- DECISION OPTIMIZATTON FOR GASP IV SIMULATION MODELS

ABSTRACT

This paper describes an optimization mod-
ule which can be added to the GASP IV soft-
ware package to provide automated opti-
mization of a set of user defined decision
variables. The optimization procedure is
a variation of the Hooke-Jeeves pattern
search and can be used for decision opti-
mization in discrete, continuous, and com-
bined simulation models. The application
of the optimization module is illustrated
with two examples.

INTRODUCTION

Frequently a simulation model has associ-
ated with it a measure of system perform-
ance which is to be optimized. In practi-
cal simulation problems, the decision vari-
ables may be mixed integer and real valued
and the simulation model may be continuous,

discrete, or combined {continuous/discrete).

While combined simulation languages such as
GASP IV [4] greatly simplify the simula-
tion modeling of combined systems, the

user is still faced with the problem of,
optimizing the system performance over the
set of feasible decisions. In a recent
survey of combined simulation languages,
Oren [3] noted the desirability of opti-
mization capability within combined con-
tinuous/discrete software.

This paper describes an optimization “mod-
ule® which can be added to the GASP IV
software package to provide for automated
optimization of a set of user defined deci-
sion variables. The module consists of a
set of ANSI FORTRAN subroutines designed
to allow the user to invoke the optimiza-
tion routine in a straightforward manner.
Once initiated, the optimization module
controls the values for the decision vari-
ables, the length of each simulation run,
and the number of simulation runs.

OPTIMIZATION PROCEDURE

The optimization procedure consists of a
variation of the well-known Hooke-Jeeves
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pattern search [2]. The Hooke~Jeeves pattern

search is based upon the intuitive notion
that a search strategy that was successful

in the past is a 'good search strategy for the
future. The procedure alternates a series of
"exploratory" and "pattern” moves. Although
the Hooke-Jeeves procedure begins cautiously

with short excursions from the base search
point, the step size grows with repeated
success. When a failure occurs the step

size is reduced, and if a change in direction

is required, the technique will start over
again with a new pattern. The presumed
optimum is obtained when no search point

yields an improved objective function value.

The Hooke-Jeeves pattern search has been
found to be a particularly effective search
procedure when applied to a Targe range of
explicit functions. However, there are a
number of unique problems encountered when
applying the Hooke-Jdeeves pattern search to
the optimization of a simulation model. 1In
a model of this type, a simple function
evaluation corresponding to a set of deci-
sion values is replaced by a simulation run
of the model. Additionally, the value of
the objective function will normally be a
random variable, where the accuracy of the
estimate of the mean is dependent upon the
Tength of the simulation run. Therefore, a
new search point can be evaluated as being
improved or unimproved only within the con-
text of a probabilistic statement.

The optimization module classifies a search
point as improved or unimproved by automa-
tically monitoring the objective function
mean, variance of the mean, and degrees of
freedom for each simulation run. This
monitoring is performed by subroutine SSTOP
which employs a t-test to test for the
difference in means between the new search
point and the previous best search point.
If the test reveals that the means are

significantly different, then the simulation

run is terminated and the new search point
is classified as either improved or unim-
proved. The values of the decision vari-
ables are then adjusted and the simulation
corresponding to the new search point is
initiated.
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If the t-test indicates no significant dif-
ference between the means, the simulation
is continued and the t-test is reapplied
at the next monitor time. The procedure
continues until either the run is termi-=
nated as the result of the detection of a
statistically significant difference be-
tween the means or until simulated time
advances to TTFIN. At time TTFIN, the
simulation is terminated and the search
point is classified as either improved or
unimproved by a simple compar1son of the
means. The next search point is then
initiated.

The above procedure can significantly re-
duce the required simulation run time to
obtain an optimum solution by early termi-
nation of significantly improved or unim-
proved search points.

An additional consideration with the tra-
ditional Hooke-Jeeves pattern search occurs
when applied to a simulation model because
the search strategy will at times result in
a repetition of some search points. For
the optimization of an explicit function,
the repetition of search points is of no
practical importance. However, when
applied to the optimization of a simula-
tion model, the repetition of search pdints
represents wasted simulation runs. There-
fore, the optimization module includes pro-
visions for avoiding the repetition of pre-
viously evaluated search.points.

The optimization module also allows the
user to specify upper and lower bounds in
each decision variable and independentily
control the minimum, maximum and starting
search step size for each decision variable.
By appropriate selection of the step size
parameters, the user can define the vari-
ables as either 1nteger or continuous. The
-independent step sizing provisions perm1t
the user to formulate combined GASP IV simu-
lation optimization models with mixed
integer and continuous decision variables.

