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Abstract. We reexaminethelimits of parallelismavailablein programs,usingrun-
time reconstructionof programdata-flow graphs.While limits of parallelismhave
beenexaminedin the context of superscalarandVLIW machines,we alsowish to
study the causesof observed parallelismby examiningthe structureof the recon-
structeddata-flow graph.Oneaspectof structureanalysisthat we focus on is the
isolationof instructionsinvolvedonly in addresscalculations.We examinehow ad-
dresscalculationspresentin RISCinstructionstreamsgeneratedby optimizingcom-
pilersaffect theshapeof thedata-flow graphandoftensignificantlyreduceavailable
parallelism.

1 Background and Related Work

Most studiesof the limits of available instruction-level parallelismhave focusedon the
timing of anoptimalscheduleof theinstructionsequencefor anidealizedprocessormodel.
We proposeto examinedirectly thedataflow graphof the instructionsequence.Thuswe
will be able to gain insight into the structuralpropertiesof the available parallelism,so
that we may understandwhich elementsof the instructionsequence,or which compiler
idioms,affectavailableparallelism.In particular, hereweshow thatthepresenceof address
calculationsfor memoryoperationsgreatly affects parallelism;in someprograms,it is
preciselytheaddresscalculationsthatlimit theasymptoticallyachievableparallelism.As in
earlierstudies,weassumenohardwarelimitations:thedegreeof parallelismavailableis the
degreeexploitable.Examiningvery long dynamiccodesequencesmeansthatcontrolflow
is entirelyrevealedanddoesnotconstrainparallelism.Imperfectaliasanalysisin compilers
[1, 2] sequentializescodeby enforcingthe orderof the store-loadpair, togetherwith all
potentiallyaliasedmemoryoperations,for any valuethatcannotbeheldin registersandis
temporarilystoredin memory(registerspill, call save, or otherwise);by precisememory
disambiguationat run-timeweremoveall suchconstraintsaswell.

A numberof studiesoverthepastthreedecadeshave lookedat thelimits of parallelism
[1–10], usinginstruction-schedulingsimulators.The simulatorreportsthe numberof cy-
clesneededto executetheprogram,andthenumberof instructionsexecuted.Theratio of
the two gives the IPC asthe standardmeasureof instruction-level parallelism[11]. The
simulatoreffectively constructsthe moving “front line” of the data-flow graph[3]; thus,
constructinganentiredata-flow graphis notnecessaryto obtainasinglenumber, thecycle
count.However, having anexplicitly constructedgraphpermitsusto studyits structure:we
caninspectthecomputationnodesrepeatedly, andevaluatethegraphusingmulti-passand
backward-flowalgorithms.We will illustratethis new possibilityon oneexample:we will
recognizeinstructionsinvolvedin addresscalculationsusingabackward-flow algorithm.



While in thepastreconstructinglargegraphswasdismissedasimpractical[3], that is
no longerthecase.Currentlyavailablememoryspacepermitsbuilding graphssufficiently
large to captureinterestingapplicationbehavior—parallelismanalysisusinga conceptual
dependencegraphof amoving window of programexecutionwasdemonstratedby Austin
andSohi[1]. Recently, Ebcioğlu etal. describedasystemfor dynamiccodetranslationand
optimization[12], aimedat transparentporting of applicationsto a VLIW executionen-
gine.Amongotherresults,they evaluateachievedparallelismwithout resourceconstraints,
andwith store-loadbypassing.Weobtaincomparableparallelismnumbers,exceptfor their
resultswith the “combining” optimization,which in somecasesshow muchhigherpar-
allelism. This optimizationbreaksdependencechainsof immediate-operandinstructions
with the dependenceon a commonregister, by adjustingthe immediatevalues(a form
of constantfolding at themachinelevel); codemodificationsareoutsidethescopeof our
study.

