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Abstract

Thispaperreportson our experiencesin building anexecution-drivenarchitecturalsimulatorthatis
meantto accurately captureperformancecostsof a machinefor a particularclassof software,namely,
networkprotocolstackssuchasTCP/IP. Thesimulatormodelsasingleprocessorof ourSiliconGraphics
Challengeshared-memorymultiprocessor, which has100 MHz MIPS R4400chipsandtwo levelsof
cachememory. We describeourvalidationapproach,showaccuracyresultsaveragingwithin 5 percent,
andpresentthelessonslearnedin validatinganarchitecturalsimulator.

1 Introduction

We havedesignedandimplementeda execution-drivenuniprocessorsimulatorfor our 100 MHz R4400-
basedSGIChallenge[6]. Thepurposeof thissimulatoris to understandtheperformancecostsof anetwork
protocol stackrunning in userspaceon our SGI machine,and to guide us in identifying and reducing
bottlenecks[11].

Theprimarygoalof thissimulatorhasbeento accurately modelperformancecostsfor ourSGImachine.
Muchof thesimulationliteraturediscussesthetradeoff betweenspeedandaccuracy, anddescribestechniques
for makingsimulationsfast. However, accuracyis rarelydiscussed(notableexceptionsinclude[2, 4, 5]),
andthetradeoff betweenaccuracyandspeedhasnotbeenquantitativelyevaluated.Giventhatoursimulator
is meantto captureperformance costs,it must be more than an emulatorthat duplicatesthe execution
semanticsof thehardwareor countseventssuchascachemisses.Thesimulatorshouldperform similarly to
our actualhardware,i.e., anapplicationtaking

�
time unitson therealhardwareshouldtake

�
simulated

timeunitson thesimulator. Wequantifyaccuracyin termsof howcloselyanapplication’s performanceon
thesimulatorcomesto matchingtheperformanceon therealhardware.

Our simulatoris designedfor a specificclassof software,namely, computernetworkcommunication
protocolssuch as TCP/IP, and we use them to evaluateour simulator’s accuracy. Network protocols
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Figure1: MachineOrganization

mostcloselyresembleintegerbenchmarks,anduseessentiallyload,store,control,andsimplearithmetic
instructions. Our protocol benchmarkshave cachehit ratesranging from 75-100 percent,and spend
between15 and75 percentof time waiting for memory. We alsoevaluateaccuracyon memory-intensive
microbenchmarksfrom LMBench [10]. We havenot evaluatedaccuracyon numeric(i.e., floating-point)
benchmarkssuchastheSPEC95FPsuite.Ontheworkloadsthatwehavetested,wefind thatthesimulator
predictslatenciesthatare,onaverage,within 5 percentof theactualmeasuredlatencies.

This paperreportson our experiencesin constructingthis simulator. We describeour simulator, enu-
merateour assumptions,showour approachto validation,andpresentaccuracyresults.We concludewith
thelessonslearnedin validatinganarchitecturalsimulator.

2 Architectural Simulator

Our architecturalsimulatoris built usingMINT [15], a toolkit for implementingmultiprocessormemory
referencesimulators.MINT interpretsa compiledbinarydirectlyandexecutesit, albeitmuchmoreslowly
thanif thebinarywasrunon thenativemachine.Thisprocessis calleddirect execution. MINT is designed
for usewith MIPS-basedmultiprocessors,suchasourSGImachines,andhassupportfor themultiprocessor
featuresof IRIX. Unlike severalothersimulationpackages,it only requiresthe binary executableof the
program� . As a consequence,all theapplicationsourcedoesnot needto beavailable,andtheapplication
doesnotneedto bemodifiedfor usein thesimulator. Thismeansthatthesameexactbinaryis usedonboth
theactualmachineandin thesimulator.

