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Abstract

Cache memoriesare the most ubiquitousmechanisms
devotedto hide memorylatenciesin current microproces-
sors. Dueto this importance, they are a core topic in com-
puter architecture curricula, both in graduateand under-
graduatecourses.Asa consequence, traditional literature
andcurrenteducationalproposalsdevoteimportantefforts
to this topic. In this context, exercisesdealing with sim-
ple algorithms,also knownas code-basedexercises,have
a goodacceptanceamonginstructors becausethey permit
studentsto realizehow the accessesgeneratedby the pro-
gramsaffectthecache's state.

From aboutonedecadeago, simulators havebeenex-
tensivelyemployedas a valuablepedagogical tool as they
enablestudentsto visualizehow computerunits work and
interact each other. Unfortunately, there is no simplesimu-
lator allowing to perform code-basedexercisesfor cache
memories. Hence, studentsperform theseexercises by
meansof theclassic“paper andpencil” methodology.

In this paper we introduce Spim-cache, a simple
execution-drivencache simulator to carry out such exper-
iments,intendedto usein undergraduatecourses.Thetool
allows,in an intuitiveandeasyway, to selecta givencache
organizationandrun step-by-stepthecodeproposedwhile
visualizingdynamicchangesin thecache's state.

1 Intr oduction

Theeverincreasinggapbetweenthememoryandthemi-
croprocessorspeedshasencouragedmicroprocessorarchi-
tectsacrossseveraldecadesto providemechanismsin order
to hide the long memorylatencies.Cachememorieshave
becomethe basicand ineludiblemechanismimplemented
in currentprocessorsto hidetheselatenciesandreducethe
averagedataaccesstime. Furthermore,the importanceof

cachesgrows asthememory-processorgapwidens,which
is the currenttrend; for instance,in 1980somemicropro-
cessorsweredesignedwithout cacheswhile currentmicro-
processorsincludetwo or eventhreelevelsof caches[1] on
chip. Thesememorystructuresbasetheir effectivenessin
the exploitation of the principle of locality (i.e., temporal
andspatial)that dataexhibit, andhave beenemployed by
computerarchitectsfrom aboutfour decadesago[2].

Consequently, a large amountof researchworks in the
computerarchitecture�eld have focusedon cachemem-
ories and relatedissues. This researchhasprovided ef�-
cientmechanismsto manageandexploit caches,andsome
of them have beenimplementedin modernmicroproces-
sors. For instance,the AMD Ahtlon [3] includesa victim
cache[4], theItanium2 [1] incorporatesa prevalidatedtag
structureto provide fastaccesses,theHP 7200implements
the AssistCache[5], a particulartype of split datacaches
[6].

Concerningto internationalcurricularecommendations,
thejoint IEEEComputerSocietyandACM ComputerEngi-
neeringTaskForcehasidenti�ed cachememoriesasa core
topic in the ComputerOrganizationand Architecture[7]
area of knowledge. This fact is becausethe processor
performancestrongly dependson the cacheperformance.
As a consequence,cachememoriesplay an importantrole
in ComputerOrganization/ArchitectureCoursesmainly of-
feredat ComputerEngineeringschools,althoughconcepts
concerningcachememoriesarealsostudiedin a moresim-
pli�ed way in otherTechnicalSchools,like ElectricalEn-
gineeringor ComputerScience. ComputerOrganization
coursescover thestudyof thebasicfunctionalunitsof the
computerand the way they are interconnectedto form a
completecomputer. ComputerArchitecturecoursesmainly
cover advancedprocessorarchitectures,advancedmemory
mechanisms,and multiprocessorsystems;as well as the
correspondingperformanceevaluationissues.Concerning
to the studyof caches,they involve a wide varietyof con-



ceptsandfunctionalitiesrangingfrom thebasicfunctional-
ity to advancedmechanismsimplementedin modernmicro-
processors.Thebasisof caches,coveredin initial Computer
Organizationcourses,dealswith conceptslike cacheorga-
nization, mappingfunctions,and replacementalgorithms.
Advancedmechanisms,like way prediction or the trace
cache,are covered in a posteriorComputerArchitecture
course.

