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ABSTRACT

Computer smulation hasbeen well recognized asava uable modeling tool in many
disciplines, and many computer science educators dready make use of smulations
invariouscourses. Tofully exploit itsbenefits, however, we believethat computer
amulation should beintegrated more broadly and intentiondly acrossthe curriculum
rather than taught in an isolated, ad hoc fashion. In this paper we advocate the
teaching and use of simulations across the undergraduate computer science
curriculum at alibera arts college. We focus on the devel opment of smulations by
students, though we aso address the use of existing Ssmulations. We present both
advantages and disadvantages, and argue that in many situationsthe advantages
outweigh the drawbacks. Wethen present in outline specific examples of how, with
limited resources, simulations can be taught and used in severa coursesthat are
widely taught at many undergraduate institutions. An on-line version of thispaper
aong with several resources and links can be found at:
www.middlebury.edu/~dickerso/simulation/.

1. INTRODUCTION

The Encyclopedia Britannica Online (www.eb.com) defines computer smulation as''the
use of acomputer to represent the dynamic responses of one system by the behavior of another
system modeled after it. A simulation uses a mathematical description, or model, of ared
system in the form of acomputer program.” The Webopedia (webopediainternet.com) defines
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computer Smulation more smply as "the process of imitating areal phenomenon with a set of
mathematica formulas." Thedefinition goesonto state, " Advanced computer programs can
smulate westher conditions, chemical reactions, atomic reactions, even biological processes.
In theory, any phenomenathat can be reduced to mathematical data and equations can be
smulated on acomputer.” In particular, computers can dso smulate themselves, i.e., they can
simulate the complex computationa processes by which they operate. In thisdiscussion, we
focus on the computer simulation of computational processes themselves.

Weexaminethe use of computer smulations asapedagogica tool for teaching computer
science, with the emphag sthat smulations should be used acrossthe curriculum rather than only
inisolated instances. We begin by discussing some advantages and disadvantages of using
simulation. Wethen describe severa specific smulation projectsand assignmentsthat can be
implemented with minimal resources and used inwiddy taught courses. In the context of smaller
undergraduate ingtitutions with acomputer science mgjor requiring only about twelve courses,
we have found that the pros far outweigh the cons. Moreover, we have found that using
smulation has been effective across the curriculum, from introductory courses for non-mgors
and lower-level coursesin datastructures and machine organi zation, to upper-level coursesin
operating systems, algorithms, theory of computation, and artificial intelligence.

2. ADVANTAGESAND DISADVANTAGES

We begin with an overview of some reasons why we advocate the use of computer
simulations across the curriculum, and then discuss some potential obstacles and drawbacks.

2.1 Advantages

The benefits of using computer simulation are many, and we outline here the most
important ones. Firgt, students can gain abetter understanding of the underlying conceptsof a
system, task, or dgorithm by studying it viasmulation. For example, one of the best waysfor
oneto redly understand an algorithm isto implement it. In building asimulation for some
computationa process, sudents are pushed to think at thelevel of individua steps and specific
parameters. This hdpsensure that they recognize and understand not only the overal concepts
but also the subtle details of the algorithm or computational process.

Second, computer s mulations often provide auseful abstraction of the componentsof a
system. Thepartsof alarge system interact with each other in many ways. A student tryingto
understand the workings of the whole system can easily get confused following the myriad, often
implementati on-specific relationships among components. Simulations can be beneficia by
facilitating focused examination of individua parts. As students|earn the specific roles of
individual parts, they become better prepared to grasp how those parts come together.

Third, existing smulations help studentsgain a better sense of how systems operate. Any
large system will probably have anumber of parameter variablesthat influenceits operation.
Students running simulations can test how different input parameters affect the system’s
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performance. Furthermore, they can usually runthesesmulationsat their own pace. Thisalows
them to see the effect of each step and to spend more time on steps that are less clear.

Fourth and finaly, computer smulations are themsel ves used in many important red world
applications. (Indeed, computer smulationisstill atraditional topicin many datastructures
courses[W99,pp.196-197].) Some examplesincludethemodeling and predicting of : weather
conditions, chemical reactions, vehicle dynamics, biological processes, and economic systems.
The Webopedia adds, "In addition to imitating processes to see how they behave under
different conditions, smulations are al o used to test new theories. After creating atheory of
causd relationships, thetheorist can codify therel ationshipsin theform of acomputer program.
If the program then behavesin the same way asthereal process, thereisagood chance that
the proposed relationships are correct." Thus, by learning to design and use computer
smulations, students acquire afundamenta researchtool. They gain valuable practice not only
from implementing smulations but also from devel oping experimentsto confirm or challenge
their understanding of the simulated system’ s behavior.

