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ABSTRACT

A basically tutorial point of view i8 taken in th2 following material,
the idea being to introducs some basic concepts underlying the simulation
technique in general and to indicate some of the ways in which digital com-
puters can be helpful in this process. While the emphasis is on the use of
digital computers, many of the principles examined below held for simulations
dope on analog computera. No attempt is made, however, to compare the
uges of the two types of machine for simulaticn studies.

This paper draws from a wide variety of opinion, both as expressed in
the diverae literature on the subject and as communicated personally fo the
authox. For this reason, no individual credits or specific referancas are
given in the paper jtsclf; however, & short bibliography is given at the end.
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DIGITAL SIMULATION AND MODELLING

DEFINITION AND BASIC IDEAS

If one werc to ask an engineer, a cemputer programmer, an experi-
mental psychologist, and an operatic is researcher to define the word “"simu-
lation, " four quite different definitions might well result. So varied are the
techniques and so broad is the spectrum of applications for the collection of
things which might, in toto, be considered the "'fleld of simulation" that one
is hard put tc uline this "fleld." Nevertheless, the basic unifying concept,
neither new nor comalex, is simply that one may construct a more or less
faithful representation of gome real objec. or process and then experiment
with the representation rather than with the real thing, Two ideas are
esgential:

(1) Blmﬂlnrlg
The representation is in some sense "like" the real thiag.

(2) Nonidentity

The representation (g not the real thing,

As 2 conssquence of (1), the simulation 1nay be uscd to predict per-
formance in the real world, and these predictions will be valid to the same
extent that the simulation 1s a fai*thful copy of ==lity., As a consequence of (2)
the “Linitation" frequently costs leas. or can be constructed and tested more
easily than the thing imitated,

.‘l'he original veraion of this paper was published by The MITRE Corporation
in March 19¢4. It subsequently appeared in Datamation, 10 (10), pp. 25 to 29
(Ootobar 1964}, .

;
i
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At this point, it is desirable to sharpen thege adeas by making 2 clear
distin~tion between “simulation” and “model. " We shitil use the noun “madel”
to refer to our analog, or representation of reality, and the noun ‘simulation*’

(act of simulating) fo refer to the construction and use of this model for test-

ing, prediction, and design. As an cxample, consider the testing of a new
airfoil design by means of a seale model in a wind tunnel. The modcl s,
perhaps, a picce of wood or metal which, aithough reduced in size from an
actual aireraft wing, 18 similar in shape, surfaee smoothness, and other
characteristica, Undoubtedly, the list of charaeteristics in which the model
Iz not similar to the real thing is a more extensive one and might include
structural stiffness and strength, relative center of gravity, 1 “tio of arsa to
volume, and, of some importance, evst and case of manipulation. The simu-
lation, in this case, would consist of the ¢ snstruction of the ndel, its sub-
sequent testing in the wind tunnel, and the drawing of conclusions about the
behavior of a full-size wing. Clearly, "2 model” is not synonymous with

va simulation, " although "modelling"” is an essential part of “gimulatir.g.’

Models, and hence the aimulations involving them, may be classilied
according to the dcgree to which elements of the model eorrcspond t0 ele-
ments of the real-world object or process, If there are no human ot random
factors in the real object or process, the closest approach to reality (and
lowest level of abstraction) is obtained by conatructing a “seale wodel, " i. ¢,
a reduced-size operating model. By "size” we do not necessarily mean
physical dimension, but include such things as complexity, extent of detail,
and number of elements. Such "scaling” often introduces probiems.  For
example, one cannot necessarily evaluate the performance of a 20-channel
multiplex communication system by slud_\-lm{ a 1n-channel system loaded to

the same percentage of eapacity.
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Somewbat further removed from the roal world, and hence eanier to con-
struct 2nd manipulate, are what are commonly called simuiation mcdels. These
may no longer resemble their real-world counterparts in appearan:e¢; baing at
a higher level of abstraction. their similarity I8 more logical than physical.

