided on this unit. Format and order for this file are
given under Field 3 of Card C for the option [S5US5 = 2 (page B-

1g).



OUTFUT FROM SSTARS

The output from the S55TARS water maﬂagamént model appéars oﬁ
three gaparats output files. General output information.
includ;ng any sensitivity analysis. iz lese than 80 columns in
width and is directed to unit ITOUT. Output and resultis from the
optimization sasubroutine QPTHOR are found on Unit 6, where 132
golumn record length is nesded. Any requested map output is
directed to unit IMAP, also of 132 column record length., Each of

thess ocutpuyut files are described in detail for a typical preblem.

Unit ITOUT

Thig output listing indicates the. number of individually
congtrained conetant head celils, KCH. The numbher of congtant-—
head sﬁbaystams- NCHSUB. and straam/aquifar subsystems., NSUB, are
also notsd in this file. The total number of constraints, K, is
aqual. to NVAR + KCH + NCHSUB + NSUB, whare NVAR is the total
number of variable—head cells.

If IPDM = 1 and ISUS is not equal =zeros there will be a two
line message at this point in tha output £file that indicates
whether the coefficient matrix of the gquadratic terms is pogitive
definite or not.

£ ISUS is not =zero. the next line in the ocutput file
indicates the constant value of weighted sum of squares of the
initially input (gurrent or 'target’) drawdoWns in variable—head
cells . This numerical wvalue is the constant term in the
quadratic objective function (Model 2 ) described in chapter

four.

o
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[f ISUS ia not 2y the following part of the ocutput file is a
note indicating the number of iterations psed in sgubroutine
GSIMEQ., and whether the totsl number of ;terations. NIT., h;s beén
axceedad. Subroutine GSIMEQ uses the Gauss-Sidall iterative
process to calculate the drawdown values which correspond to the
lowar 1imit on groundwatar pumping in all cells. (Further
description of this sSubroutine appears in the Description of
Subroutines used in SSTARS.) Becsuse this is an iterative method
of simultaneocous equation golution, an accuracy criteria 1is
enployed for determining when the process2 should be stopped.

The accuracy criteria usaed in subroutine GSIMEQ is the same
criteria wused in QPTHOR for determining whether any constraints
have been violated by the initial feasible solution. Thareforsa.,
a 8solution created by GSINEM within the paximum number of
itarations, ig sutomatically accepted by @QPTHOR. However, if the
maximum numbar of iterations is axceedad before the accuracy
criteria s satisfied. the initial feasgsible solution may be
rejected by GQPTHOR.

The accuracy criteria in both GSIMEQA and QPTHOR is =
functicon of ACC (Card A, Field 2). The values of ACC in the range
2.091 - 3.002 have been gatisfactory for most of the
daevelopmental simulations. The maximum number of itsrationa in
GSIMEQ is dafined by the integer NIT and hasa been intsrnally set
to 1920. [f this is excseded and the solution rejected by GFTHOR
it may be necagsary to increase NIT. Under cartain input
conditionss, guch as a large valus of reach transmisgivity (above

2
the order of E+@9 ft /year)., a degenerate situation may arise in



which convergence in subroutine GSIMER® is not guaranteed. If
such a situation ogccurs, the accuracy term. ACC may have to be
increased. . : -

After a solution has been calculated in subroutine GSIMEW,

the corresponding recharge in the constant-head cells is
calculated. This calgulated recharge is that which supports the
initial fessible solution. It the initizal recharge in a

congtant—head cell is legs than the input lower limit on rechargé
in that c=2l1l, the lower limit is decreased and set equal to the
initisl recharga. When this is necessary, a message is output to
unit ITOUT indicating the magnitude of the change. When a
recharge congtraint ig tight at the initial feasible solution,
and the ipitial feagible solution represents nminimum allowable
groundwater pumping. further optimization is severely restricted.

In the specific case when Isus = 2 (initial feasible
golution auépliad by the user through an input file), no call is
made to aubroutine GSIMEQ. In this casa obviously no output trom
that gubroutine deacribed above. will be produced.

[f ICHK = 1, the next portion of the output file is a print
cut of the final optimal valuss for all wvariableg (including
glack variables) and their bounds. [f ICHK equals @, this output
is not producesd.

[f no wgengitivity analysi= ig performed (ISP = @), no

additional output to wunit [TOUT exists. [f a gsensitivity analy=is

ig requested (ISP = 1), the results ars directed to unit [TOUT.'

The regulta of the sensitivity analysis indicate the relationship
of @ach decision variable to the value of the objective function.

This is useful in determining the effect on the objective
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function due to a change in a limiting constraint.

The output listing containg three }inss for each dgcisicn
"variable. A decision variable is any variable which is tight
against either its lower bound or its upper bound at the optimal
gsolution. The total number of decision variables is equal to
NVAR.

The firgt 1line indicates the type o0of wvariable and its

current valua. The cell numbering system is that as discussed
previously. The variable may repregent drawdown or pumping in a
variable~haad csll, recharge in a consgstant—head call. total

racharge 1in a constant—-head subsystem. or total intertflow in a
stream/aquifer subaystem. 1f the variable is representative of
drawdouwn. the value of thﬁ variable is equal to the drawdown at
that céll. 1£f howaver, the variable represents one of the slack
yariablés, pumping. recharge. or total reach response. the given
value of tha variable ig equal to the differsance betwsen the flux
and the lowar limit on that flux. For axample- if thg value of
the variable repregenting pumping in cell 9 is equal to zeros
than the actual value of pumping is computed azs P-FHIN=G or
P=PMIN.

The ascond output line for esch decision variable lists the
congtrained derivative of the objective function with respect to
that particular decision variable. and the maximum change in the
value of that decision variable for which the constrained
derivative (s applicable. The constrained derivative indicatas
the change in the wvalue of the obhjective function for a unit

change in the value of the decision variable. The maximum change



in the decision vsariable indicates the range within which the

constrained derivative applies, assuming that the decision

variable is changed in the direction which improves the valuse of.

the objective function. A unit change in the decision variable in
which the abaolute value of the constrained derivative is the
largest has the most effect on the value of the objective
funcetion.

The third output line for egach decision variable indicates
the state variable which becomas tight when the decision variable
ig changed by the maximum amount indicated in the second line.
The variable numbering system applied to these state variables is
common throughout the output and will be encountered again. For
this resson it is now explained in detail.

The total'numbér‘oi variables, including =slack variables., is
equal to NVAR+K whers K ims the total number of inequality
constraints as detined previocusly. The total number of variables
is also exXpresgsed as NVAR + NVAR + KCH + NCHSUB + NSUB. The
first NVAR variables are numbersed according to the csall numberin;
system and represent the drawdown in cslls 1 to NVAR. The next
NVAR variables represent the groundwater pumping in cells 1 to
NVAR and are designated by the intsgers NVAR+1 to 2#*NVAR. The
next KCH variables are those corresponding to the recharge in
individually conatrained constant—-head cells and are numbered
from 2#*NVAR+l to 2*NVAR+KCH. {The individually constrained
constant-hesad csells are located as described in the constant—head
cell numbering svatem.} The following NCHSUB variables are those
repregsenting the total recharge in each of the c¢ongtant-head

cell subsystams. Thege variables are numbered from Z2*NVAR+KCH+1




to 2*NVAR+KCH+NCHSUB. The final NSUB variables represent total
interflow from the ostream/aquifer gubsystems and are numbered

from 2*NVAR+KCH+NCHSUB+1 to 2#*NVAR+KCH+NCHSUB+NSUB.

Unit B

Unit 6 is designatad by QPTHOR to receive the ogutput from
the optimization process. Thia output 1listing begins by
indigating the number of variables in the objesctive functian.
NVAR, and the total number of ineguality conastraints, K. The
information that follouwsa is the upper and lower limit on each
variableas including alack wvariables, and the value of each
variable uséd as an initial feasible solution. The value ussd as
an initial feasible solution must ba within or squal to the upper

'ar lawer Dbounds. The variablae numbering system.is that as
explained previously. -

Tha initial wvalue of the objective function is indicated
followad by the cptimal value of all system variables. Recall
that the valuas ligted for +the glack variables are the
differances between the flux and the lowear limit on the flux.
Finally., the optimal value of the objective function and the
number of iterations required is output.

Before performing the cptiaization- alllinput values are
modified such that all volumes ars represented in units of
millions of cubic feet. This i=s qgne in order that the matrices
cf coefficients are all of an order of one. The wvalues of
variables and limits listed 1n this output are therefore in units

of millions of cubic feet and must he divided by @.2435656 to



change them to acre fest.
Unit IMAP

The information on this unit is a liating of some input and
output values on a cell by cell bagis in map format. If IW = 1,
the ligting begina with a map of tha cell numbaring system
followed by & map of the constant head call numbering system.
These maps are useiful in locating a particular variable by 1i»]
coordinates. Initial input elevationa (c¢urrent or target},
corregponding drawdowns: bounds on the variables and initial
saturated thicknesses are then printed in a map format.

The next parts of this ocutput file are farmulated in
- Bubroutine [INFOUT and contaiﬁ two main portions 1) information
about the initial feasible solution and 2) information associated
with the c¢ptimal solution. When [SUS i=m equal to @ or 3, that is
when gubroutine GSIMNEA is called to generate the initial feasible
golutions the firgt portion shoué the results associated @with
drawdowns calculated by that subroutine. Thse second porticn in
thig case contains the optimal solution either from LPMIN (ISUS =
@) or from TARGET (IS5US = 3). ¥hen [SUS = 2, the first portion
containe information from the initial selution supplied by the
user and the second portion showa the results of cptimizaticn by
TARGET. When ISUS = 1, the first portion shows the results from
optimization in LPMIN and the second portion contains the results

trom TARGET.
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Table C.1

Fractiong of WVestern Boundary Cells Enclosed Within

The Boesuf-Tensas Area (to the east of the

aastarn divide of the Bayou Bartholomew
Watershed)

Fraction of Cell

I J Within Boeuf-Tensas
Area
=] 7 .32
10 7 @.20
11 8 1.29
12 a8 2.258
13 =] « @.30
14 g 2.25
13 10 @.50
16 11 .53
17 11 2.19
18 12 .59
18 13 2.25
29 13 2.30
21 13 @.30
22 13 : B.25
23 13 9.30
24 13 @.30
25 13 @.30
26 13 3. 40
27 13 .72
28 13 2,33
29 13 @.85
39 12 @.49
31 12 @.7@
32 12 .85
33 12 @.90
34 11 @.25
38 11 .25
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S8TARY WATER MANABEMENT MODEL:
MAXTHMUM PUMPING AND
FUADRATIC GOAL-PROGRAMMING OBJECTIVE FUNCTIONE
DEVELOPED : UNDER THE DIRECTION OF
R.C. PERALTA. BY THE 1982-1985 STAFF OF
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SUBROUTINE NUMRER
[ S ek AR ANRARRD HARARAR A ARRE R R DA MRAE R SRR R AL R AN R R A MAR KRR S
- ASSIGNS A INVEGRAL VALUE 7O EACH I.J. CUOORDIMATE NCELL (), 3i=1,0VARH*
1 CONSTANT HEAD CELLS HAVE A WCCLL<I. 3y = 0, ANG & NCHN(L 3)y=1.NCH =
o NCHN(I. Jd= 8 FOR ALL NON- CONSTANT HEAD CELLS, &
AR A oK oo R LA AR A A KRR A R AR R SR X R R R R

COMMON/BUNCH 1/ 1START . [MAX, JMAX, JSTART (33) , JEMI(3T) -
CDME??/E?NCH I/MCELL (35,223  NOHN(ZT. 221, ICH{&2Y . JCH(AR) 1 EF (&2)
*, [SWA{TI7
CSMMDNIGNE!IEELL:NUﬁR‘NCHTNSﬁ1IRCH1ITERTNEHHUBaKCHxISUS;FEHK,IPBﬁ

NUMCH=6
NUME =6
L0 19d 1=ISTART, IMAX
JEEGRIN=JSTART (D)
JSTOP=JEND (1)
DO 188 J=JBLGIN, JSTOP
B0 248 L=1,NCH
IF{ICH(L) . EQ. {.AND. JCHIL) .£6. DGOTO 304
28 CONTINUE
NLMC=NUNMG 1
NCELL (15 J)=hUME
NCHN (1, J} =@
BOTO 109
M CONTINUE
© 1,3 1S A CONSTANT HEAD CELL
NGELL (1, J) =t5
NUMCH=NUMCH-- 1
NCHN (15 J) =NUMCH
196 CONTINUE
SETURN
EMQ
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SUERDUTINE TSAVE

R EEEE R S0
CALCULATES FIMITE DIFFERENCE TRONSMISSIVITIES USIME BEGHE w

EDMH??/B?NCH J/NCELL (35, 22) «NOHN (33,220 ICH (&2}« JCH (A3}, JUF (423
%, IBW{376

COMMON/BUNCH 1/ISTART. IMAX: IMAX, JSTART (I3}, JENII{IS)
COMMON/CHUNK 1/DTR(3S,22).BTU(3S, 22}, T(3S, 24}

B 188 I=ISTART,IMAX
JBERIN=JSTART (I}
JSTOP=JEND(T )

00 188 J=JBEGIN, JETQP
IF(I.CR, IMAYIBOTE 9@
IF(J.AT.IEND(I 1) )B0OTO 9@
IF{3.LT.ISTART(I+1})GOT) 2@
BTROL, Dy =SERTAT(I, IIaT{I+1, 00}
BOTO 1g4

OTRA{L.JY=3.4

CONTINUE

DD 288 [=ISTART: IMAX
JBEGIN=JSTART (1}
JSTOP=JEND (1}

g 2@ J=JREGIN, JSTOP

IF(J.ER.ISTORYGOTD 190

ATUCT, Jy=SARTIT(L, JyaT (I, J+i}}

BOTCG 294

DTUCT, J)=8.¢

CONTINUE

OG 158 I=ISTART, IMAX
JBERIN=JSTART (I}
JSTOF=JENL{1)

o {58 J=JBEGSIN, JSTOP
XOTU=0TULT, J) =14, -
ITTU=XLTU
{DTU=IDTU
DTUCL, JY=X17U/ 1,

YOTR=0TR{I,J)» 1.

IDTR=XDTR

YOTR=10TR

OTR{I, J)=XLTR/ 14,
CONTINGE

0O 388 [=ISTART, IMAX
JBERIN=JSTART (1)

- JETOP=JENLDI (1)

00 388 J=JBEGIN, JSTOP
TC(I,J) =@, 5
IF (1.E0. ISTART) BOTO 224
IF (1.GT. JENI(I-1) ) BOTG 220
IF(J.LT.JSTART (I-11)BOTD 2205
T¢1, DT D+ITR(I=t, 1
CONTINUE
IF{1,Eq. IMAX)ROTO 239
FE(J.LT. JSTART (I+1)1BOTD 238
IF{J.AT. JEND{1+1))G0TO 238
T(1, =T, D+DTR{I, D)
CONTINUE

D-12



LJSTORYEOTO 244
=T{1, D+ETULI. DD
]

BEGIN)GOUTO 245
(1. J}+0TUCT, J-1)

—t
-1
;

o9 Con
{

745 CONTINUE
I CONTINUE

1TOUT=7
WRITE{ITQUT, 2000)
0 406 1=ISTART, IMAX
JBEGIN=JSTART (1)
ISTOF=JEND{1)
DO 486 J=JBERIN, JSTOP
_ WRITE (1TOUT, 1908} I, 1. DTR(1, J), DTUCI, 33, T(I, 1}
406 CONTINUE
1A FORMAT (1X, 12, 1%, 12,2X, 3F 18, 24

o

oCIOoo

2edg FORMAT (1%, 1 2 IR a7y T
RETURN
ENT

"



SUBRCGUTINE MAP (DATA}

[ ahmmR kAR A R R AN ERAH AR DRR RS R RE N AR RN A TR A B XN

Lo+

TAXES GBIVEN DATA AND WRITES IT OUT IN MAFP FORMAT =

£ oo e A s o e e oo 30 i o e e oo e A R R

¢

=y

e w ]l
-
i

BCICICIC
=)

A
b

Sl

bt

COMMON/BUMCH 1/1START, IMAX, JMAX, JSTART (33) . JEMII {35}
DIMENSION DATA(3S, 22)

KTOP=JMAX+L

CONTINUE
DO 188 I=ISTART: IMAX
0o 1g@ J=1,.JMAL

IF(IDIFF.GT. MAXIGOTC 28
K=K TaP-1

CONTINUE
JBEBIMN=JSTART (1}
JETOP=JEND(I)

[F{IDIFF.GT. JMAX}GOTO 32

IF (. LT, JBEGIN. DR K. GT. JSTOPIBATA (I K} =1 BE+22
CONT INUE
1F{J.LT.JBERIN,.OR. J. AT, JSTOFDATA(L, J) =1, BE+IT
CONTINUE

IF(IDIFF.GT., JMAXIGOTC 44
DG @88 J=L,JMAX -
K=KToP-J
GOTO 5@

CONTINUE
B 20 I=ISTART.IMAX

CONTINUE

IF(IDIFF.LE. JMAXY WRITE (9, 193 (BATACL, K. [=ISTART, IMAYL:
WRITE (P, 1@M&) (DATA(L, J}, J=] ., IMAX!
CONTINUE
FORMAT (1 X, 2iF6.8. /)
RETURN
END



SUBROUTINE LoEF3
A R R AR O O R IO R R AT ok TR R R

i
C % FORMULATES CONGTRAIMTS FOR EACH CUNSTANT HE%H GELL. =
C % IF THERE ARE MO RECHARGE COMSTRAIMTS, THIZ HIBROUTINE 1S =KIFPED. -
N ******t#*****#*******#*&**********3**&?***$$¥*$$wk*#***** R R ek R
¢ ’ ;
COMMON/BUNCH 1/ISTART, [MAX..JMRX, )ST&RT{JS)1JFNH(T
C?SS?E;E?NCH J/NCELL (35, 22)  NUHN (35, 220 ICH(42) JLH{& YL FEF (42}
sy
COMMON/ONE/ ECELL  NVAR . NCH, NSA, IRCH, ITER » NCHSUR, KEH, [SUS, [EHK , IPDH
COMMON/CHUNK  1/DTR {33, 22) . 0TU{35, 22} T{35. &)
COMMON/CHUNK “/ACCRK(ESrED) ACCRM (IS, 22} PMAX {33, 22}  FHIM(33. 22} -
¥XM{I5.22),51(35.22
COMMON/STHQ/SST(35:A2);QPE(EJ,LZ):ISR(E?&
COMMON/SWE 1/NSUE. SWMIN(3) , SWMAX (4) , CHEMIN(1) , CHEMAX (1)
C
C?gﬂg?/ﬂLGEX 1/CA(583) AR (384, 483) R (383, B{3k4,384),[1(384. 327},
E THERE WILL EE NO EQUALITY CONSTRAINTS IN THIS SET.