2.2 Potential Drawbacks and Other Approaches

We now consider some potential drawbacks to using simulations, along with some
alternative pedagogical approaches.

Oneof thebiggest challengesto somesmulationsisthe problem of finding redlistic test
data. Many simulations use a stream of input datato drive the simulation. For example, an
operating system’s CPU scheduler takes a stream of process requests for CPU time and
decidesthe order in which therequests are serviced. To accurately assessthe effectiveness of
different strategiesand configurations, astudent should be ableto provide the smulation with
astream of input data that resembles what an actual system might encounter.

A related issueistha some systems are so complex that any smulationislikely to bean
over-amplification[ SGGOO,p.165]. AstheWebopediadtates, "smulationisextremdly difficult
because most natura phenomenaare subject to an dmost infinite number of influences. One of
the tricks to developing useful simulations, therefore, is to determine which are the most
important factors." A critical factor to the performance of many systemsishow human beings
actually use those systems. Unfortunately, straightforward mathematical models of usage
patterns may be difficult to construct, and faulty models may lead studentsto arrive at incorrect
conclusions about how to achieve optimal performance.

Andternativeto usng computer smulationsisto have sudentsimplement “thered thing."
For example, in the area of operating systems, students could build or enhance a working
operating sysemwith limited functiondity. Given enough time and resources, on the part of both
students and faculty, this approach probably would provide the most comprehensive
educational experience. There seems to be a substantial pedagogical benefit to requiring
sudentsto examinethedetailsof an actual operating system, including how varioussubsystems
interact. This approach hasbeen used successfully with the Nachosinstructional operating
system [CPA93] a many large universities, including Duke University, the University of
Cadlifornia, and the University of Washington. In those environments, students enter the
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operating systems course expecting to work, say, 20 hours per week for 14 or 15 weeks. Even
S0, the assignments are so complex that they usually work in teams of 4 or 5 students. Ina
libera artscollege environment, with fewer coursesinthemajor, fewer studentsin each class,
fewer resourcesfor teaching and | ab assistants, and an expectation that the course workload
will leave time for other classes, a simulation-based approach may be more redistic.

Furthermore, there are disadvantagesto working on areal system. Students may miss
important theoretical conceptswhiletrying to debug complex code. For some students, trying
to write or even modify ared operating sysemis such amonumentd task thet they focussmply
on getting their systemsto work inthe most basic manner, without really understanding the big
picture. Also, from the perspective of instruction time, acourse based onimplementing area
system would requiremuch morein-classtimefor explainingand darifying theassgnments. This
might necessitate the removal of other important concepts from the course curriculum.

Y et another pedagogical approach involvesdesigning real experimentsto performon
exigting, implemented systems[D99]. Thisapproach isakin to reverse engineering, in that
studentstry to deduce system parameters by examining output rather than changing parameters
to study the effect on output. We see this as acomplementary rather than competing approach.

3. EXAMPLESFROM ACROSS THE CURRICULUM

Wenow provideasmdl number of examples of smulation projects and assgnmentsfrom
acrossthe curriculum, illustrating a variety of the uses and benefits discussed in the previous
section.

3.1 Operating Systems: Trace-driven simulation

An upper-level "Operating Systems' (OS) course provides perhaps the most natural
context for studentsto learn by building simulations. Since the various components of an OS
arethemsdlvesblocksof program code, an assignment or project based on buildingasmulation
could involve congtructing an abstracted version of one of those components. This approach
providesthe opportunity for studentsto wrestle with OS concepts at adetailed leve, and it can
be used evenin classStuationswhereit would be infeasiblefor sudentsto modify and enhance
an actual, working OS. Over the years, studentsin our OS courses have consistently and
emphatically pointed to the s mulation ass gnments asamong the experiences most helpful to
their mastery of key concepts.

