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ABSTRACT

Smmulation models are bult with the intent of stodying the
behavior of the real svstem represented by the model
However, a smmulaton model generates random outputs;
thuz, the data gensrated by it can only be usad to estimare
the true measurse of performance. In thiz tutonal, we
mtroduce saveral conceptz and techmigues fo analvze such
output. Additonal examples will be given dunng the
presantafion of the tutonal.

1 INTRODUCTION

Smmulation modeling enables the study of the stochastic
behavior of systems, the testing of hypotheses that account
for the obzerved behavior, and the use of theze theornes to
pradict future behavior. The =zmmulaton modehng
methodology has several stages that begin with definmng
the chjective of the study, model abstrachion, model
verification, and model validation. At the end of model
validation, vou finally have a working modsl. However,
your Job as a systems analyst 1= far from complate.

The actual amaly=iz of the data provided by the
simulation modeling wall always depend on the mihal
objectives of the study, and on the type of system beme
modeled (Centeno, 1996; Sadowska, 1993). There are two
main types of systems: ferminating and non-terminating.
Terminating systemes have a natural starting point
{operations begin) and a natural snding point (operations
end), whereas non-terminating svstems have a natural
beginning, but they do not have a natural ending (Law,
19590). Typical termunating svstems are most fast food
restaurants, dental clmics, department stores, public-
oriented govermment offices, and the stock market. Theare
are other systems for which 1t 15 not obvicus that they are
terminating, but they are. For instance, a company
producing the axternal tank for the space chuttle mayv be
mtarasted m studving several configurations to produce 12
tankz 1 6 months. In thiz case, the system 1z terminating

becanse the natural ending of 1t 1= the production of the last
axternal tank requested. Tipical non-terminating systems
are emergency rooms, some operabions at hospitals,
awrperts at large cities, and petrochemical plants. A
manufacturme company that cnly works one shaft may stll
be considsred a mon termunatme system if the ending
conditions for the shift are the imihial condrhons for the
next shaft (Law, 1990,

Depending on the type of objectrves, the analysiz may
call for the companson of vanous altematrves, or for the
thorough analy=is of the behavior of the svstems under a
specific confizuration, or a qmck analy=is of a factor that
may affect the performance of the system.

Every simmulation model haz varnous components,
mcluding dvmamic sntities, resowces, and the state of the
svstam. For the beneficiary of the simulation analyzis, the
important component 15 the state of the system becanse 1t 1=
the collection of vanables needad to describe the system’s
performance. An infroduchion to the analvsiz of these
variables 1z the focus of this paper.

Section 2 discusses the mportance of expenmental
dezsien. A detailed example will be grven when the tutonal
15 presented. Section 3 explams how to analyze
terminating systems, whereas secton 4 explamnz how to
anzlyze non-terminating svstems. Section 3 discusses how
to compare zeverzl alternatryes. Saction 6 briefly prezents
what to do when dealing with a single replication. Finally,
section 7 summanzes the tutorial.

2 EXPERIMENTAL DESIGN

When simulating a system, vou have to think ahead about
the scenanos of the system that you would like to evaluate
using the simulaton modsl (Kelton, 19%4). In some caszes,
the scenarios are a matural consequence of the objectrves
and expectahons zet bv manasement. In other cazes, vou
need to find the nght combination of the mput parameters.
If the number of mputs 13 small exhaustrre snumeration
may be an easy and mexpensive way of finding the nght
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combination. But if the number of mput factors 1= large,

yvou should use zome form of desien of sxperiments to

reduce the size of the zearch space (combinations to
axplore).

In the context of simulation, the factor:s are the
vanous mputs to the model, the level: are the vanous
options for each mput paramester, and the responszss are the
outputz of the simulation model. Once thess slements are
clearly 1dentified, you can analyvze the expenimentzl dezign
m termsz of measurinzg effects of the factors and the
mterachions among them. Donohlue (1994) summarnizes the
vanous steps of using a statistical approach to the desizn
and analyziz of expeniments, which also address tactical
and strategic 1zsues. A modified version of these steps 1s
as followrs:

1. Choosze the factors (confrollable mput vanables) and

the response +wvanables (uncontrollable output

wvariahlas).

