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Abstract—This paperdescribegnhancemen@ndappli-
cationsof the SimpleScalasimulatorfor undegraduate
andgraduatecourseson computerarchitecture. The en-
hancementmcludeadditionalinstructionprofiling statis-
tics, visualizationof datahazardsyisualizationof mem-
ory accesdehaior, andmultiprocessocapabilitieswith
visualizationof cachecoherence. The applicationsin-
clude predictionof pipelinedexecutiontime with stalls
for hazardsand cachemisses,instilling deeperinsight
into cachelocality, parallelprogramminganda greater
appreciationof cachecoherencanteractionsfor multi-
processoprograms.

1 Intr oduction

Many simulationtools for computerarchitecturere-
searchand educationhave beendevelopedin previous
work [2, 3, 8,9, 11]. Eachtool hasits own adwantages
and disadantagesin compleity, efficiengy, and value
asan educationahid. The SimpleScalasimulator[2],
for example,is efficient andincludessupportfor cache
and superscalasimulation, and usesa pedagogically-
appropriatenstructionsetderived from the MIPS ISA,
but it doesnot supportmultiprocessosimulation.

This paper describesenhancementsnade to Sim-
pleScalarfor multiprocessingand several typesof visu-
alization,andoutlinestheir applicationin undegraduate
and graduatecoursesin computerarchitecturein Elec-
trical and ComputerEngineeringat Queens University
Backgroundon coursess first provided, andthensimu-
lator enhancementare describedor illustrating aspects
of pipeliningandthe memoryhierarchy Multiprocessor
enhancementare then describedoriefly with examples
of usage.Conclusionsanddirectionsfor futurework are
alsoprovided.

2 Background on Courses

ELEC470 Computer System Architecture This se-
nior undergraduate coursecaovers performancejnstruc-
tion set design, pipelining, caches,memory hierarchy
I/0O systems,and multiprocessing. The textbook is by
HennessyandPattersor{5]. The courseis lecture-based
anddoesnot includea laboratorycomponen{prerequi-
sitecourse®ndigital logic, microprocessasystemsand
digital systemsengineeringmale useof programmable
logic in laboratorywork). A major portionof ELEC470
coverspipeliningandmemoryhierarchy(includingcache
coherence)hencetools that aid understandingf these
concepthave substantialalue.

ELEC871 Shared-Memory Multipr ocessors This
graduate course covers shared-memoryprogramming,
cache coherence, memory consisteng, performance
studies small-scaleandlarge-scalemultiprocessoarchi-
tecture,casestudiesbasedon researchand commercial
implementationsandcompilerissues.Selectecchapters
from the Culler/Singh/Guptaextbook [4] are usedwith
materialpreparedoy the instructorandresearctpapers.
Discussiorof multiprocessorgs mademoreconcretenot
only whenstudentsvrite andexecuteparallelprograms,
but also when the resulting cachecoherencebehaior
can be studiedin detail. Tools that aid in this respect
thereforehave considerableducationabenefit.

Experience with Other Simulation Tools Many
uniprocessorand multiprocessorsimulation tools have
been developed. Examples include SHADE [3],
MINT [9], RSIM [8], SimpleScalaf2], SPIM [5], and
DLXview [11]. Theseoolsmodelarchitecturetvarying



degreesof detailandhave varyingcompleity andexecu-
tion efficiengy. Furthermorethe tools differ in whether
they supportmultiprocessing.

The ELEC470coursehaspreviously usedDLXview,
SPIM, andSHADE. DLXview visualizespipelineactiv-
ity, but is not suitedfor larger programs SPIM s a func-
tional simulatorbut doesnot modelcachesSHADE pro-
videsinstructionprofiling andcachesimulationfor larger
programsput useshe SFARC ISA ratherthanthe MIPS
ISA. TheELEC871coursehaspreviously usedRSIM for
multiprocessorsimulation with different memory con-
sisteny models,but RSIM requiresexplicitly-allocated
globalsharednmemoryandis notavisualizationtool.

