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1. INTRODUCTION

We provide a methodologyfor characterizinghe dataflav be-
havior of dynamicinstruction streamsthroughthe use of a tool
that simplifies the processof analysisby examining instruction-
level tracesin reverseorderof execution. Mary propertiesof in-
structionstreamsaremoreamenabléo processingn thisdirection,
andthe combinedwo-pasgcreationandpost-processinggnalysis
rendersmostmeasurementstraightforvard. Using this approach,
we characterizehe streamsf the SPEC2000nteger benchmarks
compiledfor the Alpha ISA on the OSF operatingsystem. We
separatelynamicinstructionsinto essentiaandnon-essentiatat-
egories. Non-essentialnstructionscontritute neitherto program
outputnor to control flow, and canthus be removed by an opti-
mizer to improve performancereducepower, etc. For essential
instructions,we touch on redundang throughan examinationof
silent stores(thosethat write valuesidenticalto thosealreadyin
memory)andtheir associatedlataflav. We separateéhe remain-
ing essentialnstructionsinto thosethataffect programoutputand
thosethataffectonly controlflow. Finally, we emplagy theapproach
to examinetheamountof live datain memoryoverthelifetime of a
program.Furthercharacterizationandadditionaldetailsaboutthe
reversetracetool appeain atechnicalreport.

Processingonsistof two phasespnein which thetraceis gen-
eratedandonein whichthetraceis analyzedackwards,i.e., from
the lastdynamicinstructionto thefirst. To producethe traceswe
usedan extensionof the Alpha instruction-lerel simulatorin the
SimpleScalaB.0tool setto executeversionsof the SPEC2000n-
teger benchmarkgompiledusingthe CompagAlpha C compiler
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CompacC V5.9, with optimizationlevel 4 (exceptfor eon, which
usedg++). The SPECinput setsfor mostof the benchmarksvere
modifiedto enablethebenchmarkso simulateall partsof the pro-
gramin reasonableime. All benchmarksxecuteto completion
exceptvpr , whichwe cappedat onebillion instructionsmostex-
ecutefor afew hundredmillion instructions.

The tracescontainone entry (approx. 20 bits compressedper
dynamicinstructionindicating the registersand memorytouched
by the instruction,the programcounter andthe instructionclass.
For eachstoreinstruction,we includea bit to denotewhetherthe
storewassilent. Programtracesare processedn reverseorderto
reducethe compleity of classification.Whenprocessing partic-
ularinstruction,all consumersf theinstructions resultarealready
known, asis the point at which ary unusedresultsare overwritten
by othervalues.Thus,our measurementrenot limited to a fixed
instructionwindow, but canspanthedurationof a program.At the
endof aprogram(thestartof processing)all registersandmemory
locationsare considereddead. We assumethat applicationspro-
duceoutputonly throughsystemcalls; in particular applications
areassumedo neithersharememorywith otherprocessesor to
implicitly passinformation via timing behaior. As the simula-
tor only emulatedraps/systentalls, we recordedproductionand
consumptiorof registersandmemoryat the usersysteminterface
accordingo the natureof the particularsystemcall.

2. INITIAL CHARACTERIZATION

We beggin our investigationby separatingdynamicinstructions
into essentiahndnon-essentiagroups.Essentiainstructionscon-
tributeeitherto programoutput,to controlflow, orto both. Obvious
examplesof non-essentiahstructionsncludenopinstructionsand
prefetcheswhich have no effecton program-visiblestate(registers
andmemory).More subtleexamplesincludecalculationsfor con-
trol pathsnot executed productionof memoryvaluesnever used,
andstacksave/restoreof unuseccallerregisters.

A breakdavn of dynamicinstructionsfor the SPEC2000nteger
suiteappearsn Figurel. The proportionof non-essentiahstruc-
tions (top two categories)is striking; theseinstructionsmake up
abouta quarterof all dynamicinstructionsin optimizedbinaries.
The nop’s accountfor roughly onein teninstructions reflectinga
commonrule of thumbfor processorghatbenefitrom branchtar-
getalignment.Prefetchesnake up only aninsignificantpartof the
dynamicinstructionstream(at most0.3%acrossall benchmarks),
andareincludedwith the nop category. The remaining15% con-
sistsof deadinstructions.Theseproportionsareroughly the same
for theunoptimizedversionsof thebenchmarks.