To teach how cacheswork some widely referenced
books,e.g.,[8], [9], [10], and[11], usesimplealgorithms,
for instance,the sumof theelementsof an array(seeFig-
ure 1). For thesealgorithms,studentsmust obtain some
metricsconcerningcachebehavior, e.g.,thehit ratio. These
exampleshave a greatpedagogicalvalue to reinforcethe
learningprocessandhave beencommonlyadoptedby in-
structorsaroundthe world. Nevertheless,despitethe un-
doubtablepedagogicalvalue,instructorstrain studentsper-
forming theseexercisesusingtheclassicpaperand pencil
method.

sum= 0;
for (i = 0; i < 100;i++)

f
sum= sum+ A[i];

g

Figure 1. Simple algorithm example

The massive useof computersin classroomsandlabo-
ratorieshasresultedin new teachingmethodologiesusing
computersas a pedagogicaltool. In this context, the use
of simulatorsis highly recommendedas they enablestu-
dentsto visualizehow the modelledsystemoperates. A
widesetof thesesimulatorshasbeendevelopedto teachthe
basicfunctionalunits of the computerin ComputerOrga-
nization/Architecurecourses,e.g.,simpleprocessors,com-
puterarithmeticunits, or cachememories.Concerningto
cachememoriesthereare simple simulatorsdealingwith
thebasisof caches.Unfortunately, andto theknowledgeof
the authors,noneof thesebasicsimulatorscanbe usedto
performcode-basedexercises,i.e., the samekind of exer-
cisesthat have beentraditionally proposedin the teaching
literature.In this paperSpim-cacheis proposed,asa peda-
gogicaltool intendedto be usedin undergraduatecourses,
attemptingto �ll the existing gap betweencurrentsimula-
torsandthereferenceguides.

Spim-cachehasbeendevelopedby studentsandstaff of
the ComputerEngineeringSchoolat the PolytechnicUni-
versityof Valencia. In this University, computerorganiza-
tion subjectsaresplit in two annualcourses[12], namely
ComputerFundamentals(�rst year)andComputerOrgani-
zation(secondyear). In thesecourses,asin a high number

of universitiesaroundtheworld, theMIPSapproachis used
to illustrate the correspondingtopics, e.g., the processor
pipeline, the memoryhierarchy, and the input-outputsys-
tem,arestudiedusingthesamemachinemodel.Thismeans
thatstudentsaretrainedwith theMIPS assemblylanguage
andthe correspondingSpim [13] simulator. This teaching
context led us to extendthe Spim simulatorto implement
ourproposal.

Spim-cacheprovidessupportto performcode-basedex-
ercisesdetailingcacheeventsin a friendly andeasyway.
Spim-cacheallows studentsto run programswhile visual-
izing, step-by-step,how the cachecontroller works, e.g.,
fetching memory blocks, or dealing with write policies.
The simulator code is open sourceand can be found at
http://www.disca.upv.es/spetit/spim.htm.

Theremainderof thispaperis organizedasfollows. Sec-
tion 2 summarizesthe main featuresof currentsimulators
andthe reasonsthatencouragedus to dealwith this work.
Section3 describestheproposedpedagogicaltrainingtool.
Finally, Section4 presentssomeconcludingremarks.

2 Background and motivation

An interestinglaboratory using real microprocessor's
cachesis describedin [14]. In this laboratory, studentsrun
a small benchmarkon a given computer. The benchmark
is mainly composedby a nestedloop that readsandwrites
anarrayof datausingdifferentstridesandarraysizes.The
benchmarkmeasuresthe averagedataaccesstime, which
variesaccordingto severalfactors,e.g.,if thisarrayis larger
or smallerthan the cachesize. Analyzing the times pro-
vided by the benchmarkexecution,studentsmust deduce
the cachegeometry(i.e., the cachesize,the line size,and
the associativity degree). Furtherdetailscan be found in
[10]. This kind of laboratory, really encouragesstudents
asthey work directly on the realhardware. Unfortunately,
in orderto easethe analysisof the results,the benchmark
must run in a relatively old processorlike the PentiumII
which includesasimplecacheorganization.In morerecent
microprocessorsincludingadvancedcachemechanisms,for
instance,somekind of prefetchinglike theIntel Pentium4
[15], or victim cacheslike theAMD Ahtlon, thecachege-
ometrycouldnot be deducedfrom the resultsprovided by
thebenchmark.