PROGRAM DESCRIPTION

The only modification required to a stan-
dard GASP IV simulation model to initiate
the optimization module is the addition of
a new labeled COMMON block and an EQUIVA-
LENCE statement in each user written event
routine involving the decisions, and the
addition of a CALL OPTMZ statement to the
GASP IV user written subroutine INTLC.

Subroutine OPTMZ controls the direction and
step size of the search and schedules, the
monitoring of the simulation runs by sub-
routine SSTOP. 1In addition, subroutine
OPTMZ reads a data card containing general
descriptive data followed by one data card
for each decision variable. The data card
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for each variable contains the variable
label, initial value, Tower bound, upper
bound, initial step size, minimum step
size, maximum step size, and expansion
factor for the step size.

In addition to the above coding and data
card requirements, the user must also write
and include SUBROUTINE OBJCT (XMN, VAR, NN)
which returns estimates of the obJect1ve
function mean (XMN), variance of the mean
(VAR), and degrees of freedom plus one (NN).
Methods for estimating the variance of the
mean include batching and autoregression
and are discussed in Fishman [1].

The relationship between GASP IV subprograms,

‘the optimization subprograms, and the user

written subprograms INTLC and OBJCT is
depicted in Figure 1. At the beginning of
each simulation run, GASP calls DATIN which
calls the user written subprogram INTLC for
setting initial conditions for the simula-
tion run. To invoke the optimization pack-
age, the user includes within INTLC a call
to subprogram OPTMZ. In subprogram OPTMZ,
the current search point is determined and
the decision variables are automatically
set accordingly. In addition, the moni-
toring of stopping conditions is scheduled
on the event calendar by use of a modified
GASP IV MONTR subprogram which calls sub-
routine SSTOP. At each monitoring of the
stopping conditions, subprogram SSTOP com-
pares the objective function of the current
simulation obtained by a call to subroutine
OBJCT (XMN, VAR, NN) to the best objective
function value todate and attempts to
stat1st1ca11y classify the current search
point as an improved or unimproved point.

If the point can be classified, the cur-
rent simulation run is automat1ca11y termi-
nated by subprogram SSTOP by setting

MSTOP = -1 before returning to GASP. The
process of setting the decision variables
in subprogram OPTMZ and contr6l1ling run
length in subprogram SSTOP is repeated
until the presumed optimum is reached.
These two subprograms function as an exec-
utive to GASP IV controlling the values for
the decision variables, the length of each
simulation run, and the number of simulation
runs to be made.

A number of GASP IV varjables have sl1ght1y
different interpretations when used in con-
junction with the optimization module. The
GASP IV variable NNRNS is interpreted as
the maximum number of simulation runs to be
executed during the optimization process as
opposed to simply the number of runs to be
executed. Likewise, TTFIN 1s interpreted
as the maximum ending time of the simula-
tion as opposed to simply the ending time
of the simulation.
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Figure 1. Relationship of Subprograms

A11 GASP IV output options are suppressed
for all but the final simulation fun for
which the decision variables are set at.
their presumed optimum values. The results
for all other simulation runs are provided
in a table summarizing the ending time of
the simulation run, the mean objective
function value, the standard deviation of
the mean, the search point classification,
and the value of each decision variable.
The search point classification is .denoted
with a three-letter abbreviation correspon-
ding to the terminology normally employed
in describing the Hooke-Jeeves pattern
search. The abbreviations are given in
Table 1.

TABLE 1
SEARCH POINT CLASSIFICATION

‘Abbreviation Definition

1BP Initial Base Point

Isp Improved Search Point
Usp Unimproved Search Point
NBP New Base Point

UBP Unimproved Base Point

INVENTORY EXAMPLE

To illustrate the application of the GASP
IV optimization module to decision opti-
mization of discrete event simulation
models, consider the inventory problem
described in detail in the GASP IV book
[4]. The problem is to maximize the aver-
age weekly profit by proper choice of the
following three decision variables.

Time Between Review (TBR): The time in
weeks between review of the
number of units in stock.

Reorder Point (RP): The stock threshold
value for ordering addition-
al units.

Stock Control Level (SCL): The level to
which the inventory position
is increased at the time of
ordering.

To utilize the optimization module to solve
this problem, the GASP IV simulation model
presented in [4] must be modified to in-
clude an additional COMMON and EQUIVALENCE
statement in the user written subprograms
and a CALL OPTMZ must be added to sub-
routine INTLC. Also, four additional data
cards must be prepared and subroutine 0BJCT
(XMN, VAR, NN) must be written to return
estimates of the average weekly profit, the
variance of the average profit, and the
degrees of freedom plus one of the estimate.