A simulatorbuilt usingMINT consistsof 2 components:a front end,providedby MINT, whichhandles
theinterpretationandexecutionof thebinary, anda back-end,suppliedby theuser, thatmaintainsthestate
of thecacheandprovidesthetiming propertiesthatareusedto emulatea targetarchitecture.Thefront end
is typically calleda trace generator, andthebackenda trace consumer. On eachmemoryreference,the
front endinvokesthe backend,passingthe appropriatememoryaddress.Basedon its internalstate,the
backendreturnsa valueto the front endtelling it whetherto continue(for example,on a cachehit) or to
stall (onacachemiss).�

MINT doesnotyetsupportdynamiclinking; thus,thebinarymustbestaticallylinked.
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Wehavedesignedandimplementedabackendfor usewith MINT to constructauniprocessorsimulator
for our 100MHz R4400-basedSGI Challenge.Figure1 showsthememoryorganizationfor this machine.
TheR4400hasseparate16KB direct-mappedon-chipfirst level instructionanddatacacheswith a line size
of 16 bytes. Our SGI machinealsohasa 1 MB second-leveldirect-mappedon-boardunifiedcachewith a
line sizeof 128bytes. Thesimulatorcapturesthecostof the importantperformancecharacteristicsof the
SGIplatform. It supportsmultiplelevelsof cachehierarchy, includingtheinclusionpropertyfor multi-level
caches,andmodelstheaspectsof theMIPS R4400processorthathavea statisticallysignificantimpacton
performance,suchasbranchdelaysandloaddelaypipelineinterlocks.

Theprimarygoalof thesimulatorhasbeenperformance accuracy;thus,we haveattemptedto ensure
thetiming accuracyof thesimulator. Accuracygenerallydependsonanumberof issues:

� Theaccuracyof theassumptions madeby thesimulator, andtheir relevanceto therealsystem,� Theaccuracyto which instruction costs (e.g.,branches,adds,multiplies)aremodeled,� Theaccuracyto whichmemory references (i.e.,cachehitsandmisses)aremodeled.

Wedescribeourapproachto eachof theseissuesin turn.

2.1 Assumptions

Severalassumptionsareused,mostof whichareintrinsic to MINT:

� We ignore contextswitches,TLB misses,and potentially conflicting operatingsystemtasks; the
simulationessentiallyassumesa dedicatedmachine.Thisassumptionis requiredby MINT andmost
othersimulators.� Unlessotherwisespecified,all instructionsandsystemcallstakeonecycle.Certainexceptionallibrary
calls,suchasmalloc(),alsotakeonecycle. This is describedin moredetailbelow. This assumption
is requiredby MINT andmostothersimulators.� We assumethat theheapallocatorusedby MINT is thesameasusedby the IRIX C library, or that
anydifferencesbetweenthetwo allocatorsdoesnot impactaccuracy. Thisassumptionis requiredby
MINT.� We assumethat virtual addressesarethe sameasphysicaladdresses.For virtually-indexedcaches
suchasthoseon-chipin theR4400,this is accurate.However, in our SGI systems,thesecond-level
cacheis physicallyindexed.Themappingbetweenvirtual andphysicaladdresseson therealsystem
is determinedby theIRIX operatingsystem.It is reportedthatIRIX 5.3usespage coloring [3, 9] asa
virtual-to-physical mappingstrategy. In pagecoloring,whenevera newvirtual-to-physicalmapping
is created,theOSattemptsto assignafreephysicalpagesothatboththevirtualandphysicaladdresses
mapto thesamebin in aphysicallyindexedcache.Thisway, pagesthatareadjacentin virtualmemory
will be adjacentin the cacheaswell. However, if a free physicalpagethat meetsthis criterion is
not available,anotherfree pagewill be chosen.Thus,our assumptionmatchesthe behaviorof the
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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

Table1: InstructionFrequencies

operatingsystemif the OS is successfulin finding matchingpages.Unfortunately, thereis no way
thatweareawareof thatallowsusto determinethevirtual-physicalmappingsandthusseehowwell
theOSis findingmatchedpages.SincetheOSmaychoosea non-matchingpage,thevirtual address
andthephysicaladdressmaymapto differentbins in theL2 cache.Thus,anapplicationexecuting
in the simulatormay experienceconflictsbetweentwo lines in L2 that would not occurin the real
system,andvice-versa.The impacton accuracymaybeexacerbatedby the inclusionproperty[1],
which requiresthat, for coherencyreasons,all linescachedin L1 mustbeheld in L2. If a (possibly
erroneous)L2 conflict forcesa line to beremoved,it mustbeinvalidatedin L1 aswell.