Most components of an OS, including the CPU scheduler, memory manager, and disk
scheduler, can be readily incorporated in asmulation assignment or project. For example, one
project we have used involvess mulating avirtual memory manager. Studentswritesmulations
that handle astream of memory accesses from multiple processes. Besidesimplementing the
scheduler and several memory management schemes, studentsal so design experimentsto test
the effect that all ocation strategies and memory access patterns have on cache hit ratios and
pagefault rates. An example of astudent-written Smulation of four virtua memory management
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strategies can be found a the web page for this paper:
www.middlebury.edu/~dickerso/simulation/. See also [CNE].

The biggest problem that we have encountered in using Smulations to teach operating
systems concepts is that the data used, e.g., the streams of memory references, may be
unredidic. It isdifficult to predict or mode aredigtic pattern of requeststo aCPU, to memory,
or to adisk. Thiscan be addressed by saving to alog the sequence of references generated by
areal system. Thistrace could then be used to drive the operation of the simulation.

3.2 Simulations of Distributed Architecture and Machine Learning

Theuse of simulations can help students understand the theoretical concepts of neural
networks, the branch of artificia intelligence (Al) dedling with cognitively inspired modelsfor
distributed knowledge representation and machine learning.

A neurd network isafunction approximator that isspecified in part by aset of red-vaued
parameters called weights. The network can be trained to perform classification tasks by
presenting it with aseriesof known input / output associationsand using alearning dgorithmto
modify the network’ sweights. If trained effectively, the network can produce the correct output
classfication not only for previoudy encountered input cases but aso for new, previoudy unseen
Cases.

Wehave used s mulationsof machinelearning model sto teach neura network learning to
students in both lower-level and upper-level courses. In one project, students work on the
smulation of asinglelayer network with modifiableweights, observehow it can betrained to
perform some classification tasks, and explore the different types of problemsit can solve.
Students study themodel’ sconvergence rate and thetypes of problemsfor whichasolutionis
guaranteed. They reach the conclusion that convergenceisguaranteed for linearly separable
classification problems but not for other problems, such as for computing XOR.

Through these smulations, sudents study the effect of factors such aslearning rate, order
of presentation of training data set, the number of training iterations, and the addition of a
momentum constant on the rate of convergence and the number of training epochs required for
the network to learn the associations. Students then test the performance of these modelsin
making correct associations, particularly for test datathat is not close to the data used for
training.

Severd highly graphica neurd network smulatorsare now available on theweb which
studentscan use. One such packageisBrainWav whichiswrittenin Javaand runsdirectly
from aweb browser [SWG]. BrainWav supports the modeling of several neural network
architecturesincluding competitive learning, backpropagation, Hebbianlearning, and Hopfield
learning. Asan advanced project in our upper level Al course, students use these smulators
to create asmple character or word recognition network. Other sitesthat include web-based
demosarea so availablethat hel p students understand neural network conceptsand models
[AU][MH].
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3.3 Simulationsin Theoretical Computer Science

Other courseswhere we have used projectsinvolving sometype of smulationincludethe
"Theory of Computation” and " Design and Andyssof Algorithms' courses. Thesearerequired
coursesfor the computer science mgjor and are usually taken by students during their third or
fourth year, with CS-2 and Discrete Mathemati cs as prerequisite courses. Althoughthe projects
we have used in these classes do not fit the strict definition of computer simulation, weinclude
these examples to illustrate the benefits of using smulation in theoretical courses.

In our "Theory of Computation" course, we have used ssimulators of many of the
theoretical machine models studied during the course, especialy Turing machines and finite
automata. See both [E] and [LW95,pp.95-104]. Using one of the various Turing machine
smulatorson theweb, studentsenter descriptionsof Turing machinesinto thesmulator and test
themachineson avariety of input values. Students must determine the output by hand before
running thesimulators. Asan advanced assignment, students design and implement their own
smulator, perhapsof asmpler model such asadeterminigtic finiteautomata. Of course, theuse
of simulationsis not intended to displace theory, but rather to supplement it.

Similarly, our classonthe"Design and Analysis of Algorithms' istaught largely asa
theoretical course with written homework assignments. It is not a programming class, but
focusesinstead on theforma development, analysis, and proofs of algorithms. However, we
have found it useful during the semester to assign asingle programming project where the
students implement, test, and report on one of the agorithms discussed during the semester.
They have the choice of implementing competing algorithms for the same problem and
performing an empirical andyss, or of writing an dgorithm visudizer that dlowsthe user to sep
through an agorithm with somegraphical display of the agorithm execution. For example, one
very successful student project for this course involved the comparison of various collision-
resolution schemes for direct-address hashing.