DIMENSION SCR{33.22)
ITOUT=7
: SET VARIABLE SCRATCH DRAWDOWNS 7G ZERU
DG 186 I=1START, IMAX
JBEGIN=JSTART (1)
JSTOP=JEND (]}
DO 1@@ J=JHEGIN, JSTOP
SER(I, N=8.8
00 1@6 LL=1,NCH
IFCICH(LL) .EB&. 1. AND. JCH(LLY (EQ. JISCRAT- J1=8{(1. D)
g CONTINUE

SINGULAR CH CONSTRAINTS.
NK =NVAR

06 2068 LLCH=1,NCH
LOCH=LLCH+NVAR
ADD=4. i3
I=ICH(LLCH)
J=JCH(LLCH)
JREGIN=JSTART {1}
JSTOR=JEND(T)
IF {NCHSUB.EG. 21 GOTO 282
[F{ISW(LEH) .AT,@E0TY 2@
mz CONTINUE
NK‘NK+1
DD ADD—SER(I JyeT(I.,J}

IF(I GE. IHAXJPOTO b6
IF{J.GT. JEND(I+1))GATH &b
IF(I.LT.ISTART (I+1}1E0TO &b
M=NCELL {I1+1,J)
[F{M.ER.S}EOTO 43

AA (MK, My = (-DTR(E. J})

e

ol CONTINUE
ADD=ADD+OTR{I, ) *SCR{I+1, J}

b CONTINUE

1IF(J.GE. JSTOP) GOTO 74
M=NCELL (I, J+1}
IF(H.ER.BIEOTO 73

ARACNK» MY = (=TTULT, J))

73 CONTINUE
ADD=ADD+NTU(L, J) *SER (I, J+1}

74 CONTINUE

C

IF{I.LE. ISTART}GOT] B4
IF{J,GT. JEND{I-17)50T) 86
IF{J.LT.JSTART (I-1} 1G0T 85
M=NCELL (I-1. 1)
IFIM.EQ.MBUTG 33
AAIMK s MY ={~LTR{I-1, 3}
e CONT INUE



&

[ e}
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C

24
£

TTADD=ADD+LTR(I-1. ) #2CR{I-1, I}
CONTIMNUE '

IF{J.LE. JBEBIN)GOTO 94 '
M=NCELL (I, J-1) :
IF{M.ER.B1E0TQ 95

QA (MK, M= (-DTU(T, J=-1 1) . .
CONTINUE ) B
ADD=AOD+ATU(I, J-E) *8ER (1, J-1)
CONTINUE

R{MK }=ADD+APS (I, J} % (SST(I, D) ~-BCR(L, I} }+PMIN(L, JF+ACCRN (I, J}
CONTINUE

IF {(NCHSUB. EQ. #) RETURN

C SUBSYSTEM CH CELL CONSTRAINTS

3

4463

$hb |

473
474

483

484
C

495
496
c

a0

il
M

[ 38@ L=1,NCHSUR
NK=NVAR+KCH+L

ADD=d. 43

D0 488 {1 CH=1,NCH
[=1CH(LLCH)
J=JCH{LLEH)
JBEGIN=JSTART (1)
JETUP=JEND(T)
LCH=LLCH+NVAR
IF(ICF(LLCH) (ERL 233070 453
IF(ICF(LLCH} . NE.L)IBOTO 408

ADD=ADD~SCR(I . J) *T (I, J}+PMIN{I. I} .

IF{I.GE. IMAXIGOTO 446
IF{J.GT. JENO{I+1}1GATO 446
IF(J.LT.JSTART (I+123E0TO 464
M=NCELL (I+1. .0}

IF (M ERL@YROTO 463

" AAINK,MY={-LTR(I.J})

CONTINUE
ALD=ADNH+OTR {1, J) *SCR(I+1, 2}
CONTINUE

IF(J.GEE.JSTORIFOTO 476
M=NCELL{I.J+1)
IF (M.ER. B)YEDTO 4735
ARINK M) = {-0TL(I, 3))
CONTINUE
ADL=ADOH+OTU(T, JYA8ER (I, J+1)
CONTINUE

TF{I.LE.ISTART}GOTQ 486
1F (J.AT. JENDB(I-1}150T0 486
IF(J.LT.JSTART(I-11 13070 486
M=NCELL {I-1, ]}
IF (M. EGL. B)BQTD 4BS
A8 (MK, #) =(~DTR(I-1. D)}
CONTINUE
ADD=AND+DTR(I~1, D #8CR(1-1, D)
CONTINUE

1F (J.LE. JEEGINYGUTO 496
M=NCELL (1, J-1)
IF(M.ER.BIROTD 493

AR (NK - M =1~-DTU(I, J-1))

CONTINUE

ADD=ADD+DTU(I, J-1) »5CR{I, J-1)

COMTINUE

CONTINUE
RINK ) =ADD-FCHSMINA(L)
CONTINUE

FETURM
ERDO

———
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SUBROUTINE COEF!

AR A R R A R
JETERMIMNES COEFFICIENTS OF CONSTRAINTS O WARIAGLE CELLS +
ALL ARE INEGUALITY CONSTRAINTS. AUdL)=XLi{L: ON CF LELLS * -
A6 R oK R A K U A TR S K R T

COMMON/BUNCH L /ISTART. IMAX, JMAX, JSTART (35}, JENTI(TE)

C?gg?g;E?NCH J/NCELL (335,22) +NCHM (35, 22)  ICH (&%), JEH (&2} , 1 CF (&2
',

COMMON/CHUNMK 1 /DTR(35, 223, DTH(3S: 22}, T{33, 27

COMMON/CHUMK 2/ACERX (35, 22) . ACCRN (33,22  PRAX (T35, 22} , PMIN{3S, 22} :
«{M{33,22),581 (35,22}

COMMON/ONE/ ICELL - NVAR, NCH; NSA. IRCH. ITER, NCHSUB, KCH, ISUS, 1 CHK » IFDH
COMMON/STAR/SET (33, 22),APS (35,221, ISA (374!

COMMON/BLOCK  1/CA(683) AR (3841483} 1R (384) , B(IH4: 384) 1 0(364,327)
¥
COMMON/QUA 1/G@{327»327) ‘

DIMENSION SCR{35:22)
ITOUT=7
ISER=14
SCRATCH CRAWDOWNS TO ZERQ
DO 3 I=ISTART.IMaX
JBEGIN=JSTART (1}
JSTOP=JEND(1)
oo 5 J=JBEGIN, JSTOP
SCR(1: 3 =4.5
00 3 L=1,NCH .
IF(ICHL) JEQ. I ANDL. JCH(L) . E&. JYSER(I. ) =B1{l., ]
CONTINUE

00 196 L=ISTART, IMAX
JBEGIN=JSTART (L)
JETOP=JEND (L)

I 199 M=JBEGIN, JSTOP
I=NCELL {L. M)
IF(NCELL (L, M) . LE.@#}Y30TD 155

IF(I.GT.NVAR)IBOTO 1d@
IF(L LE. ISTARTIGOTO (5
J=NCELL {L-=1, M)
IF(J-@) 15,15, 1@
CONTINUE

AR(T, 2} =(-NTR{L-1.M))
CONTINUE
IF({L.GE. IMAX) GOTO 23
J=NCELL (L+1, M)

IF(J=#) 25,425,208

CONTINUE
AR, D =(-DTR (L. M}}

CONTINUE

IF (M.LE. JBEGIN)BOTO 35

J=NCELL (L, M~1)

IF(J-#) 35,353,308

CONTINUE

AACT, DD ={=-DTU{L. M=)
CONTINUE

IF (M. GE. JSTOPYGOTO 45

J=NCELL (L, M+1)

IF(J-8) 45,45,49
CONTINUE

ARTT, JY=1{-OTU(L, M)}
CONTINGE

J=NCELL (L, M}

AACT JI=T (L. M) +AFS (L, M)



T ORIGHT SIDE OF COMSTRAINT ONE.

1yt

JENCTS!

R
C

C
2yl
C

1 v
2006

CHDTU (L, M~1) +SCR (L, Hr1) *DTUL, M) +58T (L, M) %&F5 < 4
C+FMEM (L. M}
CONTINUE ‘ -

R{DV=SCRL-5, My #DTRIL-E, M) +SCR IL+{. My =DTR{L, ris ¢

oo 264 I=1,ICELL
1=178

WRITE(ITOUT, 2098 L. R (I}, AA(I,])
00O z@@ J=1,NVAR
WRITE(ITOUT, 1B88T, J.AR (L. T}
CONTINUE

FORMAT (3%, I3, 14, [, L X, E12. &)

FORMAT {1X, 'RIGHT SILE ', 13,' = ',El1Z.4," ARLL. 1}=',EL12.4)
REEURN

ENLI

D-16
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SUBROUTINE SWCON

£

e L T e N I E T P P P LY P Ty LT
* FORMULATES ADDITIONAL CONSTRAINTS FOR LIMITING TOTAL USE OF
# INTERFLOW IN A STREAM AGUIFER CELL.

« THE ISW INDEX.
Y T e I R L P R R T T P T R T Y T P e Ty

EACH GROUF 15 ILENTIFIED BY

COMMON/ONE/ TCELL » NVAR, NCH, NSA» IRCH, 1TER, NCHSUE, KCH» 18US, {CHK » IPTM
COMMON/BUNCH 1/ISTART, IMAX. JMAX, JSTART {33) , JEMO(33)
CoOMMON/BUNCH 3/NCELL (35, 22) . NCHN (33,22}, [CH(42) , JEH(&Z}Y . EEF (462}

*, ICW(375)

COMMON/CHUNK 1/DTR(33,22),DTU(35, 22}, T(35, 22
COMMON/EHUNK 2/ACCRX (35, 22)  ACCRN (35, 22}, PMAK (35, 220 . FMIN (33,22} .

*{M (35, 22) .51 {35, 22)

COMMON/STAR/SST (35, 22) , APS (35, 221 1BA(376)
COMMON/SHE 1/NSUB. SWMIN(4} . SWMAX (43, CHSMIN(L)  CHSMAX (1}

COMMOM/BLOCK 1/CA(6B) AA(3B4, 683} . R{3B4:,B(J034,384) . D (324,327),

#W {327}
ITOUT=7

C IMITIALIZE

il

1414
C

DO 5 NN=1,NSUB
NEX=NVARHK CH+NCHEUR-+NN

IF { IRCH. EQ. &) NEX=NVAR+NN

RINEX)=0.0

D0 S L=1.NVAR
AR(NEX.L)=4.8
CONTINLE

00 1@ NN=1,NSUR
NEX=NVAR+{ CH+NCHSUB+NN
IF (IRCH. ERL. @) NEX=NVAR+NN
ADG=4, &

DO 299 I=ISTART, IMAK
JBEBIN=JSTART (I}
JSTOP=JEND (1)

[g 288 J=JBEGIN. JSTOP
L=NCELL (I, J)

IF (L.E&, @) GOTO 294
[F{ISA(L).NE.NN)GOTO 204

AAINEX.L}=i-1.8)3AP5(1,])
ADD=ABD-APS {1, J)»&5T (1, I
CONTINUE

R INEX ) =SWMIN (NN} +ADD
CONTINUE

RETURN
END
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SUBROUTINE LPMIN

T T T I S Lt R AT ERER LR SRR LR 3 H T F T Y B R R T T

SETS UP OBJECTIVE FUNCTION T MAXIMIZE TOTAL W SUMPING =

S R A 30 o o o A o K R O AR 3k R K K ORI K K e

EDHHON/DNE/ICELL:NVRH7NCH:NSR'IREH;ETER:NEHBUB;KCH,ZSGS:ICHK:{PE?
COMMON/BUNCH 1/ISTART, IMAX, JMAX, JSTART (J3) » JEMD(IS

COMMON/BUNCH J/NCELL (J5.22) » NCHN (35, 220 » IEH (B2} JCHf&~.1JFF(62)
%, ISW{374)

COMMON/CHUNK 1/DTR{35,22) , OTU{35, 22}, T{35, 27}

COMMON/CHUNK 2/ACERK(35,22):ACERN(’S:ZDJ PMAX (J3, 22) . FHIM(3S,22)
*XM(35,221,51 (35,22}

COMMON/STAG/SBT (35, 22) . APS {33, 22) , IBA{374)

COMMON/SWE 1 /NSUB. SWMIN (4) , SWHMAX (4) , CHSMIN (1) . CHEMAX { 1)

COMMON/FASTI i/1PR. IREAD. Y

COMMOM/KONST 7/ACC

5?§M$?/ELOCH 1/CA{6B3} - AR{3B4, 683) . R (384}, H{3A4,384) . D (384, 327},
(32

COMMON/BLOCK 2/X (8833, ITYPE (483} . X0 (483} » {U (683} . XL {687}
COMMON/BLOCK 3/NS(336) ,ND(327) . NN{683)

COMMON/GUA 1/01{327,327)

COMMON/CONST L/N.NF:K.KE |

COMMON/CONST 7/IFPRINT

COMMON/KONST 1/IFREQ

COMMON/CONST S/UOUNT. NIMAX.LP

COMMON/CDNST 3/EPSY.EPSV, EPSCH, EFSD

COMMON/BLOB 1/ TGLOE. IGMAX, IG

COMMON/POUT/ TOUT

DIMENSION FACTCR(IZT)
IToUT=7
L3=NVAR*2

WRITE({ITOUT,8787)KCH
WRITE{ITOUT,B78&) NCHSUB. NSUB
FORMAT {1X-,'NCHSUE = ',I3.' NSUR = 7,13)
FORMAT (1X, TKCH = ', I5)
DO 27 I=1,NCHSUB
L4=NVAR#2+KCH+]
XU (L&) =CHSMAX (1) -CHSMIN(I)
AL (L4)=8.0
CA(L4)=0.8
ITYPE (L4i=1
CONTINUE

DO A3 [=ENSUHB e - e e
LS=NVAR* 2+ CH+NCHSUB+1
XU (L) =SWMAX (1) -SWMIN(I}
XL ILS)=9.8
CA{LI)=8.8
ITYPE(LG) =
CONTINUE

00 {8¢ I=ISTART. IMAX
JBERIN=JSTART (I}
JETOP=JEND(I}
0Q 19@ J=JBEGIN, JSTOP
L=NCELL (I, 0
L2=L+MVAR
IF(L.BT.BIR0TO 43
L=NVAR+NCHN( I, J)
[F(ISWIL) LEQ.A)L3=L3+1E
XU (LI =ACCRX{[, J}-ACCRN(I, J)
WRITECITOUT, 12G@)Y L3, XULL3) , ACCRX (I, 0]
CA{LI)=4. 4
[TYPE (LI} =]
YU iL3) =4, A
S0 T0 L
SCMTIHUE

D-18




FACTOR(L) =
THIN=FMIN{
TMAX=FMAX {
TMAX=3. #
TMIN=8,
A0(L2)=98.4d

€

C UPPER AND LOWER LIMITS (L2) ON GW PUMPING NOT GN TOTAL DISCHARGE.
KU(L2) =PMAX (I, J3~-FMIN(I.J)
AL(LZY=8.4
LilL}=8.5
10{L2)=9.4
IF¢XLAL) . GT. XU{L) }XL (L) =XU{L)
ITYPE(L)=1
ITYPE (L2) =1
CA(L2}=4@. 48
F{L)=SI{I. 7}

268 CONTINUE

IF(ISWIL) .EQ. 8)G0TO Llag

IF(1.GE. IMAX)GQTO 18
M=NCELL (I+1.J)
IF{M.LE. @) GOTC 8
TEST=CA (M)
CA(MY=TERT+DTR (L. J}

8 CONTINUE
CAL)=CAIL)+DTR{I: D) #{~1.8)
18 CONTINUE
IF {J.GE. JSTOP)GOTO 29
M=NCELL (1, J+1)
IF (M.LE.H}BOTG 18
TEST=CA (M)
CA(M)=TEST+OTU(I. 3}

@4
15 d)
.0

[ I |

- 18 . CONTINUE

CA(L)=CA(L}+DTU(T, D= (-1.8)
z CONTINUE

IF(I.LE, ISTARTIGOTG 348

M=NCELL(I-1. ]}

IF (M.LE.2}30TO 28

TEST=CA(M)

CA(M)=TESTHITR(I~-1..])
28 CONTINUE

CA{LYI=CA(L)+DTR{I-1, D) *(-1.8)
3¢ CONTINUE

IF{(J.LE. JBEGINIBOTO 48 -

M=NCELL(I,J-1} .

IF(M.LE.5)B0TO I8

TEST=CA M)

CA(MY=TEST+OTU(I.J-1)
28 CONT INUE

CALLY=CALI+DTU(I. J-1) % {~-1. &)
443 CONTINUE

CAR{L)=CAIL)-APS(I, J)
14ig) CONTINLUE

C
C FIND INITIAL FEASIBLE SOLUTION
o CALL GSIMEG (FACTOR)

LP=t

EPSY=4.8
NIMAX=394¢

N=NVAR

NF =4

K=NVAR+K CH+NCHSUB+NSUB
KéFéIRCH.EQ,E)K=NVQF{+NSUB



U TEST THE LEAST PUMPING SOLUTION 7O SEE IF AMY nOIWDS ARE vICGLATED.