2.2 Modeling Instruction Costs

Oneof the major assumptionsin MINT is that all instructionsandreplacedfunctions(suchasmalloc()
and uspsema())executein one cycle. For most instructionson RISC architectures,this is a reasonable
assumption.Forafew instructions,however, thisassumptionis incorrect.Integerdivides,for example,take
75cycles.However, MINT allowstheuserto changethetimesassociatedfor eachinstructionvia asupplied
file thatlists instructionsandfunctionsalongwith their simulatedcosts.

To seewhich instructionsareactuallybeingusedby our applications,we developeda MINT back-end
tool thatcountsdynamicinstructionuseandprintsoutahistogram.Table1presentsanexampleof instruction
frequenciesfor a program. This allows us to focusour attentionon makingsurethat the time valuesfor
theseinstructionsarecorrect. In theaboveexample,it is muchmoreimportantthat the time for a branch
(bne,beq)becorrectthanfor a floatingpoint multiply (mul.d), sincebranchesoccurordersof magnitude
morefrequently. Wethenwrotemicro-benchmarksstressinguseof thoseinstructionsandfunctionsin order
to measuretheircostonoursystem.Wealsowroteasimilar tool to counttheuseof replacedfunctionsand
to countdatasizes(e.g.,byte,word)of loadsandstores.
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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: Instructionsthattakemorethan1 cycle

Unfortunately, only a small subsetof timing valuesareavailablein the MIPS R4000Microprocessor
UsersManual[7]. For instructionsnot listedthere,weneededto constructmicro-benchmarksto determine
their cycletimes. Table2 presentsthecycletimesof instructions,functions,andsystemcallsusedthatdo
not follow thesingle-cycleinstructionassumption.Thesevaluesarefed into MINT via thecyclefile. The
list in Table2 is far from complete;thesehappento bethe instructionsandfunctionsthatour benchmarks
use.MINT’ soriginalnotionof timewassolelyin cycles.Weconvertthisnotioninto realtimeby settinga
cycletime in nanoseconds.

2.3 Pipelining in the R4000

Partof thesingle-cycleassumptionof MINT meansthattheR4000pipelineis not modeledprecisely. The
singlecycleassumptionimpliesthatthepipelineneverstalls,whichis nottrueundercertainconditions.For
example,if an instructionloadsa valuefrom memoryinto a register, andthe subsequentinstructionuses
thatregister, the latter instructionwill stall. This stallingis calleda pipeline interlock [8]. MINT doesnot
yetmodelpipelineinterlocks.

To accuratelymodelloaddelaypipelineinterlocks,weinsteadkeeptrackof loadsin thebackend.In the
R4000,loadshavea2-cycleloaddelay. Thismeansweneedto keeptrackof atmost2 registers,sinceonly
1 loadcanbeissuedeachcycle,andweneedonly tracka loadedregisterfor 2 cycles.Whenevera register
is loaded,wekeeptrackof it andallow it to age overtime. Oneachinstruction,welook at theregistersused
andcomparethemwith thoserecentlyloaded.If anyof theregistersareidentifiedashavingnotcompleted
their loaddelay, theinstructionwill stall oneor two cyclesasappropriate.

Branchesandjumpscanalsocausestallsin theMIPS pipeline.Jumps,or unconditionalbranches,take
4 cycles.Branchesaremorecomplexthanjumpsin thattheytake4 cyclesif thebranchingconditionis true,
and2 cyclesotherwise.In eithercase,onecycleis exposedto thecompilerasabranchdelayslot,whichthe
compilerwill attemptto fill with ausefulinstructionif possible,or aNOPotherwise.
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Figure2: ActualReadLatencies
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Figure3: SimulatedReadLatencies

MINT will chargeacostfor theinstructionin thisvisibledelayslot. This impliesthatweshouldsetthe
costvaluefor a jumpat3 cycles,andthecostfor branchinstructionsto 3 or 1 cyclesdependingonwhether
thebranchis taken.However, MINT cannotdistinguishbetweenthesecases,andweareonly allowedto set
asinglevaluefor abranchinstruction.

To accuratelymodelthedynamiccostsof branches,thebackendkeepstrackof theprogramcounteron
everyinstructionanddatareference.WhenthePCdoesnot changeto thenextsequentialinstruction(i.e.,
changesby anythingotherthan4), thebackenddelaysby 2 cyclesto emulatethebranchdelaycost. This
accuratelycoversthecostof bothjumpinstructionsandall takenbranches,sothatwedonotneedto change
theircycletimevalues.

