Validating an Architectural Simulator

ErichM. Nahum
Departmenbf ComputerScience
University of Massachusettst Amherst

nahum@cs.umass.edu

Septembel 996

Department of Computer Science Technical Report 96-40

Abstract

This paperreportson our experiencef building anexecution-driverarchitecturakimulatorthatis
meantto accurately captureperformancecostsof a machinefor a particularclassof software,namely
networkprotocolstackssuchasTCP/IR Thesimulatormodelsasingleprocessoof our Silicon Graphics
Challengeshared-memorynultiprocessqrwhich has100 MHz MIPS R4400chipsandtwo levels of
cachememory We describeour validationapproachshowaccuracyesultsaveragingwithin 5 percent,
andpresenthelessondearnedn validatinganarchitecturakimulator

1 Introduction

We havedesignedandimplementeda execution-driveruniprocessosimulatorfor our 100 MHz R4400-
basedSGI Challengd6]. The purposeof thissimulatoris to understandhe performanceostsof a network
protocol stackrunning in userspaceon our SGI machine,andto guide us in identifying and reducing
bottleneckg11].

Theprimarygoalof thissimulatorhasbeerto accurately modelperformanceostsfor our SGlmachine.
Muchof thesimulationliteraturediscussethetradeof betweerspeedindaccuracyanddescribesechniques
for makingsimulationsfast. However accuracyis rarely discussednotableexceptionsnclude([2, 4, 5]),
andthetradeof betweeraccuracyandspeechasnotbeenquantitativelyevaluated Giventhatour simulator
is meantto captureperformance costs,it mustbe more than an emulatorthat duplicatesthe execution
semantic®f thehardwareor countseventssuchascachemisses.The simulatorshouldperform similarly to
our actualhardwarej.e., anapplicationtaking N time unitson therealhardwareshouldtake N simulated
time unitson the simulator We quantifyaccuracyin termsof how closelyanapplications performancen
thesimulatorcomesto matchingthe performancentherealhardware.

Our simulatoris designedor a specificclassof software,namely computemetworkcommunication
protocolssuchas TCP/IR and we usethem to evaluateour simulatots accuracy Network protocols
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mostcloselyresemblentegerbenchmarksand useessentiallyioad, store,control, and simple arithmetic

instructions. Our protocol benchmarkshave cachehit ratesranging from 75-100 percent,and spend

betweenl5 and 75 percentof time waiting for memory We alsoevaluateaccuracyon memory-intensive
microbenchmarkérom LMBench[10]. We havenot evaluatedaccuracyon numeric(i.e., floating-point)

benchmarksuchasthe SPEC95 FP suite. Ontheworkloadsthatwe havetestedwe find thatthe simulator

predictslatencieghatare,on averagewithin 5 percenpf theactualmeasuredatencies.

This paperreportson our experiencedn constructinghis simulator We describeour simulator enu-
merateour assumptionsshowour approacho validation,andpresentaccuracyesults. We concludewith
thelessondearnedn validatinganarchitecturakimulator

2 Architectural Simulator

Our architecturalsimulatoris built usingMINT [15], a toolkit for implementingmultiprocessomemory
referencesimulators.MINT interpretsa compiledbinarydirectly andexecutest, albeitmuchmoreslowly
thanif thebinarywasrun onthenativemachine.This processs calleddirect execution. MINT is designed
for usewith MIPS-basednultiprocessorssuchasour SGlmachinesandhassupportfor themultiprocessor
featuresof IRIX. Unlike severalothersimulationpackagesit only requiresthe binary executableof the
program. As a consequencall the applicationsourcedoesnot needto be available,andthe application
doesnotneedto be modifiedfor usein the simulator This meanghatthe sameexactbinaryis usedon both
theactualmachineandin the simulator

A simulatorbuilt usingMINT consistof 2 componentsafront end,providedby MINT, whichhandles
theinterpretatiorandexecutionof the binary anda back-endsuppliedby the user thatmaintainsthe state
of the cacheandprovidesthetiming propertiegshatareusedto emulateatargetarchitecture Thefront end
is typically calleda trace generator, andthe backenda trace consumer. On eachmemoryreferencethe
front endinvokesthe backend, passingthe appropriatememoryaddress.Basedon its internal state,the
backendreturnsa valueto the front endtelling it whetherto continue(for example,on a cachehit) or to
stall (onacachemiss).