2 Run-time Analysis of Programs

Our analysisusesthecoreof theSimpleScalararchitecturalsimulationtoolset[13] for the
Alpha instructionset,anddynamicallyconstructsa program’s data-flow graph.Concep-
tually, graphnodescorrespondto executedinstructions,while graphedgescorrespondto
computedoperandvalues.The valuesaretracked throughmemory, including multi-byte
valuesthroughpartial and unalignedaccesses.This allows us to recognizewhen entire
storedvaluesarereloaded.Nodesarenot createdfor instructionsidentifiableasdatatrans-
port:registermovesandmemoryloads;instead,thevaluesareappropriatelybypassedfrom
the producingnodeto the using node.Thus the dataflow of the computationis recon-
structedindependentof thestoragelayout.

We simulateda numberof SPEC95andMediabenchprograms,with up to 1800mil-
lion instructionsexecuted.Benchmarkswerecompiledon a Digital Alpha 21164EV56
usingnativeC andFortrancompilers,andhighly optimizedasspecifiedby SPEC.For each
benchmark,we variedthesizeof the instructionwindow aspowersof 2, between16 and
1M (limited by thememorycapacityof thesimulatorhost).

We first look at the parallelismreportedfor the graphsconsistingof all instructions
in theexaminedwindow; the resultsarepresentedin plots (a) and(b) in Figures1 and2.
Thesolid lines,labelledall in thegraphheightplots(a),show thegrowth of averagegraph
height(lengthof critical path)with increasinginstructionwindow size.Theaxesin graphs
(a) areboth logarithmic; the slopesof the curves(below 1) show that the dependenceis
sublinear. Thesolid lines,labelledall in thegraphparallelismplots (b), show theratio of
graphsize(numberof instructionnodes)to height.This ratio is ameasureof averageavail-
ableparallelism,becauseit reflectsthe potentialspeedupof a machinewith unbounded
hardwareresources(limited only by datadependences)over a sequentialmachinethatex-
ecutesexactly oneinstructionpercycle in programorder. As the instructionwindow size
increases,sodoestheparallelism.However, wenotesomedistinctbehaviors.In 145.fpppp,
theparallelismsaturatesquickly: with aninstructionwindow sizeof 128K, it is 314,with
1M, it is 357.Not so in 110.applu: parallelismgrows smoothly(but sublinearly)even as
very largewindow sizesarereached.Theabsolutevaluesof parallelismarevastlydiffer-
ent:whereas145.fppppachievesover 300,and110.appluover 1000,we have only 45 for



129.compress(notshown).Thisagreeswith observations[3] thatsomenumericalprograms
haveveryhigh intrinsicparallelism,proportionalto problemsizeandexposedby unrolling
loops(whichwe in effect do).
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Fig. 1. Benchmark145.fpppp
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Fig. 2. Benchmark110.applu

Excluding Address Calculations. Will therebe differenceswith respectto available
parallelismbetweenthedata-flow graphasbuilt, andits subgraphthatexcludespurelyad-
dresscalculations?This is an interestingquestion,becausethe latter graphseemscloser
to the algorithmic intent of the program,addresscalculationsbeingpartly an artifact of
theparticularcompiler/RISCarchitecturerealizationof theprogram.Recallthatwhile we
arereconstructingthe data-flow graphat run-time,we areableto recognizewhena load
instructionL retrievesavaluewritten to memoryby apreviousstoreinstructionSandpro-



