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Introduction 
DEFINITION 
Simulation is the process of designing a model of a real 
or imagined system and conducting experiments with 
this model to understand the behavior of the system or 
to evaluate strategies for its operation. Assumptions 
are made about this system and mathematical algo- 
rithms (4 .v . )  and relationships are derived to describe 
these assumptions-this constitutes a  “model”  that can 
reveal how the system works. If the system is simple, 
the model  may be represented and solved  analytically. 
A single equation such as DISTANCE = (RATE 1 TIME) 
may be an analytical solution representing the distance 
traveled by an object at constant rate for a given period 
of time. 

However, problems of interest in the real world are 
usually much  more complex than this. In  fact, they 
may be so complex that  a closed analytical model 
cannot be constructed to represent them.  In this case, 
the behavior of the system must be estimated through 
a simulation. Exact representation is seldom possible 
in a model, constraining us to approximations to a 
degree of fidelity that is acceptable for the purposes of 
the study. Models  have been constructed for almost 
every  system imaginable, including factories, commu- 
nications and computer networks, integrated circuits, 
highway systems, flight dynamics, national economies, 
social interactions, and imaginary worlds. In each of 
these environments, experimenting with a model of the 
system has proved to be more cost-effective,  less dan- 
gerous, faster, or otherwise more practical than experi- 
menting with a real system. 

For example, a business may be interested in  building 
a new factory to replace an old one, but is unsure 

whether the increased productivity will  justify the 
investment. In this case, simulation could be used 
to evaluate a model of the new factory. The  model 
could describe the floor space required, number of 
machines, number of employees, placement of equip- 
ment,  the production capacity of each machine, and 
the waiting time between machines. Simulation runs 
would then evaluate the system and provide an esti- 
mate of the production capacity and the costs of a new 
factory. This type of information is invaluable in mak- 
ing  decisions without having to build an actual factory 
to arrive at  an answer. 

HISTORY 
One of the pioneers of simulation was John von 
Neumann (4.v.) .  In the late mid-l940s, together with 
physicist Enrico Fermi and mathematician Stanislaw 
Ulam, he conceived of the idea of running multiple 
repetitions of a model, gathering statistical 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 
modeled exactly, but could be characterized statisti- 
cally. Von Neumann used this method to study the 
random actions of neutrons and aircraft bombing 
effectiveness.  Early  civilian applications of this method 
were found in representations of factories attempting 
to determine maximum potential productivity. 

Simulations derive much of their technique from 
models of the world found in other disciplines. Wind 
tunnels are models that replicate flight by moving 
the air rather  than  the aircraft; chess has been used 
to stimulate strategic thinking about warfare; and 
computer games are intended to generate believ- 
able worlds requiring mastery of a specified set of 
behaviors. 

PURPOSE 
Simulation allows the analysis of a system’s capabil- 
ities, capacities, and behaviors without requiring the 
construction of or experimentation with the real 
system. Since it  is extremely expensive to experiment 
with an entire factory to determine its best configura- 
tion, a simulation of the system can be extremely 
valuable. There are also systems, like nuclear reactions 
and war, which are  too dangerous to activate for the 
sake of analysis, but which can be usefully  analyzed 
through simulation. 

LIMITATIONS 
When conducting a simulation or contriving a model, 
certain limitations must be acknowledged. Primary 
among these is the ability to  create  a model that 
accurately represents the system to be simulated. Real 
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systems are extremely  complex and a determination 
must be made about the details that will be captured in 
the model. Some  details must be omitted and the 
effects of these lost  or aggregated into other variables 
which are included in the model. In both cases, an 
inaccuracy has been introduced and the ramifications 
of this must be known and accepted by the model 
developers.  Another limitation usually results from the 
availability of data. It is possible,  even common, for 
the model to require input data  that is scarce or 
unavailable.  This  availability of data is best addressed 
prior to  the design of the model to minimize its impact 
once it  is completed. 

Both of the limitations above  lead to  a simulation that 
provides approximate results or describes system be- 
havior  statistically.  For this reason, simulation usually 
provides measurements of general trends,  rather  than 
exact data for  specific situations or individuals. A simu- 
lation  would be hard pressed to determine which piece 
of material will be ruined by a milling machine. It would 
be an excellent tool for determining the impacts of 
machine failure on factory productivity, using known 
statistical distributions for the failures of many 
machines. 