Both coursesow usethe SimpleScalasimulatorthat
provides functional simulation, cache simulation, and
superscalasimulation. The existing version of Sim-
pleScalardoesnot supportmultiprocessingor provide
graphicalvisualization(exceptfor a post-eecutiontrace
for superscalasimulation). As part of researchactiity,
however, SimpleScalawas enhancedvith multiproces-
sor support. Otherenhancement®r visualizationwere
also undertakn to benefitundegraduateand graduate
courseson computerarchitectureasoutlinedin the re-
mainderof this paper

3 Enhancementdor Pipelining

Visualization of Data Hazards Courseson computer
architectureoften illustrate data hazardsin pipelining
with contrived examples. A more effective approachis
to visualizethe frequenyg of hazardsn real codefor a
nontrivial program.The SimpleScalasimulatorwasen-
hancedwith datahazardvisualizationin ideal pipelined

execution,asshavn in Figurel. Registerdependences

for successk instructionsaretrackedanddisplayedwith
backward-flaving lines. The sequencef codeincludes
subroutinecall instructionsandthe associatedtackpush
operationsthat demonstrateéhe frequenyg of datahaz-
ards. Furthermorethej al instructionsreveal the pres-
enceof a potentiallysubtlehazard:j al modifiesthere-
turn addressegister($r a or $31) anda subsequergw
instructionsaresthereturnaddres®n the stack.

Additional Profiling Data for Pipelined Performance
Prediction SimpleScalanincludesan instruction pro-
filer that reportsvariousstatistics. Sampleoutputfor a
nontrivial programis shavn below:

sim num.insn 75125799
simnumrefs (load/store) 31609006
sim.inst_class_prof

# i ndex count pdf

| oad 26192181 34.86

store 5416825 7.21

uncond branch 1716987 2.29

cond branch 6422889 8.55

int computation 35376655 47.09

fp conputation 167 0. 00

trap 94 0. 00

si m branch_pr of

# i ndex count pdf

uncond direct 677 0.01

cond direct 6422889 78.91

call direct 92777 1.14

uncond i ndirect 858191 10.54

cond i ndirect 0 0. 00

call indirect 765342 9.40

Enhancementsvere madeto the instruction profiler to
collectandreportadditionalstatisticson taken branches
andload-usessampleoutputis shavn below:

Sunmary of Taken Branches

uncond direct 677
cond direct 2763305
call direct 92777
uncond indirect 858191

cond indirect 0
call indirect 765342

| oads followed by uses: 11173509

The combinedstatisticscan now be usedto predict
executiontime in the absencef cachemissesusingthe
equationl’ = n; - CPI - t. asfollows:

s 1173509 o - 2763305
load—use — 26192181 mispredict — 6422889
CPI = 1+ fload ' floadfuse : (1)

+fbranch, . fmispredz'ct . (1) + fjumps . (1)
= 1+ 0.3486 - 0.427 4+ 0.0855 - 0.430
+0.0229 - 1 = 1.2085

Studentsn ELEC470performsimulationsto obtainthe
necessarystatisticsand quantitatvely compareperfor
mance.



PCLK

addiu $29,$29,-24 ‘r D |E |M

sw $31,16(529) F |D-[E M |W

jal 0x4004b8 F|p|E | |®w

1w $2,-32764($28) F|D |E 4 %

addiu $29,$29,-24 F |D # nﬁ

sw $31,16($29) F b/ MW

bne $2,$0,0x4004£0 £ |b|E |u|w

addiu $2,%0,1 F|D |E M

sw $2,-32764(%28) F |D-[E |M |W

jal 0x400390 F|D|E M |W

addiu $29,529,-32 F|D |E /M

sw $31,24(%29) ¥ |pE 4 w

sw $17,20(529) F o[t |uw

sw $16,16($29) Flb|E |u|w
lui $3,0x1000 F (D |E M
addiu $3,43,5840 F |p1{E |M
1w $4,0($3) F |D-[E |M (W

Figurel: Sampleoutputfor visualizationof datahazards
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(a) 35932 logic circuit
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(b) s38584 logic circuit

Figure?2: Visualizationof memoryaccesdehaior for logic simulationprogram

4 Enhancementdor Cache/Memory

SimpleScalaralreadyincludesa uniprocessoicache
simulator henceno significantenhancementseremade
for that component. The cachesimulatorproducesde-
tailed miss statisticsfor two-level cacheorganizations
andalsoTLBs. Thesestatisticsreflectthe locality char
acteristicof aprogrambeingsimulated Whatis lacking
from a pedagogicaperspectie, however, is a meansto
instill adeepelappreciatiorof thosestatistics.

