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BACKGROUND

Definition. Smulation is the process of desgning a modd of ared or imagined system and
conducting experiments with that modd. The purpose of smulaion experiments is to
undergtand the behavior of the system or evauate srategies for the operation of the system.
Assumptions are made about this syssem and mathematicd agorithms and relationships are
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derived to describe these assumptions - this congtitutes a“modd” tha can reved how the
system works. If the system is smple, the model may be represented and solved anaytically.
A sngle equation such as DISTANCE = (RATE * TIME) is an andyticd solution representing
the distance traveled by an object at constant rate for a given period of time.

However, problems of interest in the red world are usudly much more complex than this. In
fect, they may be so complex that a smple mathematicd mode can not be constructed to
represent them. In this case, the behavior of the sysem must be estimated with a smulation.
Exact representation is seldom possble in a modd, condraining us to gpproximations to a
degree of fiddity that is acceptable for the purposes of the study. Models have been
consgtructed for dmost every sysem imaginable, to include factories, communications and
computer networks, integrated circuits, highway systems, flight dynamics, national economies,
socid interactions, and imaginary worlds. In each of these environments, amodel of the system
has proved to be more cost effective, less dangerous, faster, or otherwise more practica than
experimenting with red system.

For example, abusiness may be interested in building a new factory to replace an old one, but is
unsure whether the increased productivity will justify the invesment. In this case, smulation
would be used to evauate a modd of the new factory. The model would describe the floor
goace required, number of machines, number of employees, placement of equipment,
production capacity of each machine, and the waiting time between machines. Smulation runs
would then evaduate the system and provide an estimate of the production capacity and the
cogs of anew factory. Thistype of information is invaluable in making decisons without having
to build an actud factory to arrive a an answer.

Simulaions are usudly referred to as either discrete event or continuous, based on the manner in
which the dtate variables change. Discrete event refers to the fact that State variables change
indantaneoudy a didinct points in time. In a continuous Smuldion, varigbles change
continuoudy, usudly through afunction in which timeisavariable. In practice, most amulaions
use both discrete and continuous state variables, but one of these is predominant and drives the
classfication of the entire amulation.

History. One of the pioneers of smulation concepts was John von Neumann. In the late
1940's he conceived of the idea of running multiple repetitions of a modd, gathering Satistica
data, and deriving behaviors of the real system based on these models. This came to be known
as the Monte Carlo method because of the use of randomly generated variates to represent
behaviors that could not be modeed exactly, but could be characterized datidticaly. von
Neumann used this method to study the random actions of neutrons and the effectiveness of
arcraft bombing missons. These methods wee firgt used in industry to determine the maximum
potentid productivity of factories.

Concepts for Discrete Event Simulations (DES) were developed in the late 1950's. The first
DES-specific language was developed at General Electric by K.D. Tocher and D.G. Owen.
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The Generd Simulation Program (GSP) was created to study manufacturing problems a
Genera Electric and was shared with the rest of the world a the Second Internationd
Conference on Operations Research.

Purpose. Simulation dlows the andyss of a sysem’s capabilities, capacities, and behaviors
without requiring the condruction of or experimentation with the red sysem. Since it is
extremdy expendve to experiment with an entire factory to determine its best configuration, a
amulation of the factory can be extremdy vaduable There are dso systems, like nuclear
reactions and warfare, which are too dangerous to carry out for the sake of andysis, but which
can be ussfully andyzed through smulation.

Advantages and Disadvantages. When conducting a smulation or contriving a modd,

certain limitations must be acknowledged. Primary among these is the ahility to creste a modd

that accurately represents the system to be smulated. Red systems are extremely complex and
adetermination must be made about the details that will be captured in the model. Some details
must be omitted and their effects lost or aggregated into other variables that are included in the
model. In both cases, an inaccuracy has been introduced and the ramifications of this must be
evauated and accepted by the model developers. Another limitation is the availability of data
for describing the behavior of the system. It is common for amode to require input data thet is
scarce or unavailable. Thisissue must be addressed prior to the design of the model to minimize
itsimpact once the modd is completed.

Both of the limitations listed above lead to a smulation that provides gpproximate results or that
decribes system behavior datidtically. For this reason, smulation usualy provides
measurements of generd trends, rather than exact data for specific Stuations or individuas. A
smulation would be hard pressed to determine which piece of materid will actualy be ruined by
a milling machine. But, it would be an excdlent tool for determining the impacts of machine
falure on factory productivity, usng known datidica digributions for the falures of many
machines.