IMINT doesnotyet supportdynamiclinking; thus,the binarymustbe staticallylinked.



We havedesigneacindimplementedibackendfor usewith MINT to construct uniprocessosimulator
for our 100MHz R4400-base&GI Challenge.Figurel showsthe memoryorganizationfor this machine.
The R4400hasseparatd 6 KB direct-mappe@n-chipfirst levelinstructionanddatacachesith aline size
of 16 bytes. Our SGl machinealsohasa 1 MB second-levetlirect-mappean-boardunified cachewith a
line sizeof 128 bytes. The simulatorcaptureghe costof the importantperformanceharacteristicef the
SGl platform. It supportanultiple levelsof cachehierarchyincludingtheinclusionpropertyfor multi-level
cachesandmodelsthe aspectof the MIPS R4400processothathavea statisticallysignificantimpacton
performancesuchasbranchdelaysandloaddelaypipelineinterlocks.

The primary goal of the simulatorhasbeenperformance accuracythus,we haveattemptedo ensure
thetiming accuracyof the simulator Accuracygenerallydepend®nanumberof issues:

e Theaccuracyof theassumptions madeby the simulator andtheirrelevanceo therealsystem,
e Theaccuracyto whichinstruction costs (e.g.,branchesadds multiplies)aremodeled,

e Theaccuracyto which memory references (i.e., cachehits andmissesaremodeled.

We describeour approactio eachof theseissuesn turn.

2.1 Assumptions

Severahssumptionareused mostof which areintrinsicto MINT:

e We ignore contextswitches, TLB misses,and potentially conflicting operatingsystemtasks; the
simulationessentiallyassumes dedicatednachine.This assumptions requiredoy MINT andmost
othersimulators.

¢ Unlessotherwisespecifiedall instructionsandsystentallstakeonecycle. Certainexceptionalibrary
calls,suchasmalloc(),alsotakeonecycle. Thisis describedn moredetailbelow Thisassumption
is requiredby MINT andmostothersimulators.

e We assumehatthe heapallocatorusedby MINT is the sameasusedby the IRIX C library, or that
anydifferencedetweerthetwo allocatorsdoesnotimpactaccuracy This assumptionis requiredby
MINT.

e We assumehatvirtual addressearethe sameas physicaladdressesFor virtually-indexedcaches
suchasthoseon-chipin the R4400,this is accurate. However in our SGI systemsthe second-level
cacheis physicallyindexed. The mappingbetweervirtual andphysicaladdresseen thereal system
is determinedy theIRIX operatingsystem.lt is reportedhatIRIX 5.3usegpage coloring [3, 9] asa
virtual-to-physichmappingstrategy In pagecoloring,wheneveia newvirtual-to-physicaimapping
is createdthe OSattemptgo assigrafreephysicalpagesothatboththevirtual andphysicaladdresses
mapto thesamebinin aphysicallyindexedcache.Thisway, pagegshatareadjacentn virtual memory
will be adjacentn the cacheaswell. However if a free physicalpagethat meetsthis criterionis
not available,anotherfree pagewill be chosen. Thus,our assumptiormatcheghe behaviorof the



Instr Num %

mul.d 1 0.01
bgez 109 0.70
or 152 0.97
andi 180 1.15
beq 367 2.34
slti 1039 6.64

addu | 1112 7.10
bne 1219 7.79
addiu| 1610| 10.28

st 2284 | 14.59
nop 3560| 22.74
lw 3619| 23.12

Total | 15656 | 100.00

Tablel: InstructionFrequencies

operatingsystemif the OSis successfuln finding matchingpages. Unfortunately thereis no way
thatwe areawareof thatallowsusto determinghevirtual-physicalmappingsandthusseehow well
the OSis finding matchedpages.Sincethe OS may choosea non-matchingage thevirtual address
andthe physicaladdressnay mapto differentbinsin the L2 cache. Thus,an applicationexecuting
in the simulatormay experienceconflictsbetweentwo linesin L2 that would not occurin thereal
system,andvice-versa. The impacton accuracymay be exacerbatetby the inclusionproperty[1],
which requiresthat, for coherencyeasonsall linescachedn L1 mustbeheldin L2. If a (possibly
erroneous).2 conflictforcesaline to beremovedjt mustbeinvalidatedin L1 aswell.