To enhancethe educationalbenefitfor the study of
memoryhierarchy a dynamicvisualizationof program

memoryaccespatternswasdeveloped. This visualiza-
tion canaid in understandinglifferencesn cachemiss
ratesobtainedwith the cachesimulator Sampleoutputis
shawvn in Figure2. Time progressealongthe horizontal
axis, and memoryaddressefcreasealongthe vertical
axis. Eachpixel representa contiguougortionof mem-
ory whosesize is determinedby the extent of the data
divided by the numberof pixels in the vertical dimen-
sion. A pixel is setonthescreenf the processotouches
ary locationcorrespondingo thatpixel in anintenal of
time. Whenthedisplayreachesheright-handsideof the



statistic PID O PID 1 PID 2 PID 3
36710643
9013453
35. 79%
1177565
3225877
35. 06%
563071
25922
3445678
2.61%
13029
25955
13090
26214

36360475
8865631
35. 79%
1156227
3172686
36. 44%
585240
23538
3393405
1.93%
1165
27085
1991
24147

36399474
8879753
35. 73%
1131910
3172907
34.93%
540420
25901
3438897
2.36%
10878
24605
13126
24694

36392591
8880025
35.78%
1164427
3177088
34.86%
552448
24255
3441297
2.05%
3807
27559
2011
24225

Instructions
L1_accesses
L1_miss_ratio
L2_writebacks
L2_accesses
L2_miss_ratio

mem wr it ebacks

upgr ade_r equest s
external _bus_requests
snoop_hit_ratio

excl _to_shrd_changes
shrd_dat a_r esponses
excl _dat a_responses
external _invalidations

Bus activity statistics

total _requests 4602671
2869730 . 35% of
105204 . 67% of

read_requests (62
(3
1633325 (35.49% of
(1
(2
(49

cache-to-cache xfers
read_excl _requests
cache-to-cache xfers
upgr ade_r equest s
total _memwitebacks
sharing_writebacks

all requests)

total _read_requests)

all requests)

total _read_excl _requests)
all requests)

read/ read_excl)

30218 . 85% of
99616 . 16% of
2241179 . 77% of
105204

Figure3: Abbreviatedoutputfrom multiprocessocache
simulationfor ocean programin SPLASH-2

screenthedisplayis clearedanddraving recommences
from the left-handside. The display may be pausede-
fore beingclearedto studythe resultingaccesgatterns
during simulatedexecutionof completeprograms. The
horizontalscalemay alsobe controlledfor broadviews
or closerexaminationof the spatialandtemporalocality
in dataaccesgpatterns.

The outputin Figure 2 is for a logic simulationpro-
gram that was developedin earlier research7]. 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%. Thememoryaccesdehaior shavn in
Figure2 aidsin understandingvhy theseconctircuit has
ahighermissrate.

5 Enhancementgor Multipr ocessing

In orderto expandthe applicability of SimpleScalar
enhancementsvere madeto provide supportfor mul-
tiprocessing. The necessarynodificationsinclude sep-
arateregister files for eachsimulatedprocessqrinter
leaving of simulatedinstructionexecutionfrom different

processorssupportin the simulatorfor threadmanage-
mentandsynchronizationandfinally a run-timelibrary

for simulatedmultiprocessoprograms.The PARMACS

macropackagg6] wasadaptedor usewith thetherun-

time library, thusenablingthe simulationof multiproces-
sorbenchmarlprogramssuchasthosein the SPLASH-2
benchmark10].

The remainderof this sectiondescribesfurther en-
hancementso supportmultiprocessorcachesimulation
and visualizationof cachecoherenceand memory ac-
cessesprovidesan exampleusedin coursesandfinally
shaws visualizationsfor programsfrom the SPLASH-2
benchmark.