Uses of Simulation 
Simulation is used  in some form in nearly  all engineer- 
ing, analysis, and technology  disciplines.  Many prob- 
lems in these areas are too complex to solve ana- 
lytically, but the reward for  solving them is so great that 
a solution must be found-often  via simulation. In each 
case, the expense of constructing a simulation may be 
significant in itself, but is minuscule compared with 
the cost of experimenting with an actual or  a proto- 
type system. There are several general categories of 
simulation uses. 

DESIGN 
Designers turn  to simulation to allow them  to  char- 
acterize or visualize a system that does not yet  exist and 
for  which they wish to achieve the optimum solution. 
Manufacturing models  may describe the capacities of 
individual machines, the time to  prepare material for 
operation, time to transfer materials from one machine 
to  another,  the effects of human operators, and the 
capacities of waiting queues and storage bins. Simula- 
tions of new pieces of equipment may evaluate their 
performance, stress points, transportability, human 
interfaces, and potential hazards in the environment. 
Business process models  may evaluate the flow of 
paperwork through a company to determine where 
redundancies or unnecessary operations are located, 
allowing them to redesign operations such that  the 
same work can be performed with a fraction of the 
labor and time that has evolved into the process. Major 

airlines  use simulations to study complex routing pat- 
terns for large numbers of aircraft traveling around the 
world, to identify routes that serve the most passengers 
and use assets most  efficiently. Factors such as air- 
craft capacity, ground time, flight time, scheduled 
maintenance, crew availability, weather effects, and 
unscheduled downtime are all considered in such 
models. 

ANALYSIS 
Analysis refers to the process of determining the be- 
havior or capability of a system that is currently in oper- 
ation. Unlike design, analysis  may be supported by the 
collection of data from the actual system to establish 
model behaviors. The  model can then be modified to 
determine the optimum configuration or implementa- 
tion of the real system. A computer network can be 
described by the volume of traffic carried, 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 
deliver the most information using the shortest or most 
reliable paths available. In the healthcare industry, it is 
important to schedule patient treatment to serve the 
most patients as quickly  as  possible with a limited set of 
practitioners, equipment, and facilities.  Social trends 
can be simulated to determine what services  or  goods 
will  be needed at a given time by a specific sector of 
society. The impacts of aging, health, family composi- 
tion, and a host of other factors can be predicted from 
an appropriate social model. 

TRAINING 
Training simulations recreate situations that people will 
face on  the job and stimulate the subject to react to  the 
situation until the correct responses are learned. These 
devices prepare personnel without the expense of their 
making mistakes on the job. Perhaps the best known of 
these are flight simulators (Fig. 1 on Color  Page  CP-1 S), 
which model dangerous environments where life- 
threatening situations can be mitigated through learn- 
ing  in nonlethal environments. Military simulators may 
replicate the performance characteristics of the air- 
craft, instruments in the cockpit, effects of weapons, 
support from other combat systems, communications 
with other pilots, and terrain over which the events 
occur. Similar systems are used to train the captains of 
large ocean-going ships to dock without the danger of 
destroying both a real ship and a real dock. Entire 
mock-ups are made of nuclear power control centers to 
teach operators how to respond to emergency situa- 
tions and to identify potential hazards before an 
emergency occurs. Modern  medical equipment is so 
expensive and scarce that simulations have  been 
constructed to allow interns and nurses to practice, 
develop, and have their skills  certified without having 
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to schedule time on the real equipment in competition 
with real patients. Fig. 2 on Color  Page CP- 15 shows a 
military training simulation. 

ENTERTAINMENT 
The entertainment industry makes wide  use of simu- 
lation to create games that  are enjoyable and exciting 
to play.  These contain many, but usually  not all, of the 
components of simulation described in this article. 
Arcade games, computer games, board wargames, and 
role-playing games all require the creation of a con- 
sistent model of an imaginary world and devices  for 
interacting with that world. These simulations often 
appear very  similar to training simulations, but differ  in 
that their purpose is entertainment rather  than practice 
for real-world events. This fact allows game simulation 
developers the freedom to modify the laws of physics 
and behaviors included in the simulation, rather  than 
accurately replicating real-world equivalents. Advances 
in these simulations, together with the prevalence of 
the Internet,  are allowing the creation of multiplayer 
online games that pit players against multiple oppo- 
nents distributed around the world. Though the  pur- 
pose of these simulations is entertainment, the techni- 
cal challenges faced are often just as daunting as those 
in the  other categories. 