COMMON APPLICATIONSOF SSIMULATION

Smulation is usad in nearly every engineering, scientific, and technologicd discipline. In the fifty
years snce its formd definition it has been adapted for a wide variety of applications. Today,
the techniques are employed in the desgn of new systems, the andysis of exiging systems,
training for al types of activities, and as aform of interactive entertainment.
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Design. Desgners turn to smulation to alow them to characterize or visudize a sysem that
does not yet exig and for which they wish to achieve the optimum solution. Manufacturing
models may describe the capacities of individua machines, the time to prepare material for
operation, time to transfer materiads from one machine to another, the effects of human
operators, and the capacities of waiting queues and storage bins. Simulations of new pieces of
equipment may evaluate their performance, stress points, transportability, human interfaces, and
potentia hazards to the environment. Business process models may evaduate the flow of
paperwork through a company to determine where redundancies or unnecessary operations are
located, alowing them to redesgn operations such that the same work can be performed with a
fraction of the labor and time that has evolved into the process. Mgor arlines use smulations
to study complex routing patterns for large numbers of arcraft traveling around the world. The
intention is D identify routes that serve the most passengers and use the fewest assets most
efficently. Factors such as arcraft cgpacity, ground time, flight time, scheduled maintenance,
crew avalability, westher effects, and unscheduled downtimes are dl considered in such
models.
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Smulaion of a Manufacturing Production Line
Courtesy of Imagine That Inc.
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Analysis. Anayss refers to the process of determining the behavior or cgpability of a system
that is currently in operation. Unlike design, anadysis may be supported by the collection of data
from the actud system to establish modd behaviors. The model can then be modified to

determine the optimum configuration or implementation of the redl sysem. A computer network
can be described by the volume of traffic carried, the capacity of the lines and switches,

performance of a router, and the path taken from sender to receiver. Based on measured

message patterns, the network can be configured to ddiver the most information using the
shortest or most reliable paths available. In the hedth care industry, the models are used to
schedule doctors, staff, equipment, and patients in an effort to improve service times and reduce
costs. Socid trends can be smulated to determine what services or goods will be needed at a
given time by a specific sector of society. The impacts of aging, hedth, family compostion, and
ahost of other factors can be predicted from an appropriate socid model.

Traffic How Smulation
Courtesy of Intergraph Computers Inc.
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Training. Training Smulations recreate Stuations that people face on the job and simulate the
trainee to react to the situation until the correct responses are learned.  These devices produce
experienced personnd without the expense of making mistakes on the job. Perhaps the best
known of these are flight Smulators, which mode dangerous environments where life threatening
gtuations can be mitigated through learning in a non-lethd environment. Military smulators
replicate the performance cheracterigtics of the aircraft, instruments in the cockpit, effects of
wegpons, support from other combat systems, communications with other pilots, and terrain
over which the events occur. Similar systems are used to train the cgptains of large ocean-going
ships to dock without destroying both a redl ship and aredl dock. Entire mock-ups are made
of nuclear power control centers to teach operators how to respond to emergency Stuations
and to identify potential hazards before a criss occurs. Modern medical equipment is so
expendve and scarce that Smulations have been condructed to alow interns and nurses to
practice, develop, and certify their skills without having to schedule training time on the red
equipment, competing for its use by red patients.

Hight Smulator
Courtesy of SEOS International Ltd.
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Entertainment. The entertainment industry makes wide use of smulation to creste games that
are enjoyable and exciting to play. These contain many, but usudly not dl of the components of
simulation described in thisarticle. Arcade games, computer games, board wargames, and role
playing games dl require the cregtion of a consstent mode of an imaginary world and devices
for interacting with that world. These smulations often gppear very dmilar to training
samulations, but differ in that their purpose is entertainment rather than practice for red-world
events. This fact dlows game devel opers the freedom to modify the laws of physics and other
behaviors, rather than accurately capturing their red world equivdents. Advances in these
smulaions, together with the prevaence of the Internet, are dlowing the cregtion of multi-player
on-line games that pit players against multiple opponents around the world. Though the purpose
of these amulations is entertainment, the technica challenges faced by their developers are just
as daunting as those in the other categories.

Tank Simulator Computer Game
Courtesy of MaK Technologies, Interactive Magic,
and Zombie Studios

All of the aress listed here alow systems to be understood without incurring the expenses or
dangers of working with the actud sysem. As the benefits of Smulation become more widdy
understood, and the complexity of modern problems increases, the user base for smulaion will
grow rapidly.
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THE SSMULATION DEVELOPMENT PROCESS
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Figure 1. Smulation
Development Process

The cregtion and operation of a Smulation was once a black
at in which only experienced practitioners could clam
competence and understanding. However, over the last
severd decades a definite process has evolved for developing,
vaidating, operating, and andyzing the results of smulations.
In this section we will describe the process illugtrated in Figure
1

Define Problem Space. The fird step in developing a
amulation is to explicitly define the problem that must be
addressed by the model. The objectives and requirements of
the project must be stated along with the required accuracy of
the results. Boundaries must be defined between the problem
of interest and the surrounding environment.  Interfaces must
be defined for crossng these boundaries to achieve
interoperability with externa sysems. A mode can not be
built based on vague definitions of hoped for results.