Multipr ocessorCache Simulation An additionalen-
hancementvas the integration of an efficient two-level
cachesimulatorbasednthe MESI protocolwith thenew
multiprocessoversionof thesimulator SimpleScalaal-
readyincludesa detaileduniprocessomultilevel cache
simulator Nonethelessa customcachesimulatorwas
appropriatdor the multiprocessoenhancemerit order
to supporta MESI cachecoherencegrotocolacrosamul-
tiple cachesandto collectmultiprocesserelaed statis-
tics (only datacacheaccessesire modelledcurrently).
Sampleoutputis shawvn in Figure3 for theocean pro-
gramfrom the SPLASH-2benchmarKor aproblemsize
of 130 x 130 on a 4-processosystemwith 8-Kbyte L1
cachesand 256-kbytelL2 caches. This informationis
used,for example,in the ELEC871graduatecourseto
computeboundsandestimate®f parallelexecutiontime.

Cache Coherence Visualization Detailed statistics
that are reportedafter execution has completeddo re-
flect multiprocessoprogrambehaior, but may not pro-
vide sufficient insightinto the dynamicsof cachecoher
ence. To aid studentsin acquiringthis insight, a dy-
namicgraphicalvisualizationof cachecoherencevasin-
corporatedvith themultiprocessoenhancements Sim-
pleScaladescribeckarlierin this section. The multipro-
cessorcachesimulatormustalreadymaintainthe stateof
eachcachédine accordingto the MESI protocol. Visual-
ization of cacheline statechangeguring the simulated
executionof parallelprogramis thereforealogical exten-
sion and a valuableeducationatool. The visualization
requiresa representatiorf the cachesandtheir states.
Coloredpixelssenewell in this capacity Eachpixel rep-
resentsa cacheline, andits statemay beinvalid (black),



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

It is alsovaluableto dynamicallydisplaythelL1 andL2
cachemissratesfor anintenal of time (suchasthe last
1000memoryreferencesasa reflectionof the variation
in locality during programexecution. Bar graphsare a
convenientmeansof corveying this information.

Multipr ocessor Memory Access Visualization An
additionalenhancementvas to extend the dynamicvi-
sualizationof uniprocessoprogrammemoryaccesgat-
ternsdiscussedn Section4 for multiprocessingA sim-
ilar displayformatis appropriatgtime horizontallyand
memoryvertically), with multiple narraver displaysto
reflect the memory accessedy each processorrather
thanonesingledisplayfor auniprocessoiExampledater
in this sectionwill illustratetheresultingdisplay

5.1 DetailedExample Usedin Courses

Seniorundegraduatestudentdirst learnaboutmuilti-
processingndcachecoherencattheendof ELECA470.
Graduatestudentsn ELEC871have alreadylearnedba-
sic conceptdor multiprocessingand cachecoherencen
earliercoursevork. To illustratethe mostsalientaspects
of multiprocessingndcachecoherencdor undegradu-
atestudentsatthe endof ELEC470,andasaninitial re-
view for graduatestudentsatthebeginningof ELEC871,
the standarddot productcodeexampleis used.Figure4
shaws the parallelversionof this codefor the multipro-
cessowersionof the SimpleScalasimulator The func-
tionsfor threadcreationandsynchronizatioraredefined
in arun-timelibrary thatis linkedwith thecodeshavn in
Figure4.

The cachevisualizationsupportallows more insight
to be gainedinto the parallel program execution and
the cache coherenceinteractions. Figure 5(a) shavs
the cachecontentswhile the initialization loop in the
mai n() functionis beingexecuted Becausdotharrays
arewritten, the majority of the datais modifiedin the L2
cacheandthe mostrecentelementghat arewritten are
modifiedin theL1 cacheandout-of-datein thelL2 cache.

The latter situationis alsoreferredto asthe “modified-
above” state. Dueto mappingconflictsin theL1 cache,
oneof the arrayshasmoredatain the “modified-abae”
statethanthe otherarray The smallareabeneattthear
ray datacorrespondso accessesiadeto thestackregion.

Following initialization, multiple threadsare created,
andeachprocessoexecutests loop to performa partial
sumfor thedotproduct.Figure5(b) shavsthecachecon-
tentsafterall threadscompletetheir execution. Because
all arrayelementaverewritteninitially by processoPO,
the other processorsnust retrieve modified cachelines
for the arraysfrom the L2 cacheof processoP0. Fur
thermore the otherprocessor®nly readthe array data.
Hence the stateof the cachelinesfrom both arrayswill
becomeshared,with a copy retainedby processoP0.
Thereis oneportionof eacharraythatis accessednly by
processoP0. This portion of eacharrayremainsin the
modified statein the L2 cacheof processoPO0. Finally,
processoiP0 executesother codeafter all threadsreach
the barrier resultingin additionaldatabeingloadedinto
thelL2 cache.