Do 158 I=ISTART, IMAX
JBESIN=JSTART (1]
JETOP=JEND(I)

oo 156 J=JBEGIN. JSTOP
L=NCELL (I, .J}

IF(L.LE.B)GE0TD 154
IFLXLAL)LLE.XQAL) EQTO L1a
TEST=XL (L} -X0{L)
XL (LY=XQ{L)
WRITE (1TQUT, 18@@} I, J, TEST
11¢ CONTINUE

IF(XUHL) L GE. AQ(L) }GATS 128
TEST=X0{L)~XU(L}

TEST2=XU (L)
KL =X0(L)

WRITE(ITOUT,280@) 1,1, TEST. TESTZ

o] CONTINUE
] CONTINUE

PERFORM QPTIMIZATION
CALL QPTHOR

165G FEERQ?T(/,Ixs'LONER BOUND! FOR CELL '.1Z,1%X,{Z,' DECREASEL: RY ',
* '
12g@ FORMAT(1X,15.2ZX.F18.2,2%,F18.2) )
2agg FORMAT (/. 1X, TUPPER BOUND FOR CELL ', 12, 1X.1d,° IMCREARSEL: gY ',
.2, 1K, 'WAS = 7, Fig.2) :
ag3@  SORMAT(1X, *FACTOR(?. I3, = ', F5. 0}
RETURN
ENT



SUBROUTINE HSIMER{(FACTOR)

G o o A S MO G 5 S K R R e R R
£« GULVES FOR A GIVEN % OF PUMPING UNDER CONSTREINT ONE (COEEY) #
£ % s o oo a0 ok o o 0 050K e 0 o o T 3 o ol R e o RN K R
C
COMMON/BUNCH 1/ TSTART, IMAX, JMAX, JSTART {35) , JEHN(IS)
c?g&?ggg?ncn J/NCELL (35,22) ' NCHN(35, 22} » ICH(52) + JCH (620, 10F (62)
®
COMMON/QONE/ TCELL - NVAR, NCH» NSA- IRCH» TTER, NCHSUL, KEH, 1SUS, SCHK > IFTi
COMMON/CHUNK 27ACCRY (35, 22) » ACCRN (35, 223, PMAK (35, 227 » FHIN (35, 231,
«XM (35,22}, 51 (35,22}
- COMMON/SWC 1/NSUB, SWMIN(4) . SWMAX (4) , CHSMIN (1) . CHSMAK (1)
Eoggg?/sLocx 1/CA (683}, AR (384, 6833, R(I84) ., B (384, 384}, D (384, 327)
{32
COMMON/BLOCK 2/X {583) » ITYPE (&B3) » X0 (683) - XULLA3Y, XL (68D
. COMMON/KONST 7/ACC
DIMENSION FACTOR(327)
- GIMENSION TV(327),8CR(327).50R2(327)
' ITOUT=7
TMAP=9
1SCR=108
NIT=100¢

C INITIATE STARTING SOLUTION
B0 135 I2=ISTART, [MAX
JBEGIN=JSTART (12}
JSTOP=JEND (12)
DO 135 J2=JBEGIN, JSTOF
L=NCELL (12, J2)
IF (L. LE.B)B0TO 135
SCR (L) =PHAX (12, J2) ~PHIN (]2, J2)
IF (ISUS.ER. 3) X(L)=81{1Z, J2)
135 CONTINUE

DO 186 IT=1,NIT
Do 308 I=1.NVAR
C LARGEST EL%MENT SHOULD BE ON DIAGNAL- POS.DEF. MATRIX.

JMX
C LARGEST EEEHENT IS (I.JMX} IN ROW (D)

00 124 JJ=1.NVAR
IF(JJ).EQ. JMX)GQTO 124
ADD=AD0+AA(L . JI) *X (I}

120 CONTINUE :

C
C CALCULATE X(NEW) BY CONSTRAINT 1 AND FACTOR.
RS=R(I) -ADD+FACTOR (1) «SCR(I}
L (IMX) =RS/8A (T, IMX)

S8 CONTINUE

c WRITE(ITOUT 12123 1T X (1) -
1212 FORMAT (I5,2X.7%(1)= *.F1@.2)

é'34 CONTINUE

C ERROR CHEEX

Sut=9
DQ J3@ J=1.NVAR
SUM=SUM+X (1)
V(I =g. 4
00 358 JJ=1.NVAR
V=TV (D +8A (I, JI} *xX (I}
434 CONTINUE
C COMPUTE ACCURACY AS DONE HY QPTHOR TO INSURE FrASIRILITY.
AVEX=SUM/NVAR
EPD=ARS (ACC*AVEY ) +@, JOAG6 1
D0 458 J=1,NVAR
TEST=TV(J) -R {1} -FACTOR (J}*SCR{I}
FF(TEST.LT. -£PDYERTO 4434
IF {ARS{TEST) .GT.EPD) GUTO 444@
438 CONTINUE

D-21



GOTQ S
@3 COMTINUE
L11)=X{3)+TEST/AVEX
WRITE(ITOUT.2211:IT,J-EPB.TESY
1 FORMAT(2IT.* EFD = *,FiZ.4.° TEST = *,Fi2.8}
CONTINUE .

T NUMBER OF ITERATIONS COMPLETE
5l WRITE{ITOUT, Z6d0)
€ ALL MEET ERROR CRITERIA.
L WRITE(ITOUT. 3868 IT
c WRITE(ITOUT,J681)EPD

0O 708 L=1.NVAR
10{L)=X (L)
SCRI{L)=X{L)

Jag  CONTIMUE

C
IF(IRCH.EQ.@#)R0TO 111
G CHECK RECHARGE CONSTRAINTS.
[ TEMP=KCH+NCHSUB+NSUB
[ 886 L=1,ITEMP
L2=NvaRr+L
ADRD=d. 13
Q0 83¢ I=1,NVOR
_ ADD=a0D+aa (L2, J) %X (I}
g5¢ CONTINUE
IF{ADD.GT.R{L2)YGOTQ 8d¢
RIFF=(R(LZ)-ADD) /. 34358
WRITE(ITOUT,. S L2, DIFF

o
ra

i

|—_...~..r [
n‘.:-')lw-

R(L2}=4DB
gﬁﬁ CONTINUE

11 IF(ISUS.NE.#)EOTO 112
: WRITE { IMAF , 40¢4)

: CALL INFOUT (SCR!

112 CONTINUE

C
2035 FORMAT (1Y, 'MAXIMUM NUMBER OF ITERATIONS EXCEEDED IM BSIMEN?./)
JueE  FORMAT (1X, P ITERATIONS = *.I5,' [N SUBROUTINE {(5IMER’ /)
Jedl FORMAT(/, Ts»aw EPD = ’,Eié.B,/}
@@ FORMAT (/. 1X, 'OUTPUT FROM I.[.8.7./}
S@EE  FORMAT (1X, *RECHARGE CONSTRAINT ’;I31’ EXCEENED BY ', EfZ
SR E?EHQI(IX:’UPPER LIMIT ON RECHARGE VARIABLE °,I3y? EXCEEDED BY ’.
*
RETURN
ENL

L]
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SUBROUTINE INFOUT (S5}
0 ik ok KA AR AR AR AR R R AN RN KR AR AL AR g
Lo S?EE¥¥ENIN MAF FORM GENERAL - INFORMATION AEQUT HF!:HQL *
. 3 50

—
H

N k**********#*!****ﬂit#****#il#**#****#ﬂ**i**##*##*&**#ﬂ*# .

C
COMMON/ONE/ TCELL » NVAR» NCH, NSA» IRCH, ITER NCHSUE, KCHaISUS,IFHK 1P
COMMON/BUNCH {/ISTART. IMAX, JMAX, JSTART (33}, JENT(3E)
C?gﬁ?gég?NCH J/NCELL (35, 22) , NCHN {35 :QZ)aICHiEZJ:JCH(&Z);ZCF(&Z)
L
COMMON/AQUIF /TOP{3748) s BOT {374}
COMMON/CHUNK 1/DTR (33,221 .DTU(3S, 223 ,T(35.,22)
COMMON/STAR/SST (35, 22) , APS {35, 22) - 1GA{375)
COMMON/ SHC 1/NSUB,SWHIN(4J,SNHQX(4),CHSHINfi} CHEMAX (1)
COMMON/CHUNK 2/ACCRX (35,22) , ACCRM(3S, 22} . PMAY (115,22} , PHIN{(35,22) ,
M35, 22} ,81(35: 22}
COMMON/OPOUT /M5 (35, 22) , 880P (35, 22)
COMMON/AAR/TAR (35,22}

C
DIMENSION SS(327).5CR (35,22} ,8CR2(35,22),8CRI (35,22}

c DIMENSION RT(S),CH{35,22)

IMAP=9
C INITIALIZE
IF (NCHSUB.EQ. 3)B0OTD 3
DO 4 L=1,NCHSUB
RT(L)=8.9
4 CONTINLUE
3 CONTINUE
1F (NSUB.EQ. 8} G0TO 8
Do {2 L=1,NSUB
2=L+NCHSUB
RT(L2)=4.8
CONTINUE
CONTINUE
FILL TWD DIMENSIONAL DRAWDOWN ARRAY
DO 198 I=ISTART.IMAX
JBESIN=JETART (I}
JSTOP=JEND(I)
DG 19¢ J=]BEGIN. JSTOP
S80P(I.N=81(1.J)
L=NCELL (I, J)
iF (L..E&,8)50TO 9¢
S80P(I. J)=85¢(L)
Gl CONTINUE
GG(I, ) =88
C COMPUTE ELEVATIONS
SCR(I,Ji=30. -SSOP (I, J}
[F(IBUS.NE.BICH(L, J}=8CR(I, N~TAR(I.J}
g CONTINUE

URITE OUT LRAWOCGWNS
WRITE (IMAP. 1306}
CALL MAP {550m)
WRITE QUT ELEVATIQNS
WRITE (IMAP, 2606@)
CAt.L. MAP({SCR)
WRITE DIFFERENCE BETWEEN OFTIMAL AND TARZET ELLVATIDNS
IF (ISUS.NE. ) WRITE (IMAP, 2821
1F (1SUS.NE. 93 CALL MAP(CH}

GMPUTE GROUNDWATER PUMPING
ThW=3.8
TALR"@ 3
0o 29@ I=ISTART, IMAX
JBERIN=JETART (I}
JETOP=JEND (1)
o 298 J=JBEGIN, JSTOP
L=NCELL(I.J:

28]

90—

1
.G
c

4

2

[ar o}



AGL=T (1, J)4S50F (1, J)

TF(I.LE. ISTART) BOTO 22

[F(J.LT.JSTART (I-1}150OTQ 224

IF{J.57. JENO{I-1))YGOTO 22@

ALD=A00-DTR{I-1, J}*850F(1-1. 1}
éiﬂ CONTINUE

IF (J.LE. JBEGIN) GOTO Z48
ADD=ADD-DTU (1., J-1) #580P (I, J~1}
Jeg 11 CONTINUE

IF{J.GE, JSTOP}GUTO 248
ADD=ADD-DTU (I, J} *SSOP (I, J+1}
268 CONTINUE

IF({l.GE. IMAX)BOTO 284
[F(J.GT. JEND{I+1)}E0TO 286
[F(J.LT.JSTART(I+1))B0TO 284
ADO=ADD-DTR (1, J)#850F (I+1, 1)
2Bg CONTINUE -
C ASSIGN VALUE TO TOTAL EXCITATION.
c SCR(1,J)=ADD/.B43368

ACR=ACERN(I. D

IF(L.EG. ) ACR=ADD-PMIN{I, J1-AP5(I. 1) {55T<{{, 1) -BRQF ({. 1N}

E{1.J)=ADD-ACR-AFS (I, J) *(S8T (I, J}-880F (1. 1}
45(1, 1) =Q6{[. J) /. 243558

{ ASSIGN VALUE TO TOTAL ACCRETION
SCR2Z(I.J)=ACR/. 243345

c
DO 282 LSUB=1,NCHSURB
IF(ICF (L} NE.LSUB:3QT) 282
RT{LSUB)= RT(LSUB)+5CRZ(I,J)
82 CONTINUE

TACR=TACR+SCR2(I, I}
TEWN=TEW+AG (I, )
C COMPUTE % GW PUMPING
SCR3{I, 0y =A. 4
IF(PMAX (I, J).EQ.8.8360TD 200
SCR3(1,1)=(0G(1: 1)@, 043364) /PMAX {1, J) « 164,
65 CONTINUE .

C
C WRITE OUT GROUMDWATER PUMFING
WRITE (IMAP, J513)
CALL MAP (NG}
WRITE(IMAP, 3149) TGW
C WRITE QUT % GW PUMPING
WRITE { IMAP. S5@6)
CALL MAP (SCR3})
C WRITE QUT ACCRETION (-RECHARGE)
WRITE (IMAP, 41643)
CALL MAP (SCRZ)
WRITE (IMAP, 43@4) TACR
IF (NCHSUB, Ei. 5} BOT0O 298
D 392 LSUB={,NCHSUB
WRITE {IMAP, 4314) LSUE. RT {L.5UR)
292 CONTINUE :
294 CONTINUE
C WRITE OUT TOTAL EXCITATION
WRITE {IMAP, 4801)
CALL MAP (SCR)

c
C COMPUTE % OF MAX ACERETION AND S/A RESPONSE.
T3A=8.4

00 3@@ I=ISTART, IMAX
JBEBIN=JSTART (I}
JSTOP=JEND (L}

00 38¢ J=JEEGIN, JSTOF
L=MCELL (I, 0}



R
Cs
C
C

412

IF (L, EG, 8) L=NVAR+NCHN (I, )
SCR(1, 31=4.4
IF (L. BT, NVAR. AND. ISW(L) . EQ. 1) GOTO 345
IF(ACCRN(I JY. ERL 6. 3)G0T0 J85
KL Jy=(BCR2(L, T} *, @435&9)’&CERN(I Ji #1034, .
EONTINUE o

/A RESFONSE

IF {NSR.ER.#) BOTO Jid
SCR2(I, Ji=APS ([, J}*(88T(I,J)-SS0P(I.J}} /8. M4356§

Do 312 LSUB=1.NSUB
L2=LSUB+NCHSUB
IF(ISA(L) . NE.LSLUB) A0TD J12
RT{LZY=RT{LZ)+8CR2(I. D

CONTINUE

TSA=TSA+SCRZ (I, I}
SCR3(1,Ji=4. 4

IF{L.EQ.8)50TO 316

SCR3I{1, 1)=3@4.~557(1, 1)
TF{ISA{L)EQ.HISCRI(I. J)=@4. 3
CONTINUE

Jig
C COMPUTE SATURATED THICKNESS

Jog
£

IF (L. E&. @) L=NYARENCHN( I, J)
TTOP=TGRP (L)
EL=31¢ . -850P (1. J}
IF(EL.LT. TTOP) TTOP=EL
IMLI. I =TTOP-BQT (L)

CONTINUE

IF(NSA.ER. 3 BOTO I38

C WRITE OUT STREAM/AGUIFER RESFONSE

744
340

WRITE (IMAP , 4264¢)
CALL MAP (5CRZ)
WRITE ( IMAP. 44883) TSA

IF (NSUB.E&L. ) GOTO 348

0 344 LSUB=i,NSUB
L2=NEHSUB+LSUE

WRITE{IMAP, 4414} L.SUB, RT{L2)
CONTINUE

CONTINUE

C WRITE OUT STREAM ELEVATIONS

35

WRITE (IMAF, S660)
CALL MAP (SCRI)
ENNT INUE

C WRITE OUT % ACCRETION

WRITE (IMAP, SOGG)
CALL MAP{SCR)

C WRITE NUT SATURATED THICKNESS

»

Leid
2664
@21
Jada
3lad
4g¢igh
4140
42003
4394
4313
4449
4414
Sigied
S50
S50
i

WRITE (IMAP. HB03)
CALL MAF (XM}

FORMAT{/, 6X, 'DRAWDOWN VALUES FROM 3@@. DATUM. (FT)'./)
FORMAT (1Y, /, 4%, "ELEVATIONS. (FT}!. /)

FORMAT{'1', /,6X, "RIFFERENCE {OPTIMUM-TARBET) IN ELEVATTONS(FTI Y,/
FORMAT (Y17, /., 6%, 'GROUNDWATER FUMPING IN ACRE-FEET?', /} _
FORMAT{/.6X, ' TOTAL REBIONAL GROUNDWATER PUMPING = '.El2. &)
FORMAT (Y11, /,4X, "TQTAL EXCITATION IN ACRE-FEET‘yf)
FORMAT (" 1%, /, 61, *RECHARGBE IN ACRE-FEET?,

FORMAT (" 17/, 4%, *STREAM/ARLIIFER RESPONSE IN AL E-FEET’-"
FORMAT (/. 6X, 'TOTAL, REGIONAL RECHARGE = ',ElW,

FORMAT (/. 4&X. *TOTAL RECHARGE 5 CH SUBSYSTEM ’\13:’ = 'L.G12. 43
FORMAT (/. 6%, 'TOTAL REBIONAL S/8 RESFONSE = *',E1Z.4)
FORMAT{/, 4%, ' TOTAL IMTERFLOW IN S/A SUBSYSTEM *'»I3,? == '.G12.4)

FORMAT (17, /. 6X: '"RECHARGE AS ¥ OF MAX. ALLOWABLE RECHAIGE /)
FORMAT(1?,/.6, W PUMPING AS ¥ OF MAX ALLOWARLE PUMPIME®, /)
FORMAT (P17, /,4X, *STREAM ELEVATINONG®, /)
FORMAT(' 1",/ 5%, Y SATURATED THICKNESS (FT)'. 5

RETURN

END
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SURROUTINE SEMSE

AR AR AR AR KKK KRR KK TR KR e 2 RO KX
PERFORMS SENSITIVITY ANALYSIS ON OPTIMAL RESULIS *
QUTFUTS CONSTRAINED DERIVATIVES oF QRJECTIVE FUNCTION #
WITH RESPECT 7O THE DECISION VAK;ABLES *
COMPUTES AND OUTPUTS MAXIMUM CHANGE IN & DECISION VARIARLE *

A AR A A AR T RO KR I RS o 0 50 RO o 2 35 AR T
COMMON/ONE/ ICELL - NVAR > NCH: NSA» TRCH. ITER -NCHSUR, KCH, I5US. [EHK. 1PTR.