Define Conceptual Model. Once the problem has been
defined, one or more appropriate conceptua models can be
defined. These include the agorithms to be used to describe
the sysem, input required, and outputs generated.
Assumptions made dout the sysem are documented in this
phase, dong with the potentid effects of these assumptions on
the results or accuracy of the Smulation. Limitations based on
the model, data, and assumptions, are clearly defined so that
appropriate uses of the smulation can be determined.

The conceptua modd includes a description of the amount of
time, number of personnel, and equipment assets that will be
required to produce and operate the modd. All potentia
models are compared and trade-offs made until a sngle
solution is defined that meets the objectives and requirements
of the problem and for which agorithms can be constructed
and input data acquired.

Collect Input Data. Once the solution space has been determined, the data required to
operate and define the modd mugt be collected. This includes informetion that will serve as
input parameters, aid in the development of agorithms, and be used to evauate the performance
of the smulation runs. This data includes known behaviors of working systems and information
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on the gatigticd distributions of the random variates to be used. Collecting accurate input data
is one of the mogt difficult phases in the Smulation process, and the most prone to error and
misgpplication.

Construct Software Model. The smulation modd is congructed based on the solution
defined and data collected. Mathematical and logica descriptions of the red system are
encoded in aform that can be executed by a computer. The creation of a computer smulation,
as with any other software product, should be governed by the principles of software

engineering.

Verify, Validate, and Accredit the Mode. Verificatiion, vdidaion, and accreditation
(VV&A), is an essentid phase in ensuring that the modd agorithms, input data, and design
assumptions are correct and solve the problem identified at the beginning of the process. Since
a smulation modd and its data are the encoding of concepts that are difficult to completdy
define, it is easy to creste amodd that is ether inaccurate or which solves a problem other than
the one specified. The VV&A processis designed to identify these problems before the model
IS put into operation.

For the purposss of VV&A the

L& Red World % smulaion development processis divided

¢ il %% into the problem conceptual
o . . A - % %, P SPece, . ceptu

Experimenfation N Makie 2 model, and software modd with definite

/ \\ trangtions and qudity evduaions

/ 4 between these stages as shown in Figure

S = —compu — | e 2. Vdidaion is the process of

\mgi“y determining that the conceptua model

— reflects the aspects of the problem space

Verification that need to be addressed and does so

such that the requirements of the study
can be met. Vadidation is dso usad to
determine whether the operations of the
find software modd are congstent with the rea world, usualy through experimentation and
comparison with a know data set. Verification is the process of determining that the software
mode accurately reflects the conceptuad modd. Accreditation is the officia acceptance of the
software modd for a specified purpose. A software model accredited for one purpose may not
be acceptable for another, though it isno less valid based on its origina design.

Figure2. VV&A Process

Design Experiments. This phase identifies the most productive and accurate methods for
running the smulation to generate the desired answers. Statistical techniques can be used to
design experiments that yield the most accurate and uncompromised data with the fewest
number of amulaion runs  When amulaion runs are expendve and difficult to schedule,
experimental design can ensure answer's a the lowest cost and on the shortest schedules.
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Execute Smulation. Thisis the actud execution of the designed, congtructed, and vaidated
moded according to the experimental design. The Ssmulation runs generate the output data
required to answer the problem initidly proposed. In the case of Monte Carlo models, many
hundreds or thousands of replications may be required to arrive a satisticaly reliable results.

Collect Output Data. Concurrent with the execution of the model, output data is collected,
organized, and stored. Thisis sometimes viewed as an integrd part of the mode, but should be
digtinctly separated since it is possible to change the data collected without changing the mode
agorithms or design.

Analyze Data. Data collected during the execution of a Smulation can be voluminous and
digtributed through time. Detailed analyses must be performed to extract long-term trends and
to quantify answers to the driving questions that motivated the congtruction of the smulation.
Andyss may produce information in tabular, graphic, map, animation, and textud summary
forms. Modern user interfaces have grestly enhanced this phase by displaying datain forms that
can be easly understood by diverse audiences.

Document Results. The results of the smulation sudy or training sesson must be
documented and disseminated to interested parties. These parties identify the degree to which
the smulation has answered specific questions and areas for future improvements.