Admittedly, neither of theseassgnmentsfal under the strict definition of asmulation. They
arenot smulating red-world systems, but Smply trying to Smulate how acomputationa process
might work on real-world data through the random generation of test data. However, both
assignments hel p teach some of the same principlesasare used in moretraditional smulations.
Inthe first case, where studentsimplement competing algorithmsfor the same problem, they
have thechalenge of generating redistic data set that s mulates how the dgorithm might runin
anatura environment for some application. In the case of agorithm animations, studentscreete
avisualization of what might be acomplex system. In both cases, wefind that the assignment
increases student understanding in amanner smilar to other smulation examples described in
this paper. In particular, the assignments give the students a deeper appreciation both for
efficiency issues and for implementation details.
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3.4 Computer Sciencefor Non-Computer Scientists

At the opposite extreme from the courses described in the previous section is our
computing course for non-majors. Since students enter this course with no programming
experience, we cannot expect them to design and code their own simulations. Students are
limited to experimenting with existing simulations. However, we have found that student
understanding of important conceptsin the courseisaided by having them explore complex
sysemsusing these smulations, especidly smulationsthat alow them to proceed through the
system astep at atime.

Severa smulations have been used throughout in thiscourse. For example, early inthe
semester we use software that allows students to design and simulate simple circuits using
Boolean gates (AND, OR, and NOT) [LW95,pp.47-54]. When we discuss computer systems
organization, students run simulations of ageneric von Neumann machine to get abetter sense
of the many lower level operationsinvolved in performing even simple computationa tasks
[LW95,pp.55-68]. When we cover computers and society, students are exposed to the use
of computer smulationsto model rea world phenomenon. Studentsthen get the opportunity to
try some of these simulations, such as those based on population growth models.

3.5 Simulation asthe Solution | tsalf

The preceding examplesillustrate how building and using smulations can help eucidate
the dgorithmic solution to aproblem or the fundamental operations of asystem being Smulated.
Inmany situations, however, asmulationitself can bethe actua solution. Some problemsare
so complex that computing an analytic solution isintractable. Such problems can often be
addressed using aclassof approachesbased on stochastic simulation. Stochastic smulation
involves random sampling of the possible outcomestates of anon-deterministic systiemin such
away that the statistics describing the resulting distribution of states provide areasonable
approximation of the solution to the problem.

In our upper-leve "Artificid Intelligence" course, where we discuss problems of reasoning
under uncertainty, we have taught how smulation can be the solution itself. A standard task in
reasoning under uncertainty involves computing the posterior probability distribution over aset
of unknown variables when given specific valuesfor aset of known variables. Thistask, often
referred to asinference, isNP-hard. An effective approximation approach based on stochastic
smulation involves generating multi ple outcome states for the unknown variables according to
the probabilistic relationshipsinduced by thevalues of the known variables. Asthe number of
samplesincreases, the percentage of timethat each variable takes onagiven value converges
to the actual posterior probability that the variable will have that value.

When we present this material to students, our approachisto first consider analytic
gpproaches based on finding exact solutions. When it becomes clear that such methods can be
infeasible even for relatively small problems, we move on to possible dternatives, including
stochasticsamulation. Thisculminateswith asubstantia programming project inwhich students
implement abasic system for reasoning under uncertainty using stochastic smulation. Besides
implementing the system, students al so perform experimentsto observe and measuretherate
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of convergence asthe number of tridsin asimulation increases. (See the paper websitefor a
fuller description of this assignment.)

4. CONCLUSION

We presented an argument for the use of simulationsas an effectivelearningtool across
thelibera arts undergraduate computer science curriculum. Part of our argument is captured
inacomment by Miller and Boxer [MBO0O,p.123]: " One of the mgor focuses of computationa
science is on the knowledge and techniques required to perform computer smulation. The
importance of smulation can befound in'grand challenge problemsin areas such as structura
biology, materids science, high-energy physics, economics, fluid dynamics, and globd climate
change, to name afew."

Wedescribed waysto effectively integrate s mulation into the curriculum, providing severa
examples from five different courses, all widely taught at undergraduate institutions with
computer science mgjors. The examples can be implemented with minimal effort and few
resources. We hope that our experiences will benefit others who wish to incorporate computer
simulations throughout the curriculum.

A copy of this paper with links to some sample assignment and other resources may be
found at the first author's website at http://www.middlebury.edu/~dickerso/simulation/
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