
Enhancementsand Applications of the SimpleScalarSimulator
for Undergraduateand Graduate Computer Ar chitecture Education

NaraigManjikian
Departmentof ElectricalandComputerEngineering

Queen’sUniversity
Kingston,Ontario,CanadaK7L 3N6

email:nmanjiki@ee.queensu.ca

Abstract—This paperdescribesenhancementsandappli-
cationsof the SimpleScalarsimulatorfor undergraduate
andgraduatecourseson computerarchitecture.Theen-
hancementsincludeadditionalinstructionprofilingstatis-
tics, visualizationof datahazards,visualizationof mem-
ory accessbehavior, andmultiprocessorcapabilitieswith
visualizationof cachecoherence.The applicationsin-
cludepredictionof pipelinedexecutiontime with stalls
for hazardsand cachemisses,instilling deeperinsight
into cachelocality, parallelprogramming,anda greater
appreciationof cachecoherenceinteractionsfor multi-
processorprograms.

1 Intr oduction

Many simulationtools for computerarchitecturere-
searchand educationhave beendevelopedin previous
work [2, 3, 8, 9, 11]. Eachtool hasits own advantages
and disadvantagesin complexity, efficiency, and value
asan educationalaid. The SimpleScalarsimulator[2],
for example,is efficient and includessupportfor cache
and superscalarsimulation, and usesa pedagogically-
appropriateinstructionsetderived from the MIPS ISA,
but it doesnotsupportmultiprocessorsimulation.

This paper describesenhancementsmade to Sim-
pleScalarfor multiprocessingandseveral typesof visu-
alization,andoutlinestheir applicationin undergraduate
and graduatecoursesin computerarchitecturein Elec-
trical andComputerEngineeringat Queen’s University.
Backgroundon coursesis first provided,andthensimu-
lator enhancementsaredescribedfor illustratingaspects
of pipeliningandthememoryhierarchy. Multiprocessor
enhancementsare thendescribedbriefly with examples
of usage.Conclusionsanddirectionsfor futurework are
alsoprovided.

2 Background on Courses

ELEC470 Computer System Ar chitecture This se-
nior undergraduate coursecoversperformance,instruc-
tion set design,pipelining, caches,memoryhierarchy,
I/O systems,and multiprocessing. The textbook is by
HennessyandPatterson[5]. Thecourseis lecture-based
anddoesnot includea laboratorycomponent(prerequi-
sitecoursesondigital logic,microprocessorsystems,and
digital systemsengineeringmake useof programmable
logic in laboratorywork). A majorportionof ELEC470
coverspipeliningandmemoryhierarchy(includingcache
coherence),hencetools that aid understandingof these
conceptshave substantialvalue.

ELEC871 Shared-Memory Multipr ocessors This
graduate coursecovers shared-memoryprogramming,
cache coherence,memory consistency, performance
studies,small-scaleandlarge-scalemultiprocessorarchi-
tecture,casestudiesbasedon researchandcommercial
implementations,andcompilerissues.Selectedchapters
from the Culler/Singh/Guptatextbook [4] areusedwith
materialpreparedby the instructorandresearchpapers.
Discussionof multiprocessorsis mademoreconcretenot
only whenstudentswrite andexecuteparallelprograms,
but also when the resulting cachecoherencebehavior
can be studiedin detail. Tools that aid in this respect
thereforehave considerableeducationalbenefit.

Experience with Other Simulation Tools Many
uniprocessorand multiprocessorsimulation tools have
been developed. Examples include SHADE [3],
MINT [9], RSIM [8], SimpleScalar[2], SPIM [5], and
DLXview [11]. Thesetoolsmodelarchitectureatvarying



degreesof detailandhavevaryingcomplexity andexecu-
tion efficiency. Furthermore,the tools differ in whether
they supportmultiprocessing.

The ELEC470coursehaspreviously usedDLXview,
SPIM, andSHADE.DLXview visualizespipelineactiv-
ity, but is not suitedfor largerprograms.SPIM is a func-
tionalsimulatorbut doesnotmodelcaches.SHADEpro-
videsinstructionprofiling andcachesimulationfor larger
programs,but usestheSPARC ISA ratherthantheMIPS
ISA. TheELEC871coursehaspreviouslyusedRSIM for
multiprocessorsimulation with different memory con-
sistency models,but RSIM requiresexplicitly-allocated
globalsharedmemoryandis notavisualizationtool.