The Simulation Process 
The creation and operation of a simulation was once a 
black art in which only experienced practitioners could 
claim competence and understanding. However, over 
the last several decades a definite process has evolved 
for  developing, validating, operating, and analyzing the 
results of simulations. In this section we will describe 
the process, illustrated in  Fig. 3. 

DEFINE PROBLEM SPACE 
The  first step in  developing a simulation is to define 
explicitly 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 crossing these bound- 
aries to achieve interoperability with external systems. 
A model cannot be built based on vague  definitions of 
hoped for results. 

DEFINE CONCEPTUAL MODEL 
Once the problem has been defined, one or more appro- 
priate conceptual models can be built. These include 
the algorithms to be used to describe the system, input 
required, and outputs generated. Assumptions made 
about the system are documented in this phase, along 
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Figure 3. The simulation modeling process. 

with the potential effects of these assumptions on 
the results or accuracy of the simulation. Limitations 
based on  the model, data, and assumptions, are clearly 
defined  so that appropriate uses of the simulation can 
be determined. 

The conceptual model includes a description of the 
amount of time, number of personnel, and equipment 
assets that will be required to produce and operate the 
model. All potential models are compared and trade- 
offs made until there is a single solution that meets the 
objectives and requirements of the problem and for 
which algorithms can be constructed and input data 
acquired. 
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COLLECT DATA 
Once the solution space has been determined, the  data 
required to operate and define the model must be 
collected. This includes information that will serve as 
input parameters, aid  in the development of algo- 
rithms, and be used to evaluate the performance of the 
simulation runs. This data includes known behaviors 
of working  systems and information on  the statisti- 
cal distributions of the random variates to be used. 
Collecting accurate input data is one of the most  dif- 
ficult phases in the simulation process, and the most 
prone to error and misapplication. 

CONSTRUCT SOFWARE MODEL 
The simulation model is constructed based on the 
solution defined and data collected. Mathematical and 
logical descriptions of the real system are encoded in a 
form that can be executed by a  computer. The creation 
of a computer simulation, as  with  any other software 
product, should  be  governed by the principles of soft- 
ware engineering (4.  v.). 

VERIFY, VALIDATE, AND ACCREDIT THE MODEL 
Verification, validation, and accreditation ( W & A ) ,  is 
an essential phase in ensuring that  the model  algo- 
rithms, input data, and design assumptions are correct 
and solve the problem identified at the beginning of 
the process. Since a simulation model and its data  are 
the encoding of concepts that  are difficult to define 
completely, it  is  easy to create a model that is either 
inaccurate or  that solves a problem other than  the one 
specified.  The W & A  process is designed to identify 
these problems before the model is put into operation. 

For the purposes of W & A  the simulation development 
process is divided into the problem space, conceptual 
model, and software model  with  definite transitions 
and quality evaluations between these stages as shown 
in  Fig. 4. Validation is the process of determining 
that the conceptual model  reflects the aspects of the 
problem space that need to be addressed and does so 
such that  the requirements of the study can be  met. 

Conceptual 
model Computer model 

programming 

Software 
verification 

Figure 4. Verification,  Validation,  and  Accreditation  (W6rA). 

Validation is  also  used to determine whether the 
operations of the final software model are consistent 
with the real world, usually through experimentation 
and comparison with a known data  set. Verification is 
the process of determining that the software model 
accurately reflects the conceptual model.  Accredita- 
tion is the official acceptance of the software model  for 
a specified purpose, and software models accredited 
for one purpose may not be acceptable for another. 

DESIGN EXPERIMENTS 
This  phase  identifies the most productive and accurate 
methods for running the simulation to generate the 
desired answers. Statistical techniques can be  used to 
design experiments that yield the most accurate data 
with the fewest number of simulation runs. When 
simulation runs are expensive and difficult to sched- 
ule, experimental design can ensure answers at the 
lowest  cost and on the shortest schedules. 

EXECUTE  SIMULATION 
This  is the actual execution of the designed, con- 
structed, and validated  model according to the experi- 
mental design. The simulation runs generate the 
output data required to answer the problem initially 
proposed. In  the case of Monte  Carlo models, many 
hundreds  or thousands of replications may be required 
to arrive at statistically  reliable results. 