For this example, an estimate of the vari-
ance of the average profit was obtained by
batching over a four week period. The
batching was accomplished in a separate
event which computed the profit (PROF) for
the previous four week period and then
called the GASP IV subprogram COLCT (PROF,
2). This allowed easy computation of the
values for XMN, VAR, and NN by accessing
the standard GASP IV statistical arrays.
Subroutine OBJCT for this example is re-
lTatively simple and is depicted in Figure 2.

The optimization parameters and the initial
base point used for this example is sum-
marized in the echo check depicted in
Figure 3.

The output from the optimization module for
the inventory problem is depicted in Fig-
ure 4. The optimization required a total
of 18 separate simulation runs varying in
length from 150 to 624 weeks. Note also
that the Hooke-Jeeves. pattern search would
have resulted in eight redundant simula-
tion runs if additional logic had not been
incorporated to avoid repetitions of pre-
viously search points. The presumed opti-
mum was obtained on run number 13, however,
five additional runs were required in order
to verify that there were no search direc-
tions yielding improvement.
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SUBROUTINE OBJCT(PAVG, PVAR,NNSAM) FNdL el e
COMMON /GCOMG6/ EENQ(100),IINNC100),KKRNK(100),MMAXQ(100),deTINC100GCOME"
1),8S0BV(25,5),SSTPV(25,6),VVNG(100) GCOM6
c
C**x**THIS SUBROUTINE PROVIDES THE PROFIT,ITS VARIANCE AND SAMPLE SIZE
¢
X$=$S0BV(2,1)
XSS=SSOBV(2,2)
XN=SS08V(2,3)
PAVG=XS/XN
NNSAM=XN+0,00001 ‘
IF(NNSAM JLEs 1) RETURN '
PVAR= (XSS-XS*XS/XN)/(XN=1.0)
RETURN ‘
c
END
Figure 2. Subroutine OBJCT
*AAXRINITIAL OPTIMIZATION DATA®*#=x
THE PURPOSE OF THIS OPTIMIZATION IS TO MAX THE OBJECTIVE FUNCTION.
THE FOLLOWING 3 DECISION VARIABLES ARE USED.
DECISION RANGE OF RANGE OF
VARIABLE DECISION VARIABLE SEARCHING INTERVAL
NAME INITIAL ~ MINIMUM  MAXIMUM  INITIAL MINIMUM  MAXIMUM EXPAND
REOR PNT ,2000+02 .0000 +1000+03  ,4000+01 .1000+01 .8000401 .1000+01
SeCs LVL +3000+402 .0000 +1000+404 ,4000+01 .1000+01 «8000+401 ,1000+01
T® BT -RV  .2000+01 ,2000+01 «4000407 .1000+01 .1000+01 «1000+01 ,1000+01
ALL ARRAYS ARE CLEARED AT .0000 TO REDUCE THE EFFECT OF INITIAL TRANSIENTS.
THE STOPPING CONDITION IS INITIALIZED AT .1500+403 TIME UNITS,AND
CHECKED AT AN INTERVAL OF ,1000403 TIME UNITS.
THE CONFIDENCE INTERVAL FOR THE OPTIMIZATION IS 0 196000+01

Figure 3. Optimization Parameters

TANKER EXAMPLE

A variant of the tanker problem described
in the GASP IV book [4] is presented to
illustrate the application of the opti-
mization module to GASP IV combined simu-
Tation models. We have extended the
original tanker problem statement to in-
clude three decision variables and a cost
function to be minimized. The three deci-
sion variables are:

The number of 8 hour shifts per day,

1)
2) The storage tank size,
3) The number of tankers.
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The cost function consists of refinery
start-up cost, refinery downtime cost,
dock operating cost, tanker waiting cost,
and storage tank cost. The costs are
summarized as follows:

Refinery start-up cost $100,000

Refinery down cost $5,000/hr
Tanker waiting cost $1,000/hr
Dock operating cost-1 shift $1,200/hr
Dock operating cost-2 shifts $1,000/hr
Dock operating cost-3 shifts $800/hr