Both coursesnow usetheSimpleScalarsimulatorthat
provides functional simulation, cachesimulation, and
superscalarsimulation. The existing version of Sim-
pleScalardoesnot supportmultiprocessingor provide
graphicalvisualization(exceptfor a post-executiontrace
for superscalarsimulation). As part of researchactivity,
however, SimpleScalarwasenhancedwith multiproces-
sor support. Otherenhancementsfor visualizationwere
also undertaken to benefit undergraduateand graduate
courseson computerarchitecture,asoutlinedin the re-
mainderof thispaper.

3 Enhancementsfor Pipelining

Visualization of Data Hazards Courseson computer
architectureoften illustrate data hazardsin pipelining
with contrived examples. A moreeffective approachis
to visualizethe frequency of hazardsin real codefor a
nontrivial program.TheSimpleScalarsimulatorwasen-
hancedwith datahazardvisualizationin ideal pipelined
execution,asshown in Figure1. Registerdependences
for successive instructionsaretrackedanddisplayedwith
backward-flowing lines. The sequenceof codeincludes
subroutinecall instructionsandtheassociatedstackpush
operationsthat demonstratethe frequency of datahaz-
ards. Furthermore,thejal instructionsreveal thepres-
enceof a potentiallysubtlehazard:jal modifiesthere-
turn addressregister($ra or $31) anda subsequentsw
instructionsavesthereturnaddresson thestack.

Additional Profiling Data for Pipelined Performance
Prediction SimpleScalarincludesan instruction pro-
filer that reportsvariousstatistics. Sampleoutput for a
nontrivial programis shown below:

sim_num_insn 75125799
sim_num_refs (load/store) 31609006

sim_inst_class_prof
# index count pdf
load 26192181 34.86
store 5416825 7.21
uncond branch 1716987 2.29
cond branch 6422889 8.55
int computation 35376655 47.09
fp computation 167 0.00
trap 94 0.00

sim_branch_prof
# index count pdf
uncond direct 677 0.01
cond direct 6422889 78.91
call direct 92777 1.14
uncond indirect 858191 10.54
cond indirect 0 0.00
call indirect 765342 9.40

Enhancementswere madeto the instructionprofiler to
collectandreportadditionalstatisticson taken branches
andload-uses;sampleoutputis shown below:

Summary of Taken Branches
=========================
uncond direct 677
cond direct 2763305
call direct 92777
uncond indirect 858191
cond indirect 0
call indirect 765342

loads followed by uses: 11173509

The combinedstatisticscan now be usedto predict
executiontime in theabsenceof cachemissesusingthe
equation

���������	��
�����
��
asfollows:

�������������	��� �  ! #"�$!%�&(')!*  +' )  +,- /.
�10 � �32�45�6� �7�98 � ) " * $!$�&(%*1:;)!) ,!,!'

�<
=� �  ?> ���@����� � �������������	��� �;A  #B
> ��CD45��E �GF � �10 � �32�45�6� �7�98 �HA  #BI> ��J �+0K2	� �;A  #B�  ?>L&-M@$ : , *<� &-M :;) "N>O&-MP&(,!%!% � &-M : $�&
>Q&-MP& )!) ' �  �  �M ) &(,!%

Studentsin ELEC470performsimulationsto obtainthe
necessarystatisticsand quantitatively compareperfor-
mance.



Figure1: Sampleoutputfor visualizationof datahazards

(a) s35932 logic circuit (b) s38584 logic circuit

Figure2: Visualizationof memoryaccessbehavior for logic simulationprogram

4 Enhancementsfor Cache/Memory

SimpleScalaralreadyincludesa uniprocessorcache
simulator, hencenosignificantenhancementsweremade
for that component.The cachesimulatorproducesde-
tailed miss statisticsfor two-level cacheorganizations
andalsoTLBs. Thesestatisticsreflectthe locality char-
acteristicsof aprogrambeingsimulated.Whatis lacking
from a pedagogicalperspective, however, is a meansto
instill adeeperappreciationof thosestatistics.