2.2 Modeling Instruction Costs

Oneof the major assumptionsn MINT is that all instructionsand replacedfunctions(suchas malloc()
and uspsema()executein one cycle. For mostinstructionson RISC architecturesthis is a reasonable
assumptionForafew instructionshoweveythisassumptiotis incorrect.Integerdivides,for exampletake
75cycles.However MINT allowstheuserto changghetimesassociatefor eachinstructionvia asupplied
file thatlists instructionsandfunctionsalongwith their simulatedcosts.

To seewhich instructionsareactuallybeingusedby our applicationswe developeda MINT back-end
toolthatcountsdynamidnstructionuseandprintsoutahistogram.Tablel presentsnexampleof instruction
frequenciedor a program. This allows us to focusour attentionon making surethat the time valuesfor
theseinstructionsarecorrect. In the aboveexample,it is muchmoreimportantthatthe time for a branch
(bne,beq)be correctthanfor a floating point multiply (mul.d), sincebranchesccurordersof magnitude
morefrequently We thenwrotemicro-benchmarkstressingiseof thoseinstructionsandfunctionsin order
to measureheir coston our system.We alsowrote a similar tool to countthe useof replacedunctionsand
to countdatasizes(e.g.,byte,word) of loadsandstores.



Instruction | Timein

or Function Cycles
div 75
divu 75
mult 2

multu 2

uspsema 113
usvsema 113
malloc 70
free 70
sginap 6000
gettimeofday| 1580

Table2: Instructionghattakemorethanl cycle

Unfortunately only a small subsetof timing valuesare availablein the MIPS R4000Microprocessor
UsersManual[7]. Forinstructionsnotlistedthere,we neededo constructmicro-benchmarks determine
their cycletimes. Table2 presentghe cycletimesof instructions functions,andsystemcalls usedthatdo
not follow the single-cycleinstructionassumption Thesevaluesarefed into MINT via thecyclefile. The
list in Table2 is far from complete thesehappeno be the instructionsandfunctionsthat our benchmarks
use.MINT’ s original notion of time wassolelyin cycles.We convertthis notioninto realtime by settinga
cycletimein nanoseconds.

2.3 Pipédiningin the R4000

Partof the single-cycleassumptiorof MINT meanghatthe R4000pipelineis notmodeledprecisely The
singlecycleassumptioimpliesthatthepipelineneverstalls,whichis nottrue undercertainconditions.For
example,f aninstructionloadsa valuefrom memoryinto a registey andthe subsequeninstructionuses
thatregistey the latterinstructionwill stall. This stallingis calleda pipelineinterlock [8]. MINT doesnhot
yetmodelpipelineinterlocks.

To accuratelynodelloaddelaypipelineinterlocks we insteadckeeptrackof loadsin thebackend. In the
R4000,loadshavea 2-cycleloaddelay This meansve needto keeptrackof atmost2 registerssinceonly
1 loadcanbeissuedeachcycle,andwe needonly trackaloadedregisterfor 2 cycles.Whenevem register
is loadedwe keeptrackof it andallow it to age overtime. Oneachinstruction,welook attheregistersised
andcomparghemwith thoserecentlyloaded.If anyof theregistersareidentifiedashavingnot completed
theirloaddelay theinstructionwill stalloneor two cyclesasappropriate.