Expand Model. Simulation modds are expengve and difficult to build. As a result, once a
mode is built, it will be modified for use on many related projects. New requirements will be
levied, new users will adopt it, and the entire development process will be conducted many
timesover.

FUNDAMENTAL TECHNIQUESFOR MODEL BUILDING

Though smulations vary widdy in their desgn and implementation, most share a few common
featuresto achieve their godls.

Event Management. A smulation is made up of dtates, events, and entities. States are
groups of variables that describe the system at a specific time. Events are activities that change
the date of the sysem. Entities are the objects represented in the smulation, the things
described by the state variables and to which events occur.  Events are the key items that make
transformations in the mode and drive it through its operations. These may include the arrival of
a piece of materid a a milling machine, the departure of an aircraft from an airport, the delivery
of amessage in anetwork, or an engagement between a missle and afighter aircraft. Theseare
typicaly managed through the use of multiple lists or queues in the modd. The queues identify
which events are ready to be processed, which are waiting until a specified time, and which
must be triggered by specific conditions.
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Queues manage events by ordering and rleasing them according to specified criteria. The most
common type of queues are the First In First Out (FIFO), Last In First Out (LIFO), Ordered,
and Random. Each of these rdleases events into the smulaion usng a different method and
each is uniquely useful for representing specific Stuations. The FIFO queue may contain a plan
in the form of events to be executed. The LIFO queue may handle object reactions that
interrupt and supersede planned events. An Ordered queue is widely used in training
amulations, in which the time an event occurs drives its insartion into the Smulaion. A random
gueue assigns no order to the events in the queue, processing any one without regard for its
priority or arrival order.

Time Management. In a gamulation, the advancement of time is performed using a varigble
that can be controlled as any other and need not be tied to the advancement of red time or the
internal computer dlock. Typicdly, Smulations move forward through the use of event based
time (event stepped) or incrementa time advancement (time stepped). An event-stepped
amulation recognizes that in the modd of the system, the only changes occur a the points at
which events occur. Therefore, the mode jumps from one scheduled event to the next, omitting
the representation of intermediate times and speeding up the execution of the amulation by
eliminating operations that do not effect smulation state. Time stepped smulations, on the other
hand, are used when there are a large number of interactions between entities based on shared
events. Training smulations use this method because of the need to present a consistent flow of
time and events to a person that is interacting with the smulation.

A great ded of work has been done in the area of managing time stepped smulaions. These
amulations are discrete, stepping from one time to another usng a specified increment.  This
increment may be fixed such that each step is one minute, one second, or one microsecond
long, or it may be variable such that the sze of the tep is determined by the activity being
amulated. It may be necessary, for example, to represent time in sub-seconds during a combat
engagement and in days during the politica negotiations prior to the beginning of hodtilities.

As smulations have grown to operate across networks of computers or on pardle computers,
the models have been separated into pieces that represent a portion of the problem, and exist as
multiple software programs on multiple machines.  This has resulted in the need to maintain
consstency among programs, which can not be done effectively with the smple queuing ligs
used within a single program. Pardld and distributed time management was initidly achieved
through the use of a shared clock to which dl programs would refer. However, research has
lead to the use of agorithms that can ensure time synchronization without the use of a centrd
shared clock.

Pardld and didributed time management can be accomplished through conservative or
optimistic synchronization. Both methods use a mechanism to understand the time of each of
the processes.  Consarvative synchronization then chooses to maintain consstency among al
processes as the smulation executes. Optimistic synchronization, on the other hand, dlows
each process to move ahead as fast as computationdly possble, putting each process a a
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different point in time. When an event is received from another process that affects past events
inthe loca process, the amulation reversesiits operations and “rolls back” in time to include the
new event interaction. The conservative method assumes that interactions between processes
are common enough that congtant synchronization is the most efficient method of proceeding
into the future. The optimistic method assumes that interactions are scarce and the problem can
be solved mogt efficiently by working as fast as possible. These roll back only when interactions
arerecaived in the past.

Random Number Generation. Many models require the use of random numbers to introduce
the variability caused by dsatistical rather than deterministic representations of events. Random
number generators are used in the computers to replicate the creation of a series of numbers
that are random and independent of each other. These dgorithms are actualy deterministic and
merdy provide the impresson of randomness. Algorithms are typicdly required to be
repeatable, fast, use little storage gpace, and usudly generate Uniformly distributed numbers in
the range of (0,1). To create variates from other distributions the Uniform random number
becomes the input to a second agorithm that generates Normal, Exponentia, Poisson, Gamma,
Weibull, Lognorma, Beta, Binomia, or other distributed numbers.