The closeness of a model to the real world has been described in terms of a
spectrum, or scale of abatraction, with the real world at one end and the mathe-
matical model, whose reaamblance is merely symbolic. at the other end. Ar
one moves along this acale towarc die mathematical model. the generality of

the model Increases; 1. e., the resuts obtained from exercising it apply to larger
and larger classcs of real-wcrld objects. Al the same time, its level of validity,
when referred to a specific applicatiun, as well as its level of detail, decrease.

The discerning reades maay set an apparent inconsistency in the foregoing
remarks concerning the placc of eimulation models and rn;nlhemnicggl models
along the scéle of complexity, tased upon the fact that aimw!ation models can-
not be constructed without first defining the mathematical relationships which
exist. Indeed, a simulation model niay ve viewed as a "mechanization” of a
Jet of mathematical relationships. Why docs this set of rclationships not con-
stitute & mathematical model, and thus imply that simulation models and mathe-
matical models are in the same region of the scale? The answer fa, of course,
thet it doew. The problem, however, ia that the "mathenatical model” defined
by the sot of mathematical relationships underlying the simulation I8 ar tn-
tractable one. If it were not, there would be no point in going to a simulation.
Thus, when we say that the end of the syale corresponding to the greatest
gonerality and the least detail is occupiyd by mathematical modeis, we roal’y
mean trgotable mathematics! models. In this sense, such models nze “simpler”
than thosz underlying & wimulstion. Finally. ail of ibese statoments sssume
that one desires 1o model a fairly complex real-world procees: U the rea! worlid
s simple, then so will be both 1te simulation model and (ts mathematical model.
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The difficulty of making previse elassiications of models o illustrated
by the foregoing. A hutter grasp of the uaderlytng idevs is guned by consider
ing briefly what onc actually does in construeting a simuliation madel of a
complex process. Assumling that the process 1s so complex that one vanot
easily formulate a tractable mathematical modei from a study of the process
as a whole, one seeks to divide the provess into a set ol intervelated subpro-
cesaes. The major requirement on this decomposition process is that it must
resuit in well-defined subdivisions or procyss ¢lements whose relationships
are well understood and for which one ean construct tractable mathematical
models. In ensence, the mathematical models are mace tractable by consider-
ing the problem in smaller pieces. -Therc still remalns the problem of putting
the nloces togsther to form the overall medel. It s expectd that this overall
modal will be difficult to handle analytically: nevertheless, it is needed as a

basis for the simulation model.

Putting the pleces trgeiher Involves writing additional mathematical and/
or logical cxpressions describing the relationships between the varlous sub-
divisions. For example, the outputs of ccrtain procese clements may be used
as inputs to certain oti:er elemente, or, by means of closed loops, as Inputs
to themselves. This mathamatical description of the “boundary conditions”
for each element s then added to the mathematical deseripticns of the clements
to form the overall mathematical model.

A mode! constructed in the manner just described genorally consists of a
large set of mathematical equations, each of whicl: is capablc of "mechanization”
on a computer. In miny cases, a digital computer provides a convenlent
facility for this purpose. When the sot of mathematical relavionships is reduced
to a computer program, the computuy i8 able simultancously to taks al! of them

into account, and thus to simulate the operation of the vntire procoss. 1t s true
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that the computer's function still could becarried cut by humans using desk calcu-
latoras, reference books, sumamury sheets, szd fellov:ing some complex master

schedule of operations, but the cost and time involved make this impractical.

In considering the stmulation spectrum which runs from completo reality
to complete abutraction. one is struck by the inherent tradeoff tnvolved in
locating 2 simulation somewhere in this range. This tradeoff i8, of course,
between roalistic detatl and cost: as the model moves away from reality, it
becomes simpler and hence easier to construct and manipulate, while & move
toward realism usual’y involves added complexity and cost. The two sides of
the simulation coln. “hen, are:

{1) By lgnoring relatively unimportant detalls, it becomes practical to

construct and exercise a simclation model at much less cost and time

than that required to exercise the real worid.

{(2) By being w less-than-complete copy of realisy, the simulation be-
comee surceptible to falsely predictirg the real worid.

There is, In general, nv weil-defined set of rules by which one can flx the
amount of realistic detail in the model: this choice being a partially subjective
one depending on judgment and experience. Indeed, the siraulation technique
itself may b used to {ix this choice, by reveallng problem parameters which
do not significantly affect results.