PT TYPE/ DIFFERENCE
RUN OBJECTIVE STANDARD LAST OPT FROM LAST/
NBR TNOW  VALUE DEVIATION PT NR NEW OPTIMUM REOR PNT S.C. LVL TM BT RV
1 624. 706955402 243159401 18P/ 1 «000000 «2000+02 3000402 .2000+01
2 250, +804576+02 - +347962+01 1sP/ 2 «976216+01 2400402 .3000+402 .2000+01
3 624 o843614402 ~.233061+01 ISP/ k] +390381401 ,2400402 3400402 .2000+01
4 624, +871668+02 «268929+01 1SP/ 4 ,280532+01 .2400+02 .3400+402 ,3000+01
5 150, .9B85326+02 ~.458155+01 °NBP/ - 113659402 .4000402 ,5000+02 .3000+01
6 624, +98021B+02 -.246726+01 USP/ ] ~+510891400 ,4400+02 .5000402 ..3000+01
7 624s oT01151403  .235142+401 ISP/ 7 264842401 .3600+402 ,.5000+02 ,3000+01
8 624e +106969+03 «238454401 ISP/ 8 ,3818354+01 .3600+02 .5400+02 .3000+01
9 624e +104665+403 «219510+401 UsP/ 8 -¢324822+00 .3600+02 ,5400402 .4000+01
10 450. +962845+02 «255753+01 UsP/ 8 ~.868492+01 .3600+402 .5400+02 ,2000+01
11 624, +100523+03 «241289+01 UBP/ 8 ~ebbh642401 8400402 1340403 .3000+01
.104969+03 POINT PREVIOUSLY SEARCHED RUN B. 3600402 ,5400+02 .3000+01
12 626e «104372+403  .238233+01 USP/ 8 ~e597310400 3700402 5400402 .3000+01
13 624 4105440403 ¢239253+01 ISP/ 13 «670967+00 .3500+02 ,5400402 .3000+01
14 624s +105224+03 .241456+01 usp/ 13 ~e216553+00 .3500+02 .5500+02 .3000+01
15 624, 104975403  .236192+01 usp/ 13 -o465543+00 .3500+02 .5300+402 ,3000+01
16 624, «104137403 ,218874+01 usSP/ 13 ~e130380+01 .3500402 .5400+402 .4000+01
17 450, +967909402 .259813+01 usP/ 13 -.B64947+01 3500402 .5400+02 .2000+01
18 624, +105007+403  .242543+401 uBP/ 13 -.433837400 .3400402 5400402 .3000+01
«105440403 POINT PREVIOUSLY SEARCHED RUN 13. .3500+02 ,5400+02 ,.3000+01
104969403 POINT PREVIOUSLY SEARCHED RUN 8. +3600+02 ,5400+02 .3000+01
.105007+03 POINT PREVIOUSLY SEARCHED RUN 18, 43400402 «5400+402 ,3000+01
.105224+03 POINT PREVIOUSLY SEARCHED RUN 14. 3500402 ,5500+02 «3000+01
.104975+03 POINT PREVIOUSLY SEARCHED RUN 13. 3500402 .5300+02 .3000+01
+104137+03 POINT PREVIOUSLY SEARCHED RUN 16. 3500402 ,5400402 ,4000+01
".967909+02 POINT PREVIOUSLY SEARCHED RUN 17. 3500402 ,5400+402 ,2000+01
THE OPTIMUM IS 1.05440383+02

DECISION VARIABLEC( 1)-REOR PNT = «3500000+402 DELC 1)= «1000000+01

DECISION VARIABLE( 2)~S.Ce LVL = «5400000+02 DELC 2)= «1000000+01

DECISION VARIABLE( 3)-TM BT RV = «3000000+01 DELC 3)= «1000000+01

Figure 4. Inventory Optimization Results

wRhRAkITNITIAL OPTIMIZATION DATA*wx%k%
THE PURPOSE OF THIS OPTIMIZATION IS TO MIN THE OBJECTIVE FUNCTION.

THE FOLLOWING 3 DECISION VARIABLES ARE USED.

DECISION RANGE OF RANGE OF
VARIABLE DECISION VARIABLE SEARCHING INTERVAL
NAME INITIAL MINIMUM MAXIMUM INITIAL MINIMUM MAXIMUM EXPAND
SHIFTS .2000+01 .1000401 ,3000+01 1000401 .1000+01 .1000+401 .1000+01
TANK-SIZ .1000+04 1500403 ,5000+04 .2000+403 .1000403 .2000+403 .1000+01
TANKERS 1500402 .1500402 .1500402 .1000401 .1000407 .1000+01 .1000+01
ALL ARRAYS ARE CLEARED AT .0000 TO REDUCE THE EFFECT OF INITIAL TRANSIENTS.