COMMON/BUNCH 1/IS5TART, IMAX. JMAX, JSTART {33) 5 JENTI(3S)
COMMON/BUNCH 3/MCELL (35, 22) , NCHN{(33, 22) 5 ICH{562) , JCH{&2) . {CF (62)

*; [SW(I74)

COMMON/BLOCK 1/CA(683),AARI3B4,483),R(384) . B1384,384) . 13(354,327)

W (327}

COMMON/BLOCK 27X (683) . ITYPE{683) , XU{&E3} » XU A63) . XL (685

COMMON/GUA 1/G1(327,327)
COMMON/CONST 8/KOUNT. NIMAX,LP
COMMON/CONST 1 /N.NF, K, KE

COMMON/BLOCK 3/NS(3328) . NO(327},NN{483)

C
C D-ARRAY HOLDS PARTIAL OF STATES WITH RESPEET TO DECISIONS
C V-ARRAY HOLDS PARTIAL OF ORJECTIVE FUNCTION W.R.7T. DECISIONG

ITOUT=7

NF=N-KE
IDMAX=9.4

W—N*J
NI=N=2+{CH
Na=N#Z+K CH+NCHSUB
[CEL2=ICELL

-WRITE(ITOUT, [ 50)

00 86@ JIMX=1,NVAR
LD=ND (.JIMX}
DDMIN=13.E+13
IFV{IIMX) EG.4.8)G0TO 448
IF(VEIIMX) . LT. 8. 8) GOTO 434

C FIRST PARTIAL IS POSITIVEL

2649
19

158

348

IMIN={
AMIN=18,0E+{9

b 198 I=1,ICEL2
IF(D(I, JIMX) LLE. B d}EOTD 200

FOLIr={X(NS(I))-XL{NS{1))) /D1, JIMX)

IF (X0 (1) GE. AMIN) BOTO 200
AMIN=X0(1)
TMIN=1

CONT INUE

CONTINUE

DELS=AMIN

TUMIN=!
UMIN=19, FE+{9
DO Je@ I=1.ICEL2
[F{O{I, JIMX) . GE. . 8) GUT¢ 338
AO(Iy=(X(NSLI) ) —XUINS (1)) ) /T, JIMX)
IF(X0(1) .GT. UMIN) GOTO 354
UMIN=XQ{I)
[UMIN=1
CONTINLE
CONTINUE
DELSS=UMIN

C
C FIND MIN(DELS,DELSS)

L_)

&Y

DOMIN=DELS
IF {DELSS.LT. DOMIN) DDMIN=[DELSS
BOTO bod

CONTINUE

C edorsdmpkinnnz Y{(JIMY) ¢ @

IMIN=1
ARMIN=14d,8E+13
oo Sed =i, [CELZ _
IF(D(L, JIMOY . BE. . 9 E0TO 33
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556
S

C

750
/g

ADLTr=(XL N
IF(X0(D .6
AAMIN=ABS (X0 (]
IMIN=1
CONT INUE
CONTIMUE
BELS=AAMIN

IUMIN=1
UMIN=1ﬂ.E+1ﬁ
ng 7é@ I=1,i{CEL2
IF(D(I,JJHX} LE.#,8)G0T0 754
X0 (1) ={XUINS 1)) =X {NS{I3)) /DT, JIMX)
IF (XD (1), 8T UMINIBOTO 7358
UMIN=X0¢I)
TUMIN=]
CONT INUE
CONTINUE
DEL SS=UMIN

“XAMSCIY D) AT, 3aMN0

S(I))
E %?MI 1GOTG S5

c
€ FIMD MIN(DELS,DELSS)

544

bLag

Hig

529

g5d

8iid

C

| gl
TG
250
L ¥ola ]
SO

Sl

CONT INUE
DDMIN=DELS
IF(DELSE.LT,MOMIN) DDMIN=DELSS

CONTINUE
IF{LD.GT.M)GDTO 3t8
V{JIMX) =V {JIMBX) /. 435560
LXX=X (ND{JIMX))
WRITE (ITOUT, 28@3) LD, XX, V{JIMX) . DOMIN
50TO 858
CONTINUE
IF{LD.GT.N2)GOTO =28
LLO=LT-N
XAX=X (ND(JIMX) } /. 843564
WRITE(ITOUT, 386 LLD, XXXV {JIMX) - DOMIN
[OTO 858
CONTINUE
IF(LD.GT. NI} GOTO 538
LLD=LB~-N2
X X=X {ND(JIMX)} /. @435468
WRITE(ITQUT, 4806 LLD, XXX,V {JIMX) . DDMIN
GOTO 854
CONTINUE
IF(LD.GT.N4)ROTO S44
LLD=L0-N3
XXX=X (ND(JIMX) ) /. 343343
WRITE(ITOUT, SOQH) LLD, XXX, V{JIMX) , DOIMIN
GOTO 856
CONTINUE
LLO=LD-Ng
X=X (ND{JIMX) ) /.3420468
WRITE{ITOUT, &880 LD, XXX, V{JIMX) » DOMIN
CONTINUE
IF{DDOMIN.ERQ. DELS)WRITE (ITQUT, 728@) NS(IMIN)
IF (DDMIM.ER, DELSSIWRITE (ITOUT, 7453 NS (IUMIN)
CONTINUE

F??MAT(/;iX,’FINﬁL DECISION VARIAELES, VALUE, oY/DX, [MA!

¥,

FORMAT (1X, "DRAKWDOWN EM CELL *.I3.° VALUE = ’.E9.3$’ FT.% /4 2%y
oY /DX = Y,E9,3. AC-FT/FT. MAX I = ',E9.3

FORMAT (1X.*PUMPING IN CELL *,I3,* VALUE = ’»E? Jit AC-ET, '/ :hX7
®DY/DX = 7,E9.3,F AC-FT/AC-FT. MAY DX = ',19.7)

FORMAT{1X, "RECHARGE IN CH CELL ', I3,' VALUE = ',E%.3,!' AC-FT.!,
/L, 2% 10Y/0K = 1,E9. 3, AC-FT/AC~FT. MAX DX = ‘:E?.3)
FORMAT (1X. 'RECHARGE IN CH SUBSYSTEM *,I3,* YALUE = -?.W

¥ AC-FT. ' /02X 'DY/DK = *,ER. T, AC-FT/AC-F1. MAX D¥ = 1EQ 3
FORHAT(lX,’hESPONqE IN S/A SUESYSTEM ', 13,° VALUE = .5

k' RC-ET. 'y /2%, 'IV/DX = 1, E9, 3, " AC-FT/AC-FT. MAX Gx = E? 37
EORHQT(“K1’THE STATE X (NS(IMIM)}) ROEZ T LOWER LIMIT, 15 IMINY = °.

FOFMAT(ZX, ' THE STATE X(NS(IUMIN)) GOES TO LYFER LIMIT, M%(IUMIN) =
*7,15)




SUBRJUTIME HEADIN
T R o o o o Sl 0 o o R e R A o R R R R

C THIS bUERDUTINt DOES THE FOLLOWING : -
C 1. READS ANB PRINTS INFUT DATA
¢ Z. FORMULATE OUADRATIC FROGRAMMING FROBLEM IN STANDARD Fo
Lo e oA SRR AR A T TR MK TR R R I AR T O X R R K R e R R
B?ggg?/BLOEK 1/CA(&B3} . aA (384, 4683) «R(IB4) B (184,384} . 0(384, 3271,
L 2
COMMON/BLOCK 2/X (48B30, ITYPE{683) 4044837 AU{683) - XL {683
COMMON/GUA 1/81(327,327)
COMMON/FASTI 1/IPR,IREAD:Y
COMMON/CONST L/NaNF.K-KE
COMMOM/CONST 2/N1.N2: N3, Na NS, Nb
COMMON/KONST 1/IFREG
COMMON/CONST 3/EPSY.EPSV, ERSCO, EFSEH
COMMON/CONST 8/KCUNT:NIMAX, LP
COMMON/POUT/ IOUT
COMMON/KONST 7/ACC
COMMON/CONST 7/IFRINT
COMMON/RLDB 1 /IBLOB, [GMAY, IR
(240 o s e o Ao o R 30 2R 3K 0 o R AR O R 8 36t MR AT R A o

C
E REMEMBER TO CHANGE LIMITS IN LIMIT-CHECK AMM -MESSAGE DELCW

15 e S s e oo 3 e 2 e s 3 S 3 S o0 o 3 0K 30 AR 0 S o 0 R 00 e e e sk ol o ok ek ok ek ok o i
~
=) .

[F(IGLOB.ER. 2} GO T 9931
IF{.NOT, IREADLER. 1} GO TO 311
9999 FORMAT('=?/T3, 120 {1H*),/'-")
READl 1@, N.NF.K.KE, IGMAX
1989 FORMAT(S14)

r_, 1o she ok K K e a3 o o e ok 25 sk e ol e 23 ok o ok o e e e o sl e o6 ok e ol o e ok 2k A e ol e i e ke ek S s etk ke RO R KK ""'***IF*‘-W X
&

C FOR DIMENSION CHANGE, INCKEASE LIMITS ON N AMU K IN THE TWQ SUBSES
E STATEMENTS, AND IN THE FORMAT 97 MESSARE

311 CONTINUE

C IF K. GT. &8, OR. N.BE. &1, OR. N+K —KE. 6T, 126, R, N--U L. BT, &8) FRINTS7

$7  FORMAT(1Hi:TS,'LIMIT EXCEEDED K=68 N=&@  H+K-KE=126  N-KE=4@7 ' -
? IF(K.BT. &8, 0R.N. BE. &1, DR, N+K—{E. BT, 128, DR. N-¥E, BT. &)  STOP
CB***‘i******##*#******1***#*****4i****1**4ﬂﬁ*$#*m*4$*i**$*h#**i******ﬁh
&

IF{.NOT. IREALL.EQ. 1) BO TG 7941
READ 184, (CACD) ,ITYPE(D) - I=t. M)
{31 FORMAT(B{GB,3.12}}
03 L1 Isi:N
i1 READ 1483, (R(I,J)J=1,N}
oo 18 I=1.K
i# REARD 192, {(ARA(L.J}.J=1.0}
132 FORMAT (18GB. &)
READ 183, (R(I},I=1.:K}
193 FORMAT {1468, &)
READ 184, (XU(E) =1 .N}
READ 134, (XL (D), I=8LN)
READ 144, (XO{I),I=1,N)
134 FORMAT (19G8.8)
READR 165, EPSY,ACC,NIMAX.LP
145 FORMAT (268, ¢, 3131}
READ 184. IPRINT. IFRER, IDUT
i  FORMAT (I
15=i
16L 0 H=3
2] CONTINUE

———
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COMMENTS WERE DELETED BECAUSE NUMBER WAS UNAC{STABLE To 1ivt
FORTRAN COMPILER. LOOK IM TEST FORTRAN ON DILK HP24812 192 FOR
ORISINAL COMMENTS. _ '
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CIEROUTINE QPTHOR

315 o oo o o o ok oG e oK o o o A e o o otk e R

#****ti*#t***#*****##****!#*#**#*##*******#*****t*****?#3#*##***#**

LOGICAL KT, 1VPOS

COMMON/CON | /NSTAR
COMMON/CONST 8/KOUNT . NIMAK.LP
COMMON/GLOR 1/IGLUE. IGMAX, 1G
ICASEL=0

[CAGE2=d

READ AND PRINT INPUT DATA
FORMULATE AND PRINT STANDARED FORMULATION

CALL REABIN
PARTITION VARIABLES: AND PRINT TABLE OF CORRESPONDENCE
CALL PART
PARTITION AND PRINT MATRICES OF COEFFICIENM1IS
CALL PART AA
EALCULATE DELTA COEFFICIENTS
CALL IDELTA
CALCULATE CONSTRAINED DERIVATIVES
CALL CONDER
INITIALIZE ITERATION EOUNTER
NSTAR=9
KOUNT=8
CONTINUE
FIND NUMERICALLY LARSEST CONSTRAINT DERIVATIVE
IF POSITIVE, IVPOS=.TRUE.. IF NESATIVE, IVPOS=,FALSE,
CHECK KUHN-TUCKER CONDITIONS. AND FRINT OFTIMAL SOLUTIGN IF SATIGK

CALL MAXY{IVPOS, JMAX.KT)
IF(KTY B0 TO 1S5

FIMD HOW MUTCH THE VARIABEL CAN CHANGE AND WHAT IS THE RESTRICTIONM

IF (IVPOS) CALL CABEAL (ICASEL, JMAX, IMIN, IUMIN, GELL, DELY, DELS, DELES!
$6§£é§?T'IVPOS) CALL CASEAZ (ICASEZ, JMAX, IMIN, [1H4IN- DEL), DELY, DELS.

CARRY QUT THE ITERATIGN

IF(ICASEL.ER. 1} CALL CASEB1 (JMAX,DELD. 1)
IF(ICASEL.ER. 2. OR. ICASEZ.ER.2) CALL CASEBRZ(.JMAX.BELY)

IF (ICASEL.E&. 3. 0R, ICASEZ.EQ@. 3} CALL CASEBI (JMAX. IMIN,LELS.3)
IF (ICASE2.ER.4) CALL CASEB1 (IMAX.DELD.4)

IF (ICASEL.ER.5.0R. ICASEZ.ER.S) CALL CASEBI (IMAY. IUMIN, ML 58, 3)
CONTINUE

IF(,NOT.KT) G5O TO 28

FETURN

CONTINUE

.. KT CONDITIONS ARE MOT SATISFIED....

ICASE1=4
ICASEZ2=
oo TO {4

HI D-29

IT l



w DEFINE UPPER BOUNDS OF UNBOUNDED VARIABLES....
£ ANE LOVER BOUND OF FREE VQRIHBELh (ARTIFICYAL) .
00 11@ I1=1,N -
IECITYPE(L} EQ. &) XL(I)=-1gE1S
118 IF(XU(I).EQ.5.8) XU(I)=1p.Eld

C

C

£ DEFINE TOLERANCE FARAMETERS....
SUH—Q a
DO 26 I=I.N

SUM=SUM+ABS {CA(I))
IF{ABS{CA(I}) .NE.D,) II=1I+]
0o 24 J=1.N
IF (I, J}.NE.B. ) II=EI+1
£15) SUM=SUM+ABS (G (I, 1)}
AVERC=SUM/1I
EFSV=ARS (ACC*AVERL) +@.ada0a8a9¢ ]

11=@

SUM=d.

oG 95 I=4{,N

SUM=SUM+ABS { X0 (1}

IF(ABS{XQL{I})}). NE .} II=1T+1
93 CONTINUE

AVERX=8UM/11

ERShH= ABS(AEEtAVERX) +& . BEGGEEL

Ni=nN+1

NZL=N+K

NI=N+KE

N4=KE+1

NS=N+{E+1

M&= {N+K} - {(NF+KE)

N7=N+K~-KE

NT=N-KE

" CHECK WETHER THE FROBLEM IS L.F. OR a.P.

IF(LP.NE.2) GO TO 434

oo 321 I=1{,N

oo 321 J=i.N

IF{G(I, D.NE.§.) LP=4d

IF(LP.ER.@) GO TO 434
%2 CONTINUE

el wle

C ... .PRINT INPUT DRTA....
&
436  IF{IPR.NE.1} GO TO 7
PRINT 9999
PRINT 7998

JF(IBMAX.EQ. @) PRIMT 7272

IF(IGMAX.AT. @) PRINT 7273, IGMAX

IF(LP.5T.8) PRINT 322 _

FORMAT{*=!, T3, *THE PROBLEM iS LINEAR PROGRAMMING PROBLEM':

FET2 FORMAT('- ’,TS;'CONVEX PROGRAMMING PROCEIURE OMLYY)

7273 FORMAT (=%, TS, ! CONVEX PROGRAMMING + SEARRCH PROCEDURE? . /730 MAXIMUM
| MUMBER OF SEARCH ITERATIONS =?,14)

4998 FORMAT (TS, 'RUADRATIC PRDERAHHINE’)

34988 FORMAT (*-*, T3, 128 (iH~)./'8*%)
PRINT 9999
PRINT 199

199 FORMAT (1HL, TS, ' INFUT DARTS™!

FRINT 8288

Ry

r;

30
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PRINT 28@:N.K

266 FORMAT (' =1/'@", T3, "TOTAL NUMBER OF {RIGINAL VARIABLES®.,T44,!N=?,

1753, 13/'@?, TS, "TOTAL. NUMEER OF CONSTRAINTS!.T44,'K=',T54, [3)
PRINT 8888
FRINT 281
201 FORMAT(*-!'/"4", 7%, YINDEX", 728, "COEFFICIENTSY, T45, "TYPE OF',
1" VARIABLE?,T4S.'INITIAL SOLUTION', 785, 'UFPER HOUNDSY, Ti45,
2'LOWER BOUNDS®)
PRINT 282
202 FORMAT( =Y, 77,1 131, 'C(T) Y, TA9, YITYPE(T} Y. T7L, X011, T26,
2T, Tige. AL )
193 FORMAT(Y=*, 735,13, 748,733, T47,312.5, TBS,£12. 5. T105,E12.5)
P?éHTNﬁiﬂ, (I CACL)» ITYRELT) » XQUL) - XUCTY s XL A1)y I=1,N)
=N+
PRINT 193, (L. XO(I),.XU{E).XL(I). I=INZ,N7}

218 FORMAT(*-*,T5,13,T28,512.5,792, [1.,T47,812. 3, TRS, E12.5, T 145, E12, 5

PRINT 8868
PRINT 211

211 EgRU?T;';’hT7,’I’;TZB;'CGEFFICIENTS Q{I, 3} ")

21 PRINT 212, I.{Q(I:+J}+J=1.N)

212 FORMAT (', T3, I3, {/T28,8G12,3))
FRINT -8888

237 FORMAT(=1/74%)
FRINT 283
Do 28 I=1.4

28 PRINT 284, 1,R{I}, (AAC(I.J),J=1.N)

263 FORMAT (1X, T3 *CONSTRAINTY 2 T3, *RIGHT HAND? . 174, "COEFFICIENT MATRIX

zigilcg?§gﬁﬁlNTS'/T5»‘NUMHER‘aTZBs‘SIDE‘/T81’K’;T34:‘R€I}'3T861
284 FGRHAT(lHﬂvTé,13,T29a612.5,(IT45:7612.S))
FRINT 3888 .
CONT INUE

1111 CONTINUE

INPUT DATA ARE NOW READN AND FRINTEL
FORMULATE GUADRATIC PROGRAMMING PROBLEM IM STAMDORD FORM

DEFINE AUGMENTED COEFFICIENT VECTOR OF OBJECTIVE FUNCTION, CAC(I).