Branchesandjumpscanalsocausestallsin the MIPS pipeline. Jumpsor unconditionabranchestake
4 cycles.Branchesaremorecomplexthanjumpsin thattheytake4 cyclesif thebranchingconditionis true,
and2 cyclesotherwise.In eithercase pnecycleis exposedo thecompilerasabranchdelayslot, whichthe
compilerwill attemptto fill with a usefulinstructionif possibleor aNOP otherwise.
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MINT will chage acostfor theinstructionin this visible delayslot. Thisimpliesthatwe shouldsetthe
costvaluefor ajump at 3 cycles,andthe costfor branchinstructiongo 3 or 1 cyclesdependingnwhether
thebranchis taken.However MINT cannotdistinguishbetweerthesecasesandwe areonly allowedto set
asinglevaluefor abranchinstruction.

To accuratelymodelthe dynamiccostsof branchesthe backendkeepsrackof the programcounteron
everyinstructionanddatareference Whenthe PC doesnot changeto the nextsequentiainstruction(i.e.,
changedy anythingotherthan4), the backenddelaysby 2 cyclesto emulatethe branchdelaycost. This
accuratelycoversthe costof bothjumpinstructionsandall takenbranchessothatwe do notneedto change
their cycletime values.

24 Modeling Memory References

We usedthe memory striding benchmarksfrom LMBench [10] to measurethe cachehit and miss
latenciedfor all threelevelsof the memoryhierarchy: L1, L2, andmain memory Thesein turn gaveus
valueswith which to parameterizéhe back-endcachesimulator Table3 lists the cycletimesto readand
write the cacheson the 100MHz SGI Challenge(IP19). Note that referencesvhich hit in L1 incur no
additionalpenaltybeyondthe costincurredby the instructionin isolation,e.g.,anintegeraddinstruction
thathitsin theinstructioncacheandwhoseoperandsreall availablecostsonly 1 cycle.

Thesamememorystrideprogramaverethenrunin thesimulator usingthetableof modifiedinstruction
times, to ensurethat the simulatednumbersagreedwith thosefrom the real system. Figure 2 showsthe
LMBenchreadmemoryaccessime asafunctionof theareawalkedby the stridebenchmarkasrunon our
100MHz R4400SGlI Challenge We call this grapha memory signature. The memorysignaturdllustrates
the accesdimesof thefirst level cache the second-levetache andmain memory Whenthe areawalked
by the benchmarKits within thefirst level cache(i.e., is 16 KB or less),readinga byte in the arearesults



Layerin Read| Write

Hierarchy time | time
L1 Cache 0 0
L2 Cache 11 11

ChallengeBus | 141 | 147

Table3: Readandwrite timesin cycles

Layerin Real | Simulated| Diff
Hierarchy time time | (%)
L1 Cache 20 20 0
L2 Cache 131 134 2
ChallengeBus | 1440 1440 0

Table4: LMBenchrealandsimulatedvaluesin usec.

in afirst-level cachehit andtakes20 nanosecondsWhenthe areafits within the secondevel cache(i.e.,
is betweenl6 KB and1 MB in size), readinga byte resultsin a second-levetachehit and takes134
nanoseconddf theareais largerthanl MB, mainmemoryis accessedndthetime to reada byteis 1440
nanosecondNotethatthescalesn Figure2 arelogarithmicin boththex andy axes.

Figure3 showghememorysignatureof thesamebinarybeingrunonthesimulatorfor thesamemachine.
Table4 liststhenumberdrom Figures2 and3 in textualform for comparison As canbe seenthesimulator
modelsthe cachememorybehaviorery closely

25 Summary of Validation Sequence

In generalwe usea sequencef actionsto validatea particularapplication.This sequenceanberepeated
severakimesdependingn the application.As eachnewapplicationis introduced:

e It isinstrumentedo seeits instructionusage.

e If any previously unexaminedinstructionsare usedin a significant fashion, appropriatemicro-
benchmarksgor thoseinstructionsareproducedandtimingsascertained.

e Thetableof instructiontimesis updatedo reflectthe newly determinedralues.

e The stridebenchmarksarere-runinsidethe simulatorto ensurethat the memorylatenciesare still
accurate.