EXAMPLES OF SIMULATIONS

Counsider the air-traffic-control problem, invoiving various alreraft,
thelr positions, altitudes, and speeds, rules of procedure for dealing with
conflicting airspace requirements, landing and take-off priorities, and airport

approsch congenticn. Several simulation studies have been made in this area,

O
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utilizing digital computers o keep track of the aircraft, their stacking at cor-
geuted airports, and delays associated with deviations from scheduledarrival

times.

Ancther simulation example {a the processing of various items by collee-
tions of machines and workers in production plant "ish shops." One problem
{s to plan the operations so that various picces of work proceed through the shop
in resscnable time with minimum usc of overtime. subcontracting, or extra
workers. Digital computer simulation of the job shop allows consideration of
the physical arrangement of equipment, the decislon and priority rules involved
in routing the work, the proceasing times for various machires and workers,
temvorary storage requirements for partly-finished lots of material, and
cimilie items. Output dats from such a simuiation might inciude percentage
utilization of yvarivus machines and facilities, wasted time (for either machines
or workers) due to poor scheduling, overloads on particular machines or
workars, and average processing time per item. Other things, such as inven-
tacy levela for raw material, stocks of finished goods on hand, and the effect
of ruzh orders can be teken into account,

Here again, in thesa two examplies, the large amount of bookkeeping in-
volved males the disital computer en extremaly usefu! way of doing the simulation.

APPLICABILITY AND FEASIBILITY OF SIMULATION STUDIES

Tha primary function of a oimulation 1s to predict. Thia {unction can be em-
ployed in & number of ‘vays. In avaluation, the predicted behavior or some
real-woild systam (eithor existest or contemplated) is used tc asaseas the dosir-
ability or "goodnaza’’ of that system. This notion can be extended to comparison
of resl-world prpcesces by making the evaluation a relative ono, A further ex-
tenslon, conzisting of slternating "cut and try" or "proposv wi evaluate” . »cies,

6
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results in an iterative desiga application. For optimization,

inlerent in simulation itself, the iterative design grocess would ke carried out

under some plan which ensured convergence to the optimum valus of some pera-

meter (say, by exhaustively trying all possible values) or to within sone

apecified "distance from this optimum value.
of course, to the atudy of
and max/machine. System

All of the foregolag uses of aimulation apply,
lylcbm'. including static, dynamic. automated.
simulation is indicated:

(1) I the system is too complex to be reduced to a tractablec mathe-

matical formulntion, such as a small set of equsations,

(2) When analrtical e mathematical techniques do not exist for the
problems involved (such as certain differential equations wiich are
nonlinear or whose coefficients and/or boundary conditions are

time-varying).

(2) When it is impossible to experiment with the r
(such Le Satvonomical systems) of to observe the

eal-world system

system in it3
patural environment.

(4) When, in system2 containing random elements. probability dictributions
are desired but unobiainable experimentally .

(5) When it is desirable to check the results of an analytizat study of the
system without bullding and/or testing the actual sysiem.

realistic field teats of the system are

not practical. This might arise, for examyle, in a system having

multiple inputs which are difficult to physically reproduce. The in-
eri syatem: in doing this, one

(6) When, because of complexity,

puts might then be simulated to the r
would be simulating purt of the system environment.

12



{7) When, as often occurs in optrations regearch problems, it is desirable
to plan policy for operating a large system without actually trying out
various aiternative policies.

(3, When there exists the problem of training operators of a large svstem
and it is not practical to doe this on the real svste (it may net offer
a predictable variety of possible conditions, or mav offer some of

them only rarely).

If a digital computer simulation is indicawd, there is a need W examine
the feasibility of such a study. A simulation is possible onlsy if the system can
be breken up fnto & set of interrelated vlements having oparating rules which
can be specified (if only in a probabilistic sense). Certainly, the feasibinty
Jependa upon the avaliability of & computer, programmers, and problem ana-
lysts. A knowledge of the capabilities of machines and the time and cost of
producing and runring programs clearly {8 needed to assess feasibility and
decide on the proper level of detail in the model. Generally, the iarger the
datp storage (memory) of a compuler and the more flexibie its fogic, the better
suited it is for simulation of large systems.