COLLECT OUTPUT DATA 
Concurrent with the execution of the model, output 
data is collected, organized, and stored. This  is some- 
times viewed as an integral part of the model, but 
should be  distinctly separated since  it is  possible to 
change the data collected without changing the model 
algorithms or  design. 

ANALYZE DATA 
Data  collected during the execution of a simulation can 
be voluminous and distributed through time. Detailed 
analyses must be performed to extract long-term 
trends and to quantify answers to the driving questions 
that motivated the construction of the simulation. 
Analysis  may produce information in tabular, graphic, 
map, animation, and textual summary forms. Modern 
user interfaces (4 .  v.) have  greatly enhanced this phase 
by displaying data in forms that can be  easily under- 
stood by diverse audiences. 

DOCUMENT RESULTS 
The results of the simulation study or training session 
must be documented and disseminated to interested 
parties. These parties identify the degree to which the 
simulation has answered specific questions and areas 
for future improvements. 
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EXPAND MODEL 
Simulation models are expensive and difficult to build. 
As a result, once a model  is built, it  will often be modi- 
fied for  use on many related projects. New require- 
ments will be levied,  new users will adopt it, and the 
entire development process will  be conducted many 
times over. 

Modeling Essentials 
Though simulations vary  widely  in their design and 
implementation, most share  a few common features. 

EVENT MANAGEMENT 
A simulation is made up of states, events, and entities. 
States are groups of variables that describe the system 
at  a specific time. Events are activities that change the 
state of the system. Entities are  the objects repre- 
sented in the simulation, the things described by the 
state variables and to which events occur. Events are 
the key items that make transformations in the model 
and drive it through its operations. These may include 
the arrival of a piece of material at  a milling machine, 
the  departure of an aircraft from an airport, the 
delivery of a message in a  network, or an engagement 
between a missile and a fighter aircraft. These are 
typically managed through the use of multiple lists or 
queues in the model. 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. 

Queues manage events by ordering and releasing them 
according to various criteria. The  most common types 
of queues are  the first in, first out (FIFO),  last in, first 
out (LIFO), ordered, and random. Each of these re- 
leases events into the simulation in a different order and 
each is useful  for representing specific situations. The 
FIFO queue may contain a plan in the form of events to 
be executed, where each occurs after all previously 
added events have occurred. The LIFO queue may 
handle object reactions that  interrupt and supersede 
planned events. In an ordered or priority queue, widely 
used in training simulations, the time that  an event is 
to occur determines its insertion into the simulation. 
A random queue assigns no  order  to  the events in 
the  queue, processing any one without regard for its 
priority or arrival order. 

TIME MANAGEMENT 
In  a simulation, time is represented by a variable that 
can  be controlled like  any other and is not tied to real 
time. Typically, simulations move forward through the 
use of event-based time (event-stepped) or incremental 
time advancement (time-stepped). An event-stepped 
simulation recognizes that in the model of the system, 
changes occur only at  the points at which events occur. 

Therefore, the model jumps from one scheduled  event 
to  the next, omitting the representation of intermediate 
times and speeding up the execution of the simulation 
by eliminating operations that do not affect the simu- 
lation state. Time-stepped simulations, on the other 
hand,  are used when there  are a large number of inter- 
actions among entities that  share events. Training 
simulations use this method because of the need to 
present a consistent flow of time and events to  a per- 
son who is interacting with the simulation. 

Such simulations are called discrete  event simulations 
because state variables change at distinct points in 
time. There are also continuous simulations, in  which 
variables change continuously as a function of time. 
In practice, most simulations make use of both dis- 
crete and continuous state variables, but one type is 
predominant and determines the classification of the 
entire simulation. 

RANDOM NUMBER GENERATION 
Many models require the use of random numbers to 
introduce the variability caused by statistical rather 
than deterministic representations of events. Computer 
random number generators use algorithms that  are 
actually deterministic and merely provide the impres- 
sion of randomness. The algorithms are typically re- 
quired to be repeatable, fast, use  little storage space, 
and usually generate uniformly distributed numbers 
in the range (0,l). Other distributions, such as expo- 
nential or Poisson, can be produced by using the 
uniform distribution as the input to  a second algorithm. 