Physical Modeling. Traditiondly, models have represented the capabilities of machinery and
systems based on their physical characterigtics and the basic laws of physics. The focus has
been on underdanding and representing the physcd environment - distance, rate, weight,

dengty, etc. In manufacturing systems, models represent entities entering a system in which
events are generated by datigtica distributions buffered by waiting queues. In andytical physics
smulation, the modds represent the specific behaviors of particles or chemicals under specified
conditions. In training Smulations, the models reproduce the physica world dlowing people to
interact with terrain, buildings, and other entities. Each of these takes a unique view of the
essentid variables and agorithms needed to represent the physica behavior of the sysem. The
impact of human decison-making and process variance is handled through the use of datistica
distributions that represent variation with the aid of random number inputs to these ditributions.

Behavioral Modeling. As the role of smulation has grown, the need to nore accurately
represent human and group behaviors has increased. To accommodate these needs, smulation
developers have turned to the atificid intdligence community for asssance. Models now
contain finite state machines, expert systems, neurd networks, and case-based reasoning to
represent human behavior in finer detall. This acknowledges that specific physical conditions
trigger human behaviors that must be explicitly modeed to achieve the appropriate results.
Behaviord modding has been particulaly useful in training applications where computer
controlled adversaries with chalenging and redigtic behaviors are required.

Mode Management. A computer Ssmulation is a system of software and hardware that must
be developed and managed in accordance with the same principles of systems and software
engineering that govern other applications. Issues that are not germane to the science of
gmulation are very important to the business of amulation. An atractive and friendly user
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interface is important. Systems that have provided only textud input/output are giving way to
those with grgphica user interfaces and multi-dimensond representations of the smulated
world. Configuration management of the modes provides gability to a Smulaion pogram,
ensuring that it can contral its own evolution. Documentation provides permanence of expertise
by recording model assumptions, dgorithms, data collection, and vdidation results. This
edablishes a foundation that can extend the useful life of a model beyond the tenure of its
origind developers. Findly, domain architectures are being developed which attempt to capture
the essential components and interactions of entire families of Smulations. The intent isto creete
a dructure that diminates redundant development and promotes the reuse of modules or
components that provide common functiondity and interfaces across an entire family of
gmulations.

ESSENTIAL COMPUTER TECHNOLOGIES

Smulations, like dl other gpplications, leverage technologies from other areas of science. The
agorithms and information required to cregte a very complex modd usualy exceed the power
of the avallable computer hardware and software necessary to run it. However, smulation
programs are growing larger and more useful as a direct result of advancements in computer
science. A few of the most useful technologies are described here.

Networks. The ahility to distribute a smulation across a network of computers leads to more
detailed, scaeable, complex, and accessible modds. Digtributed message passing and event
synchronization alow a single problem to be addressed with a large number of traditiona
computers on a network. The proliferation of standardized networks between computerized
machinery, communications systems, decison ads, and other tools has created an environment
in which smulations can drive “red world” computers directly and extract data from them in
red time. This has blurred the boundary between red and smulated worlds.

Paralled Computing. Pardld computing provides many of the advantages of networked
computers, but adds the characteristic of close coupling. Some problems can be divided into
many thousands of separate processes, but the interactions between them are so frequent that a
generd-purpose network for delivering messages introduces delays that greatly extend the
execution time of the amulaion. In these cases, pardld computers can provide the close
coupling between processors and memory that dlow the smulation to execute much more
quickly.

Artificial Intelligence. The representation of human and group behavior has become essentid
in some parts of the Smulation community. Techniques developed under the umbrella of
atifiad inteligence and cognitive modeling can solve some of these problems. Smulations are
including more finite state machines, expert systems, neurd networks, case based reasoning,
and gendtic dgorithmsin an attempt to represent human behavior with more fiddity and redism.
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Computer Graphics. Smulation data lends itsdf very well to graphic displays. Factories and
battlefields can be represented in full 3D animation using virtud redity techniques and hardware
devices. Graphicd user interfaces provide easy mode congruction, operation, data anayss,
and data presentation. These tools place a new and more attractive face on smulations that
previoudy relied on the mind's eye for visudization. This often leads to greater acceptance of
the modds and their results by the engineering and business communities,

Databases. Smulations can generate alarge amount of data to be analyzed and often require
large volumes input data to drive the modds. The availability of relationad and object oriented
databases has made the task of organizing and accessing this information much more efficient
and accessble.  Previoudy, mode developers were required to build their own storage
congructs and query languages, adigtraction from the redl focus of the smulation study.

Systems Architecture. Simulations can be grouped into families, or domains, where the same
software architectures can be used to modd entire classes of problems. This recognition in
transaction-based smulation has lead to the creetion of a host of smulaion products thet
encgpaulate functiondity used to mode everything from factory operaions to arcraft routing
schedules.