The mentioneddrawback jointly with the pedagogical
value that simulatorsprovide, led instructorsto train stu-
dentsby usingcachesimulators.Table1 shows a subsetof
currentsimulatorsdealingwith cachesthat arebeingcur-
rently usedfor educationalor researchpurposes,or both.
An interestingsurvey of simulatorscanbe found in [16].
Simulatorscanbeclassi�edin two maingroupsattendingto
thewaythey arefed: trace-drivensimulatorsandexecution-
driven simulators. The �rst onesare fed by simple traces



Table 1. Educational sim ulator s: an overview

Simulator Complexity Driven GraphicInterface CoreDetails

DCMSim Low TraceDriven Yes No
Dinero Medium Tracedriven No No
mlcache Medium Traceor executiondriven No No

Simplescalar High Executiondriven No Yes

while thesecondones,muchmorecomplex, arefed by the
binaryof agivenbenchmark.

To teachstudentsin undergraduatecoursesinstructors
usetracedrivensimulators,e.g.,[17]. A traceis composed
by a set of lines, where eachline representsan speci�c
event,i.e., a write or readoperationin a givenmemoryad-
dress.Thesimulatorshows how thecachecontentschange
eachtimeanew eventoccurs.In thisway, studentscanfol-
low how memoryaccessesmissor hit into thecache.Some
tracedrivensimulatorshavebeenalsousedfor researchpur-
poseslike [18] and[19]. Nevertheless,asthis kind of sim-
ulatorsarefedby tracesthey arenotappropriateto perform
code-basedexercises.

Advancedexecution-driven simulatorsaremainly used
for researchpurposes.Thesesophisticatedtools may con-
centrateonly oncacherelatedissues,e.g.,themlcachesim-
ulator [18], or in thecomplexity of theentiremicroproces-
sor, e.g., the simplescalartoolset [20], which modelsan
aggressive out-of-orderprocessor. This kind of tools can
provide detailedinformationcycle-by-cycle, showing how
themachineunitsinteracteachother. Dueto thehugecom-
plexity involving currentmicroprocessors,thiskind of tools
areorganizedin astructuredway, includingaspeci�c cache
memorymodule.Themainadvantageof advancedsimula-
tors is that they permit to know thedetailson eachinstruc-
tion in thepipeline,however, they usuallyfail in thatthey do
not provide a friendly graphicinterfaceandarequitedif�-
cult to use.Thisfactjointly with thecomplexity of themod-
elledprocessormakeadvancedexecution-drivensimulators
unsuitableto performcode-basedexercisesin undergradu-
atecourses.

In this paperwe proposea simulatorintendedto usein
undergraduatecourseswhich provide supportto perform
code-basedexercises. The tool attemptsto get the best
of both kinds of simulators,i.e., a friendly and easy-to-
usesimulatorwhich visualizes,cycle-by-cycle, the archi-
tecturalstateof the machine. From the pedagogicalpoint
of view, theproposalprovidesa framework which permits
to performthetypicalexercisesbasedonsimplealgorithms
proposedin theliterature.

Figure 2. Cache sim ulator option

3 Spim-cache

Spimis asimulatorthatrunsMIPS32assemblylanguage
programs.It hasawideacceptanceamonginstructorsof in-
troductoryComputerOrganizationcoursesandit hasbeen
widely referencedin [8]. UNIX, Linux, MS-DOS,andWin-
dows versionsare available. The user's interfacefor Mi-
crosoftWindows platforms,alsoknown asPCSpim,con-
sistsof a window that is composedby four frames,from
up to bottom: thecontentsof the register�le, theprogram
beingsimulated(assemblerandmachinecodes),themem-
ory, anda list of log messages.This simulatorpermitsto
illustratethe instructionsetarchitecture,i.e., theprocessor
asseenby theprogrammer.

Theproposedtool extendstheWindows versionprovid-
ing supportto simulatecachememories.Thetool alsovisu-
alizesstep-by-stephow thecachecontentschange.In addi-
tion, importantstatistics,e.g.,numberof hits or misses,are
alsoprovided on-the-�y. The tool supportsthe simulation
of bothdataandinstructioncaches.

In orderto startwith the cachesimulation,usershould
�rstly selecttheCacheSimulationoptionin theCacheSet-
tings dialog, which popsup after clicking on the settings
entryof thesimulatormenu(seeFigure2). After doingso,
a dialogwith thedifferentcacheorganizationcon�guration
optionsis displayed(seeFigure3). Userscanselectamong



Figure 3. Cache con�guration dialog

simulatea datacache,an instructioncache,or both,asex-
plainedbelow.