PHYSICAL MODELING 
Traditionally,  models  have represented the capabilities 
of machinery and systems based on their physical 
characteristics and the basic  laws of physics.  The  focus 
has been on understanding and representing the physi- 
cal  environment-distance, rate, weight, density, etc. 
In manufacturing systems, models represent entities 
entering a system  in which events are generated by 
statistical distributions buffered by waiting queues. 
In analytical  physics simulation, the models repre- 
sent the specific behaviors of particles or chemicals 
under specified conditions. In training simulations, the 
models reproduce the physical world, allowing  people 
to interact with terrain, buildings, and other entities. 
The impact of human decision making and process 
variability is handled through the use of statistical 
distributions that represent variation with the aid of 
random number inputs. 

BEHAVIORAL MODELING 
Some simulations need to model human behavior 
accurately. To accommodate this need, simulation 
developers have turned to artificial  intelligence (4.v.) 
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for assistance. Behavioral  modeling has been particu- 
larly  useful  in training applications where computer 
controlled adversaries with challenging and realistic 
behaviors are required. 

MODEL MANAGEMENT 
A computer simulation 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 simula- 
tion are very important to  the btlsiaess of simulation. 
An attractive and friendly user interface is important. 
Systems that have  provided only textual input-output 
are giving  way to those with graphical user interfaces 
and multidimensional representations of the simulated 
world. Configuration management of the models pro- 
vides  stability to  a simulation program, ensuring that 
it can control its own evolution. Documentation ( 4 . v . )  
provides  stability by formally recording model assump- 
tions, algorithms, data collection, and validation re- 
sults. This establishes a foundation that can extend the 
useful life  of a model beyond the tenure of its original 
developers. 

Computer Technologies 
Simulations depend on technologies from other areas 
of science. The  need  for a very complex simulation 
model and the information required to  create it has 
often preceded the ability of computer hardware and 
software to represent it. However, simulation applica- 
tions are growing larger and more useful as a result of 
developments in the computer field that provide  tools 
powerful enough to represent the problems. A few of 
the most  useful technologies are described here. 

NETWORKS 
Distributing a simulation across a network of compu- 
ters makes it  possible to have more detailed and 
complex models. Standard tools  for distributed pro- 
gramming allow a single problem to be addressed with 
a large number of traditional computers on  a network. 
When the network includes control systems, it is 
possible  for a simulation to exchange data with these 
systems  in real time, and, in  effect, become part of 
that control system. This has blurred the boundary 
where real and simulated worlds meet. 

The  expansion of the Internet (4 .v. )  and the World 
Wide  Web ( 4 . v . )  has led to experiments with simula- 
tions that  are either distributed through the Internet or 
accessible from it. These simulations make use of stan- 
dard protocols (4 .v . )  and allow the distribution of a 
simulation across multiple computers that  are not 
directly  controlled on  a dedicated network. 

PARALLEL COMPUTING 
Parallel  processing (4 .v . )  provides many of the advan- 
tages of distributed networked simulations, together 
with rapid and efficient communication. Some prob- 
lems can be divided into many thousands of separate 
processes, but the interactions among these are so fre- 
quent that  a general purpose network for  delivering 
messages introduces delays that greatly extend the 
execution time of the simulation. In these cases, parallel 
computers can provide the close  coupling between 
processors and memory that allows the simulation to 
execute more efficiently and thus handle larger models. 

As simulations have  grown to operate across networks 
of computers or  on parallel computers, the models 
have been separated into pieces that represent portions 
of the problem, and that are programs that reside on 
multiple machines. It is necessary to maintain con- 
sistency among these programs, which cannot be done 
effectively with the simple queuing lists  used within a 
single program. Parallel and distributed time manage- 
ment was  initially  achieved through the use of a shared 
clock to which all programs would refer. However, 
research has led to the use of algorithms which can 
ensure time synchronization without the use of a 
central shared clock. 

Parallel and distributed time management can be 
accomplished through conservative or optimistic syn- 
chronization. Both methods use a mechanism to 
represent the time of each of the processes. Conserva- 
tive synchronization then chooses to maintain consis- 
tency among all processes as the simulation executes. 
Optimistic synchronization, on the other hand, allows 
each process to move ahead as fast  as computationally 
possible, putting each process at a different  point in 
time. When an event is received from another process 
that affects past events  in the local process, the simula- 
tion reverses its operations and “rolls back” in time to 
include the new  event interaction. The  conservative 
method assumes that interactions between processes 
are common enough that constant synchronization 
is the most  efficient method of proceeding into the 
future. The  optimistic method assumes that interac- 
tions are  scarce and the problem can be solved more 
efficiently by working as  fast  as  possible,  rolling  back 
only  occasionally to take account of past events when 
information about them arrives. 