2.4 Modeling Memory References

We usedthe memorystriding benchmarksfrom LMBench [10] to measurethe cachehit and miss
latenciesfor all threelevelsof the memoryhierarchy: L1, L2, andmain memory. Thesein turn gaveus
valueswith which to parameterizetheback-endcachesimulator. Table3 lists thecycle timesto readand
write the cacheson the 100MHz SGI Challenge(IP19). Note that referenceswhich hit in L1 incur no
additionalpenaltybeyondthe costincurredby the instructionin isolation,e.g.,an integeraddinstruction
thathits in theinstructioncacheandwhoseoperandsareall availablecostsonly 1 cycle.

Thesamememorystrideprogramswerethenrunin thesimulator, usingthetableof modifiedinstruction
times,to ensurethat the simulatednumbersagreedwith thosefrom the real system. Figure2 showsthe
LMBenchreadmemoryaccesstimeasa functionof theareawalkedby thestridebenchmark,asrunonour
100MHz R4400SGI Challenge.We call this grapha memory signature. Thememorysignatureillustrates
theaccesstimesof thefirst level cache,thesecond-levelcache,andmainmemory. Whentheareawalked
by thebenchmarkfits within thefirst level cache(i.e., is 16 KB or less),readinga byte in thearearesults
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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 � sec.

in a first-levelcachehit andtakes20 nanoseconds.Whentheareafits within thesecondlevel cache(i.e.,
is between16 KB and 1 MB in size), readinga byte resultsin a second-levelcachehit and takes134
nanoseconds.If theareais largerthan1 MB, mainmemoryis accessed,andthetime to reada byteis 1440
nanoseconds.Notethatthescalesin Figure2 arelogarithmicin boththex andy axes.

Figure3showsthememorysignatureof thesamebinarybeingrunonthesimulatorfor thesamemachine.
Table4 lists thenumbersfrom Figures2 and3 in textualform for comparison.As canbeseen,thesimulator
modelsthecachememorybehaviorveryclosely.

2.5 Summary of Validation Sequence

In general,we usea sequenceof actionsto validatea particularapplication.Thissequencecanberepeated
severaltimesdependingon theapplication.As eachnewapplicationis introduced:

� It is instrumentedto seeits instructionusage.� If any previously unexaminedinstructionsare used in a significant fashion, appropriatemicro-
benchmarksfor thoseinstructionsareproducedandtimingsascertained.� Thetableof instructiontimesis updatedto reflectthenewlydeterminedvalues.� The stridebenchmarksarere-runinsidethe simulatorto ensurethat the memorylatenciesarestill
accurate.� Finally theapplicationis runon thecachesimulator.
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Benchmark Simulated Real Error (%)
TCPSend,cksumoff 76.63 78.58 2.48
TCPSend,cksumon 147.84 146.66 -0.81
UDPSend,cksumoff 18.43 15.97 -15.40
UDPSend,cksumon 71.99 70.30 -2.41
TCPRecv, cksumoff 58.06 62.65 7.33
TCPRecv, cksumon 190.47 198.39 3.99
UDPRecv, cksumoff 33.80 32.84 -2.95
UDPRecv, cksumon 161.78 158.84 -1.85
AverageError 4.65

Table5: Macrobenchmarktimes( � sec)andrelativeerror

3 Validation Results

Table5 lists the currentset of benchmarks,with their correspondingreal andsimulatedlatenciesin
microseconds,andtherelativeerror. Error is definedas

��
�
���
��������������! #"%$'&�() #�*�+$-,/.�$' #�0(� 1�*�+$�2.�$3 1�+() 1�4�0$ 5 687�7
A negativeerrormeansthesimulatorunderestimates therealtime;apositivevaluemeansit overestimates

the real time. The average error is calculatedasthe meanof the absolutevaluesof the individual errors.
This is to preventpositiveandnegativeindividual valuesfrom cancelingeachotherout. Notetheaverage
erroris within 5 percent,with theworstcaseerrorbeingabout15percent.