Define the region of operability (factor levels) and the

regions of mmferest.

3. Select proper statistical analy=ais (ANOV A resreszion,
efc), criferia to choose a2 “best” design, and
appropriate expenimental clasz design (e.z. factonal,
Latin square, etc.)

4. Perform experiments, collect data, and analyze and

summarize 1t. Incorporate here decizions regarding the

type of szyvstem (terminating, non-terminating),
simulation  length, 1mihal condibions, number of
rephications, and random ssads.

Draw mferences and conclusions
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Your choices for the experniment desizn include
complete factorials, fractional factorials, artificial factors,
frequency domamns, and correlated factors among others.
Fegzardleszs of the chozen desien, once yvou have collected
the oufputs, you must turn your attention to the rasponse
metamodels. The type of objectives set forth wall dictate
the selection of the appropriate metamodel: (Denchue,
19594 Af this stage, one may be mferested 1 sensihvity
analyzis, 1 prediction, or m optmuzing the response
variables. Thus, we are mterested 1n devising a model that
characterizes the behanior of the system az 2 function of 1ts
outputz. Eepgression 1= commonly usad to fit the behavior
of the averaze of the performance measure and the
vanance of it. Teo add stability to the analysiz, loganthmae
transformations may be usad (Sanchez, 1594).

Kelton (1994) provides an extensive hist of references
that zrve more detaills on desipning the experniments.
Sanchez (1994) and Donochue (1994) provide detailed

examimnations of the subject.

3 TEERMINATING SYSTEMS

Termmating systems are systems that have a clear pont 1n
tims when they start operation: and a clear point 1 time
when thev end operations. For this type of systems, it 1z
necessary to decide two things: the zample si1ze and the
simmulation lensth. The simulation length 1= typically
astablished by the context of the problem. For a car rental
operation, 1t may be an enfire dayv of operations, or it may
just be the moming rush. The sample size 15 establizhed
bazed on the accuracy, rehablity, and vanation desired for
the study, using the equation (1)

o d 2
w i-u..zﬂ

ﬂ'la'.
where d 1z the accuracy expressed m the zame umits as
thoze of the measure of performance (e.z. withm 2 umf), z
1z the crifical value from the standard mormal table at a2
grven rehiability lavel 1 - @, (e.g. 93% rehability yields a =
0.03), and T 1= the standard deviation desired.

The resulting value of n 1z the mmimum number of
replications (not runs) needed to obtam statistically valid
results. It 13 very common for the novice to confusze a
replhication with a simulation ran. A rpm 1z what happens
from the moment the user clicks on the run option of the
main menu to the moment m which the software finishes
outputting data and comes back to the mam menu. A
replication, on the other hand, 1= what happenz from the
simulated start fime to the closing simulation tme. In
other words, replication 15 the repetihion of a simulation
with fixed mputs but different cutputs due to different
random mnumbers repheations (Centeno, 1996; Clark,
1588). For a termnating system, a simulation run haz =
replications.

It 1= mmportant to pomnt cut that » refers to the number
of rephications and not to the number of obzervahions per
rephication. Whyv 15 this? Verv simple! Aszume that the
measure of performance of mterest 1z the time 1n the

system [ X; ), and that that vou ran the simulation model so
that 73 customers were processad. At the end of the

replication mun, there would be 75 valoes of X;, one for

1 (1)

sach customer. Thesze values would have been used to
astablish the replication’s average time m the system
(Xioihin)  Xigighin 15 an unbiased astimator of the true
measure of performance’s average (), but the vanance of
the observatons within the replhication EE".E-I-';TH."H:' 15 biased
becanze the X; are not necessanly independent and
dentically diztributed random varables; thus, 1t may
happen that VaI(X, ;s ) ¥ Var(x; )/ 73. To avoid this,
we use the methed of mdependent replications ((Goldzman,

1990, Thiz method vields ome obzervation per
replhicafion. So, at the end of the first replication whare 73
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customers were processed, yvou have omne statishically
mdependent observation of the fime m the system
(Vi =X imm ) Usually, termmating systems are
analyzed uwsing the method of mdependent replications.
However, there are mstances 1 which this method may be
mefficient to uze (zee section &),