ARTIFICIAL INTELLIGENCE 
As mentioned earlier, the representation of human and 
group behavior has become essential  in  some parts of 
the simulation community. The  use of techniques 
developed under the umbrella of artificial  intelligence 
and cognitive  modeling can solve some of these prob- 
lems. Simulations are including expert systems (q .v . ) ,  
neural networks (q .v . ) ,  case-based reasoning (q .v . ) ,  
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and genetic algorithms (4 .v . )  in an attempt to  repre- 
sent these behaviors with more fidelity and realism. 

COMPUTER GRAPHICS (s.v.) 
Simulation data lends itself  very  well to graphic 
displays. Factories and battlefields can be represented 
in full 3D animation using virtual reality techniques 
and special graphics hardware. Graphical user inter- 
faces (GUIs) can provide easy  model construction, 
operation, data analysis, and data presentation. These 
tools place a new and more attractive face on simu- 
lations that previously  relied on the mind’s eye  for 
pictorial representation. This often leads to greater 
acceptance of the models and their results by the 
engineering and business communities. 

DATABASES 
Simulations can generate a large amount of data to 
be analyzed and may require as much input data 
to drive the models.  The  availability of relational and 
object-oriented databases has made the task of organ- 
izing and using this information much more efficient 
and accessible. Previously, model developers were 
required to build their own storage constructs and 
query languages, a distraction from the real focus of 
the simulation study. 

SYSTEMS ARCHITECTURE 
Like many kinds of software, simulations fall into 
families, or domains, that  can use the same program 
architectures to represent entire classes of problems. 
These architectures are made up of components with 
capabilities and interfaces that allow their reuse in a 
variety of problems. The identification of common 
elements has led to the creation of a host of simulation 
products that encapsulate functionality used to model 
everything from factory operations to aircraft routing 
schedules. 

Table 1. Simulation language comparison. 

Simulation Languages and Packages 
A number of simulation languages and packages have 
been developed  specifically to assist  developers  in 
constructing models of their systems. These languages 
are intended to serve a specific problem domain, 
rather  than support general-purpose programming as 
do Fortran, C, Pascal, and Ada. However, general- 
purpose languages are still  widely  used to construct 
simulations in domains for which simulation-specific 
languages or packages do not yet  exist or where the 
problem is so unusual that simulation tools cannot be 
created economically. 

Some of the more popular languages and packages are 
described below and a sample comparison of three 
provided in Table 1. 

DISCRETE EVENT  SIMULATION 
Discrete  event simulation includes a wide array of 
both problems and commercial tools  for  solving them. 
The descriptions below are separated into those that 
use an actual programming language and those that 
are simulation applications or toolkits. 

LANGUAGES 
Simula (4.v.)  from the Norwegian Computer Center 
was developed by 0. J. Dah1 and K. Nygaard in 1967. 
The language is actually a general-purpose program- 
ming language with specific extensions to support 
simulation. The  first object-oriented language, many of 
its features, such as classes (q.v.),  inheritance, encap- 
sulation (q.v.) ,  and multi-threading were motivated by 
its intended use for simulation. 

GPSS/H from Wolverine Software is a block program- 
ming language improved from the original GPSS devel- 
oped at IBM in  1969.  This language provides an inter- 
active  debugging environment, a clock, and built-in 
mathematical, trigonometric, and statistical functions. 

GPSSIH SlMAN SLAM II .......................................................................................... . .... . .............................................................................................................................. 
SIMULATE  BEGIN; GEN,  1,,,,,,72; 
GENERATERVEXPO(I, 1, 0 )  CREATE,,EX(l,l)  :EX(l,l) LIM,1,1,100; 
QUEUE  SERVERQ :MARK(l) ; NETWORK ; 
SEIZE  SERVER QUEUE, 1 ; RESOURCE/SERVER(l),l; 