Table6 presentsmoreaccuracyresults,this time modifying theprotocolbenchmarksby addingcopies
(COPYON), or by executingtheCORDedversionsof theexecutables.CORD[13] is a binaryre-writing
tool that usesprofile-guidedcodepositioning[12] to reorganizeexecutablesfor betterinstructioncache
behavior. An original executableis run throughPixie [14] to determineits runtimebehaviorandprofile
which proceduresareusedmostfrequently. CORDusesthis informationto re-link theexecutableso that
proceduresusedmostfrequentlyaregroupedtogether. This heuristicapproachis meantto minimize the
likelihood that “hot” procedureswill conflict in thecaches,both in theL1 instructioncacheandin theL2
unifiedcache.

Onesideaffectof thisis thatCORDedexecutablestendto havebetteraccuracythanregularexecutables.
Sinceoneof thesimulator’s assumptionsis thatvirtual addressesarethesameasphysicaladdresses,which
is not truefor theL2 cache,partof thesimulator’s accuracydependson modelingconflictsin L2 correctly.
The larger the numberof conflicts, the more likely the simulatorwill not capturetheir cost accurately.
Similarly, thefewerthenumberof conflicts,thelessimpacttheconflictshaveonperformance,andtheless
impactthevirtual = physicalassumptionhason accuracy. For example,oneprotocolbenchmark,theUDP
Sendwithout checksumming,hastheworstaccuracyon thesimulatorwith anerrorof 15 percent.In this
benchmark,all theL1 datacachemissesarecausedby evictionsthatarethe resultof a conflict in theL2
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Benchmark Simulated Real Error (%)
TCPSendCOPYON CksumOFF 201.27 200.47 -0.40
TCPSendCOPYON CksumON 268.55 264.58 -1.50
UDPSendCOPYON CksumOFF 131.83 126.19 -4.47
UDPSendCOPYON CksumON 184.55 185.39 0.45
TCPRecvCOPYON CksumOFF 248.10 258.06 3.86
TCPRecvCOPYON CksumON 313.47 327.21 4.20
UDPRecvCOPYON CksumOFF 218.35 217.68 -0.31
UDPRecvCOPYON CksumON 278.24 267.21 -4.13
CORDTCPSendCksumOFF 72.64 68.72 -5.70
CORDTCPSendCksumON 148.42 144.76 -2.53
CORDUDPSendCksumOFF 12.54 13.49 7.10
CORDUDPSendCksumON 66.05 65.32 -1.12
CORDTCPSendCOPYON CksumOFF 197.10 190.59 -3.42
CORDTCPSendCOPYON CksumON 268.97 251.41 -6.98
CORDUDPSendCOPYON CksumOFF 126.02 127.36 1.05
CORDUDPSendCOPYON CksumON 178.54 176.03 -1.43

Table6: Macrobenchmarktimes( � sec)andrelativeerror

cache9 . We believethis is themaincauseof inaccuracyin this benchmark.TheCORDedversionof this
executabledoesnotexhibit thisbehavior, andits 7 percenterroris half thatof theregularexecutable.

Dueto time constraints,we couldnot run everypermutationof everybenchmark.However, giventhe
rangeof cachehit ratesandinstructionsusedthathavebeenexercisedby thesimulator, we feel confident
thatit is veryaccuratefor thisclassof applications.

4 Sample Output

Herewe presenta sampleoutputfrom thesimulator, in this casefrom thesend-sideUDP experimentwith
checksummingdisabled.Thesamplegivesanideaof theinformationcapturedby thesimulator.

[L1 I Cache] Stats: ( 542598 invalidates, 271299 evicts, 439325653 cycles)
Operation: Number Hits ( % ) Misses ( % ) Cycles ( % )

READ: 196159176 188291498 ( 95.99) 7867678 ( 4.01) 0 ( 0.00)
WRITE: 0 0 ( 0.00) 0 ( 0.00) 0 ( 0.00)

READ_EX: 0 0 ( 0.00) 0 ( 0.00) 0 ( 0.00)
TOTAL: 196159176 188291498 ( 95.99) 7867678 ( 4.01) ( 0.00)

[L1 D Cache] Stats: ( 542598 invalidates, 271299 evicts, 439325653 cycles):
Thenumbersaregiven in theexamplein Section4. Notethenumberof evictionsin theL1 datacacheis theessentiallythe

sameasthenumberof misses.
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Operation: Number Hits ( % ) Misses ( % ) Cycles ( % )
READ: 49920127 49648826 ( 99.46) 271301 ( 0.54) 0 ( 0.00)
WRITE: 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 cycles)
Operation: Number Hits ( % ) Misses ( % ) Cycles ( % )