World Wide Web. The expangon of the Internet and the World Wide Web has led to
experiments with smulations that are either didtributed through the Internet or accessible fromiit.
These smulations make use of standard protocols and alow the digtribution of a smulation
across multiple computers that are not directly controlled on a dedicated network. Simulation
users do not necessarily need to own the computers that run the smulation. Instead, the user
may access a Smulation-specific machine connected to the Web, provide input vaues, control
model execution, and receive the results without ever having their own copy of the smulation
software or the computers necessary to runit.

SIMULATION LANGUAGESAND TOOLS

A number of gmulation languages and tools have been developed specificdly to assgt
developers in congtructing models of their sysems. These languages are intended to serve a
specific problem domain, rather than support genera purpose programming as do FORTRAN,
C, Pasca, and Ada. However, generd purpose languages are sill widely used to construct
amulations in domains for which smulation specific languages or packages do rot yet exist or
where the problem is so unique that smulation tools can not be created economicaly.

Some of the more popular languages and tools are described below and a sample comparison
of three provided in the table.

Discrete Event Simulation. Discrete event smulation includes awide array of both problems
and commercid tools for solving them. The descriptions below are separated into those that
use an actud programming language and those that are amulation gpplications or toolkits.
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Languages

Simula, the firgt smulation-specific programming language, was developed by O.J. Dahl and K.
Nygaard of the Norwegian Computer Center. In 1961 they created Smula | by making
extensons to ALGOL 60. The language was a generd purpose programming language that
included specific extensons to support smulation goplications. Smula 67 was the first object
oriented programming language, providing support for objects, classes, inheritance,
encapaulation, multi-threading, and garbage collection. It was the motivation for the later
development of the C++ language.

GPSS/H from Wolverine Software is ablock programming language improved from the origina
GPSS devedoped a IBM in 1969. This language provides an interactive debugging
environment, a floaing-point clock, and built in mathematic, trigonometric, and Satigtica
functions. It automaticaly collects basc smulaion output data and supports the extenson of
this collection by the programmer.

SIMSCRIPT 11.5 from CACI Productsis an event-oriented and process- oriented language that
evolved from the origina SIMSCRIPT developed at the Rand Corporation in 1962. The
language is actudly a complete genera programming language that can be used to build
discrete-event, continuous, and combinaion smulations. It is supplemented by
SIMGRAPHICS that dlows the user to develop input forms, output displays, and interactive
controls for the smulation.

SIMAN/Cinema from Sysems Modding is a combined smulation language and animation
sysem. SIMAN modes are condructed graphicdly usng the Cinema package and
automatically converted into code. The language includes built-in functions for manufacturing
and materiad handling systems, an interactive debugger, and andyzers for input and output data.

SLAM I from Pritsker Associates is predominantly used for process-oriented smulation, with
extensons that support event-oriented Smulation and combinations of the two. The language
represents models in a network-like structure that includes nodes and branches.  Support
packages dlow the developer to draw a network, which is then converted into the smulation
code.

MODSIM from CACI is an object-oriented programming language with graphic extensons to
support data input, execution monitoring and control, and output analyss. The language
indudes built-in routines for datistica distributions and smulation management operations.
Interaction with the language is through a development environment that includes a compiler,
object manager, and debugger.

Language Comparison
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To illugrate the syntax of some of the more common smulation languages, Table 1 providesthe
code for the same problem in GPSSH, SIMAN, and SLAM 11. This code represents asimple
sngle-server queue with exponentid inter-arrival and service times, such as a barbershop with
one barber and a waiting queue. Though these languages are designed to efficiently serve the
needs of modd builders, their syntax is often equa or more complex than genera purpose
programming languages. This fact has motivated the creation of the smpler graphic packages
and toolkits described in the next section.

Table 1. Smulation Language Comparison

GPSS/H SIMAN SLAM 11
SIMULATE BEGIN; GEN, 1,,,,,,72;
GENERATE RVEXPO(1, 1, 0) CREATE,,EX(1,1) :EX(1,1) LIM,1,1,100;
QUEUE SERVERQ ‘MARK (1); NETWORK;
SEIZE SERVER QUEUE, 1; RESOURCE/SERVER(1),1;
LVEQ DEPART SERVERQ SEIZE :SERVER,; CREATE,EXPON(1.0,1),1,1;
TEST L N$LVEQ, 1000, STOP TALLY :1, INT(1); AWAIT(l),SERVER;
ADVANCE RVEXPO(2, 0.5) COUNT :1,1; COLCT,INT(1),DELAY IN
STOP RELEASE SERVER DELAY :EX(2,2); QUEUE,,2;
TERMINATE 1 RELEASE :SERVER :DISPOSE; ACTIVITY,EXPON(0.5,2),,DONE;
END; ACTIVITY,,CNTTR;
START 1000 DONE FREE,SERVER;
END TERM;
CNTR TERM,1000;
END;
INIT;
FIN;
Tools

Extend from Imagine That is a visud, interactive smulaion package for discrete event and
continuous modeling that alows users to build models and user interfaces ggphicaly. Modd
execution is carried out interactively on the graphic modd representation. The package can
accept data input through the interfaces or from separate files. Extend provides built-in
mathematic and datigticd functions and can be customized through the addition of C and
FORTRAN routines. It aso supports a client/server relationship with spreadsheet programs.