Let us look at an examplse of the method of
mdependent replications. Supposed that there 13 a2 drrver
hicensmng office that haz seven officers to examme your
drrving skills. Customers amrve according to a normal
distnbufion with mean 5 monutes and a standard deviation
of 1 mmute. It takes approximately 23 minutes to take the
exam, normally distnbuted with standard deviation of 3.2
minutes. Further assume that vou have generated a model
of it, venfy 1t and vahidate 1t. These are the thmes that you
need to do nows:

Exztablizh  the meazures  of performance for the
analvzis. From yvour objectives, you already kmow which
measures of performance are important. Supposed that you
are onlyv mterested on the average time m the system.

Decide the tvpe of accuracy and reliability that vou
seek. Supposad that you want a 93% rehabldy (a = 0.03),
and an accuracy that yields an ideal half width confidence
mterval (h') equal to 3.

Run the model for a zmall number of replications.
Depandme on the size of the model, and the time 1t takes to
execute 1t, small may mean 5, 10 or 15 replications. For
thiz example, small means 10 rephcations. After runmng
yvour model, vou will obtamn outputs simular to those given
m Table 1.

Table 1: Qutput from a Terminating System

Replica- Avwerage | Replica- | Average
tion Tays tion Tays
1 | 25743 | 6 | 26516
2 264.96 ) 230.09
3 254.22 g 248 54
4 2635.84 g 23431
l 3 25275 10 25710

Compute a (1-ai¥s confidence interval. This 1= dons
for the average of the measure of performance of mnterest,
using equation (2).
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where 1 ;.- 15 the (1-0/2) percenfila of the t-studesnt
distnbution with n-1 degreez of freedom. The example
data yields

which means that the half wadth (h) 1= equal to 3. Recall
that vou are trying fo answer the question of how many
replications to make, so thar you obrain the appropriate
reselution. In other words, vou are trying to find out ifh <
h* If after domg the prelimmary run, the answer 1z ves,
vou are done. On the other hand, if the answer 13 neo, vou
need to compute n¥ using equation (3). Thiz equahon iz
the same az {1}, but expressed 1n terms of the half wadths of
the confidence mterval

i ) =28 3
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Modifv zimulation modsl to reflect the ideal n .
Change the number of replications, so that you can execute
a full preduction run, and run the medal.

Change the initial seed of the randowm numbsr sireams.
There are a couple of things that vou need to decide before
axecutme the production nun.

You already ran 10 replications, but vou need 28
replications. The questions that need to be answered are
Do vou run the modsl again for 28 replications?, or Do
vou rum the model for only 18 more replication:? If vou
run the model for 28 replications, the first 10 replications
will be exactly the zame 10 rephcations plos 18 new ones.
Thiz mmplhes that vou wasted some time. The first 10
replicafions are exactly the same because the random
mumber streams besin exactly at the same pomnt every time
vou run the model. So, to avord this sifuztion, what you
need to do 1z to change the mutial ssed of the vanous
random number streams that your mode] uses.

Computz the final (1-ai?% cownfidence interval as
befors. Thiz yields the final confidence interval of the
various measures of performance.

The method of mdependent replications can be uszad to
build confidence mtervals for statistics other than the mean
value of the measure of performance. Other statishes of
mnferests are the vanous percentiles. More details and
examples can be found m Banks, Carson, and Nelson
(1996).

n =Rr:r|:.n1ﬂr[r1: -

4 NON TERMINATING S5YTEMS

For non-terminating systems the fundamental question to
answer 15 for how long should the simulagon be run? To
answer thiz gquesfion, you need two address two critical
1zsues: 1) achieving steadv state conditions, and 2
obtamming statistically independent observatons. Once
theze gquestions are answerad, 1t would be possible fo
obtamn the confidence mtervals as 1n the casze of terminating
gvstems.

As an example, consider the processing of the space
shuttle which requires a large number of azzembly and
reparr operatons. Techmicians workmg on the shuttle
receive the necessary aszembly pleces amd fools 1 kats.
Theszs kitz are customized for the vanous operations, but



