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Abstract. We reexaminethelimits of parallelismavailablein programsusingrun-
time reconstructiorof programdata-flav graphs.While limits of parallelismhave
beenexaminedin the contet of superscalaandVLIW machineswe alsowish to
study the causef obsened parallelismby examiningthe structureof the recon-
structeddata-flav graph.One aspectof structureanalysisthat we focuson is the
isolationof instructionsinvolvedonly in addresgalculationsWe examinehow ad-
dresscalculationgpresentn RISCinstructionstreamgeneratedy optimizingcom-
pilersaffectthe shapeof the data-flav graphandoftensignificantlyreduceavailable
parallelism.

1 Background and Related Work

Most studiesof the limits of available instruction-leel parallelismhave focusedon the
timing of anoptimalschedulef theinstructionsequencéor anidealizedprocessomodel.
We proposeto examinedirectly the dataflow graphof theinstructionsequenceThuswe
will be ableto gain insightinto the structuralpropertiesof the available parallelism,so
that we may understandvhich elementsof the instructionsequenceor which compiler
idioms,affectavailableparallelismIn particulay herewe shav thatthepresencef address
calculationsfor memory operationsgreatly affects parallelism;in someprograms,it is
preciselytheaddresgalculationghatlimit theasymptoticallyachievableparallelism Asin
earlierstudiesywe assumeo hardwarelimitations:thedegreeof parallelismavailableis the
degreeexploitable.Examiningvery long dynamiccodesequencemeanghatcontrol flow
is entirelyrevealedanddoesnotconstrairparallelismlmperfectaliasanalysisn compilers
[1, 2] sequentializesodeby enforcingthe order of the store-loadpair, togetherwith all
potentiallyaliasedmemoryoperationsfor ary valuethatcannotbe heldin registersandis
temporarilystoredin memaory(registerspill, call save, or otherwise);by precisememory
disambiguatiorat run-timewe remove all suchconstraintaswell.

A numberof studiesoverthe pastthreedecadesiave lookedatthelimits of parallelism
[1-10], usinginstruction-schedulingimulators.The simulatorreportsthe numberof cy-
clesneededo executethe program,andthe numberof instructionsexecuted.Theratio of
the two givesthe IPC asthe standardmeasureof instruction-level parallelism[11]. The
simulatoreffectively constructghe moving “front line” of the data-flav graph(3]; thus,
constructinganentiredata-flav graphis notnecessaryo obtaina singlenumberthecycle
count.However, having anexplicitly constructedjyraphpermitsusto studyits structure we
caninspectthecomputatiomodesrepeatedlyandevaluatethe graphusingmulti-passand
badkward-flow algorithms.We will illustratethis new possibility on oneexample:we will
recognizenstructionsinvolvedin addresgalculationsusinga backward-flov algorithm.



While in the pastreconstructindarge graphswasdismissedasimpractical[3], thatis
no longerthe case Currentlyavailablememoryspacepermitsbuilding graphssuficiently
large to captureinterestingapplicationbehaior—parallelismanalysisusinga conceptual
dependencgraphof amoving window of programexecutionwasdemonstrate@dy Austin
andSohi[1]. RecentlyEbciojlu etal. describedasystenfor dynamiccodetranslationand
optimization[12], aimedat transparenporting of applicationsto a VLIW executionen-
gine.Amongotherresults they evaluateachiezed parallelismwithout resourceconstraints,
andwith store-loadypassingWe obtaincomparablgarallelismnumbersexceptfor their
resultswith the “combining” optimization,which in somecasesshav much higher par
allelism. This optimizationbreaksdependencehainsof immediate-operandhstructions
with the dependenc®n a commonregister by adjustingthe immediatevalues(a form
of constantfolding at the machinelevel); codemodificationsare outsidethe scopeof our
study

2 Run-timeAnalysisof Programs

Our analysisusesthe coreof the SimpleScalaarchitecturakimulationtoolset[13] for the
Alpha instructionset, and dynamicallyconstructsa programs data-flav graph.Concep-
tually, graphnodescorrespondo executedinstructionswhile graphedgescorrespondo
computedoperandvalues.The valuesare tracked throughmemory including multi-byte
valuesthrough partial and unalignedaccessesThis allows us to recognizewhen entire
storedvaluesarereloadedNodesarenot createdor instructionsdentifiableasdatatrans-
port: registermovesandmemoryloads;insteadthevaluesareappropriatelbypassedrom
the producingnodeto the using node. Thusthe dataflow of the computationis recon-
structedndependenof the storagdayout.

We simulateda numberof SPEC95andMediabenchprogramswith up to 1800 mil-
lion instructionsexecuted.Benchmarksvere compiledon a Digital Alpha 21164EV56
usingnative C andFortrancompilers,andhighly optimizedasspecifiedoy SPEC For each
benchmarkwe variedthe size of the instructionwindow aspowersof 2, betweenl6 and
1M (limited by the memorycapacityof the simulatorhost).