D0 31 I=N1.N7
ITYPE(I)=!
3t CA{1)=8.9
DEFINE AUGMENTED CDEFFICIENT MATRIX AA(L.J)
0O 48 I=1.K
D 42 J=N1:N7
AB(I, 1) =4.
IF {I-KE.EQ. J-N} AA(I.J)=-1,
42 CONTINUE
4% CONTINUE
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[yl el

71

78

CALCULATE SLACK VARIABLES AGSOCIATED WOTH INEGUALITY CONSTRAINTS

DEFINE ARRAY OF VARIABLES., ORIGINAL AND SLALK
ORIGINAL VARIABLES

BG 38 I=1.N
X(£)=XD(I)

SLECK VARIABLES, INEQUALITY CONSTRAINTS

o0 7@ I=t.K

StM=a.

00 71 J=1:N

SHM=SUM+AA (I, J3»X (]}

TK=N+1

LAAAA=SUM-R(I)

IF(I.GT.KE.AND, XX4XX.LT.-EPSD) B0 T 331
IF(.LE.KE.AND, ARS{XXXXX} . GT.EPSI} GO 7O 331
IF{I.LE.KE) R@ TC¢ 7@

A IN+HI-KE) =XAXXY

XLA{N+I-KE) =42,

TUEN+I-KE)Y=14.E18

IFCXCIK LT XL (K XL {IK ) =X (IK)

IF (X CIKYGT. XU(TK) Y XUCTK) =X (K}
CONT INUE
FRINT 218, {L.CGA(L)+ETYPE(L) X (1) XU{I) L XLATI}, I=2[M2,N7)
RETURN

PRINT 3321

FORMAT{(*-7/*@°,T3.* THE INITIAL SOLUTION IS MOy FEASIBLEY,
1/'@',Té, "THE FIRST VICGLATEDR CONSTRAINTS IS NMR!'. I3}

CONTINUE
PRINT 333, IK

FORMAT (1X, "WARIABLE NUMEER ',1I3,' IE LESS Thad LOWER BOUMGO)

CONT INUE
PRINT 334, IK

FORMAT (1X, "VARTABLE NUMBER '.13.' IS GREATER THAMN UPPER EOUNDY)

STOP
END

P



SUBROUTINE PART

C
CotorrmR iR KRR AR KRR KRR KRR KRR R AR 0 R e R kAR
C THIS SUBROLITINE MAKES THE PARTITION OF X(I) INMTO :
C 1. ¥ STATE YARIABLES. NS(I}, FREE + BUOUNDED
C 2. N-KE DECISION VARIABLES, ND(J). ZEROS + BOUNDED
ok R AR B Mook Ak o o R e o 2 K o K A R
5?2&%?/BLOCH 1/CA(&B3), AA{5B4, 6831 .R(3B4) . R{384,384) 5111 334.327) »
x o
COMMON/BLOCK 2/X {683}, ITYPE {4B3) » X({&83) XU (583}, XL (8E3)
COMMON/BLOCK J/NS(356) .NB{(327},NN(583)
COMMON/QUA 1/84{327.327)
COMMON/CONST 1/N.NF.K,KE
COMMON/CONST 2/N1 N2, N3 N4, NT N
COMMON/CONST 7/IPRINT
COMMON/FASTI {/IPR, IREAD.Y
NP=N-KE
N7=N+K-KE

SELECT FREE VARIABLES TD BE STATE VARIABLES
[EFINE ARRAY OF BOUNDED VARIABLES.NN(J)

J=1
I=1
DO 119 L=f.N
IFLITYPE(L) .EQ.8) NS{I[)=l
IF{ITYPE{L).EQ.B) I=I+!
IFCITYPE(L).BE. 1} NN(Ii=t
IFUITYPE(L) \GE. 1) I=J+1
1193 CONTINUE
OG0 111 L=N1,N7
MNN{JY=L
J=J+1
L1l CONTINUE

SELEET BOUNDED VARIABELS FAREST FROM THEIR LIMITS TO HE STATE
OG 18 I={.N7
1 XO(T)=X(I)
[S5=NF+1
IF4{ISS.6T.K) [/ 7o 37
Bo 11 I5=18S.H
XMAxX=4
MAX=4
0o 12 L=1.Né
CC=AMINI {XLHONNCL) J=XO(NN{LY ) - XCENNEL) ) XL (NN 1)
IF{CC. GE. XMAX) MAX=L
IF (CC. BE. XMAX) XMAX=CC
iz CONTINUE
IF(IS,LE.N)MAX=I5
IF (IS, AT . N} MAX=IS+N
NS{I5)=NN (MAX)
0 (NN (MAX) ) =-1PE2
11 CONTINUE

L e el

oI
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1IN0

£
C
™

&7
4a1
432
443

494

1184 Y=Y+CA(I1)*X (1)

SELECT REMAINING VARIABLES TG BE CECISION VARIABLES
SELECT REMAINING NON.NER VARIABLES T0 BE DECISION VARIABLES
00 121 L=1,Né

TF (. NOT. XO(NN{L)) .EQ. ~1#E12) NO(J)=NN (L)

IF {.NOT. XO(NN{L) ) . B ~19E12) J=J%1

CONTINUE .

'PRINT TABLE OF CORRESPONDENCE

IF(IPRINT.EG. 1) GO TO 2587
PRINT 409

Eng?Téé?izTST’TABLE DF CORRESPONDANCE?® . /7=*)
1

FORMAT{TSs 'STATE VARIABLES?, /'@ TS, TNS(I)', T3 TXINS(I} 1)
PRINT 4482, (NS(I}, X(NG({I}}.I=1.K)

FORMAT(T7. [3,T3L.812.3) .

PRINT 443

FORMAT{'=*, 73, "DECISION VARIABLESY, /@', T3, 'MI(JY', T34,
LPXINDLTY)T)

FRINT 484, (ND(.J) . X(ND{J}}J=1.NT)

FORMAT(T7,I3.731.612.3}

2687 CONTINUE

CALCULATE INITIAL VALUE OF OHJECTIVE FUNCTION

IF(IPR.NE. L} B0 TO 7
¥=4.48
Do 1188 I=1,

N
I
YY=14,d

DO 2477 I=1.N
DG 2477 J=1:N
YY=YY+RI1, I3 X (1) »X{])

2677 CONTINUE

C
C
G

Y=Y+@. SeYY
FRINT INITIAL VALUE OF OBJECTIVE FUNCTION
PRINT 1183,Y

13 FORMAT (7= /TS, PINITIAL VALUE OF DBJECTIVE FIMUTION, Y=*, 754,

1512.5/% )
PRINT 9999

9999 FORMAT (' =1/T3, 120{tH=),/1=1)

7

CONTINUE
RETURN
END



SUBROUTINE PART AA

GBI o AR R R AR R AR A AR RN B AR
c THIS SUBROUTINE MAKES THE PARTITION OF AA(L,J! INTD
C t. THE KK COEFFICIENT MATRIX B{I.,J) OF ETATE VARIAELES
C 2. THE K*N-{E COEFFICIENT MATRIX D{I.J) OF DECISION YARIABLES
o EE LT EEE P PP PR P PR R P L L T IR FE P T PP TR P L
s?gggnyLOCK 1/CA(4B3) 1 BA (384,483} 1 R(384) , B (304,384} ,D (184, 327} 4
L
COMMON/BLOCK 2/X (4833 . ITYPE (483) » XG (483} . XU LGRS}, (L (GBT}
COMMON/BLOCK 3/NE (J54) - ND (327}, NN{483)
COMMON/CONST 1/N.NF. K. KE
COMMON/CONST 2/N1.N2,NJ, N4, NS\ No
COMMON/CONST 7/IPRINT
NP=N-KE

DG 18 I=4.K
oo 18 I=1,K
14 B(J.[)=AA(J.NS(I)) -
0g 28 I=1,N9
OG0 28 J=1,4
gﬁ DI, 1) =—AA(JIND(L}}

g PRINT PARTITIONED MATRICES B(I.J} AND C{(I.]J}

IF{IPRINT.EQ. 1} G0 TQ 2457
IF (IPRINT.EQ.8)B0TO 2487
PRINT 308 _

SﬁEIF?agﬁf(lHi:TS,’C“EFFIEIENT MATRIA OF STATE VARIABLES B{I,J5)°
PRINT 583

SH#3 FORWAT(T7,'17,7T88,'8(1,15)")
oD 581 I=1.K .

991 PRINT 362, I, (B(I.J5).J8=1,K)

S#2 FORMAT{1HE.T3,13,{/T29,8612.3))
PRINT 285 :

345 FORMAT('-'/TG,
1*COEFFICIENT MATRIX OF DECISION VARIABLES D(I..MD}?./7@%)
PRINT 586

596 FORMAT(T7,717,T784, 101, I ")
D0 587 1=1.¥

S47 PRINT 308, [, (D(1,JD).J0=1.N9)

348 FORMAT (1H@. T3, 13, {/729:8G12.5))

CE&Q? CONTINUE
c

RETURN
END

D-35



SUBROUTINE IDELTA

.

{2 o R 3 AN AR A B OR TR A A B R AR R R 3 OO RN R TR RO

i THIS SHBROUTINE CALCULATES THE DELTA COEFFILIENTS BY GAUBS ELIMINA

C IF NEW PARIITION IS NEEDED SUBROUTINE MNEWPAR 15 CALLET

G THE MATRIX D{ , )} STORES THE LDELTA( . ) COEFFICIENTS

O Ao oo k0o A AR AR IR IR R O 3 K A e Rk R Rk
COMMON/BLOCK 1/CA(&83),AA(384,483),R(384),B8(384,384) , 11384, 327) ,

L]

*/ (327)
COMMON/BLOCK 2/X(683) , ITYPE{(423) - X0 (683} . XU (583} . XL (&BT)
COMMON/BLQACK 3/NS {354}, NEH327) . NN (5681)
COMMON/CONST 7/IFRINT
COMMON/CONST 1 /NsNF.K.KE
EFSA=G, J900063 1
MI=N-KE
1=t
1 [I=1+1
CxsxxsF IND LARGEST ELEMENT IN COLUMN Iwxaak
99 IMAX=I
BMAX=ABS(B(I.I}))
IF (BMAX.BT.EFSA) B0 TO 196
o 14 L=II.K
IF(ABS(B(L, 1)) .67.BMAX} IMAX=L
IF (ABS(B(L,I)}.57.BMAX} BMAX=ABS(B(IMAX.I)}
1@ CONTINUE
CnexsLARGEST ELEMNT IN COLUMN I=B(IMAX, ) xexxx
IF{BMAX.LE.EPSA} CALL MNEWPAR(I}
[F {BMAX.LE.EPSA} B0 TO 99
C#*t*téﬁTE?Cﬁﬁ?EE ROWS. MAKING LARGEST ELEMENT THE FIYOT#sw®w
| =1,
X&=B(1. D)
B{I, J)=B{IMAX, J)
B{IMAX. 1) =XX
L1 EONTINUE
Do 12 J=1.N9
A=D1,
DI, 1}=D{IMAX: D)
D{IMAX, J¥=XX
12 COMTINUE
CxrwxxPERFORM BAUSS OPERATIONSkxm%x
e DO 13 L=II1,K
IF{ABS(B(L.I}),LT.EPSA} GO TD 13
B{L.I}=B(L,I} B(Ir H
0o 14 J=1{1.K
B (L. J)=B{L.J)-R(L: I)*B(I )
14 IF{ABS(B{L. 1)) .LE.EPSA} HIL.J}=8.
Bo 13 J=1,N9
15 DML, 3Y=D(L, D -BL, 1) =01, )
{3 CONTINUE

]
I

3B

o



I=I+1
IF(ILLT.KY GO TO
CarexsMATRIX 18 NOW UPPER TRIANGULAR: AND I=( ewwmx
IF(ABS{B{K,¥)}.LE.EPSA) CALL MEWFAR{I)
Cx#xxePERFORM GAUSS OPERATIONS DACKWARDS kimxx
2 CONTINUE
I2=1-1
oo 21 L=t 12
Li=I-L
B(LL, I}=B{LL, I)/B{I,I)
IF(ABS(B(LL, I)}.LE.EPSA} B0 TO 21
pe 22 J=1.N9
22 D(LL D =D(LL, J)=R(LL, D sB¢I, D)
21 %G?T%NUE
IF{I,GE.2) GO T0 2
CoovsxaIIVIOE BY DIAGONAL ELEMENTdeskndx
DO 23 I=l:K
DG 23 J=1.N9
DL, =D{I.J3/B(I: I}
23 IF{ABS(D(I,J)).LE. EFSA)D(I;J}-M
L .+« PRINT DELTA(I,
IF{IPRINT.EQ. 1} B0 TD 2487
IF (IPRINT.EQ. @) GOTC 2687
FRINT 32
32 FORMAT(*-1/14", TS, "DELTA COEFFILIENTS?)
oo 33 I=1,K
34 FORMAT (1HB, TS, I3 (/T1E. 18612.3))
24637 CONTINUE
RETURN
ENR

¥



L. .
- SHUERQUTIMNE MEWPAR(L}

R P P L P P LT R e R PR T R P PP FES LB P T T
» THIS SUBROUTINE MAKES NEW PARTITION BETVEEN STATE WARTAREL I AND o
C EACH IN FOLLOVING ORDER.

C 1. GTATE VARIABEL WITH HIGHER NUMBER

™ 2. DECISION NOT ON ITS BUOUNDARY

8 3. DECISIOM ON ITS BCOUNDARY
L
c
C

THIS SUBRQUTINE ALSO CONSTRUCTS NEW COLUMS [N THE B AN U MATRIXES
GAUSSIAN ELIMINATION PROCESS CAN BE CONTINUED IN COLUMN I

SRR B AR R0 R OO AR O R TR R SR A R AR O R
S?ghg?/BLDCK 1/CA(4BT) +AA(IB4, £B3) R (384}, B (5364, 384} - D (184,327},
*W {37
COMMON/BLOCK 2/X (6831, ITYPE (683) . X0 (683} XUi483), AL {583)
COMMON/BLOCK 3/NS (3561 - NO{3Z7) - NN (4683)
COMMON/CONST 7/IPRINT
COMMON/CONST {/N:NF. K. KE

EPSA=@. fagaaaa 1

—
)

NG=N-KE
L
C FIND IF STATE VARIABEL OF HIGHER NUMBER HAS NONIERQ ELEMENT
£
11=1+1
IF(ILEQKY B0 TO 19
Do 16 J=II.K
Do 17 L=I,K
IF{ABS(B{L, J) )} .GT.EPSAINSE=]
IF(ABS(B(L.J)}.GT.EPSA} AD TO 18
17 CONTINUE
1 CONT IMUE
c GO TG 19
£ CHANGE FARTITION OF STATE VARIABELS I AND NGS5
C

13 CONTINUE
IF{ITYPE(NS{I)}.EGl, 3, AND. [TYPE (NS (NSS) ) NE. #) NN (N+K-KI)=7
F“ﬂ#*THISNéS ;0 INDICATE THAT NOW THE NF FIRST STATE ARE NQOT &L FREE 43
JJ=NS (I
NS (I)=NS (NS5}
NS (NS§i=JJ
IF{IPRINT.NE. 1) FRINT 8!.1.NSS
FORMAT (*~*/>-*%, 'CHANGE PARTITIOM BETWEEM STATE VARIABELS ’,2I[3)

CHANGE TWO COLUMNS IN B MATRIX

oo 28 J=1.4
103 =8(J: 1)
B{J: I)=B{J.NES)
B({J,NGE}=X0 (T}

Rt CONTINUE
RETURN

[ R lac]
—
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ol

CICICICIL

TRY T FIND MONZIERGC COLUMNS AMONG NONZERD DUCISICNS VainiargLs

CONTINUE
OG22 J=1,N9

IF(ABS(X(ND(J)) AL(ND(J))).LE.EPSR.OR.ABS (XUIND (I} =X (ND(J)) ) .LE.E

o
<
s
[
[
n
—
7:

T.EPSA Lb=J

IF(ABS(D(L J)).E
Ji},BT.EPSA} GO T 38

IF (ABS (D (L.,
CONTTINUE
CONTINUE

TRY TO FIND NONZERO COLUMS WITHIN ZERC DECISIONS VARIAEELS

B 23 J=1.N7

IF(.NOT.ABS (X (ND(IY-=-XL(ND(J})) . LE.EPSA.OR. ARSI XL {ND{.T) ) ~X{NB(J) )}
$.LE,EPSAR) GO TO 25

g 26 L=I,K

IF(ABS(D{L.J}},5T.EPSA} LD=J

IF(ABS{D{L.J).BT.EFSA B0 T 36

CONTINUE

CONTINUE

PRINT 77

FORMAT('3', TS, ' SOMETHING IS WRONG NO E&UATIONG OF STATE CAN BE?.
iéTﬁHTAINEﬂ’

OF

CHANGE PARTITION BETWEEN STATE I AND DECISIOM D

CONT INUE
J=NS(I)
NG (I)=ND(LD}
ND{LD)=J]
IF {IPRINT.NE, |)PRINT 88,,LD
FORMAT (* -2 /%=1 /1=7, "CHANGE PARTITION BETWEEN GTATE *. L,
1? AND DECISION '.[3)

CHANGE TWO COLUMNS IN B AND D MATRIXES
By 33 J=1,K

“XO(Ir=8{J, I}

B(I, 1) =-0{J, LD
[T, LD =-XQ{T)
CONTINUE

IF THE STATE VARIABEL WAS FREE VARIABEL MAKL 7 BOUNDED WHEM IT &

DECISINON VARIABEL.