READ: 8138979 7596379 ( 93.33) 542600 ( 6.67) 83560169 ( 19.02)
WRITE: 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)

[IP19 Bus] Stats: ( 0 invalidates, 0 evicts, 439325653 cycles)
Operation: Number Hits ( % ) Misses ( % ) Cycles ( % )

READ: 542600 542600 (100.00) 0 ( 0.00) 76506600 ( 17.41)
WRITE: 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 ( % )
loads: 49920127 ( 25.45) 49920127 ( 11.36)

load stalls: 28215096 ( 56.52) 33912375 ( 7.72)
stores: 35542391 ( 18.12) 35542391 ( 8.09)

branches: 16007752 ( 8.16) 37711672 ( 8.58)
jumps: 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)
muls: 271299 ( 0.14) 542598 ( 0.12)
divs: 1111 ( 0.00) 83325 ( 0.02)

shifts: 4069485 ( 2.07) 4069485 ( 0.93)
logicals: 12751053 ( 6.50) 12751053 ( 2.90)

sets: 5968578 ( 3.04) 5968578 ( 1.36)
immediates: 1899093 ( 0.97) 1899093 ( 0.43)

loads: 49920127 ( 25.45) 83832502 ( 19.08)
stores: 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)

others: 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)

Ascanbeobserved,thesimulatorlistsbothhowmanytimesaneventhappenedaswell aswhatpercentage
of the total time to which theeventcontributed.For example,we seethatcontroloperationsmakeup 15
percentof theinstructionusage,butcontribute17.85percentof thetotalcycles.Onaverage,abranchtakes
roughly2.7 cycles. This tells usevenif branchescosta singlecycle,our applicationperformancewould
only improveabout10percent.
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5 Improving Accuracy

Thereareseveralpossibilitiesfor improvingtheaccuracyof thesimulator:

� modeling the pipeline more accurately. This would improve accuracyon more complexevents,
particularlycombinationsof instructionsthataffect thepipeline.Theinteractionbetweenthepipeline
andinstructionswith overlappedexecutionis not capturedfully. For example,a multiply instruction
placedin a branchdelayslot is probablynot modeledpreciselyin termsof how much(or little) the
pipe is stalled. However, addingthis amountof detail requiresa largeamountof work eitherto the
MINT frontendor to theback-endsimulator. It is notclearwhattheoverallimpactonaccuracywould
be,or whethertheamountof work wouldbeworth theeffort.� virtual addresses vs. physical addresses. Wecanexaminemorecarefullytheassumptionthatphysical
addressesarethe sameasvirtual addresses.However, this assumptionis usuallycorrectin kernel
code.In addition,withoutaccesstomoreinformationaboutIRIX’ spoliciesfor assigningvirtualpages
to physicalones,wecannotknowwhetherweareimprovingaccuracy.� improving L2 write accuracy. At themoment,L2 write costsareover-estimatedby thesimulatorby
about30 percent.This appearsto bea consequenceof thepresenceof a write buffer andthelack of
modelingpipelineeffects. This might be ableto be fixed; however, write missesthat hit in L2 are
extremelyrare,soimprovingthiswill probablyhavelittle impactonoverallaccuracy.

Whatis interestingishowwell themachineisbeingmodeleddespitemanyfeaturesnot beingrepresented.
Forexample,theTLB, storebuffer, andwrite buffer areall ignored,with apparentlylittle impactonoverall
accuracy.

Our belief is thatimprovingaccuracywill only benecessaryuponintroducingnewclassesof software,
mostobviouslyfloating-pointbenchmarks.Modelingpipelineslipsandstallswill becomemoreimportant
for multiple-cycleinstructionssuchasmultipliesanddivides.

6 Lessons Learned

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

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

��
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Here,
� >

is event � in thesystem,
@ 
 $3AG� �

>
2 is the frequencyof event � , 
 $' #�%� �

>
2 is the realcostof

event� , and D;���H� �
>
2 is thesimulatedcostof event� . Examplesof eventsincludeusesof aparticular

instruction,cachemisses,or takenbranches.