e Finally theapplicationis run onthe cachesimulator



Benchmark Simulated| Real| Error(%)
TCP Send,cksumoff 76.63| 78.58 2.48
TCPSend,cksumon 147.84| 146.66 -0.81
UDP Send cksumoff 18.43| 15.97 -15.40
UDP Sendcksumon 71.99| 70.30 -2.41
TCPRecy cksumoff 58.06| 62.65 7.33
TCPRecy cksumon 190.47| 198.39 3.99
UDP Recy cksumoff 33.80| 32.84 -2.95
UDP Recy cksumon 161.78| 158.84 -1.85
AverageError 4.65

Table5: Macrobenchmarkimes(usec)andrelativeerror

3 Validation Results

Table5 lists the currentset of benchmarkswith their correspondingeal and simulatedlatenciesin
microsecondsandtherelativeerror Erroris definedas

(Simulated Value — Real Value)
Real Value

Error = * 100

A negativeerrormeanghesimulatorunderestimatestherealtime; apositivevaluemeanst overestimates
therealtime. The average erroris calculatedasthe meanof the absolutevaluesof theindividual errors.
This is to preventpositiveandnegativeindividual valuesfrom cancelingeachotherout. Notethe average
erroris within 5 percentwith theworstcaseerrorbeingabout15 percent.

Table6 presentsnoreaccuracyresults this time modifying the protocolbenchmark$y addingcopies
(COPY ON), or by executingthe CORDedversionsof the executablesCORD[13] is a binaryre-writing
tool that usesprofile-guidedcodepositioning[12] to reoganizeexecutabledor betterinstructioncache
behavior An original executablés run throughPixie [14] to determineits runtime behaviorand profile
which proceduresreusedmostfrequently CORD usesthis informationto re-link the executableso that
proceduresisedmostfrequentlyare groupedtogether This heuristicapproachs meantto minimize the
likelihood that“hot” procedurewvill conflictin the cacheshothin the L1 instructioncacheandin the L2
unifiedcache.

Onesideaffectof thisis thatCORDedexecutabletendto havebetteraccuracythanregularexecutables.
Sinceoneof the simulatots assumptionss thatvirtual addressearethe sameasphysicaladdressesyhich
is nottruefor the L2 cache partof the simulatots accuracydepend®n modelingconflictsin L2 correctly
The larger the numberof conflicts, the more likely the simulatorwill not capturetheir cost accurately
Similarly, thefewerthenumberof conflicts,thelessimpactthe conflictshaveon performanceandtheless
impactthe virtual = physicalassumptiorhason accuracy For example oneprotocolbenchmarkthe UDP
Sendwithout checksumminghasthe worstaccuracyon the simulatorwith an errorof 15 percent.In this
benchmarkall the L1 datacachemissesare causedy evictionsthatarethe resultof a conflictin the L2



Benchmark Simulated| Real| Error (%)
TCPSendCOPY ON CksumOFF 201.27| 200.47 -0.40
TCPSendCOPY ON CksumON 268.55| 264.58 -1.50
UDP SendCOPY ON CksumOFF 131.83| 126.19 -4.47
UDP SendCOPY ON CksumON 184.55| 185.39 0.45
TCPRecvCOPY ON CksumOFF 248.10| 258.06 3.86
TCPRecvCOPY ON CksumON 313.47| 327.21 4.20
UDP RecvCOPY ON CksumOFF 218.35| 217.68 -0.31
UDP RecvCOPY ON CksumON 278.24| 267.21 -4.13
CORDTCP SendCksumOFF 72.64| 68.72 -5.70
CORDTCP SendCksumON 148.42| 144.76 -2.53
CORDUDP SendCksumOFF 12.54| 13.49 7.10
CORDUDP SendCksumON 66.05| 65.32 -1.12
CORDTCPSendCOPY ON CksumOFF 197.10| 190.59 -3.42
CORDTCPSendCOPY ON CksumON 268.97| 251.41 -6.98
CORDUDP SendCOPY ON CksumOFF 126.02| 127.36 1.05
CORDUDP SendCOPY ON CksumON 178.54| 176.03 -1.43

Table6: Macrobenchmarkimes(usec)andrelativeerror

caché. We believethis is the main causeof inaccuracyin this benchmark.The CORDedversionof this
executableloesnot exhibitthis behavior andits 7 percenterroris half thatof theregularexecutable.