IF(ITYPE(ND(LD)).ER. 1} RETURNM
XU{MD (LD} )=18.E1D

XLAND(LD) )=—1{@,ELlD

NN (N+K-KE) =7

RETURN

END



SUBROUTINE CONBER

£ v o oo i e oo e a0 o I o 0 0 e R e o R e ek R e e e

{: THIS SUBROUTINE CALCULATES THE CONSTRAINED RERIVATIVES oF THE ORIE
£ FUNCTION WITH RESPECT T THE NON NEGATIVE DECIGSION VARIABLES
C IF THE PROBLEM IS L.P, THE CODE USES DIFFERENT FORMULA T¢ CALCULAT

(ot o sl o o 0 A o 3030 T o2 N o o R o o R o o
g?gng?/BLOCK 1/Ca{583) . AA (384,483, R(384) B (IB4,384) , D (384, 3277 .
* £
COMMON/BLOCK 2/X(&883) . ITYPE(483), X0 (48B3}, KU (6B} . XL (48T
COMMON/BLOCK J/NS{334) -NO(J27) NN (48T}
COMMON/CONST 8/KOUNT, NIMAX.LP
COMMON/QUA 1/01(327,327)
COMMON/CONST 7/1FRINT
COMMON/CONST 1/M.NF K/ KE
COMMON/CONST 3/EFSY. EFSY, EPSLO, EFSH

L THE MATRIX B{ , } STORES THE RELTA{ . ) COEIFICIENTS

NF=N-KE .
IFILP.NE. @) 30 TO 499
00 148 J=1.N9
V(J)=8.
Do 19 1=1.K
Wa=4,
IF{NS{I).GT.N} 80 TO 14
IF{D(I, 1) EQ.S.) GO TO 23
Do 11 IR=1.,K
IF(NS(IR).GT.N) &2 TO 11
WA=WA+E (NS {I) NS (IR} ) *X {(NS{IR)}
11 CONTINUE
Da 12 I7T=1.N9
IFIND(IT).GT.N) GO TO (2
WA=WA+RING (I} ND{ITH) X {ND(IT)}
12 CONTINUE
WEA=WA+CA(NS(I})
VI =V (1) +Waeli(l, J)
24 IFIND(J).GT.N} BO TO i@
VD=V (J) +R{NS(I) ND(J}) X (NS(I}}
tof CONTINUE
IFI{ND{(J).GT.N) BG T 24
Ty 13 IT=1+N9
IF(ND({IT).GT.N}Y GO TO (3
VITI=V (Y +(ND(ITY NBCT)Y Y X (ND(IT}}
13 CONT INUE
21 Vi3 =Y () +CAIND(IY)
IF(ABS(V{])).LT.1.E=9)} Vi) =@.d
{68 COMNTINYE
B0 TO 441

—
13

J——



c CALCULATE %(J) BY L.P. FORMULA

4G CONTINUE
[0 462 J=1.N9
VE{JY=CAIND(I))
DO 463 I=1.K
43 V(I=V(J1+CANG (L)) «D(I, J}
4@z IF(ABS{(VIID) . LE, 18.E-1@) Y{J)=4.

L DEFINE ALL THE TAU COFFICINTS AS ZERC IN L.é. LASE
g

0¢ 494 J=1,N9
00 4684 1=1,N9
4g4  B{I.J)=8.

g PRINT CONSTRAINED DERIVATIVES
@l IFUIPRINT.EQ.I)} GO TO 2687
PRINT 988
a3 gg?g?Téé;‘/TS,‘CONSTRAINT DERIVATIVES v{ ")
P9 FORMAT (1K@, /@', TS ' INDEX OF DECISION VARIAEBLE', 744,
L' CONSTRAINT DERIVATIVEY /T@Y, T17:7.J1,T48, 1V}, /110
PRINT 2@2, (J,¥(J)}.J=1,N?} .
992 FORMAT{T15,[3,7T44,612.3)
2497  RETURN
END



SUBROUTINE M&XY (IVPOS, JHAX. KT}

A

]

R KRR AR KRR R KRR KRR ROk E R IR R R R TR R R R KR 2 L AR AR
THIS SURRCUTIME FINLIS THE NUMERICALLY LARGEST {ONSTRAIWED DERIVAT!

IF v{3) 15 POSITIVE, IVF0S=,TRUE. _

IF ¥{I) IS NEGATIVE. IVPOS=,FALSE. . : -

THIE SUBRQUTINE ALSC TECKS THE KUHN-TUCKER COMOITIONS
{. KT-CONDITIONS SATISFIED @ RETURN KT=.TRUE.
2. KT-CONDITIONS NOT SATISFIED : RETURN KT=.FALSE.

%EDTHE DPTIMUM IS REACHED,I.E. IF KT=.TRUE., THE GPTIMAL SOLUTION

AR R AR A R B R R R O R T AR R AR R R RO R R Rk
S?Hﬂg?!BLOCK {/CA(683Y . AA(3B4, 6830 R (3B4), B (14, 3B4} . D(384. 327}
"W A3
CoOMMON/BLOCK 2/X(&83)+ ITYPE (683}, KD (BT} . XUL&HT} AL (ART)
EOMMON/BLOCK 3/NS{334) ,NB (327} . NN{4BT)}
COMMON/CONST 7/IPRINT
COMMON/ENTER/NEW
COMMON/CONST 1/M.NF 4 KE
COMMON/CONST 3/EFSY.EFSV, EPECD.EPSD
LOSICAL IVPOS
COMMON/RUA 1/R (327,327}
DIMENSION YSTAR(S@)
COMMON/FASTI 1/IFR, IREAD: Y
COMMON/SLOB 1/IGLOB. IGMAX. IG
COMMON/CON [ /NSTAR
COMMON/CONST B/KOUNT . NIMAX.LP
LOGICAL KT

OoOOOnOC e

.

NP=N—KE
c N7=N+{-KE
C ... COUNT ITERATIONS....

KOUNT=KOUNT+1
LE{KOUNT, BT. NIMAX) PRINT 1149
(139 FORMAT (*-*/T75, 'MAXIMUM NUMBER OF ITERATIONS EXCEEDED.’,
1* STOP, THE PRINTED GPTIMAL SOLUTION [5 NOT CORRECT?,
2 US IT A5 AN MEW INITIAL SOL'}
9888 FORMAT('-1.T73,128(1K=),/14*)
KT=.TRUE.
IF (KOUNT.GT.NIMAX} 50 TO 341

"
C FIND THE NUMERICAL LARGEST FEASARLE CONSTRAINEM UERIVATIVE TO CHAM
g IF NONE IS FEASABLE (JMAX=#) THE KUHN-TUCKER LONDITIONS ASE SATISE
77 MAX=G

VMAX=@. 8
Po (208 J=1.N9
IF{ABSIV(D) } ,LT.EPSV} GO TO 1200
IF V() GT.ZRPEV.AND X (ND (33 ) =XL(ND(J} } . LT.EFSIH 30 TO {240
IF (v 63) LT, (~EFSVY LANLL XAND D) ) LGT . AXUMEDL ) ) -CPSTN Y 0 T3 1204
IF{ABS{V(J}).GT.ABE (VMAX)) GG TO 1Z6!
G0 TO 1200

1241 CONTINUE
YMAL=VY (D)
JMAX=3

{243 CONTINUE

c IF{IMAX.ER.G) B0 TO 344

c héﬂ‘CALCULATE TAU FOR IMAX....
=1
CALL NEWVAL (JMAX, IMIN)
C END OF LQOP, VMAX=Y{IMAX) AMD JMAX DETERMIMLD
IF (VMAX.GT.4.8) IVPOS=,TRLE.
[FivMAX. LT. 4. 8) TVPOS=,FALSE,
TF=nD{IHAX)
A T=.FALEE.




FRINT MAXIMUM CONSTRAINED DERIVATIVE, AND VARIABLE 70 uE CHANGELD

EFCIPRINT E@RL L) a0 70 L7
FRINT 1211, WhnX
[211 FORMAT (TS, "MUMERECALLY LARBEST COMSTRAINT DRRIVATIVE, WMaX=?,TaH,
$G12.5,//) - ’ -
PRINT 1213, IP
[213 FORMAT (TS, *VARTABLE TO BE CHANGED:X (IP}=X(ND{JHAX}).IP=*',T64.13./}
PRINT 1215, JMAX
1219 FORMAT (187, T44, ' IMAX=",T46: 13, /)
PRINT 1216, X(IP)
{216 FORMAT (T4, ' X{IP)=",Tod, G12.3)
IF(IVPOSIPRINT 1214
IF (LNOT, IVPOGIPRINT 1219
1214 FORMAT{'@, T3, 'IF V{IMAX) IS POSITIVE, IVPO4=.TRUE,'./T3,
§:I$R3éJv?x) 1S NEGATIVE. IVFQS=,FALSE.'./'8',73.'IVP0OS=",T46,
1219 FORMAT ('3, TS, ' IF V(JIMAX) IS POSITIVE, IVPUG=.TRUE,?,/TS.
$IF V(JMAX) IS NEBATIVE, IVPOS=.FALSE.?. /3,715, IVP0&=, TG,
$° FALSE. ")
26@7 CONTINUE

C

o CALCULATE VALUE OF (ORJECTIVE FUNCTION
{F(EPSY.EQ.3.4) GO TO 7

341 CONTINUE
Y:ﬁ. ﬁ
Do 11898 I=1,

1igg Y=Y+CA{I}=X(

YY=4.0
o 2477 I=1.N
o0 2677 J=1,N
YY=YYHRL(DL, J) X (13X (D)

2677 CONTINUE
Y=Y4+d, JxYY

«-.+IF THE CHANGE OF Y IN FIVE ITERATICGNS (5 LESS THAN EFSY 1

IF(XT) GO TO 1@
YSTAR(NSTAR} =Y
IF(NSTAR,LE.3) &0 TO 14
CDELTAY=ARS (YSTAR (NSTAR) -YSTAR (NSTAR-3})
IF (DELTAY.LE.EPSY} KT=.TRLE.
IF (DELTAY.LE.EPFSY! PRINT 28

2 FORMAT(Y=! /T3, 'LITTLE CHANGE IN CBRJECTIVE VALUEC IN FIVE'.
{? ITERATIONS -~ STOR®, /'=?)

19} CONTINUE
CONTINUE
NSTAR=NSTAR+1

IF{.NOT.KT) RETURN
FRINT OPTIMAL SOLUTION

IF{IPR.NE.1) 30 TG 8
PRINT 1ial .
1191 FORMAT (' /'@, TS, "OPTIMAL SOLUTION? s /Y=Y, TS, P 1, TE@, H4 {1
PRINT 1182,(1,X(1),1=1,N7)
1192 FORMAT{1H®, T3, 13, T6.612.3)
PRINT 9999
PRINT 11413, Y
[1B3 FORMAT (*-* /TS, "MINIMUM VALUE of OBJECTIVE FUMDTION,Y=!,
1TS@,G12.3)
FRINT 9999
PRIMT 11834, KOUNT ]
f1@4 FORMAT (*-* /T35, 'NUMBER OF ITERATIONE =%, 734,13
FPRINT 9999
299 FORMAT (*-? /TS, [28(1H») . /-7
3 COMTIMUE
RETURN
EL

[t
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SUBROUTINE NEWVAL (JMAX, IMIN)

3 e e O R R R KR A R R N R o e SRR K e B K R KRR

THIS SUBRQUTINE CALCULATES NEW DELTAS AND ONE SET OF TAU COEFFICIE

WHEN CALLED FROM SUBROUTUNE MAX

{N L.P. CASE IT DOES NOT CALCULATE TAU COEFFICIENTS.
T L e I T e LT T L TR ST T T T
g?gﬂg¥/BLOCK 1/CA{AB3) , AA {384, 683} ,R (384} B (184,384}, {384, 327}
{3 Z

COMMOM/BLOCK 2/X {682} . ITYPE (6483) » {0 {483}, XU {SHBT) + XL (AB3:}
CUMMON/BLOCK 3/NS{3346) , NINIZT7) - NN{683)

COMMON/QUA L/Q1{327,327)

COMMON/CONST S/KOUNT . NIMAX.LP

COMMON/CONST 1/N.NF K KE

COMMON/CONST 7/IFRINT

COMMOM/CONST 2/N1, NZ: NI, N4, NS, N6

COMMON/ENTER/NEW

EOMMON/GLOB 1/1GLOB. [GMAL, 15

DIMENSION Z{583)

THE VECTOR fO(N+K} 15 USED FOR LOGALISED STORMASE

THE MATRIX 8( . ) STORES THE TAU( , ) COEFFICICNTS

THE MATRIX 0f . ) STORES THE DELTA{ , 1 COEFFICIENTS

IS‘QEEQEQ-1> GO TO 2687
MEW DELTA COEEFICIENTS

Z{1)=0(1, JMAX}

CONTINUE

DR 1999 J=1.NM9

A0 =D{IMIN. 3)

CONT INUE

LELTRP=0{IMIN, JMAX)

DO 2881 I=1.K

IF(Z(I)Y.ER.#.}) B0.TH 2881

) 2882 J=1.N%

ML DN=0{1, 1) -2{1)+X0(1) /BELTRP
IF{ABS{D{I,J}}).LE.1.E-8) D(l,3)=4.
coNTINGE

CONTINUE T T
0o z2@a9 J=1,N9
DLIMIN, J)=-%0 () /DELTRP

CONTINUE

0o 2933 I=1,¥

DCI, jMAXY=Z (1) /DELTRP

COMTINUE

OD{IMIN. JMAX) =1, #/BELTRP

——




[N

c PRINT NEW DELTA COEFFICIENTS
IFCIPRINT.EQ. L) GO TO 24687
IF{IPRINT. ECL #)GOTO 2687

PRINT 2644

2B@4 FORMAT (' =1/TS,'NEW COEFFICIENTS BELTA(I.J',/'=7)
PRINT 2945

2005 FORMAT(TS,’ INDEX*®,T73,'COEFFICIENTS® /1@, 17,17, T76,
1*DELTA(I. D) /@)
Do 2886 I=1.K
FRINT 2887, 1.(D{I,J),J=1.NTF}

2007 FORMAT (1HB, TS, 13. (/T44,7312.3))

204 CONTINUE

2687 CONTINUE
IF (NEW.ER.2) RETURN

i
!

[F(IBLOB.ER. 1} RETURN

C

C

E . .CALCULATE NEW TAL COEFFICIENTS FOR OME STAYTE VARIABEL OMLY....
IF{LP.GT. & GO TO 732
[T=IMAX
NF=N-KE
DG 14 J=L:N9
TA=4,
O 15 I=1.K
IFINS(I).GT.M) GO TQ 13
IF(D(I,J}.ER. @) 20 To 21
TAR=4.
DO 14 IR=1.K

IFINS(IR).GT.N) BD TD 15
IF(R(NS(L)NS(IR}}.NE, 7} TAASTOAHI(NS(I) NS(IR) 1 #D(IR. 1T}
14 CONTINUE
TA=TA+TAR*D(T, 1)
JFIND(IT) .LE.N)TA=TA+G{NS{I) . NO(IT)) «0{I. 1)
21 [F{ND(J}.BT.N} 80D TO 13
TA=TA +HI(NS(I} . ND(J})»D(I,IT}
13 CONTINUE
B{I.IT)=t4 -
[F (ND(J} . LE. N AND. ND(IT} LE Mp o B(J:ITI=BAJ ITr+R(ND(3y  M{IT):
IF(ABS(B(J, [T} .LE. L.E-B) B(J.IT)=d.
4 COMT INUE

..« .PRINT TAU COEFFICIENTS....
IF{IPRINT.EQ. 1} GO TO 2448
IF (IPRINT.EG. 8)GOTC 2548
PRINT 897
897 FORMAT(?-* /TS, *CONTROLITAUCT, ITY P/ @, 77,0 7 104, P TAUCT 1T 1 v d
PRINT 895, (B(J.IT},J=1,N%9}
895 FORMAT(*@',T3, 13, {/T28,8612.35))
2648 CONT INUE

NEW=9

e L)

L
[N
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SUBROUTINE CASEA!L (ICASEL . IMAX, IMTN, IUMIN. DELD, DELY. DELS, DELSE!

EREEEREE SR EEE SR LRSI EESEEEELEREELIAESEREREEELEESSEESEEEEE BRI ESE EEED

C

E

c A4 DECISINN VARIABLE @DES T ITS LOVER LIMITS ICASEI=!

c A CONSTRAINED DERIVATIVE GOES TO IZERD @ ICGASEL=2

c & STATE VARIABLE GOES T ITS LOVER LIMITES ICASEI=3

£ A STATE VARIABEL [ES T ITS UFPER LIMITS ICASEl=S

Ot o AR A oS 0 o R 0 R o R AR A R 2 R R o A
S?%M%?/BLDCK 1/CA{&83) »AA(384, 683} , R (384} . B (284,384} ,D (284,327},
W {32
COMMON/BLOCK 2/X {433}, ITYPE(S83) , 0146830 - XU(4B3) - XL {6E3)
COMMOM/BLOCK 3/NS (3354} NB(327), NN (4B}
COMMON/GLOB 1 /1GLOR. IGMAX, 16
COMMON/CONST 1/N.NF. K. KE
COMMON/CON 1 /NSTAR
THE MATRIX T{ , )} STORES THE DELTA( . ) COEFFICIENTS
COMMON/CONST 7/IPRINT
THE VECTODR XO(N+K} IS USED FOR LOBALIZED STURAHE
THE MATRIX B( , ) STORES THE TAU{ , ) COEFFICIENTS

IF{IGLOB.ER. I} G TO 2&87
IF{IPRINT.E®R.1Y BO TO Z&a47
PRINT {729 )
1729 FORMAT('-7/T73, "CASEAL : VMAX(J)=V(IMaX) IS PURITIVE?)
PRINT 19, JHMAX
19 FORMAT (1HE, TS, * JMAX=",T14:13)
2687 CONTINMUE

oo O

C
L ..+« THE MINIMUM OF DELI, GELV.DELS.IELSS DETERMINES WHERE TO G0
C
€ .« DEFINE NELO....
. DELO=X {NLH{IMAX) } =XL (ND{IMAX))
G ..+ CALCULATE TELS....
IMIN=1
AMIN=1.E18
NE=NF+1
IF (NN (N+K-KE} . ER.7) NB=1
00 1362 I=N8,K
IF{D(I.JMaX) . LE. @.8) B0 TO (303
FO(T)={X(NS{T) Y =XL (NS (1)) ) /04T, JMAX}
IF(XO(D)LLT.AMIN} B0 TD 1383
a0 TO 1385
1333 COMTINUE
AMIN=XO (I}
IMIN=]

1345 CONTINUE
1342 CONTINUE
? END OF LGOP @ AMIN=XO({IMIMN) AND IMIN DEYERMINED

DELS=AMIN

—_



o008

o

.« CALCULATE DELSS....
TUMIN=1
UMIN=13.E195
DO I8 I=N&,K
IF (D(I. JMAX},GE.8.8) B0 TO 31
X (I =(X(NS(I})=XU(NS{I}})/D(I.JMAK}
IF(XO(IY.LT.UMINY @0 TO 32
&) To 21