To enhancethe educationalbenefit for the study of
memoryhierarchy, a dynamicvisualizationof program

memoryaccesspatternswasdeveloped. This visualiza-
tion canaid in understandingdifferencesin cachemiss
ratesobtainedwith thecachesimulator. Sampleoutputis
shown in Figure2. Time progressesalongthehorizontal
axis, and memoryaddressesincreasealong the vertical
axis.Eachpixel representsacontiguousportionof mem-
ory whosesize is determinedby the extent of the data
divided by the numberof pixels in the vertical dimen-
sion.A pixel is seton thescreenif theprocessortouches
any locationcorrespondingto thatpixel in an interval of
time. Whenthedisplayreachestheright-handsideof the



statistic PID 0 PID 1 PID 2 PID 3

Instructions 36710643 36360475 36399474 36392591
L1_accesses 9013453 8865631 8879753 8880025
L1_miss_ratio 35.79% 35.79% 35.73% 35.78%
L2_writebacks 1177565 1156227 1131910 1164427
L2_accesses 3225877 3172686 3172907 3177088
L2_miss_ratio 35.06% 36.44% 34.93% 34.86%
mem_writebacks 563071 585240 540420 552448
upgrade_requests 25922 23538 25901 24255
external_bus_requests 3445678 3393405 3438897 3441297
snoop_hit_ratio 2.61% 1.93% 2.36% 2.05%
excl_to_shrd_changes 13029 1165 10878 3807
shrd_data_responses 25955 27085 24605 27559
excl_data_responses 13090 1991 13126 2011
external_invalidations 26214 24147 24694 24225

===== Bus activity statistics =====

total_requests 4602671

read_requests 2869730 (62.35% of all requests)
cache-to-cache xfers 105204 ( 3.67% of total_read_requests)

read_excl_requests 1633325 (35.49% of all requests)
cache-to-cache xfers 30218 ( 1.85% of total_read_excl_requests)

upgrade_requests 99616 ( 2.16% of all requests)
total_mem_writebacks 2241179 (49.77% of read/read_excl)
sharing_writebacks 105204

Figure3: Abbreviatedoutputfrom multiprocessorcache
simulationfor ocean programin SPLASH-2

screen,thedisplayis clearedanddrawing recommences
from the left-handside. The displaymaybepausedbe-
fore beingclearedto studythe resultingaccesspatterns
during simulatedexecutionof completeprograms.The
horizontalscalemay alsobe controlledfor broadviews
or closerexaminationof thespatialandtemporallocality
in dataaccesspatterns.

The output in Figure2 is for a logic simulationpro-
gram that was developedin earlier research[7]. The
resultsare for two large logic circuits from the ISCAS
benchmark[1]. The first circuit, s35932, resultsin a
datamissrateof 16%for a 16-kbytecachewith 16-byte
blocks. The secondcircuit, s38584, resultsin a higher
missrateof 25%.Thememoryaccessbehavior shown in
Figure2 aidsin understandingwhy thesecondcircuit has
ahighermissrate.

5 Enhancementsfor Multipr ocessing

In order to expandthe applicability of SimpleScalar,
enhancementswere madeto provide support for mul-
tiprocessing. The necessarymodificationsinclude sep-
arateregister files for eachsimulatedprocessor, inter-
leaving of simulatedinstructionexecutionfrom different

processors,supportin the simulatorfor threadmanage-
mentandsynchronization,andfinally a run-timelibrary
for simulatedmultiprocessorprograms.ThePARMACS
macropackage[6] wasadaptedfor usewith thetherun-
time library, thusenablingthesimulationof multiproces-
sorbenchmarkprogramssuchasthosein theSPLASH-2
benchmark[10].

The remainderof this sectiondescribesfurther en-
hancementsto supportmultiprocessorcachesimulation
and visualizationof cachecoherenceand memory ac-
cesses,providesanexampleusedin courses,andfinally
shows visualizationsfor programsfrom the SPLASH-2
benchmark.

Multipr ocessorCacheSimulation An additionalen-
hancementwas the integration of an efficient two-level
cachesimulatorbasedontheMESI protocolwith thenew
multiprocessorversionof thesimulator. SimpleScalaral-
readyincludesa detaileduniprocessormultilevel cache
simulator. Nonetheless,a customcachesimulatorwas
appropriatefor themultiprocessorenhancementin order
to supporta MESI cachecoherenceprotocolacrossmul-
tiple caches,andto collectmultiprocessor-related statis-
tics (only datacacheaccessesare modelledcurrently).
Sampleoutputis shown in Figure3 for theocean pro-
gramfrom theSPLASH-2benchmarkfor aproblemsize
of  +$�&SRT +$�& on a 4-processorsystemwith 8-KbyteL1
cachesand 256-kbyteL2 caches. This information is
used,for example, in the ELEC871graduatecourseto
computeboundsandestimatesof parallelexecutiontime.