Dueto time constraintswe could not run everypermutatiorof everybenchmark.However giventhe
rangeof cachehit ratesandinstructionsusedthat havebeenexercisedy the simulator we feel confident

thatit is very accuratdor this classof applications.

4 Sample Output

Herewe presenta sampleoutputfrom the simulator in this casefrom the send-sideJDP experimentwvith
checksumminglisabled.Thesamplegivesanideaof theinformationcaptureddy the simulator

[L1 | Cache] Stats: ( 542598 invalidates, 271299 evicts,

Oper ati on: Nurber Hts ( % ) M sses ( % )
READ: 196159176 188291498 ( 95.99) 7867678 ( 4.01)
WRI TE: 0 0 ( 0.00) 0 ( 0.00)
READ_EX: 0 0 ( 0.00) 0 ( 0.00)
TOTAL: 196159176 188291498 ( 95.99) 7867678 ( 4.01)

[L1 D Cache] Stats: ( 542598 invalidates, 271299 evicts,

439325653 cycl es)
Cycles ( % )

0 ( 0.00)
0 ( 0.00)
0 ( 0.00)

( 0.00)

439325653 cycl es)

2The numbersaregivenin the examplein Section4. Notethe numberof evictionsin the L1 datacacheis the essentiallythe

sameasthe numberof misses.



Qper ati on: Nunber Hts ( % ) M sses ( % ) Cycles ( % )
READ: 49920127 49648826 ( 99. 46) 271301 ( 0.54) 0 ( 0.00)
WRI TE: 36084989 36084989 (100.00) 0 ( 0.00) 0 ( 0.00)
READ EX: 0 0 ( 0.00) 0 ( 0.00) 0 ( 0.00)
TOTAL: 86005116 85733815 ( 99.68) 271301 ( 0.32) ( 0.00)
[L2 U Cache] Stats: ( 0 invalidates, 0 evicts, 439325653 cycl es)
Qper ati on: Nunber Hts ( % ) M sses ( % ) Cycles ( % )
READ: 8138979 7596379 ( 93.33) 542600 ( 6.67) 83560169 ( 19.02)
WRI TE: 0 0 ( 0.00) 0 ( 0.00) 0 ( 0.00)
READ EX: 0 0 ( 0.00) 0 ( 0.00) 0 ( 0.00)
TOTAL: 8138979 7596379 ( 93.33) 542600 ( 6.67) 83560169 ( 19.02)
[1P19 Bus] Stats: ( 0 invalidates, 0 evicts, 439325653 cycl es)
Qper ati on: Nurber Hts ( % ) M sses ( % ) Cycles ( % )
READ: 542600 542600 (100. 00) 0 ( 0.00) 76506600 ( 17.41)
WRI TE: 0 0 ( 0.00) 0 ( 0.00) 0 ( 0.00)
READ EX: 0 0 ( 0.00) 0 ( 0.00) 0 ( 0.00)
TOTAL: 542600 542600 (100. 00) 0 ( 0.00) 76506600 ( 17.41)
Instruction Number ( % ) Cycles ( % )
| oads: 49920127 ( 25. 45) 49920127 ( 11.36)
| oad stalls: 28215096 ( 56.52) 33912375 ( 7.72)
st ores: 35542391 ( 18.12) 35542391 ( 8.09)
br anches: 16007752 ( 8.16) 37711672 ( 8.58)
j unps: 13564950 ( 6.92) 40694850 ( 9. 26)
control: 29572702 ( 15.08) 78406522 ( 17.85)
adds: 32014393 ( 16.32) 32014393 ( 7.29)
subtracts: 2984289 ( 1.52) 2984289 ( 0.68)
mul s: 271299 ( 0.14) 542598 ( 0.12)
divs: 1111 ( 0.00) 83325 ( 0.02)
shifts: 4069485 ( 2.07) 4069485 ( 0.93)
| ogi cal s: 12751053 (  6.50) 12751053 ( 2.90)
sets: 5968578 ( 3.04) 5968578 (1. 36)
i medi at es: 1899093 ( 0.97) 1899093 ( 0.43)
| oads: 49920127 ( 25. 45) 83832502 ( 19.08)
st ores: 35542391 ( 18.12) 35542391 ( 8.09)
control: 29572702 ( 15.08) 78406522 ( 17.85)
ariths: 59959301 ( 30.57) 60312814 ( 13.73)
nops: 20891134 ( 10.65) 20891134 ( 4.76)
ot hers: 273521 ( 0.14) 273521 ( 0.06)
mem 0 ( 0.00) 160066769 ( 36.43)
cpu: 0 ( 0.00) 279258884 ( 63.57)
total: 196159176 (100.00) 439325653 (100.00)