3.1 Cache Arc hitecture Con�guration

Currentprocessorsimplementindependentcacheorga-
nizationsto store instructionsand data. In this context,
Spim-cachepermitsto simulateonly a datacache,only a
instructioncache,or both together(i.e., Harvard Architec-
ture)asimplementedin modernprocessors.

Thedefaultcon�guration(i.e.,theHarvardArchitecture)
canbechangedthroughtheproperdialog(seeFigure3), by
clicking on the Cache Architecture Con�guration entry of
theCacheSimulationmenuoption.Thedataandinstruction
cachesaredisplayedastwo independentframesinsidethe
main PCSpimwindow. Both framesareonly displayedif
theHarvardCon�guration is selected;otherwise,only one
frameis shown.

3.2 Cache settings

To displaytheCacheSettingsdialog,usersshouldclick
on theCacheSettingsentryof theCacheSimulationmenu
option.Thisdialogallowsusersto changethecon�guration
of thecaches.Thesamedialogis usedto changebothdata
and instructioncachecon�guration. To changebetween
them,selectthe properoption from the Cache combobox
in thedialogasshown in Figure4.

Thedialogshowsthedifferentoptionsavailable.Thisin-
terfaceallows usersto choosethecachesize(rangingfrom
128B to 1024B), the block size (4, 8 or 16B), the map-
ping function (direct mapping,2 or 4 ways set associa-
tive or fully associative), the writing hit andmisspolicies
(write-throughor write-back,and write-allocateor write-
no-allocate),andthe replacementalgorithm(LRU, FIFO).
As instructioncachesarenotallowedto bemodi�ed by user

Figure 4. Cache settings dialog

programs,the writing hit andmisspoliciesareonly avail-
ablefor datacaches.In addition,in orderto provide peda-
gogicalfeedback,if theshowrateoptionis selected,Spim-
cachedisplayssomestatistics,like thenumberof misses,in
asmallframebelow thecacheframe.

The cacheframe visualizesthe cachecontentsand its
layout,dependingontheselectedcon�guration.Thedirect-
mappedis the default con�guration andits layout is orga-
nizedasamatrix. Eachrow in thematrixrepresentsacache
line andthe columnsrepresentall the informationassoci-
atedwith it. The�rst columncontainstheline identi�er (or
line number)while theremainingcolumnscontaindataand
control information. Thecontrol informationdisplayedfor
this con�guration is the valid bit and the tag bits (in hex-
adecimalnotation). In addition,for pedagogicalpurposes,
a �eld Acc showing the resultof the cacheaccess(i.e., hit
or miss)hasbeenincluded.

Whenaddingassociativity to the cache(i.e., increasing
thenumberof ways)thelayoutof thecacheframechanges.
To this end,Spim-cachereplicatesthecolumnsof a direct-
mappedcacheas many times as the numberof ways se-
lected. Proceedingin this way, eachrow of the window
representsa singlesetof the cache(i.e., the lines belong-
ing to the set)andthe �rst columnstatesthe setidenti�er.
To supportthe replacementpolicy, an additional column
(LRU/FIFO) is addedfor eachway, to representthecounter
valueof thereplacementalgorithm. In addition,if theuser
selectsthe write-backpolicy, a new column(M) is added
for eachway to representthemodi�ed or dirty bit of each
block.

In orderto facilitatetheuserinteractionandoffer a bet-
ter visualization,the basicstrategy of replicatingcolumns
to provide a highernumberof waysto thecacheis not fol-
lowedby a fully associative cache.On suchcase,thebasic
layout is transposed.In this con�guration, the�rst column
indicatesthe numberof way andeachrow shows the con-



Figure 5. First step of execution

tentsof thecorrespondingline.

3.3 Running a program

Spim-cacheallows theuserto visualizehow theproces-
sor's state,the main memory, andthe cacheinteractwhile
a givenprogramrunsstep-by-step.In addition,statisticre-
sultsaboutthecachebehavior arealsopresented.To run a
programstep-by-step,the usershouldload it andclick on
the singlestepmenuoption of the simulatormenu(or use
theF10key function).