32 COUNTINUE
UMIN=XO{1)
IUMIN=I

J1 COMTINUE

36 CONTINUE

< UMIN=XO(IUMINY IS NOW DETERMINED....
DELSS=UMINM

TF{IGLOB.EQ. 1} B0 TO 24618
TF((DELS.EQ. #. 5. OR.DELSS. EQ, . #) . AND. IPRINT.ME, 1} FRINT 3127

8127 FORMAT (*=?,7T35, ' DEGENERATE CASE®./*§?)

Ll ]

IF(DELS.EQ. 4.4, 0R. IELSE, EQ. 4. @) NSTAR=NSTAR--1

-+« <CALCULATE DELY....
IF (R (IMAX, JMAX) .LE. &, d648) DELV=18.EL1]
IF (B(IMAX. IMAX) (GT. 5.8} DELV=V (IMAK} /B (JMAX. JTHAX)

c .
FE&&@ CONTINUE

-

.« « FIND MIN(DELD.DELV,DELS. DELSS) ...,
[F(IGLOB.EQ. 1) DELV=1d.E11

OOMIN=AMIN] (DELD,DELV, DELS, DELSS)

IF (DDMIN.EQ. DELD} ICASEI=1

[F (DDMIN. ER.DELY) ICASE1=Z

IF {UDMIN.EQ. DELS) ICASEL=3

IF (DDMIN.EQ. OELSS) ICASEL=S

.+« PRINT FINDINGS. ...
IF{IPRINT.EG. 1) GO TQ 261l
FRINT 1#3.DELD,DELY,DELS, DDMIN
(3 FORMAT (* - /T35, "MAXINUM POSSIBLE CHANGE OF THE DECISIOM®,
17 X(NDOIMAXS ! . /'@ . TS, P DELD=',[12,3, 2, P DELY= 612, 5, 2X,
2'OELS="',G12. 5, 2X, TDIMIN=",512.3)
- (DBMIN.EQLDELDY PRINT 198, JMAX
tod FORMAT{('-'/73, 'CASE H1 : THE DECISION X(NDEMAX) Y GOES Tv ZERDY,
$/7 L, TS, YIMAX=" . T8, [3, T1S, ' ICASEL=1")
IF (DDMIN.EQ. DELV} PRINT 1#1, JHAX
(@1 FORMAT (*=*/T3, 'CASE B2 :THE CONSTRAINED DERTVATIVE®,
1Y VIJMAX)Y GOES TO ZERO' /1@, T3, " IMAX=? . T18, {3, T1S. ' ICAYEL=2")
LF (CDMIN. £, DELS}) PRINT 182, [MIN
P2 FORMAT (*='/T3,CASE B3 @ THE STATE X(NS{(IMIM}; B0EE TQ ZEROD?.
L/, T3, IMIN=, T1g, [T, T13, " ICASE1=3"}
IF {DOMIN.EQ.DELSS)Y PRINT 33, IUMIN
.33 FORMAT{('-?/TS,'CASERS | THE STATE X(NS{IUMINI) Y,
1* REACHES ITS UPPER LIMITT/Y@°,TS, P IUMIN=",T16,13,713,  ICASEL=5"]}

511 RETURN

END
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SUBROUTINE CASEAZ(ICASEZ. JMAY, INLN [UMIN, LD, DELY, EE‘:;LEL""‘

4**tmmm*t**m****t****t*******#*x**&****mt*m*mm*rs&*#********wﬁ***t**$,

+THIS SUBROUTINE DETERMINES WHETHER :....

A DECISION REACHES ITS UPFER LIMITS ICALER=4

A CONSTRAINED DERIVATIVE BOEE T ZERD ZLHSE =2
A STATE BOES TO ITE LOVER LIMITS ICQSER=3

A STATE 30EE TD ITS UPPER LIMITS [£AEZ-S

SRR R R KRR R R R KRR RN R KRR KRR RE K RRRER R R R KR Ky

8?§§g¥/ELGDK 1/CAL683) , AR{384. 683) - R (384}, H{384, 3B4) , [1{384, 327) »
¥ 2

COMMON/BLOCK 2/X (6830 - ITYPE {483) , X0 {4832 - XU15683), XL {683)
COMMUN/BLOCK 3/NS{356) - ND{327) . NN15683)

COMMON/GLOB 1/IGLOB, IGMAY, 5

COMMON/CONST 1/N:NF. K. KE

COMMON/KONST 1/IFREQ

COMMON/CON [/NSTAR

COMMON/CONST 7/IPRINT

THE MATRIX B( » » STORES THE TAU( . } COEFFICIENTS

THE MATRIX D( . } STOREE THE DELTA( ., 3 COEMFILIENTS
THE WECTOR XQ{N+W{} I3 USED FOR LOGALIZED STRACE
IF{IGLOB.EQ. 1} G TO 24647
IF{IPRINT.ERL 1) GO TG 2687
FRINT 2182

21 FORMAT (*=1/T3.*CASE A2 @ V(JIMAX} IS NEBATIVE?)
PRINT 211, JMAX

211 FORMAT (-, TS5, "JMAX='.Tid, 13D

26877 CONTINUE

. THE MINIMUM OF DELD,DELY,DELS,DELSS DETFRMINES WHERE Y0 &0

-...DEFINE DELDL...
DELD=XU (ND{ IMAX) ) =X (NDH{IMAXD )
.+« CALCULATE DELS....
FOR NEGATIVE DELTA{(I.JMAX). ANO NON-NEG STAE YARTABLES. THE MIMiH
ABS{X(NS(I))/DELTALL.,JMAXY ) IS DETERMINED :
NG=NF+1
IF (NN (NH(-KE) .EGL. 7) NB={
IIMIN=1
AAMIN=14,E18
Lo 1764 I=NB. Y
[F(G{I.JMAX) . GE.¢. &) 50 TQ {9
XOLT)={X(NS{I) ) =XLINS{DY ) /0], JMAX)
IF(ABS (A0(1}).LT.AAMINY 50 T0O 1992
G TQ 1941

19492 CONTINUE
AAMIN=ABS (X3 (1))
TIMIN=T

1941 CONTINUE

19d CONTINUE
END OF LOOP, AGMIN=ABS(XO(IIMIN)} AND IIMIN DEVERMINED

DELS=AAMIN

Q
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Cﬁﬁlﬂ CONTINUE

L Rawd

ey

... CALCULATE [CELSS.... . : -
ILMIN=1
UMIN=14.E1@
DO I8 I=NE.{
IF{IMI, 3MAX) LLE, 8.6 GO TO 3@
(D)= (XUCNS (I =X (NS (IF)}/DMI, A}
TF¢XO(1} LT UMIN) EO Ta 32
30 To 3@
32 CONTINUE
UMIN=XO(I)
IUMIN=1
3@ CONTINUE

o a HMINSXO (TUMIN} IS NOW DETEHMINED‘...
-DELSS=tMIN
[F{IGLOH.EQ. 1) GQ TO 2614

{- ({DELS,.EQ. &, 9, 0R, [ELSS, EQ, 4. ) . ANDL IPRINT.NE, L) PRINT #:i2
3127 FORMAT (*=*. T3, DESENERATE CASE?, /*#?)
IF(DELS. EC. 4.8, OR. DELS5.EQ. &.8) NSTAR=MSTAR-{

.« CALEULATE DELV,...
[F{B(JMAX, IJMAX) .LE.O.008) DELV=1@.EL1!
IF(B(IMAX, JMAX) . GT. 9. &) DELV=ARSV (IMAX) /B (.IMAX. IMAXY

.FIND MIN(DELD.DELV.,DELS.UELSS).
IF (IGLOB.EQ. {) DELV=18.E11
DDMIN=AMINL (DELD.BELV, DELS, DELSS)
[F{DOMIN.EQ. DELV} ICASEZ=2
[F (DDMIN.EQ.DELD) ICASE2=4
IF (DGMIN.EQ, DELS) ICASEZ=2
IF {(DMIN.EQ. DELSS) ICASEZ=

.«.PRINT FINDINGS....
IF(IPRINT.E&. L) GO TO 2548
PRINT 222, DELY,LDELS,DOMIN
Z22 FORMAT{' ' /T3S, ' MAXIMUM POSSIELE CHRNGE OF THE UECIBICGN®,
1 X (ND(IMAX) )2
2/, T3, ' DELY=? 512, 5, 2K, 'DELS=" , 312,53, 24, DM N=* ,312. 5}
iF ({ODMIN,EQ.DELV) FRINT Z229, JMAX
229 FORMAT{'-'/T3,'CABE B2 ! THE CONSTRAINED LER({WATIVE',
1* V{IMAX)Y GOES T ZERQ? /'@ .75, JMAK=', T1@, 13, T15, * [CABER=2"7
[F{ODMIN.EQ, DELS) PHINT 221, TIMIN
2§ FORMAT('-'/T5,'CASE B3 © THE STATE X(NS{IIM{M))} BOES Ti¢ ZERO!
1,7, T3, ! TIMIN=? T1@:II:T15:’ICHSEE=3’J
{F{ODMIN.EQ. DELD) PRINT 34, JMAX
34 FORMAT ('@ /TS, CASEB4 : THE DECISION X(ND(JMAX)?,
1Y REACHES ITS UPPER LIMITY/'@',T5, ' JMAX=', 718, 13, T15: * ICAGEZ=4Y)
[F{DDMIN.EG,DELSS)Y PRINT 33. IUMINM
33 FORMAT('-*/T3, 'CASERS ¢ THE STATE X(NS{IUMINIYY,
[* REACHES ITS UPPER LIMIT®/ 2@, 75, TUMIN=?,11¢, 13,715, P 1CA8E2=D" 5
28608 CONTINUE

... RETURN NEBATIVE DELY AND DELS....
DELD=-DELD

DELY=-0ELY

DEL 5=-[ELS

DEL35=-[ELSS

RETURN

I



SUBROUTINE CASEBL (JMAX. BELD. IL!
0 MR ok R R R R 4o SR HE R SR oo R R R SR R R
THIS SUBROUTINE HANDLES THE CASE Al.Bi AND 3. B4
1, SAME PARTITIGN AS FREVIOUSLY
2. BECISION VARIABEL SOES TO LOVER LIMITS JC=)
J. DECISION VARIABEL B3ES TO ITS UPPER LIMITS [C=4
SR TR L L P T e e e P E L P R e e P SR e P EE L LT L FiE
S?QngfBLOCK 1/CA{583) . AR (3B4. 683) . R(384) . B{324, 384, {354, 327),
wy (32
COMMON/BLGOX 2/X (583), ITYPE (5B3), XQ14B3) , XULATE) - XL (683}
COMMON/BLOCK 3/NS{334) , NIH3Z7) , NN{A&ET)
COMMON/GLOE 1/ I8LOR, IGMAX 15
COMMON/CONST 7/ IFRINT
COMMON/KONST {/IFREQ
COMMON/CONST B/KOUNT , NIMAX, LP
COMMON/CONST {/N-NF.K,KE
C THE MATRIX ¢ . ) STORES THE LELTA( , ) CORFFILIENTS
L THE MATRIX B( ., } STORES THE TAU( . ) COEFFICIENTS

G
[F{IPRINT.NE. | ANLL IC.EGQL 1) PRINT 1923, JMAX, XL (NO{IMAX) )
1723 FORMRT('-?/, 73, 'THE DECISION JMAX GOES T¢ ITH LOWER LIMIrs './,
i JMAX =1, 13,7 LUWER BOUND= ',GB.3)
IF{IPRINT.NE. [ AND. IC. ER, 4} PRINT 1924, JMAX. XU (ND{IMAX))
1924 FURMAT{('-'/, 75, 'THE DECISION JMAX GOES TO IS UPPER LINWIFS '/,
j 18 JMax =", 13,7 UPFER BOUND= *,G8.3)

G
g CALCULATE NEW STATE VARIABLES
) oo 1g I=1.K :
XINS(I) }=X(NS(I)}-D(I,JMAX}«DELD
1% CONTINUE

C OEFINE NEW UECISION YARIABLES

LICTEI0ICIe

—
.

LIND{IMAXY Y =XL (NI IMAXY )
IFLIC.EQL 4y XAINDEIMAX) Y=XU (HIH{.IMAX))

[F{IGLOB.ERL 1) CALL PRINT(KOUNT. IFRER)
(F{IGLOB.EG. 1) RETURN
C ... CALCULATE WEW CONSTRAINED DERIVATIVES,...
NF=N-KE
D) 11 J=1,N7
Y{I) =Y (J)-B{J, JMAX) *xDELD
i1 CONTINUE

CALL PRINT (KOUNT. [FRES)
RETURN
END

[}

[ —



SUBROUTINE CASEB2(JMAX.DELV})

C
246 400k oo o Al o o 60 S 3 o AR o A o A R e R R
c v .a. THIS SUBRODUTINE HANDLES CASE BZ @
G A CONSTRAINED DERIVATIVE v{IMAX) GOES TO ZIERQ
C THE PARTITION REMAINS UNCHANZED
CHERRRUARARAARRAE TR D RAA R E R IRL AR DR A RH ARG T DR AN LGRS NG A2 =
5?g§?¥/BLOEK 1/CA{&B3) AR (3B4, 5633} R (384) . B{I84, 384}, D384, 3271,
% ¥
COMMON/BLOCK 2/X{883) ., ITYFE(583) , {0 (483} . XU (&L . XL AR
COMMON/BLOCK 3/NS (3348) «ND{327) NN{5B3)
COMMON/CDNST 7/IPRINT
COMMON/KONST {/IFREG
COMMOM/CONST 8/KOUNT. NIMAXSLP
COMMON/CONST 1/N.NF. K- KE
C THE MATRIX D( . ) STORES THE DELTA( , )} COEFFICIENMTS
C THE MATRIX B( , ) STORES THE TAU( ., ) LCOEFFICIENTS
C )

IF{IFRINT.ER. 1) BO TO 2617
FRINT 1923
1923 FORMAT{'=1/T3, 'CASE B2 ; THE CONSTRAINED LDERIVATIVEY.
1'V{IMAX) GOES TO ZERQ')
PRINT 1924, JMAX
1924 FORMAT (3=1/, TS ' JMAX=", T15. 13}
2617 CONTINUE

CALCULATE NEW STATE VARIABLES

ne 18 1=1.K
LING(IY)=X(NG{I})-{T, JMAX) =0ELY
14 CONTINUE

..., CALCULATE NEW DECISION VARIABLEG.....
XANDH(IMAXY ) =X ENDCIMAX) 3 -DELY
. CALCULATE MEW CONSTRAINED NERIVATIVEER..
NP=N-KE
oo 11 J=1.N9
YII) =V (J) =B (J. JMAX) #DELY

11 CONTINUE

CALL PRINT(KOUNT. IFRER)
RETLRN
ENE

[9p¥ Y aw]
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SUEROUTINE DASERZ{IMAX: IMIN, GELE, -

ok R ke R AR Kok R A R R s K AR ok R K ARk e s e RO e e Sk o

15

| el

b e ]

[l

13

THIS SUBROQUIINE HAMDLES THE CASE

IF 1C=3 THE DECISION JMAX IS CHANGED UNTIL THiE 3TATE [(MTM GOES T
LOVER LIMITS

IF 1C=3 THE DECISION JMAXA 1S5 CHANGED UNTIL THE STATE (4IN GOES T2
UPPER LIMITE

JHMaX AND IMIM ARE SIMPLEXED AND NEV CONSTRA(WED DERIVAFIVES AND
[ELTAS ARE CALCULATED

EARERE R AR KRR R AR R R KRR AR R R AR AR R AR R KA RE L TR R Rk Rk kARG R KR5S

5??”3?/8LDCH 1/CA (683}, AA (IB4.583) R (364) . B{IB4, 384) , B (G4, 327}
W37

COMMON/BLOCY 2/X(583), ITYFE {683}, X0 {6837 XU{A133) - XL 1683)
COMMON/BLOCK 3/NS(334) . NIH3Z27) . NN{£6E83)

COMMON/GLOB L/IBLOB. [GMAK, 15

COMMON/CONST 1/N.NF. K. KE

COMMON/CONST 3/KOUNT.NIMAX.LP

COMMON/KONST !/ IFRER

COMMON/CONST 7/IFRINT

THE MATRIX B{ , ) STORES THE TAU( ., } COEFFILCICNTS

THE MATRIX G{ . } STORES THE LZELTA{ , } COERFFICIENTS
TELIPRINT.MEL [ ANDL I ER. 37 PRINT 1, JMAX. [MIM
FORMAT(*=~*/,T0.* THE DECISION JMAX IS CHANGHD SNTIL Tik
1* STATE IMIN REACHES [TS LOWER LIMITS JMnk=1 13,

2! [MIN=}, I3}

IF(IPRINT.NE. 1, AND. IC.ER.S) PRINT 11, JIMAX, IMIN
FORMAT('=1/,73, ' THE DECISION JMAX 15 CHANGED UMTIL THif.
i' STATE IMIN REACHES 75 UPFER LIMITE JMax=, 13,

“’ IMIN=*,I0)

CHANGE PARTITION.SIMPLEYING THE DECISIOMN X (i1fF} AND THE ZTATE X(IR:

IP=ND { JMAX)

IR=NG (JMIN}

IF{IGLOB.ER. 1) BO TO 149
NS{IMIM)=IF

NO ( IMAX) =IR

CONTINUE

CALEULATE NEW STATE VARIABLES

1QlP=X{I9

00 156¢ [=1.X '

FINS{D) }=X(NS{T))-D{1, IMAX)=+DELS
CONTINUE

LIy =X0IP-0ELS

DEFINE NEW DECISION VARIABLES

{{IRY=AL(IR)
1C.E&. 5 X{IRY=XU(IR}

(IGLOR.ER. 1) CALL PRINT{KOUNT, IFREM
(IGLOB.ER. 1) RETURN

. ... CALCULATE CONSTRAINED DERIVATIVES....