Ascanbeobservedthesimulatolistsbothhowmanytimesan eventhagpenedaswell aswhatperertage
of thetotal time to which the eventcontributed. For example we seethat control operationamakeup 15
percenbf theinstructionusagebput contributel7.85percenbf thetotal cycles.On averageabranchtakes
roughly 2.7 cycles. This tells us evenif branchesosta singlecycle, our applicationperformancevould
only improveaboutl10 percent.
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5 Improving Accuracy

Thereareseverabossibilitiesfor improvingthe accuracyof the simulator:

e modeling the pipeline more accurately. This would improve accuracyon more complexevents,
particularlycombination®f instructionghataffectthepipeline. Theinteractionbetweerthepipeline
andinstructionswith overlappecdexecutionis not capturedully. Forexample a multiply instruction
placedin a branchdelayslot is probablynot modeledpreciselyin termsof how much(or little) the
pipeis stalled. However addingthis amountof detail requiresa large amountof work eitherto the
MINT frontendor to theback-endsimulator It is notclearwhattheoverallimpactonaccuracywould
be,or whethertheamountof work would beworth the effort.

e virtual addressesvs. physical addresses. We canexaminemorecarefullytheassumptionthatphysical
addressearethe sameasyvirtual addressesHowever this assumptioris usually correctin kernel
code.In addition,withoutaccess$o moreinformationaboutlRIX’ spoliciesfor assigningirtual pages
to physicalones,we cannotknow whethemwe areimprovingaccuracy

e improving L2 write accuracy. At themoment,L2 write costsareoverestimatedy the simulatorby
about30 percent.This appeardo be a consequencef the presencef awrite buffer andthe lack of
modelingpipeline effects. This might be ableto be fixed; howevey write missesthathit in L2 are
extremelyrare,soimprovingthis will probablyhavelittle impacton overallaccuracy

Whatisinterestings howwell themadineis being modeled despte manyfeaturesnat being represented.
Forexamplethe TLB, storebuffer, andwrite buffer areall ignored,with apparenthfittle impacton overall
accuracy

Our beliefis thatimprovingaccuracywill only be necessaryponintroducingnew classe®f software,
mostobviouslyfloating-pointbenchmarksModeling pipelineslipsandstallswill becomemoreimportant
for multiple-cycleinstructionssuchasmultipliesanddivides.

6 LessonsLearned

Severalgenerallessonswere learned(or re-learned)over the processof constructingand validatingthe
simulator Someof thesearegenerakoftwareengineeringrinciples,butmostlytheyrelateto accuracyand
validation.

e Frequency is key. The frequencyof eventsplaysa key role in the overall accuracy This canbe
thoughtof asthe90/10rule or RISCapproacho validation. Oneway to think of validationis trying
to minimizeerror, whereerroris definedasfollows:

Error = zj: freq(E;) = (real(E;) — sim (E;))

11



Here, E; is event: in the system,freq(E;) is the frequencyof eventi, real(E;) is thereal costof
eventi, andsim(E;) is thesimulatedcostof eventi. Examplesof eventsncludeusesof a particular
instruction,cachemissespr takenbranches.