Cache Coherence Visualization Detailed statistics
that are reportedafter execution has completeddo re-
flect multiprocessorprogrambehavior, but maynot pro-
vide sufficient insight into thedynamicsof cachecoher-
ence. To aid studentsin acquiring this insight, a dy-
namicgraphicalvisualizationof cachecoherencewasin-
corporatedwith themultiprocessorenhancementstoSim-
pleScalardescribedearlierin this section.Themultipro-
cessorcachesimulatormustalreadymaintainthestateof
eachcacheline accordingto theMESI protocol.Visual-
ization of cacheline statechangesduring the simulated
executionof parallelprogramis thereforea logicalexten-
sion anda valuableeducationaltool. The visualization
requiresa representationof the cachesand their states.
Coloredpixelsservewell in thiscapacity. Eachpixel rep-
resentsa cacheline, andits statemaybeinvalid (black),



shared(green),exclusive (yellow), or modified(red). A
white pixel is a location in the cachethat hasnot been
used. Finally, becauseof the two-level cachehierarchy,
a cacheline may be modified in the L1 cachewith an
out-of-datecopy in the L2 cache. For this situation,an
additional“modified-above” state(with a color of cyan)
is usedin theL2 cache.

It isalsovaluabletodynamicallydisplaytheL1 andL2
cachemissratesfor an interval of time (suchasthe last
1000memoryreferences)asa reflectionof thevariation
in locality during programexecution. Bar graphsarea
convenientmeansof conveying this information.

Multipr ocessor Memory Access Visualization An
additionalenhancementwas to extend the dynamicvi-
sualizationof uniprocessorprogrammemoryaccesspat-
ternsdiscussedin Section4 for multiprocessing.A sim-
ilar displayformat is appropriate(time horizontallyand
memoryvertically), with multiple narrower displaysto
reflect the memory accessedby eachprocessorrather
thanonesingledisplayfor auniprocessor. Exampleslater
in this sectionwill illustratetheresultingdisplay.

5.1 DetailedExampleUsedin Courses

Seniorundergraduatestudentsfirst learnaboutmulti-
processingandcachecoherenceat theendof ELEC470.
Graduatestudentsin ELEC871have alreadylearnedba-
sic conceptsfor multiprocessingandcachecoherencein
earliercoursework. To illustratethemostsalientaspects
of multiprocessingandcachecoherencefor undergradu-
atestudentsat theendof ELEC470,andasaninitial re-
view for graduatestudentsat thebeginningof ELEC871,
thestandarddot productcodeexampleis used.Figure4
shows the parallelversionof this codefor the multipro-
cessorversionof theSimpleScalarsimulator. The func-
tionsfor threadcreationandsynchronizationaredefined
in arun-timelibrary thatis linkedwith thecodeshown in
Figure4.

The cachevisualizationsupportallows more insight
to be gained into the parallel programexecution and
the cachecoherenceinteractions. Figure 5(a) shows
the cachecontentswhile the initialization loop in the
main() functionis beingexecuted.Becausebotharrays
arewritten, themajorityof thedatais modifiedin theL2
cache,andthe mostrecentelementsthat arewritten are
modifiedin theL1 cacheandout-of-datein theL2 cache.

The latter situationis alsoreferredto asthe “modified-
above” state.Due to mappingconflictsin theL1 cache,
oneof thearrayshasmoredatain the“modified-above”
statethantheotherarray. Thesmallareabeneaththear-
raydatacorrespondsto accessesmadeto thestackregion.

Following initialization, multiple threadsarecreated,
andeachprocessorexecutesits loop to performa partial
sumfor thedotproduct.Figure5(b)showsthecachecon-
tentsafterall threadscompletetheir execution.Because
all arrayelementswerewritten initially by processorP0,
the otherprocessorsmust retrieve modifiedcachelines
for the arraysfrom the L2 cacheof processorP0. Fur-
thermore,the otherprocessorsonly readthe arraydata.
Hence,thestateof thecachelinesfrom botharrayswill
becomeshared,with a copy retainedby processorP0.
Thereis oneportionof eacharraythatis accessedonlyby
processorP0. This portion of eacharrayremainsin the
modifiedstatein the L2 cacheof processorP0. Finally,
processorP0 executesothercodeafter all threadsreach
thebarrier, resultingin additionaldatabeingloadedinto
theL2 cache.