5.2 Visualization for SPLASH-2 Programs

For the ELEC871 graduate course that explores
shared-memorynultiprocessori detail,the studyof ap-
plicationbehaior benefitsfrom the useof representate
programssuchasthosefound in the SPLASH-2bench-
mark suite [10]. The Culler/Singh/Guptaextbook [4]
thatis usedin the ELEC871coursealsorelieson these
benchmarksas examples,and provides a greatdeal of
statisticalinformationin variouschapters.Visualization
can, however, bring theseprogramsto life in a manner
thatraw statisticsalonecannotmatch. To this end, the
multiprocesseenhaiged version of SimpleScalamwith
visualizationof cachecoherenceandmemoryaccesde-
havior is usedasa pedagogicaid.

Figure6 shavs the cachecoherenceisualizationout-
putfor theLU, bar nes, andwat er programsfrom the
SPLASH-2benchmark.Figure 6 also shavs the mem-
ory acces9atternsfor eachprocessor Variationin L1
andL2 missratesis reflectedn the barsatthetop of the
cachedisplaysin Figure 6; this provides additionalin-
sightinto programbehaior beyond a staticoverall miss
ratereportedattheendof simulatedexecution.



#def i ne

NUM_THREADS 8

#define N 10000
double dot_product, a[N, b[N;
Lock the_| ock;
Barrier the barrier;
voi d Par al | el Function ()
{
i nt i, start, end, thread_id = get_nmy thread_ id ();
doubl e 1local _sum
start = thread id * N/ NUM THREADS;
if (thread_id == NUM THREADS - 1)
end = N- 1; /* last thread goes to end of arrays */
el se
end = (thread_id + 1) * N/ NUM THREADS - 1;
| ocal _sum = 0.0;
for (i = start; i <= end; i++) /* conpute partial dot product */
| ocal _sum+= af[i] * b[i];
lock (the_lock); /* atomcally update final result */
dot _product += |ocal _sum
unl ock (the_l ock);
barrier (the_barrier, NUM THREADS); /* wait for all threads */
}
main ()
{ . .
i nt i;
for (i =0; i <N i++) /* initialize arrays with sone val ues */
a[i] = b[i] = (double) 1.0/ (i+1);
init_barrier (& he_barrier);
init_lock (& he_ Il ock);
for (i = 1; i < NUMTHREADS; i++) [/* create additional threads */
create_thread (Parallel Function);
Paral | el Function (); /* main thread calls this directly */
printf ("The dot product is: %g\n", dot_product);
return O;
}
Figure4: Parallelversionof dot productprogram
6 Conclusion sualizationof memoryaccesgatternsareenhancements

madeto the uniprocessosimulator New multiprocessor

This paperhas describedenhancementto the Sim-  Ssupportwasalsoaddedio SimpleScalarfollowed by en-
pleScalar simulator for undegraduate and graduate hancementso performmultiprocessocachesimulation
courseson computerarchitecture.Visualizationof data and coherencevisualization. Memory accessvisualiza-
hazardsadditionalinstructionprofiling statisticsandvi- ~ tion wasalsoextendedo the multiprocessowersion.
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Figure5: Visualizationof multiprocessoexecutionandcachecoherencdor dot product

Future work includes extending the multiprocessor

supportto the superscalaversionof SimpleScalarData
hazardvisualizationmay be extendedto illustratethe ef-
fectof forwardingandload-usestallsastheresolutionto
the hazards.Visualizationof branchpredictionis alsoa
possibleenhancementor example, by displayingboth
the contentsof branchpredictiontablesand bar graphs
on predictionaccurag.
TheSimpleScalasoftware,includingthe multiproces-
sorenhancementiscussedh this paperareavailableat
theWebsitewww. si npl escal ar. org.
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Figure6: Visualizationof multiprocessoexecutionandcachecoherencdéor SPLASH-2programs