Obviously the frequencyof a particulareventis application-deperadt. To know the frequencyof

variousevents,one mustbe awarewhat the applicationis doing, i.e., its dynamicbehaviorat run

time. As mentionedefore,modelingeventsthathapperfrequentlyis crucial. Similarly, eventsthat
happenoccasionallycanbe modeledlesscarefully; however their costmustbe takeninto account.
For example L2 write missesarevery rare,but their costis so high (146 cycles)thatthey mustbe
accountedor.

Eventsthat never happencan be ignored, or assignedsimple costs. For example,our simulator
completelyneglectsfloating point costs, but given that not a single floating point instructionis
executedthis neglectdoesnot impactour accuracy It does,howevey saveustime: it eliminates
the needto write micro-benchmark$ measuresventcosts,obviatesthe requiremento implement
appropriatefunctionality in the simulator andimprovesthe simulatorperformanceby not wasting
cyclestestingfor eventshatneverhappen.

Thedisadvantagef this is thatthe simulatoris effectively tunedto the application,in thatdifferent
applicationscanhavedifferentfrequencie®f events.However the simulatorcanbetunedfor a new
applicationasnecessary

The law of diminishing returns applies. A corollary of the frequencylesson,accuracytendsto get
harderandharderto achieveovertime. Forexampleaddingthefunctionalityto modeltheloaddelay
pipelinetook a coupleof daysto design,implementtestanddebug.Adding this featurechangedhe
accuracyof someof the checksummegrotocolbenchmarkérom 20 percento 5 percent.However
it only improvedthe average accuracyof the whole suiteof benchmarkéy onepercentandslowed
downthesimulatorby afactorof 2-3.

Use tools. Eventsthat neverhappencanbe ignored,howevey one mustbe certain thatthey never
happen!Writing special-purpostoolsto determindrequencyof casess extremelyuseful.

Use microbenchmarks Microbenchmarkshatprovokecertaintypesof behaviorbothallow the unit
costof thoseeventsto be measuredndgive a meango testthe accuracyof the simulatoron those
events.This makeghe processf validatingthe simulatoressentiallyself-correcting Of course pne
shouldnot botherwriting micro-benchmarkgor eventshatneverhappen.

Build in lots of self-checking code. The simulatorhashugeamountsof assertiorchecksandtracing
print statementshat are definedby #ifdef's. Thesechecksare normally compiledawayfor speed.
However turningthemonexplicitly testecdall assumptionandthatvariablesverein consistenstates.
Particularly wheneveia majorcomponentvasaddedo the simulator we would first runthingswith
the full setof checksturnedon to make sureany assumption$ad not beenviolated by the new
functionality Someof theseassumptionsveretype issueghatwould be addressedy usinga more
type-safdanguagehanC, suchasModula-3. However mostwere assumptiongboutwhich state
(outof severapossiblecorrectones)avariable(suchasa cachdine) wasin.

Automate, automate, automate. This greatlyreduceghe opportunitiedor error andmakest easyto
regenerateesultswhenthe simulatorchanges.We wrote many scriptsand post-processingpols to
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dothingssuchascalculatetherelativeerror

e Iterate until satisfied. An implementercango throughthe cycle of addingfunctionality re-executing
benchmarksandre-parameterizinthesimulatorwith thenewresultsuntil theaccuracys satisfactory
We iteratedthroughthe validationprocessoughly 15 times.

Thecombinatiorof thesdactorsalongwith theaccuracyesultsgivesusgreatconfidencén theresulting
code.

7 Summary

This paperthasreportedour experiences buildinganexecution-driverarchitecturasimulatorthatis meant
to accuratelycaptureperformanceostsfor a particularclassof software hamely networkprotocolstacks.
Thesimulatormodelsa singleprocessoof our Silicon GraphicsChallengeshared-memorgnultiprocessqr
whichhas100MHz MIPS R4400chipsandtwo levelsof cachememory We havepresentedurapproacho
validationandshownaverageaccuracyof within 5 percentfor our classof applications We havedescribed
thelessondearnedn validation,chief of whichis thatmodelingfrequenteventsaccuratelyis key.
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