The time and dollar costs for simulations vary as much aa the models
used. A typinal "smail” simulation might require an the order of 1500 in-
structions and 500 words of memory. A particular example of this type,
involving t'» air-traffic spplication mentioned earlier, requircdup to 55 mninutes
of computer time to follow 35 tc 75 aircraft for three houra of real-time flight
activity. With computer time costing hundreds of dollars per hour, even a
small simulation is not trivially expensive, especially when many runs are
contemplated. By way of contrsst, a "large” simulstion mey require on the
arder of 256,000 words of program ond, roughly, the same number of words

13
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of [ast-access memory, plus considerable secondary storage. This could
entail as many as eighteen months of prograomming effort. In some cases,
a limitation on the amount of computer storage available can he overcome by
doing the simulation in separate ''blocks," with the cutputs of certain blocks
being used as inputs to others. The various parts of the simulation then can

be run at different times, and, in fact, on different computers, if desirable.

The cost of simulation for large svsiems is generwlly between that of
analysis and experimental testing, being more expensive th:‘m the former and
less expensive than the latter (there are exceptions, of course). A simulation
could take from a few weeks to several years and cost from a few thousand
to several hundred thousand dollars, whereas building and testing a r<al system
could take years and cost millions. The real measure of cost is the cost of .

doing without simulation, and this couw.d be as great as building a useless system.

SIMULATION TECHNIQUES

Various lists of steps in performing a simulation have been suggested.

A typica' cue is:

{1) The system is studied by one or more analysts who roughly fix the size
. and scope of the model and its nature, as determined by the type of sys-

tem, the questions to be answered, and the support available:

.
>

(2) The system is divided into subsystems whose relationships are known
(input/output relationship, for example). A lbgical flow diagram show-
ing these elements and their interconnection is drawn up. Various
questions, such as gow to simulate the passage of time and what system
functions or elements can be gafely left out of the model, must be

answered here.

Y
Y
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(3) A full-scale test of tha “odel may be carried out manually at this point,
by going step-by-step throvgh the simulation using & desk calculator,
followed by revision and/or modification.

(4) A computer having adequate storage and logical flexibility i3 chosen. A
progrim flow chart is developed and the probiem is coded for the ma-
~hine, using one of the avuilable programming languages.

(5) The program is run and debugged. and, if possible, the model is cali-
brated against the results of tests on actual equipment.

(6) A detailed test program is designed for using the sizau'ation. including
such things as number of values to be uszed for different variabies,
pumbir o casen to be treated. and (if the model contains ranism ele-
ments) number of ruas required to give staistically valid results.

(0 A cumber of rens are made, as called for by the test plan, and the
rosalting data are analyzed and used to predict the performaace or
quality of the system being simulated.

In the foregoing list, items are seen to fall Into one of two classer: those
ccacerned with the deaign of the model, snd those concerned with ite. use or
anglication. If different groups are concerned with thase two categories, it is

lmgoctent thez they coordinate their activities, since decisions in elther srea
have an elect on t25 othsr.

Of the specific techniques useful in simulation, the Monte Carlo techaique is
cus of the more important. To "Monte Carlo” a particular thing means, very
roughly, to “rendomise" it. If the time~oi-arrival of an atrcraft s known to be
somgunas varishls, or unpredicteble, it may be called a "random varisble” or
a8 "ohance variable.” There are degrees of randomness, howsver, and the time
of l‘rrlvu may be known, frum experience, to vary no more than 45 minutes

10
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cithor way, in a particuiar instance. In simuiating the gircraft’s flight, the
number representing arrival time would not be fixed (this would be unrealistic)
but would be "Monte Carloed, " allowing it to take on rundom values (within the
90-minute lixitalion). Esch simulation rur would reault in s different, and un-
predictable, arrival time, but after many Monte Cario run~, & psttern would
begin i emerge. In this case, the pattern would be the one imposed by the sim-
ulatica designor when ha apacified a probability disiribution fur the random
nuriber, sad might be describad, after 130 runs, by the statement that 10 arcivals
{or 10 parcaat of thz total) were within 5 minutes of the scheduled time, 40
arrivals (or 40 perceatiwers within 20 minutes of schedule, and so on. An siter-
cative deacription would bo that the aircraft could be sxpecied to arrive no more
_ than 5 minuten enrly or late with a probability of 0.1, or that the probabliity of

2 20-minuse deviaticu [rem schedule was 0. 4, and go on. Such a deocription is
ciied a peoabllity diawritution.