LVEQDEPARTSERVERQ SEIZE  :SERVER; C R E A T E , E X P O N ( ~ . ~ , ~ ) , ~ , ~ ;  
TESTLNSLVEQ, 1000, STOP TALLY :1, INT(1); AWAIT(l),SERVER; 
ADVANCE RVEXPO(2, 0.5) COUNT :l,l; COLCT,INT(l),DELAYINQUEUE,,2; 

STOP  RELEASE  SERVER DELAY:EX(2,2); ACTIVITY,EXPON(0.5,2),,DONE; 
TERMINATE1 RELEASE : SERVER  :DISPOSE ; ACTIVITY,,,CNTTR; 

END ; DONEFREE,SERVER; 
START 1000 TERM ; 

END  CNTR TERM, 1000 ; 
END ; 

INIT ; 
FIN; 



It automatically collects  basic simulation output  data 
and supports the extension of this collection by the 
programmer. 

SIMSCRIPT  11.5 from CACI Products is an event- 
oriented and process-oriented language that evolved 
from the original SIMSCRIPT developed at the Rand 
Corporation in 1962. The language is actually a  com- 
plete general programming language that  can be  used 
to build discrete-event, continuous, and combination 
simulations. It is supplemented by  SIMGRAPHICS, 
which  allows the user to develop input forms, output 
displays, and interactive controls for the simulation. 

SIMAN/Cinema from Systems  Modeling  is a combined 
simulation language and animation system. SIMAN 
models are constructed graphically  using the Cinema 
package and automatically converted into code. The 
language includes built-in functions for manufacturing 
and material handling systems, an interactive debug- 
ger, and analyzers for input and output  data. 

SLAM  I1 from Pritsker Associates  is predominantly 
used for process-oriented simulation, with extensions 
that support event-oriented simulation and combi- 
nations of the two. The language represents models 
in a network-like structure  that includes nodes and 
branches. Support packages allow the developer to 
draw a network, which is then converted into the 
simulation code. 

MODSIM from CACI  is an object-oriented program- 
ming language with graphic extensions to support data 
input, execution monitoring and control, and output 
analysis.  The language includes built-in routines for 
statistical distributions and simulation management 
operations. Interaction with the language is through 

Orders Assembly Table 

SIMULATION 1585 

a development environment that includes a compiler 
(q.v.), object manager, and debugger. 

LANGUAGE COMPARISON 
To illustrate the syntax of some of the more common 
simulation languages, Table 1 provides the code  for 
the same problem in  GPSS/H,  SIMAN, and SLAM  11. 
This  code represents a simple  single-server queue with 
exponential interarrival and service times, such as a 
barber shop with one barber and a waiting queue. 
Though these languages are designed to serve effi- 
ciently the needs of model builders, their syntax is 
often equal to or more complex than general purpose 
programming languages. This fact has motivated the 
creation of the simpler graphic packages and toolkits 
described in the next section. 

PACKAGES 
Extend from Imagine That is a visual, interactive 
simulation package for discrete event and continuous 
modeling that allows  users to build  models and user 
interfaces graphically (Fig. 5 ) .  Model execution is 
carried out interactively on  the graphic model repre- 
sentation. The package can accept data input through 
the inter-faces or from separate files.  Extend  provides 
built-in mathematical and statistical functions and can 
be customized through the addition of C and Fortran 
routines. 

Workbench from SES is a visual simulation environ- 
ment that allows  models of complex systems to be 
built and executed graphically  for performance anal- 
ysis and functional verification. A model is specified 
graphically as a hierarchy of directed graphs; declara- 
tively  by  filling  in forms attached to each node in a 

Hachining  Inspect ion 

b e f o r e   t h e y   a r e  passed to  

Stock Parts 

Figure 5. Simulation of a manufacturing production line. (Courtesy of Imagine That,  Inc.) 
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graph; and procedurally by specifying procedural 
methods attached  to  the nodes where desired in an 
internal language that is a superset of C. 

TAYLOR  I1 from F&H Simulations is a graphic model 
building package based on four fundamental entities- 
elements, jobs, routings, and products. These are 
manufacturing-oriented, where elements can rep- 
resent machines, buffers, conveyors, transport,  paths, 
warehouses, and reservoirs. The three basic opera- 
tions supported are processing, transport, and storage. 
During simulation execution, graphic interfaces pro- 
vide 2D and 3D views of factory activities. 