We first look at the parallelismreportedfor the graphsconsistingof all instructions
in the examinedwindow; the resultsarepresentedn plots (a) and(b) in Figuresl and2.
Thesolid lines, labelledall in thegraphheightplots(a), shav the growth of averagegraph
height(lengthof critical path)with increasingnstructionwindow size.Theaxesin graphs
(a) are both logarithmic; the slopesof the curves (below 1) showv that the dependencés
sublinear The solid lines, labelledall in the graphparallelismplots (b), shav the ratio of
graphsize(numberof instructionnodes)o height.Thisratiois a measuref averageavail-
able parallelism,becauset reflectsthe potentialspeedupof a machinewith unbounded
hardwareresourceglimited only by datadependencegjver a sequentiamachinethatex-
ecutesexactly oneinstructionper cycle in programorder As the instructionwindow size
increasessodoestheparallelismHowever, we notesomedistinctbehaiors. In 145.fpppp
the parallelismsaturategjuickly: with aninstructionwindow sizeof 128K, it is 314, with
1M, it is 357.Not soin 110.applu parallelismgrowns smoothly(but sublinearly)even as
very largewindow sizesarereachedThe absolutevaluesof parallelismarevastly differ-
ent: whereasl45.fppppachievesover 300,and 110.appluover 1000,we have only 45 for



129.compess(notshown). Thisagreesvith obsenations[3] thatsomenumericaprograms
have very highintrinsic parallelism proportionako problemsizeandexposedoy unrolling
loops(whichwe in effectdo).
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Fig.2. Benchmarki10.applu

Excluding Address Calculations. Will therebe differenceswith respecto available
parallelismbetweerthe data-flav graphashbuilt, andits subgrapthatexcludespurelyad-
dresscalculations?This is an interestingquestion,becausehe latter graphseemscloser
to the algorithmicintent of the program,addresscalculationsbeing partly an artifact of
the particularcompiler/RISCarchitecturgealizationof the program.Recallthatwhile we
arereconstructinghe data-flav graphat run-time,we areableto recognizewhena load
instructionL retrievesavaluewrittento memoryby a previousstoreinstructionS andpro-



ducedby a previous computationalnstructionC. We bypasssucha load—aninstruction
thatusesthe loadedvalueseest insteadascomingfrom C, similar to theload-stoe tele-
scopingoptimization[12]. Note thatL is no longerneededo representhe computation,
andin somecasesS alsois no longerneededif L is the only load of the value).Loads
andstoresareprecededy instructionsto calculateanaddress(Theseinstructionsmayin
turnincludeotherloads.)If certainloadsandstoresareno longerneededo representhe
computationthenthe correspondingddres<alculationsarenot needeckither However,
while we are building the graphwe cannotknow which computationswill endup being
usedonly to calculateaddressesThis we determinein a separatebackward-propagating
passoverthedata-flav graph.(Addresscalculationrecognitionsubsumethe stadk pointer
registeranalysisof [10].) Thedashedines, labelledexcludingaddressin plots(a) and(b),
givethegraphheightandgraphparallelismmeasurdor thedata-flav subgraptwithoutad-
dresscalculationsPlots(c) shav therelative sizeandheightof the subgraptwith respect
to the full graph.We shav bothin the sameplot areato male it easierto comparewith
thegraphparallelismmeasurglot. (Considertheintersection®f (c) curvesandtheinter
sectionsof (b) curves:their abscissaeoincide.)Let usfirst look at the relative subgraph
size,labelled“graphsizeratio” in plots (c). This ratio changesvery little with instruction
window size,andthe smallobsenedchanges in the directionof somevhatsmallerratios
asthewindow sizeis increasedindeed,in the backward-propagatinglgorithmwe must
conseratively assumethat valuespresentat the end of the instructionwindow may be
usedasnon-addresses the continuationof the programafterthewindow; asthewindow
grows, theinaccurayg of thatassumptiordiminishesandwith it the numberof instructions
inaccuratelyassumedo be involvedin non-addressomputationThe ratio variesgreatly
acrossbenchmarks0.9for 145.fpppp0.8for 110.appluand124.m88ksimbut just 0.2 for
129.compess

Relative subgraphheight,labelled“graph heightratio” in plots (c), shavs significant
variation with window size.In 145.fppppit remainscloseto 1 up to a window size of
16K, but dropssharplythereaftersothatby 1M it is just 0.2. In otherwords,for smaller
windows, the subgraphheightis aboutthe sameasthe full graphheight, but for larger
windows, the subgraphheightcollapsesThe critical pathis determinedoy a dependence
chainof addresscalculationscarriedin a loop. If addresscalculationsare eliminated,a
muchlarger amountof parallelismis exposed We obsenedthe samepatternin 141.apsj
099.gq 134.per| 126.gc¢ 130.li, andmpeg2decodeOn the otherhand,in 110.appluthe
ratio of graphheightsis closeto 1: the critical pathis for the mostpartdeterminedoy the
“data” calculationsij.e., instructionsotherthanaddresalculationsWe obseneda similar
patternin 146.wave5124.m88ksimandadpcm

We may summarizethe findingsasfollows: Whenaddressalculationsorm long de-
pendencehains,they candominate“data” computationsandtheir removal is beneficial
for parallelismWhenaddresgalculationsarelocalized theirremoval doesnotaffectgraph
height,yetit reducegraphsize;therefore parallelismis reduced.

3 FutureDirections

With data-flav graphsexplicitly constructedve arenotrestrictedto critical pathsthrough
theentiregraph but canzoomin onparticulamodesFor instanceywe canexaminethecriti-



calpathof thecomputatiorthatproducesheaddresg$or aload(with aview to prefetching),
or thecritical paththatproducesa conditionalvalue(with aview to schedulingbeyondthe
correspondindpranch) We shouldconsidemwhatcanbe donein languagemplementation
to reformtheway memorydataareaccesseda compileroptimizationsuchasarrayindex
“strengthreduction”canintroducea chainof addresgalculationsvherenoneis apparent
at the sourcelevel. On the otherhand,to appreciatethe practical repercussionsf avail-
ableparallelismwe shouldconsidercodemappingdo realisticprocessorsyherememory
bandwidthand control flow uncertaintyaretaken into accountWe intendto combinethe
analysisof instruction-level parallelismwith analysisof bit usageg14], which will leadto
a finer-granularitydescriptionof parallelismasthe basisfor codemappingdecisionsfor
hybrid fixed-configurablg@rocessors.
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