Obviously, the frequencyof a particulareventis application-dependent. To know the frequencyof
variousevents,onemustbe awarewhat the applicationis doing, i.e., its dynamicbehaviorat run
time. As mentionedbefore,modelingeventsthathappenfrequentlyis crucial. Similarly, eventsthat
happenoccasionallycanbemodeledlesscarefully; however, their costmustbe takeninto account.
For example,L2 write missesarevery rare,but their costis sohigh (146cycles)that theymustbe
accountedfor.

Eventsthat never happencan be ignored,or assignedsimple costs. For example,our simulator
completelyneglectsfloating point costs,but given that not a single floating point instruction is
executed,this neglectdoesnot impactour accuracy. It does,however, saveus time: it eliminates
theneedto write micro-benchmarksto measureeventcosts,obviatestherequirementto implement
appropriatefunctionality in the simulator, and improvesthe simulatorperformanceby not wasting
cyclestestingfor eventsthatneverhappen.

Thedisadvantageof this is that thesimulatoris effectively tunedto theapplication,in thatdifferent
applicationscanhavedifferentfrequenciesof events.However, thesimulatorcanbetunedfor a new
applicationasnecessary.� The law of diminishing returns applies. A corollary of the frequencylesson,accuracytendsto get
harderandharderto achieveovertime. Forexample,addingthefunctionalityto modeltheloaddelay
pipelinetookacoupleof daysto design,implement,testanddebug.Adding this featurechangedthe
accuracyof someof thechecksummedprotocolbenchmarksfrom 20 percentto 5 percent.However,
it only improvedtheaverage accuracyof thewholesuiteof benchmarksby onepercent,andslowed
downthesimulatorby a factorof 2-3.� Use tools. Eventsthat neverhappencanbe ignored,however, onemustbe certain that they never
happen!Writing special-purposetoolsto determinefrequencyof casesis extremelyuseful.� Use microbenchmarks. Microbenchmarksthatprovokecertaintypesof behaviorbothallow theunit
costof thoseeventsto bemeasuredandgive a meansto testtheaccuracyof thesimulatoron those
events.Thismakestheprocessof validatingthesimulatoressentiallyself-correcting.Of course,one
shouldnotbotherwriting micro-benchmarksfor eventsthatneverhappen.� Build in lots of self-checking code. Thesimulatorhashugeamountsof assertionchecksandtracing
print statementsthat aredefinedby #ifdef’s. Thesechecksarenormally compiledawayfor speed.
However, turningthemonexplicitly testedall assumptionsandthatvariableswerein consistentstates.
Particularly, wheneveramajorcomponentwasaddedto thesimulator, wewouldfirst run thingswith
the full set of checksturnedon to makesureany assumptionshad not beenviolatedby the new
functionality. Someof theseassumptionsweretype issuesthatwould beaddressedby usinga more
type-safelanguagethanC, suchasModula-3. However, mostwereassumptionsaboutwhich state
(outof severalpossiblecorrectones)avariable(suchasacacheline) wasin.� Automate, automate, automate. Thisgreatlyreducestheopportunitiesfor error, andmakesit easyto
regenerateresultswhenthesimulatorchanges.We wrotemanyscriptsandpost-processingtools to
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do thingssuchascalculatetherelativeerror.� Iterate until satisfied. An implementercango throughthecycleof addingfunctionality, re-executing
benchmarks,andre-parameterizingthesimulatorwith thenewresultsuntil theaccuracyissatisfactory.
We iteratedthroughthevalidationprocessroughly15 times.

Thecombinationof thesefactorsalongwith theaccuracyresultsgivesusgreatconfidencein theresulting
code.

7 Summary

Thispaperhasreportedourexperiencesin buildinganexecution-drivenarchitecturalsimulatorthatis meant
to accuratelycaptureperformancecostsfor a particularclassof software,namely, networkprotocolstacks.
Thesimulatormodelsasingleprocessorof ourSiliconGraphicsChallengeshared-memorymultiprocessor,
whichhas100MHz MIPSR4400chipsandtwo levelsof cachememory. Wehavepresentedourapproachto
validationandshownaverageaccuracyof within 5 percentfor ourclassof applications.Wehavedescribed
thelessonslearnedin validation,chiefof which is thatmodelingfrequenteventsaccuratelyis key.
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