THE STOPPING CONDITION IS INITIALIZED AT

+3650403 TIME UNITS,AND
CHECKED AT AN INTERVAL OFf

«1000+03 TIME UNITS.

THE CONFIDENCE INTERVAL FOR THE OPTIMIZATION 1S « 000000

Figure 5. Optimization Parameters
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The yearly storage cost is assumed to befa
piecewise Tinear function of storage capac-
ity as follows: f

Capacity (1000 gallons) Cost (Million $)

0 1
1000 7
2000 12
3000 15

. 4000 18,5
5000 - 22.5

The modifications required of the GASP IV
model given in [4] is the addition of the
optimization COMMON and EQUIVALENCE state-
ments and the insertion of a CALL OPTMZ in
subroutine INTLC. In addition, subroutine
0BJCT must be included to return values of
XMN, VAR, and NN for the cost function.
For this example, the variance of the mean
(VAR) was not computed and the first moni-
toring of stopping conditions was set at
time TTFIN. As a result, each simulation
run ended at time TTFIN with search point
classification based upon a simple com-
parison of means.

The optimization input data is summarized
by the echo check included as Figure 5.
Note that for this particular optimization
run, the number of tankers was held con-
stant at 15.

The output from the optimization module is
depicted in Figure 6. A total of nine

simulation runs were execyted with the pre-
sumed optimum obtained on run number seven.

Note that twice the pattern search pro-
duced tentative base points which were out-
side the bounds specified for the decision
variables. When this occurs the algorithm
automatically returns to the best feasible
point todate and initiates a more cautious
search.

SUMMARY

In many applications of simulation, the
analyst is interested in using the simu-
Tation model as a basis for selecting be-
tween alternative decisions. The opti-
mization module described in this paper
provides a needed capability for automatéd
decision optimization in GASP IV simula-
tion models. The key features of the
optimization module are: 1) it is simple
to use, 2) it has application to discrete,
continuous, and combined simulation models,
and 3) it reduces simulation. time by auto-
matically controlling simulation run length
and number of simulation runs.

by

PT TYPE/ DIFFERENCE
1 RUN OBJECTIVE STANDARD LAST OPT FROM LAST/
NBR TNOW VALUE DEVIATION PT NR NEW OPTIMUM SHIFTS TANK=-SI? TANKERS
1 365+ «388515408 «000000 isp/ 1 « 000000 «2000+01 .1000404 .1500+02
2 365. «+299446+08 000000 Isp/ 2 -+890686+07 .3000+407 ,1000+04& .1500+02
3 365. +308846+408 «+000000 use/ 2 «940000+406 .3000401 ,.1200+04 .1500+02
& 365. «283837+08 «000000 ISP/ 4 -«156090+07 .3000+401 .8000+403 .1500+402
TENTATIVE BASE POINT IS OUT OF BOUNDS AT +3000+01 ~.3920+405 +1500+02
.«283837+408 POINT PREVIOUSLY SEARCHED RUN 4. «3000+401 ,8000+03 .1500+02
SEARCH POINT IS OUT OF BOUNDS AT «4000+01 .8000403 1500402
s 365. «377115+408 «000000 use/ 4 ,+932776+07 .2000+401 .8000+03 .1500+02
6 365. 289538408 «000000 use/ 4 «570110+406 .3000+401 ,9000+403 ,1500+02
? 365. «283113+08 «000000 1sp/ 7 ~e723975405 +3000401 ,7000+03 .1500+02
.TENTATIVE BASE POINT IS OUT OF BOUNDS AT «3000+01 ~.9300+04 .1500+02
2283113408 POINT PREVIOUSLY SEARCHED RUN 7. +3000+401 .7000+03 .1500+02
SEARCH POINT IS OUT OF BOUNDS AT «4000401 ,.7000+03 .1500+02
8 365. «371415+408 «000000 Use/ 7 «883016+07 .2000+401 .7000+03 .1500+02
«283837+08 POINT PREVIQUSLY SEARCHED RUN 4e 3000401 .8000+403 .1500+02
9 365. .284077+08 «000000 use/ 7 0963632405 3000401 .6000+03 41500+02
THE OPTIMUM IS 2.83113025+07
DECISION VARIABLE( 1)-SHIFTS = «3000000+01 DELC )= +1000000+01
DECISION VARIABLE( 2)-TANK~SIZ = «7000000+03 DEL( 2)= +1000000+03
DECISION VARIABLE( 3)-TANKERS = «1500000+402 DEL( 3)= «1000000+01

Figure 6. Tanker Optimization Results
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