Workbench from SES isavisud smulation environment that allows modes of complex systems
to be built and executed grephicaly for performance andyss and functiond verification. A

modd is specified graphicdly, as ahierarchy of directed graphs, declaratively, by filling in forms
attached to each node in a graph; and proceduraly, by specifying procedurd methods attached
to the nodes where desired in an internd language that is a superset of C.

TAYLOR Il from F&H Simulations is a graphic modd building package based on four
fundamentd entities - elements, jobs, routings, and products. These are manufacturing oriented
where eements can represent machines, buffers, conveyors, transport, paths, warehouses, and
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reservoirs. The three basic operations supported are processing, transport, and storage.
During smulation execution, graphic interfaces provide 2D and 3D views of factory activities.,

COMNET Il from CACI Products is designed to smulate communications networks. It
provides a graphic interface for modd building, execution, and data andyss. It specificdly
provides dtatistical distributions and control data for communications and computer networks as
used by telephone companies, cable television broadcasters, and computer networks.

BONeS Designer from the Alta Group models the protocol and messaging layers of computer
architectures and communications sysems.  The tool provides graphical user interfaces for
defining data dructures, andyzing results, generating finite date machines, and directing
interactive Smulation runs.

CSIM18 from Mesquite Software isa library of classes, functions, procedures, and header files
that describe the activities and datistica didtributions of communications, transportation,
microprocessors, and manufacturing systems. Library components can be combined with
developed software in C and C++ to create a Smulation model that hes fast execution.

SmPack from the Universty of Florida is a toolkit written in C and C++ to support the
development of smulation programs by the user. It contains routines to support basic smulation
operations and management of declarative, functiond congtraint, and combination models. The
software can be combined with software written by the user.

CPSm from BoyanTech provides an execution kernd that manages synchronization, scheduling,
deadlock prevention, and message passing, as well as a library of C functions that can be used
to build an gpplication. CPSim represents the system being modeled as a directed graph of
communicating objects that are categorized as sources, nodes, and sinks. The tool supports
portable modes across single and multi- processor computers.

Continuous Simulation. The Advanced Continuous Simulation Language (ACSL) from MGA
Software was developed specificdly for modding time-dependent, nonlinear differentid
equations and trandfer functions. The language dlows te user to create code from block
diagrams, mathematical equations, and FORTRAN statements

The Continuous System Modding Program (CSMP) is constructed from three generd types of
datements - dructurd, which define the modd, data, which assgn numericd vaues to
parameters, and control, which manage the execution of the modd.

I nteractive Simulation. In the interactive training arena a number of Smulation products have
emerged, particularly with military domain gpplications.

VRLink from MAK Technologies supports network protocols and simulation management for
digributed military amulations. This package provides routines that format messages according
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to defined standards and manage the delivery and receipt of these messages across a number of
computer platforms.

ITEMS from CAE Electronics provides a grgphic environment for constructing smulated virtud
worlds and the entities that populate them. The tool alows the cregtion of vehicles, aircraft, and
humans and the specification of the physica characteristics and behaviord patterns. Terrain and
wesather data can be imported from standard formats or generated interndly to creste an
operationa environment. It provides a graphicad user interface for executing and managing
smulaion runs.

MultiGenll from Multigen Paradigm is a three dimensond modding tool for generating the
visud representations of smulated objects, terrain, and cultura features for a complete synthetic
environment to support training Smulations. The tool smplifies the creation of the visua objects,
dlowing smulation developers to focus on more specific physica and behaviord modes within
the smulation.

CONCLUSION

Simulation Expanson and Transformation. Like adl computer gpplications, modding and
gmulation is expanding as a result of improvements in computer hardware and software
technologies. There was atime when smulation was performed entirely by dedicated personne
using expensive, dedicated computer sysems. We have reached a point where significant
amulations can be performed on persond computers by experts in a specific fidd, without the
need for agtaff of smulation specidigts.

Research in amulation itsdf is leading to an aray of new technologies and methods for
condructing and usng models  Innoveions incude formadisms for defining modds,
interoperability of a diverse sat of interactive smulaions, metamodeling, human behavior
modeling, and concurrent smulation.