ducedby a previouscomputationalinstructionC. We bypasssucha load—aninstruction
thatusesthe loadedvalueseesit insteadascomingfrom C, similar to the load-store tele-
scopingoptimization[12]. Note thatL is no longerneededto representthe computation,
andin somecasesS alsois no longerneeded(if L is the only load of the value).Loads
andstoresareprecededby instructionsto calculateanaddress.(Theseinstructionsmayin
turn includeotherloads.)If certainloadsandstoresareno longerneededto representthe
computation,thenthecorrespondingaddresscalculationsarenot neededeither. However,
while we arebuilding the graphwe cannotknow which computationswill endup being
usedonly to calculateaddresses.This we determinein a separate,backward-propagating
passover thedata-flow graph.(Addresscalculationrecognitionsubsumesthestack pointer
registeranalysisof [10].) Thedashedlines,labelledexcludingaddressin plots(a)and(b),
givethegraphheightandgraphparallelismmeasurefor thedata-flow subgraphwithoutad-
dresscalculations.Plots(c) show therelative sizeandheightof thesubgraphwith respect
to the full graph.We show both in the sameplot areato make it easierto comparewith
thegraphparallelismmeasureplot. (Considertheintersectionsof (c) curvesandtheinter-
sectionsof (b) curves: their abscissæcoincide.)Let us first look at the relative subgraph
size,labelled“graphsizeratio” in plots (c). This ratio changesvery little with instruction
window size,andthesmallobservedchangeis in thedirectionof somewhatsmallerratios
asthe window sizeis increased.Indeed,in the backward-propagatingalgorithmwe must
conservatively assumethat valuespresentat the end of the instructionwindow may be
usedasnon-addressesin thecontinuationof theprogramafterthewindow; asthewindow
grows,theinaccuracy of thatassumptiondiminishesandwith it thenumberof instructions
inaccuratelyassumedto be involved in non-addresscomputation.Theratio variesgreatly
acrossbenchmarks:0.9 for 145.fpppp, 0.8 for 110.appluand124.m88ksim, but just0.2 for
129.compress.

Relative subgraphheight,labelled“graph heightratio” in plots (c), shows significant
variation with window size. In 145.fppppit remainscloseto 1 up to a window size of
16K, but dropssharplythereafter, so thatby 1M it is just 0.2. In otherwords,for smaller
windows, the subgraphheight is aboutthe sameas the full graphheight,but for larger
windows, thesubgraphheightcollapses.Thecritical pathis determinedby a dependence
chain of addresscalculationscarriedin a loop. If addresscalculationsare eliminated,a
muchlargeramountof parallelismis exposed.We observedthesamepatternin 141.apsi,
099.go, 134.perl, 126.gcc, 130.li, andmpeg2decode. On the otherhand,in 110.appluthe
ratio of graphheightsis closeto 1: thecritical pathis for themostpartdeterminedby the
“data” calculations,i.e.,instructionsotherthanaddresscalculations.Weobservedasimilar
patternin 146.wave5, 124.m88ksim, andadpcm.

We maysummarizethefindingsasfollows: Whenaddresscalculationsform long de-
pendencechains,they candominate“data” computations,andtheir removal is beneficial
for parallelism.Whenaddresscalculationsarelocalized,theirremovaldoesnotaffectgraph
height,yet it reducesgraphsize;therefore,parallelismis reduced.

3 Future Directions

With data-flow graphsexplicitly constructedwe arenot restrictedto critical pathsthrough
theentiregraph,but canzoomin onparticularnodes.For instance,wecanexaminethecriti-



calpathof thecomputationthatproducestheaddressfor aload(with aview to prefetching),
or thecritical paththatproducesaconditionalvalue(with aview to schedulingbeyondthe
correspondingbranch).We shouldconsiderwhatcanbedonein languageimplementation
to reformtheway memorydataareaccessed:a compileroptimizationsuchasarrayindex
“strengthreduction”canintroducea chainof addresscalculationswherenoneis apparent
at the sourcelevel. On the otherhand,to appreciatethe practical repercussionsof avail-
ableparallelism,weshouldconsidercodemappingsto realisticprocessors,wherememory
bandwidthandcontrol flow uncertaintyaretaken into account.We intendto combinethe
analysisof instruction-level parallelismwith analysisof bit usage[14], which will leadto
a finer-granularitydescriptionof parallelismasthe basisfor codemappingdecisionsfor
hybridfixed-configurableprocessors.
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