The remaining cateyories composethe essentialinstructions.
Within this group, it is possibleto remove someredundang by
executingsilent storesand the instructionsthat producetheir ad-
dressesndvaluesin parallelwith theremaininginstructions pos-
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Figure 1: Breakdawn of dynamic instructions and control-relateddataflow in the SPEC2000integer suite.
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Figure 2: Livememoryin t wol f . The left graph showsthe full execution,the right a phasenear the end.

sibly eliminatingtheir impacton performanceentirely As shavn,
the benefitof parallel silent store executionin termsof dynamic
instructionsaccountdor anotherfew percentof thetotal.

After separatingut silentstoresandtheir dataflav, theremain-
ing essentiainstructionsarebrokeninto two categories:outputand
control. Outputincludesall instructionghatcontritutedirectlyto a
programs output,i.e., thedataflav thatproducesnemoryor regis-
ter valuesconsumedy systemcalls. Controlcontainsinstructions
thatcontritute only to controlflow (andthusindirectly to program
output),including boththe actualcontrolinstructionsandall non-
controlinstructionghatcontrituteto conditions,indirectjump tar
gets,etc. Instructionsthat contritute to both programoutputand
controlflow areincludedin the outputcategyory. Thesmallfraction
of dataoperationgelative to controlmay reflectalgorithmictrade-
offs in thebenchmarksin particular programmersftenreducethe
numberof dataoperationsatthe expenseof morecomplex control.
Thetiny fractionof outputinstructionswith ntf , asimplex-based,
scheduleoptimizationcode,supportghis notion.

3. MORE DETAILED ANALYSES

Approximatelyhalf of all dynamicinstructionspertainonly to
control flow. Theseinstructionsoffer an opportunityfor perfor
manceoptimization, as control flow can be often be speculated
correctly For example,brancheghatarehighly biasedcanbe stat-
ically or dynamicallyspeculatedandthe verification(i.e., thein-
structionsto generateonditions)canhappenater, atlow priority.
Theright graphin Figurel dividesdynamicinstructionsassociated
with controlflow into loads,stores operationge.g., addition),and
controlinstructiong(e.g., branchinstructions).The controlinstruc-
tionsarefurthersubdvidedinto thosewith variabletargets(indirect
jumpsandconditionalbranchesandfixedtargets(directjumpsand
unconditionabranches).

Thedistributionis fairly regularacrossall benchmarksRoughly
speakingfor eachcontrolinstruction thereis asingleloadandtwo
operationsThesmallfractionof storesndicateshelik elihoodthat

control datawritten to memoryis readmary times, asis the case
with entriesin alinkedlist or hashtable.

The reverse-streananalysistool alsoenablesa uniqueview of
the datausagepatternsof a runningapplication.At ary point dur-
ing execution we candetermingheamountof live datain memory
andbuild a profile of valuebandwidthbehaior.

The left graphin Figure 2 characterizedive datain memory
over the executionof thet wol f benchmark.This codeperforms
placemengandroutingvia simulatedannealing.The valuesplotted
arethe maximumamountof live datawithin disjoint windows of
100,000instructions.Threelinesareplottedfor each:datapertain-
ing to output, datapertainingto eithercontrol or output,anddata
thatareloadedto registersbeforethe endof the program.Only the
first two categoriesarelive.

The centralfeaturein the graphis the period over which sim-
ulatedannealingoccursfor cell placement.The rampsat the left
andright representlual-passcansover the netlist, the only fairly
longinputfile. Interestingly roughly 3-4 kB of deaddataarekept
aroundfor the durationof the program.

Theright graphin the figure zoomsin on the endof the execu-
tion, highlighting the file ramp. Readsof file datain 4 kB chunks
areclearlyvisiblein thecontrol+outputine. Thedatais consumed,
producinga morecompactversion,someof which affectsthe out-
put, and another4 kB block is fetcheduntil all 22 kB of the file
have beenread(twice). Thejumpin controldataarouncthefile ac-
tivity representghe creationanddestructiorof a hashtable,which
senesto shorterthetime requiredto locatematchingelementsbut
hasno effect on the programoutput. This behaior illustrateshow
programmersradereductionsn dataoperationgor morecomplex
control(andmorecontroldata). It alsohighlightsthe potentialfor
using this type of profile information to locate blocks of critical
controldataandpotentiallyimprove cachebehaior.

The figure is representatie of the benchmarksalthoughpro-
gram phasesare not as easily identified in the interpreterg(gap,
prl).