5.2 Visualization for SPLASH-2Programs

For the ELEC871 graduate course that explores
shared-memorymultiprocessorsin detail,thestudyof ap-
plicationbehavior benefitsfrom theuseof representative
programssuchasthosefound in the SPLASH-2bench-
mark suite [10]. The Culler/Singh/Guptatextbook [4]
that is usedin the ELEC871coursealsorelieson these
benchmarksas examples,and provides a greatdeal of
statisticalinformationin variouschapters.Visualization
can,however, bring theseprogramsto life in a manner
that raw statisticsalonecannotmatch. To this end, the
multiprocessor-enhanced version of SimpleScalarwith
visualizationof cachecoherenceandmemoryaccessbe-
havior is usedasapedagogicalaid.

Figure6 shows thecachecoherencevisualizationout-
put for theLU, barnes, andwater programsfrom the
SPLASH-2benchmark.Figure6 alsoshows the mem-
ory accesspatternsfor eachprocessor. Variation in L1
andL2 missratesis reflectedin thebarsat thetop of the
cachedisplaysin Figure6; this provides additionalin-
sight into programbehavior beyonda staticoverall miss
ratereportedat theendof simulatedexecution.



#define NUM_THREADS 8
#define N 10000

double dot_product, a[N], b[N];
Lock the_lock;
Barrier the_barrier;

void ParallelFunction ()
{

int i, start, end, thread_id = get_my_thread_id ();
double local_sum;

start = thread_id * N / NUM_THREADS;
if (thread_id == NUM_THREADS - 1)

end = N - 1; /* last thread goes to end of arrays */
else

end = (thread_id + 1) * N / NUM_THREADS - 1;
local_sum = 0.0;
for (i = start; i <= end; i++) /* compute partial dot product */

local_sum += a[i] * b[i];
lock (the_lock); /* atomically update final result */
dot_product += local_sum;
unlock (the_lock);
barrier (the_barrier, NUM_THREADS); /* wait for all threads */

}

main ()
{

int i;

for (i = 0; i < N; i++) /* initialize arrays with some values */
a[i] = b[i] = (double) 1.0/(i+1);

init_barrier (&the_barrier);
init_lock (&the_lock);
for (i = 1; i < NUM_THREADS; i++) /* create additional threads */

create_thread (ParallelFunction);
ParallelFunction (); /* main thread calls this directly */
printf ("The dot product is: %g\n", dot_product);
return 0;

}

Figure4: Parallelversionof dotproductprogram

6 Conclusion

This paperhasdescribedenhancementsto the Sim-
pleScalar simulator for undergraduate and graduate
courseson computerarchitecture.Visualizationof data
hazards,additionalinstructionprofiling statistics,andvi-

sualizationof memoryaccesspatternsareenhancements
madeto theuniprocessorsimulator. New multiprocessor
supportwasalsoaddedto SimpleScalar, followedby en-
hancementsto performmultiprocessorcachesimulation
andcoherencevisualization. Memory accessvisualiza-
tion wasalsoextendedto themultiprocessorversion.



(a)During initialization (b) After parallelcomputationcompleted

Figure5: Visualizationof multiprocessorexecutionandcachecoherencefor dotproduct

Future work includes extending the multiprocessor
supportto thesuperscalarversionof SimpleScalar. Data
hazardvisualizationmaybeextendedto illustratetheef-
fectof forwardingandload-usestallsastheresolutionto
thehazards.Visualizationof branchpredictionis alsoa
possibleenhancement,for example,by displayingboth
the contentsof branchpredictiontablesandbar graphs
onpredictionaccuracy.

TheSimpleScalarsoftware,includingthemultiproces-
sorenhancementsdiscussedin thispaper, areavailableat
theWebsitewww.simplescalar.org.
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(a)LU 128R 128: cachecoherence (b) LU 128R 128: memoryaccesses

(c) barnes 2048particles:cachecoherence (d) barnes 2048particles:memoryaccesses

(e)water-nsquared 512particles:cachecoherence (f) water-nsquared 512particles:memoryaccesses

Figure6: Visualizationof multiprocessorexecutionandcachecoherencefor SPLASH-2programs