A practical agplication of Moate Cario would be ons in which certain variablos
wers chosen st rondom during each rur, sgain according to some distribation
hwgosed by the deoigner, Ddt in which thess variables react ia the sim=lation to
prodece a new variadls (such as the sumber of sircraft walting in a "etack")
whick \s, agcordingly, also readom. Aftcr many Monts Cerlo rums, one would
be abic to obtain the pettarn or distribution (unknown ai the start) for the new
varisbie aud to 5iake such statements ss, "There will be at least eight aircraft
In the stack 78 purcent of the time, " or, "With prooability 0. 75, there will be
elght or moro aircraft watling 1o land.” Clearly, any sysiem or prnceas con-
talning randovincss can oaly he speciiiad by such statements, end can oculy be
svaluated, for @ given exercise of the system, by a Monta Carlo technique. On
the other band, since randomness doos not alweys play an important part, Monte
Carlo 19 not necencarily a part of a stmulation.

11
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A second specific technique useful in < gital simufation 18 the writing o. com -
puter srogiams in special simulation languages, such as the Gordon GPS Simu-
lator, SIMPAC: and SIMSCRIPT. The latter i« similar in general configuration
% FORTRAN, but is specificaily dusigned to make it eusy to write certain tvpes

of simulation programa. In the vocabu'ary of SINSCRIPT. . system consists of

a set of ontitics. ¢rch of “shick can have se eral numerically deseribed attributes.

There are two types of entities. temporary {these which enter into unly art of

the simulation) and perinanent {those which ex:st througliout the cutire simatation).

®-Zmples of these types might be, respectively. a s'ngle airer Di flight which
lasts for only two minutes out of & 20-minute simulation run. and an airport
facility which exists throughbout the run. The attributes of a permanent entity
mey toks on several vaives during a run {the number of runways availabie at a
given time, for example) and one might well be interested in the probabilittes
associated with these different "states” of the system.

ADVANTAGES AND DANGERS IN SIMULATING

At the risk of repetition, a summary of some advantages of simulation
follows:

{1) Simulation provides experience and prrmits experimenting without the
risiks and costs involved in dealing with the roeal thing.

(2) With respect to systoms. simulation and modelling pormit the demonaira-
tion of system operation bi {01+ hardware in buidl, the evaluation of al-
ready consiructed systems which cannot be wdequately tested otherwise.
aid in setting up fleld test procedures for aystem chockout, amd evalus.-
tion of & system’ 8 capability for assuming nnaxions ur perfurming func-
tiony not originally specifivd,

12
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{3) Simulation can be conaiderably faster than making comparable cperationa’
tusts on equipment.

{(#) Environmentsal conditions, system parameters, and subsystem opersting
charasteristics may be varied almost & will in many simulation models.
"Changes™ in the syetem lnvolve only changes in programs or substitution
of new programs. BSuch changes cen, of course, be difficuit in certain
cases.

{5) Simulation of s complex process may provide an indicstion of which
varisbles are especially important, and may reveal unforeseen difficulcies
resulting from apparently minor changes in the system cr its environ-
ment. Buch indications may lasd to evolution of new policies and idean,
or the realization of simple tat hidden trutha,

(& Simulstion gives control over time. In » dynamic model, one may either
compress or expand time {rom its real-worid pace.

{7 Simulation gonerally has beneficial "fallout.” The data collected may
turn out to be useful in answering quastions other than the ones which
led to the simulation, since *hese data may be analyzed and reassemblea
in a variety of ways.

Aa with any technique, simulstion has its dangers as well as its advantages.
Slmulation is ot slways a faster, chesper way of doing the job: there are cer-
taialy real-world prooessas which are better handled by the analytical mathods
of mathernatics or by prototype testing. Generally spesking, the larger and ‘
more complax the procass, ths more advantages ars offernd by simulation.
Henoe, ome of the primary dangers is the poor use of simulation: 1.e., ita use
in cades whare otber methods are indivated. Lven when indicated, the techai-
qus can be carried to extremas such that the diminlshing returns are not
worth the additional costs. Fortunately, thore exist, at lenst for Monte Carlo

13
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schcmus. statistical criterin which Indicale a reasonable muximum numtbrer of

runs.