VOP=V (IMAX)

NF=N-KE

[ 13 J=1.N9

DR=D(EMIN, 3} /D(IMIN. IMAX)

YT =V D -VGRRDR-DELS* (B {J» JMAK) -B (JMAK, JMAK: *UR)
CONTINGE

WYEIMAX) = (VOP-B (IMAX, JMAX +DELS) /THTMIN, JMaxX:

CAUCULATE MEW DELTAS
CALL MEWVAL (IRl TMING

RLL PRINT (KOUNT, IFREDY
AETURN

F
iF
iF



SUBROUTINE PRINT (KOUNT. IFRELD

E?&i#*#2#3*&#**t*#**##********#t**&******#***m$$$$$$$#*m*$*$$wm#*&***¥$$
C THIZ SUBRQUTINE PRINTS TABLES oF CORRESPONDENCE, AND WALUES OF THE
¢ VE FUNETION

IF IPRINT=@ ALL SORTS OF DEBUSBGING PRINTOUTH: ARE PROVILER

” {F IPRINT=] ONLY INPUT,TABLEDS OF CORRESFONDMOE, AND SOUSTION ki
C TED. FREGUENCY OF PRINTOUTS ARE DETERMINED &Y I[FRE.

C IFRES=@ ONLY INPUT AND SOLUTION FRINTEDR

0 IFRER={ TABLE OF CORR PRINTEL AT EACH LEVEL

e IFREG=5 TABLE OF CORR FRINTELr AR EACH 3 LEVEL

Z IFREG=14 TABLE OF LCORR PRINTEI AT EACH (£ LEVEL

oo Ao R B R A B 3 S A TR e o o oo o K e S Rk e
SOMHON/BRLOCK 1 /CA{683) 2 AR (304, 583) -, K384 B{3R 3, 384 e 3500, 3277 .

*Vi327)

COMMONSBLOCK 2/X(483), ITYPE{&BX), X0 (AB3Y » XU (&3}, XL (4}
£0MMoM/BLOCYE J/NS (356)  NDHIA7 Y (NN (ABTS

COMMON/GHA 1/0(327.327)

COMMON/GLOE 2/XLOCISHY . XBEET 43¢, ¥

COFRMONSOPTS [ENTRY: ICOST, IOUT.NEIT,LPIT, ILF, LP . LFMAY , iHn

COMMON/GLOB 1/IGLOR. IGMAX. 15
COMMON/CONST /M. MF, K, KE
COMMONACONST 7/ IPRINT
NF=pN=-KE
IF{IGLOB.EQ, L, AND. IFRER. EQ. 1} B0 T 151
W{IBLOB.ER, I, AND. IFREQ. EQ. @} B3 TO 280 -
[F{IFRE@.EQ.#) GO TO tgd
IF(IFREQ.ER. 1} G0 TO 16t
IF1VE=4
[ TEN=4
FIVER=FLOAT (KOUNT) /3. 8
FIVEI=FLAAT (KQUNT /3)
TENR=FLOAT (KOUMT) /13,3
" TENE=FLOAT (KOUNT/ 18}

[F(FIVER.GT.FIVEI+&, 999 AND.FIVER.LT. FIVET#f &Ly TFIVE=

JF (TENR. 5T, TENIT#3. 999, AND, TENR.LT. TENI31. 3@ FTEN=1
IF(IFRER.ER. 5. AND. IFTVE.ERL g B0 TO 196
IF(IFREQ.EQ. 1. AND. ITEN. ER. &} G0 TO 133
1491 CONTINUE
C PRINT TABLE OF CURRESPONDENCE
£

FRINT 1365 . _
195 FORMAT ( 1H1, TS, 'NEW TABLE OF CORRESPONDENCE'/®-7)
PRINT 1946 ‘ ]
1966 FORMAT (TS, ' STATE VARIABLES? /%@, T8, I*, V1B, *NS (I}, T17:
LERINS (I Y/ %a0)
FRINT 1967, (T,NS(I}.X{M3{I}), Is1,K)
1997 FORMAT (1H, T, [3,T11: 13, 715,512, 5)
FRINT 1963

1948 FORMAT{'-?/TS,SOECISION VARIABLES'/ 1@ TR, J'.TI@NDL 1 7. T17,

LEXINDCR) Y /i)
PRINT 1969, (I ND(I} . X(NDED) b s J=15 NT)
\799 FORMAT (1H@, T, 13,741, 13,715,612, 3)
238 CONT INUE
r



CALCULATE AND FRINT NEW VALUE OF OBJECTIVE FUNCTION

FF{IPRINT.ER. 1.AND. IGLOB.NE. 1} G0 TO 2587
Y=¢.d

N

I

TN

ng 1918 I1=1,
Y=Y+CA (I %X (
1213 CONTINUE
YY=W, b
e 2877 1=1.N
O 24877 J=1.MN
Y=Y+ (L Ty . X (D) %X (J)
2677 CONTINUE
Y=Y+d, DYy
IF{IOUT.NE. L) PRINT 1%11,Y
191{ FORMAT{'-"/,7%: "NEW VALBE OF OBIECTIVE FUNETIOM, Y=, THa.:512,.5. 43
18 CONTINUE .
IF{IBLOR.EG. 1) RETURN
C FRINT CONSTRSINED TERIVATIVES

}

C

IF (IPRINT.EG&. 1) 80 TQ 2687
FRINT 984 ,

@@ FORMAT (*-*/T5,'CONSTRAINED NERIVATIVES V() '}
FRINT 961

@ FORMAT{-*/T3, " INDEX OF DECISION VARIABLE', a3,
£;CON5TRQINT DERIVATIVE® /1,717,137 ,T48, W {37,/ -V}
NI=1

FRINT 22, (J,¥(J},J=1,NP)
HE2 FORMAT(TIS.[3.T44,312.5)
2637 CONTINUE

RETURN

ENL

o~
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SUBROUTINE (ARGET

AR B R U S o K o S o o o o e o R
4 FORMULATES QUADRATIC R0AL-FROGRAMMIMG PROBLEM =
b HE SRR R o B o o R T A R R

COMMON/ONE/ TCELL s NVAR  NCH; NS@&, TRCH, TTER, MCHUUE, ¥CH. T5US, [DHK . IPIH
COMMON/EUNCH 17 TSTART, THAX, JMAX, JSTART (357 + JENIH (3T} -
COMMOM/BUNCH J/NCELL (35,22} - NCHN (33+ 225+ TCH(&2T + JEH (82} » 10F (62
*, ISW(376) )

" COMMON/CHUNK 1 /DTR {35, 22) , DTU435, 22) » T (35, 22

COMMOM/CHUNK 2/ACCRY (355 22) » ACCRN (35, 221+ PMAX (15, 22} , PMLN (35, 223 ,
*XM (35,22}, 81 (35, 22)

COMMON/STAR/SST (35, 22} , APS (35, 221 , ISA(374)

COMMON/SWC £ /NSUB- SWMIN (2] SWMAX (43 - CHEMINGS ¥, HSMAK (1)
COMMON/AAA/TAR (35, 22)

COMMON/YAZ/SD4{ 35, 22} 52(384)

COMMON/FASTI 1/IPR. IREALL Y

COMMON/KONST 7/ACC

g?gﬂgﬁfﬁLDCK 1/CA(&B3) AR (IB4, 483 R{3B4) . B (B4, 384} . {104, 3271,
® z

COMMON/BLOCK 2/X (&B3)  ITYRE(LB3) ., k0 (683} . XU SR « XL (AB3:
COMMON/BLOCK 3/NS{3S48).NO(327) . NN{4&83)

COMMON/RUA [ /R(327,327)

- COMMON/CONST {/N.NF.K-KE

COMMON/CONST 7/IPRINT

COMMON/KONST 1 /IFRER

COMMON/CONST 8/KOUNT, NIMAX,LE
ComMMON/CONST 3/EFSY.EPSV, EPSCG, EFSD
COMMON/GLOE 1/ 1GLOB. IGMAX. IG .
COMMOM/POUT/TOUT

DIMENSION SCR(39.22),FACTOR (J27}, SCRZ (35, 2}

[SCR=14
10=24
ITOUT=7
IMAR=S

SET SCRATCH DRAWDOWNS TO IERD

DG 2 I=15TANRT. IMAX
JEEGIN=JBTART (1)
JETOP=JENI{T)
I 2 J=JBEGIN, JSTOP
SCR({I. D =#.@
SCR2(I1.J)=J81.~-TAR (L. J}
Do 2 t=1,NCH
IF(ICH(L) , Ef. I AND. JCHOL) LERL JIBER(I- ) 140, 00
CONTINUE

C REAL [N 5D VALLES FROM FT11Faa1

8786
8737

D0 14 Ki=Ll.ICELL
READ(11.3@@) I.J,¥%X
SO{T, Jy=xX

CONTEINUE

SUMST=@.8
LCONST=#. 48

LI=NVAR*Z

WRITEC(ITOUT, 8787 KCH
WRITE (ITOUT, 8786) NCHSUE, NSUR
FORMAT (X, 'NCHSUB = *,15,* M3UB = !, [5)
FORMAT (1X: '"KEH = ', 13)
DG 27 I=1,NCHELR

La=NVAR*Z+{ CH+ I

LULL4) =CHSMAX ([} -CHSMIM(I}

ALy =@. 3

LAtLaY=d. ¢

[TYPE(L4)=1

CONTINUE



[

Oy 5@ I=1,N5UB
LI=NVAR* S+ CHANCHSUB+ I
ULy =SWAX (1} -SWMINCI)
AL{L3)=02.8
CA(LTI=P. 0
[TYPE{LS}=1
bia CONTINUE

C

B¢ 1@4 I=ISTART. IMAX
JEEGIN=JETART {1}
JSTOF=JEND (1)

00 1Bg J=IJBERIN, JETOP
L=NCELL(I, ]}
L2=L+NVAR
IF{L.GT. A GE0TG 43

L=NVAR+NCHN (T, J)
IF(ISWL) L EQ. N E3=L3+]
UL =ACCRX (E, J)=ACCRN(I, T}
c WRITE(ITOUT, 12803, AU(LI) . ACCRX (L. I}
CALI) =@,
[TYFEILZ) =1
L{L3) =@, @
BOTO 1O
43 CONTINUE
FACTOR(L)=8.09

G

C UPPER AND LOWER LIMITS (L2) ON G PUMPING NOT OM TOTAL DISCHARRBE.
AUL2)=PMAX ([, ) -PMIN{(I, J}
AL(L2)=a. 4
AL{L)=0.8
Y0 (L2)=8.3
IF XL (L) BT KLU ) XKL L)y =XU(L)
ITYPE{L)=1
ITYPE{LZ) =1
CA(LZ)=a. 3

G X{L)=81(I, D
S2(LY=8D(I.J)*5D(1, )

EA(LI=8SCR2(I, S} *2. @*(~1.@) /S2(L)
SUMST=SUMGI+SCRZ (1, J)#8CRE(L. T}
. COMST=CONST+GCRZ {1, Jy%SCR241, J) /524L)

(i CONTINUE

G
C FILL @-ARFAY WITH MATRIX OF QUADRATIC TERMS.
B0 2498 L=1.NVAR
00 236 M=1.NVAR
g{L.,M)=#.d
IF(L.EQ ML, M) =2, 8/82 (L)
=iy CONTINUE




1, .
T CHECK IF THE @ MATRIX IS POSITIVE DEFIMITE,
IF{IPOM.ER 1T CALL DEYERM

WRITE (170U, 22203 0INST ‘ ' -

INITIAL FEASIELE SOLUTION
IF ISUS=3 INITIAL SOLUTION [S GENERATED BY SUERGLT(NE GSIMEG
IF(ISUS.EG.3) CALL GSIMER(FACTOR)
IF{ISUS.ER. 3) BOTO 454
D0 234 1=1,NVAR
L MAXIMUM SUSTAINED-YIELD (LPMIN QUTPUT) IS USED AS INITIAL SOLUTION.
IF (1SUS.EQ, 1) BOTC 123
C INITIAL SOLUTION 1S READ FROM AN INPUT FILE ON UNIT 2§,
IF (ISUS.EQ.2) READ{ZS.343) X(I)
123 XO(1)=X(1)
Z34  CONTINUE
345  FORMAT (ISK:F15.7)
436 CONTINUE

L
LP=@ ]
EPSY=4, 4
NIMAX =20
N=NVAR
NF=1
K=NVAR+K CH+NCHSUR+NSUR
'uéF(IREH.EQ.B)K=NVRR+NSUB
=g

C
C TEST THE INITIAL SOLUTION TO SEE IF ANY BOUNDS ARE VIOLATED.
DO (S8 I=ISTART, [MAX
JBEBIN=JSTART (1)
JSTOP=JEND(D)
D0 158 J=JBEBIN, JSTOP
L=NCELL (I, J)
IF(..LE.B)BOTO 156
IF (XL (LY. LE. X0 (L)) 6OTO (18
TEST=XL (LY X0 (L)
XL (L) =X0 (L)
WRITE (1TOUT, 10@@) 1, J, TEST
1145 CONTINUE
IF (XU(LY.GE. X0 (L)) GOTO 124
TEST=XD (L) -XU (L}
TEST2=X0 (L)
XU (L) =X0 (L}
WRITE (ITOUT, 2668} [, J, TEST, TEST2
i EONT INUE
L7 CONTTNUE
L

C FRINT QUTPUT FROM INITIAL SOLUTION
IF(ISUS.EGL 1) WRITE(IMAR, 1421}
IF (ISUS.E@. 2) WRITE(IMAP. 1822
IF(ISUS.EQ, T} WRITE(IMAR, 1923}
CaLL INFOUT (X)

RFORM QPTIMIZATEON
CALL GPTHOR

Al TgRﬂ?thslx:'LOWER BOUND FOR CELL ', 1%, 1X. {2, DECREASEL BY !,
1@, 2
1521 FORMAT (171X, 'QUTPUT FROM INMITIAL SOLUTION {(MAX. PUMPIME)'.//)
FORMAT (* 17, 81X, 'QUTPUT FROM. INITIAL SCLUTTON (REAL AS INPUT)'.//)
FORMAT (117, [X, *OUTRUT FROM INITIAL SOLUTION (MIN. PUMPIMEi®,/ /)
FORMAT(1X. 15, 20 Fi@.2, 2X.F14, 2)
d o FORMAT (/. 1X, "UPFER BOUND FOR CELL *.I12.1%,10,¢ INCREASCSS BY ',
*FL@, 2. 10, TWAS = YL FLE, &)
TIIT O TORMATILNLCENMGT = 'LE1Z,8)
Coove YORMAT (21T, F 14, I
Tl SHRMAT OIS TFACTAR DY L I2. 7 = VTR
RETURN
THO

[ 2ap
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7 SUBROUT INE CHECK

T I TErE PP L PR SRR PR LR EL PR AR PR PP PR PP R R Y
C + CHECKS 1F OPTIMAL SQLUTION VECTOR 1S WITHIN 113 HOUNCS +
¢

s o o oS O RO 0 R S o ok s o ik b R o i e K oo

COMMON/BLOCK 2/X (68321 [TYPE (4B X0 {6837 XU (&L » £L (68T}
COMMON/CONST 1/N-NF. K. KE

ITOUT=7
IMAP=9

WRITE(ITOUT, J43)
WRITE{ITOQUT. 454)
NT=N+K—KE
Dy 2 I=1,NT
IF(X{I).BR. XL(D).aND X{D) LLE, XUC(I}) BOTD |
wg%gE(ITDUT,123) XLCIY X (T XU(I
FOTO 2
WRITECITOUT.234) XL{IL)X(I).XUCT)
CONTINUE
WRITE(ITOUT.567)
173 FORMAT(/,JF15.7.9%, "VIOLATEDR? . /}
234 FORMAT (3F15.7)
43 FORMAT('1.//. 53X, "CHECK ING IF ANY ROUND 13 VI[OLATED BY THE OFTi
QL SOLUTIONY,//)
454 FORMAT(SX, PXL{DY* . 18X, P (D) Y 11X, P XUCEY ! o /)
AT FORMAT (/ /)
RETURN
En

ba |
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SUBROUTINE DETERM - ' -
ook SRR R R R R R R R AR R R KRR R Rk R R R kR R R
¥ CHECKS MATRIX OF AUADRATIC TERMS R{L,M) T3 DETRMINE IF |
#* M)SITIVE DEFINITE MATRIX. THE METHOD USEDR IS THE METHOD oOF
% PRINCIPLE MINORS- THE DETRMINANT OF EACH MINGR HMUST BE .3E, @

* TQ BE SEMI-FOS. DEF. AND .GT7. @ TO BE POS, LETF.
A B S R R o MR R e AR R R R R K R R R R R ok R R R Rk

COMMON/ ONE/ TCELL - NVAR, MCH- NGA, IREH, ITER, NCHSUR, KCH, 15US, ICHK , 1PT
COMMON/QUA 1/6(327,327)

DIMENSION XX (315,315
ITOUT=7

ICH=4

WRITE(ITOUT, {58}

Do 3@ I=1.NVAR
B0 S8 J=1.NVAR
AX{L,Jy=(1, )

(0] CONTINUE

IF(XX(1,1).E0Q.8,5) 60T 306
L=NVAR~1
=NVAR+1
0o 196 K=1,L
RPisK+1
DO 298 [EKP1, NVAR
IM1=1-1
IF(4X {1, 1) . EQ. 3. 8) ICH=1
TIF (XX (I,1),LE.@.#)E0TD 306
X=X (T K0 /XK (K KD
DO 288 J=KPi,M
XTEMF=XX (1, J)
XX (1, J)=XTEMP=XGAXX (X> )
el CONTINUE
DO 188 [=KP1.NVAR
XX(I.K) =@, 8
g8 CONTINUE

WRITE (1TOUT, 2066}
. GOTO_449
G99 CONTINUE
IF {I1CH. Q. 8) 60T 350
WRITE (ITOUT, 4867)
B0T0_408
356 CONTINUE
WRITE (ITOUT, 3669) IM1
499 CONTINUE

" Do 3@ I=1,nNVAR
" WRITE (1TOUT, &46d) 1
C WRITELITOUT, 3883 (XX {1, 17, J=1, NVAR}
Sed COMTINUE
1A3A  FORMAT (/. 1), *MATRIX OF QUADRATIC TERMS, &(L.M:, IS ,...%}
Zaad FORMAT(1X.'A POSITIVE DEFINITE MATRIX.', /) )
JgEE FORMAT (1X,'NOT A POSITIVE DEFINITE MATRIX DUE O CELL *.14, 0
A FORMAT(1X,'a SEMI-POSITIVE DEFINITE MATRIX.®. /)
Ddd FORMAT(BGIG. 2)
Seieldd - FORMAT(T13)
ZETURNM

SO

[l lun ¥ o Ll Y R]
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