COMNET  I11 from CACI Products is designed to 
simulate communications networks. It provides a 
graphic interface for model building, execution, and 
data analysis.  It  specifically provides statistical dis- 
tributions 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 architec- 
tures and communications systems. The tool provides 
graphical user interfaces for  defining data  structures, 
analyzing results, generating finite state machines, and 
directing interactive simulation runs. 

CSIM 18 from Mesquite Software is a library of classes, 
functions, procedures, and header files that describe 
the activities and statistical distributions of commu- 
nications, transportation, microprocessors, and man- 
ufacturing systems. Library components can be 
combined with developed software in C and C++ to 
create  a simulation model that has fast execution. 

SimPack from the University of Florida is a toolkit 
written in C and C++  to  support  the development of 
simulation programs by the  user. It contains routines to 
support basic simulation operations and management 
of declarative, functional constraint, and combination 
models. The software is intended to be combined with 
code written by the user. 

CPSim from BoyanTech  provides an execution kernel 
that manages synchronization, scheduling, deadlock 
prevention, and message  passing, as well as a library of 
C functions that can be  used to build an application. 
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 models across single and multi- 
processor computers. 

CONTINUOUS SIMULATION 
The  Advanced Continuous Simulation Language 
(ACSL) from MGA Software was  developed  specifically 

for  modeling time-dependent, nonlinear differential 
equations and transfer functions. The language allows 
the user to develop code from block diagrams, math- 
ematical equations, and Fortran  statements. There are 
two distinct groups of user interactions: the first  define 
the model and the  structure of the system  being rep- 
resented; the second exercise the model  allowing input 
variation and output analysis. 

The Continuous System  Modeling Program (CSMP) is 
constructed from three general types of statements- 
structural, which  define the model; data, which assign 
numerical values to  parameters; and control, which 
manage the execution of the model. 

INTERACTIVE SIMULATION 
In the interactive training arena  a number of simula- 
tion products have emerged, particularly with  military 
domain applications. 

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

ITEMS from CAE Electronics provides a graphic envi- 
ronment for constructing simulated virtual worlds and 
the entities that populate them. The tool allows the 
creation of vehicles, aircraft, and humans and the 
specification of the physical characteristics and behav- 
ioral patterns. Terrain and weather data can be 
imported from standard formats or generated inter- 
nally to create an operational environment. It provides 
a graphical user interface for executing and managing 
simulation runs. 

FLAMES from Ternion is a simulation development 
and execution environment for  military training and 
analysis.  The  system provides a simulation kernel to 
manage data distribution among multiple computers, 
time advancement, and simulation control. This sup- 
ports models of equipment and organizations that 
actually replicate military events. The  system  includes 
tools for scenario generation, data analysis, simulation 
control, and two- and three-dimensional battlefield 
viewers. 

MultiGenII from Multigen is a three-dimensional 
modeling tool for generating the visual representations 
of simulated objects, terrain, and cultural features for 
a complete synthetic environment to support training 
simulations. The tool simplifies the creation of the 
visual objects, allowing simulation developers to focus 
on more specific  physical and behavioral models 
within the simulation. 
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Conclusion 
THE GROWTH OF SIMULATION 
Like  all computer applications, the use of simulation is 
expanding as a result of improvements in computer 
hardware and software technologies. At one time 
simulation was performed entirely by specialists  using 
expensive, dedicated computer systems. We have  now 
reached a point where significant simulations can be 
performed on personal computers and workstations 
(4 .v . ) .  Simulation software tools  allow experts in  vari- 
ous fields to model their systems without a staff  of 
simulation specialists.  Modern languages, tools, and 
architectures encapsulate much of the difficult  work of 
building a model. Knowledge of the system being stud- 
ied is now  sufficient  for creating a model of the system. 

Research in simulation itself  is leading to an array of 
new technologies and methods for constructing and 
using models. Innovations include formalisms for 
defining models, interoperability of a diverse set of 
interactive simulations, metamodeling, human behav- 
ior modeling, and concurrent simulation. 

FUTURE 
The manufacturing, research, planning, and training 
communities, to name a few, have  discovered that 
answers to their questions and insights into their 
problems can be obtained economically and quickly 
from simulation  models. As the world  evolves into the 
information age, more and more business, recreation, 
and government activities will operate through digital 
data and this information can be analyzed, organized, 
and predicted using simulation. For these reasons, the 
application of simulation will expand as the digitiza- 
tion of the world expands. 
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