Technlques also exist for designing the test plan. |, ¢. . choosing the

combinations of paramecter values to be used for simulations having a large

number of variables,

Another class of dangers can be groupud under the Iabel of poor design, In

some areas, at least, simulation design is more art than scienee, and there

often must be strong rellance on common sense and experlence. Some specific

pitfalls are given In the (by no means complete) list below:

(1)

@)

0]

S8ometimes the deslgner cannot foresec all of the variables needed: this
resuits clther in important omissions or in such a conservatively large
number of varishlez at test deslgn and/or data cvaluation become
hopeless tasks.

There s danger that the simulation will be dusigned with too much em-
phiasis on irmitating the real world and tco llitle emphasis on the questions
to be answered or on the problems o be solved.

L1 slmulations of man/machine systems, there ia the danger of inadequately
representing the human belng. When aimple motor tasks are to be per-
formed, & {ixed or Monte Carle time delay may suffice. When the human's
responss is functional, the problem decomes difficult becauss of the non-
lineer stimulus response, pon-zero riemory time, and kighly complicated
pattern-raccgnition capabilities of thls "device." When declsion-making
functicns are also to be consldered, tho oaly recourse 18 (o make the
human being part of the simulatlon. This has many ramificatlons, such

as the requirement for carrying out the simulation in real time and the
problem of chcosing a set of humane for participation which 18 repreaent-
alive of the class occurring in the real aystom.
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{4) The simulation design can be too narrowly concelved and thus limitad in
its application. A rigid adherunce to only the specific requirements en-
visioned at the start may result in a stmulation progrem so inflexible and
incapable of expansion or modification a3 to be of littie value,

CLASSIFICATION OF SIMULATIONS

: One divislon of general simulation technigues that can be made i2 manual
versus automated. Automated techniques can be further divided into simuiations
utilizing analog computers and those utltizing digital computers, the latter baing
) particularly appropriate in the area of systoms sirauiation. As a finat overview
‘ of this latter area, onc might attempt a classification. by various (and some-
what overlapping) categories, of digital computer simulations, as follows:

T

(1) Simulation of the environment for a real system. as opposed to simula-
tion of the systam in a real environment, or to simulation of bath.

{2) Modals of noncomputer~based systems conatructed on a computer as
opposed to models which use a computer in the way which 1t ts used \n
the real {oomputer-based) system. Here, the a=tual systom computer
may be ueed, or its program may be simulated by a different type of
computer.

S APRTTLATR

(3) Analytic versus real-time simulptions. The latter \s self-explanatery.

the former ts based on & modal in which time-paciny or sequencing of
events (s not important. A third class includer tirae -based models
JI which are run on the computer in scided time.

(4) Classification by use or purposs, such s design, sviluation. training,
or the study of human resctions in « simulated eavironment (operational
gaming).
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(5) Deterministic versus Monte Carlo.

(6) Man/machine simulations :: ; epposcd to pure machine simulations. In

e e

PR

the former, the emphasis is usually upon real-world provesses in which
the human deciston-making role is of paramount importance. such as 1n

militury command and cortrol systems.  in the [atter, the system being

modelted includes human clements wimost inconscaquentially. such as in

automated sensing and reporting systems.

BUMMARY
? The basic ideas involved in experimentation with models are both familiar
’ and possessed of a long history of application. A relatively reeent culmination
?l‘ of endeavors in one particular application, the prediction of lurge system per-
g_ formance, is the use of large digital computers in performing simulations.
& When certain conditions «f feasibility arc met by the system processes. such

computers often constitute a tremendous aid in moudelling thes.: processes.

Asg with any technical tool, simulations pose problums in addition to provid-
ing belpful answers. Thesc dangers and advanteges are, to some extent.
reflections of the basic tradeoff that must be made between readistic detall and

cost (or time). The final choice {8 onc between accuracy of prediction and ease

of prediction,
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