In thePCSpimsimulator, a stepof executioncoversthe
entireexecutionof a singleinstruction. Thecachesimula-
tion extensionmodi�es this semanticin order to help stu-
dentsto follow how thecachememoryworks. In thissense,
memoryreferenceinstructions(loadsandstores)cantake
severalstepsto executewhentheextensionis activated.In
thiscase,if theaccesshits into thecache,it takesonestepto
executeasthe remaininginstructions.Nevertheless,if the

accessmisses,thenumberof stepsdependson the typeof
instructionandthewrite policies.

For the sake of clarity, load and storemissesare han-
dled in a differentnumberof steps. On onehand,a load
missis handledin threesteps:a) detectandmark themiss
in the correspondingset (all lines in the set are marked),
b) fetch the block from main memoryto the cache,andc)
load the desireddatainto the correspondingregister. On
theotherhand,a storemissis handledin two or threesteps
dependingon thewrite misspolicy (allocateor no-allocate)
selected.If thepolicy is no-allocate,thestepsarea) detect
andmarkthemiss,andb) storethecontentof theregisterin
mainmemory. Otherwise,thestepsarea) detectandmark
the miss in the correspondingset,b) fetch the block from
mainmemory, andc) storethecorrespondingdatainto the
cache.Finally, with respectto theinstructioncache,a miss
is handledanalogouslyto a loadmissin thedatacache.In
this casethe third stepconsistsin the executionof the in-
struction.



Figure 6. Second step of execution

Let us see a working example in order to illustrate
how Spim-cachehandlescachemisses. Assumea 128B
size,16B line size,direct-mappedinstructioncacheanda
128B size,16B line size,2-way setassociative datacache
with LRU replacementalgorithm,andwrite-throughwrite-
allocatepolicies.Let usconsidertheexecutionof thestore
instructionhighlightedin Figure5. Notice that the execu-
tion of a memoryreferenceinstructioninvolvestwo cache
accesses,one to the instruction cacheto read the corre-
spondinginstructionandtheotheroneto thedatacache.

In the�rst step,thereis instructioncachehit asthestore
is alreadyin cache(seeFigure 5). Also, in the �rst step
whenthe storeis executedandaccessesto the datacache
this accessresultsin a miss. Sinceboth ways in the set
containa valid line, the LRU algorithmselectsthe line in
way 1 to replaceasit containsthe LRU line (higherLRU
countervalue).Hence,in thesecondstep,themissingblock
is fetchedfrom main memoryto the datacache(seeFig-
ure6). Finally, thecontentof register$14 is written to the

datacache. In parallel, it is alsowritten to main memory
becauseof thewrite-throughselectedpolicy.

Notice that on eachstepof the execution, if the show
rate option is selected,Spim-cachevisualizesthe number
of accesses,thenumberof hits andthecache's hit rate.For
the datacachethe Spim-cachealsovisualizesthe number
of thedifferentmisses.Missesareclassi�edascompulsory
misses(whentheblock is accessedfor the �rst time), con-
�ict misses(whenthe targetsetis full but thecacheis not
full), andcapacitymisses(whenthecacheis full). Theob-
tainedstatisticswould allow thestudentto realizehow the
con�gurationof thecacheaffectsperformance.

4 Conclusions

Educationalbooksandinstructorsusesmallfragmentsof
codeimplementingsimplealgorithmsthatincludememory
referencesto teachcachememories.Studentslearncaches
identifying theseinstructionsand following, using paper



and pencil, the sequenceof accessesto the cache. In this
context, they observe when theseinstructionsmiss or hit
into thecache.

This paper has presentedSpim-cacheas a pedagogi-
cal tool to perform this kind of exercisesin undergradu-
ate courses.The proposedtool hasbeenimplementedas
an extensionof the Windows versionof the MIPS R2000
Spimsimulator, becausethis framework is well known and
widely usedin a high numberof universitiesaroundthe
world. Nevertheless,the sameideacould be implemented
in otherbasictools.

Fromapedagogicalpointof view, theproposedtool ben-
e�ts the learningprocess,sinceit permitsstudentsto ob-
serve how cacheinformation dynamicallychangesas the
processorruns instructions,helpingstudentsto learnhow
theprocessor-memorywork asawhole.

Thecurrentversionof Spim-cachehasbeenthoroughly
testedon theWindows operatingsystemandLinux operat-
ing systemusingthewinelibrary (http://www.winehq.org/).
The Spim-cachesource code is publicly available at
http://www.disca.upv.es/spetit/spim.htm.Userscandirectly
either run the tool by using its binary �le or modify its
sourcecodeto addnew functionalities.
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