Future. The manufacturing, research, planning, and training communities have discovered that
answers to thelr questions and indghts into their problems can be obtained economicaly and
quickly from smulation models. As the world evolves into an information society, more and
more business, recreation, and government activities will be defined in the form of digitd data
which can be organized, andyzed, and predicted usng smulation. This power will drive the
wide adoption of smulation by al forms of business and government.
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APPENDIX A: 35 SIMULATION WEB SITES

A great ded of information on Smulation is available on the World Wide Web. The addresses
of some of the more useful and dynamic organizations are provided below.

Conferences and Discussions

Winter Smulation Conference
http:/AMww.winteram.org/

Simulation Interoperability Workshop
http://www.s sostds.org/

Electronic Smulation Conference
http:/AMww.scs.org/confernc/elecsm/decam.html

Internationa Journd of Computer Simulation, Moddling, and Anadysis
http://tebbit.eng.umd.edu/smulation/

On-line Executable Smulations
http:/Aww.cis.ufl.edu/~fishwick/iwebs m.html
http://ms.ie.org/websm/survey/survey.html

Discrete Event Smulation Server
http://masgl.epfl.ch/roso.mosai c/nino/devs.html

Systems Understanding Server
http:/Aww.radix.net/~crbnbl wwel come.html

USENET News Group - “comp.amulation” archive
http://tebbit.eng.umd.edw/'s mul ation/comp.s mulation.archive.html

Military Offices

Defense Modding and Smulation Office
http:/Mmwww.dmso.mil/

Joint Moddling & Simulation System
http:/Aww.jmasswipafb.af.mil/

Joint Smulation Sysem
http:/Amww.jamsmil/

Joint Training, Andlys's, and Smulation Center
http:/Aww.jtasc.jfcom.mil/

Joint Warfare Smulation
http:/Aww.dtic.mil/defensdink/jwars/

Joint Warfighting Center
http:/AMww jwicjsmil/

Professional Organizations

ACM Specid Interest Group on Simulation
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http:/AMww.acm.org/sgam
|EEE Computer Society - Technicd Committee on Smulation
http:/Amww.ieee.org/
Society for Computer Simulation
http:/Amww.scs.org/
Indtitute for Operations Research and Management Science
http:/AMww.informs.org/
INFORMS College on Smulation
http:/Aww.isye.gatech.edw/prof Org/informs/informs-9m
Military Operations Research Society
http:/AMww.mors.org/

Companies

CACI
http:/AMww.caci.conv
AutoSmulations
http:/Aww.autos m.cony
Taylor 11
http:/Aww.tayl orii.com/
Imegine That
http:/AMmww.imaginethatinc.cony
MultiGen
http:/Amww.multigen.cony
Mak Technologies
http:/Aww.mak.conm/
Evans & Sutherland
http:/AMnww.es.com/
BoyanTech Inc.
http:/mww.wdn.convbti-gm
The Alta Group
http://www.atagroup.com
SESInc.
http://mww.ses.com/
MGA Software
http:/Aww.mga.com/
Abdtraction Software
http://www.abstraction.com/abstraction
High Performance Systems
http:/Amww.hps-inc.com/
Virtud Prototypes
http://mwww.virtua prototypes.cal
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APPENDIX B: 23UNIVERS TIESWITH SIMULATION CURRICULA

Arizona State University

Cdifornia Indtitute of Technology
Cdifornia State University, Chico

Carnegie Médlon University

George Mason University

Georgia Institute of Technology

Johns Hopkins University

Naval Postgraduate School

North Carolina State Universty

Texas A&M University
Universty of Arizona

Univergty of Cdiforniaa Los Angdes

Univerdty of Centrd Horida

University of Colorado
Univergty of Florida

Universty of lllinois Urbana- Champaign

Trademarked products referenced in the* Simulation Languages and Tools’ section of

Univergty of Michigan

Universty of Pennsylvania

Universty of Southern Cdifornia

Univergty of Texas

Universty of Virginia

Univergity of Washington

Virginia Polytechnic Universty

the paper:

Trademark Trademark Holder
GPSSH Wolverine Software
SIMSCRIPT 11.5 CACI
SIMGRAPHICS CACI
SIMAN/Cinema Systems Modeling Corp.
SLAM I Pritsker Associates
MODSIM CACI

TAYLORII F&H Smulaions
COMNET Il CACI

BONeS Designer The Alta Group
CSIM18 Mesquite Software
CPSm BoyanTech Inc.
ACSL MGA Software
VRLink MAK Technologies
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ITEMS CAE Electronics
MultiGenll MultiGen Corp.
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