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1. INTRODUCTION
We provide a methodologyfor characterizingthe dataflow be-

havior of dynamic instructionstreamsthroughthe useof a tool
that simplifies the processof analysisby examining instruction-
level tracesin reverseorderof execution. Many propertiesof in-
structionstreamsaremoreamenableto processingin thisdirection,
andthecombinedtwo-pass(creationandpost-processing)analysis
rendersmostmeasurementsstraightforward. Using this approach,
we characterizethestreamsof theSPEC2000integerbenchmarks
compiled for the Alpha ISA on the OSF operatingsystem. We
separatedynamicinstructionsinto essentialandnon-essentialcat-
egories. Non-essentialinstructionscontribute neitherto program
output nor to control flow, and can thus be removed by an opti-
mizer to improve performance,reducepower, etc. For essential
instructions,we touchon redundancy throughan examinationof
silent stores(thosethat write valuesidentical to thosealreadyin
memory)and their associateddataflow. We separatethe remain-
ing essentialinstructionsinto thosethataffect programoutputand
thosethataffectonly controlflow. Finally, weemploy theapproach
to examinetheamountof livedatain memoryover thelifetime of a
program.Furthercharacterizationsandadditionaldetailsaboutthe
reversetracetool appearin a technicalreport.

Processingconsistsof two phases,onein which thetraceis gen-
erated,andonein which thetraceis analyzedbackwards,i.e., from
the lastdynamicinstructionto thefirst. To producethe traces,we
usedan extensionof the Alpha instruction-level simulatorin the
SimpleScalar3.0 tool setto executeversionsof theSPEC2000in-
teger benchmarkscompiledusingthe CompaqAlpha C compiler,�
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CompaqC V5.9, with optimizationlevel 4 (exceptfor eon, which
usedg++). TheSPECinput setsfor mostof thebenchmarkswere
modifiedto enablethebenchmarksto simulateall partsof thepro-
gramin reasonabletime. All benchmarksexecuteto completion
exceptvpr, which we cappedat onebillion instructions;mostex-
ecutefor a few hundredmillion instructions.

The tracescontainoneentry (approx. 20 bits compressed)per
dynamicinstructionindicating the registersandmemorytouched
by the instruction,the programcounter, andthe instructionclass.
For eachstoreinstruction,we includea bit to denotewhetherthe
storewassilent. Programtracesareprocessedin reverseorderto
reducethecomplexity of classification.Whenprocessinga partic-
ular instruction,all consumersof theinstruction’s resultarealready
known, asis thepoint at which any unusedresultsareoverwritten
by othervalues.Thus,our measurementsarenot limited to a fixed
instructionwindow, but canspanthedurationof a program.At the
endof aprogram(thestartof processing),all registersandmemory
locationsareconsidereddead. We assumethat applicationspro-
duceoutputonly throughsystemcalls; in particular, applications
areassumedto neithersharememorywith otherprocessesnor to
implicitly passinformation via timing behavior. As the simula-
tor only emulatestraps/systemcalls, we recordedproductionand
consumptionof registersandmemoryat theuser-systeminterface
accordingto thenatureof theparticularsystemcall.

2. INITIAL CHARACTERIZA TION
We begin our investigationby separatingdynamicinstructions

into essentialandnon-essentialgroups.Essentialinstructionscon-
tributeeitherto programoutput,to controlflow, or to both.Obvious
examplesof non-essentialinstructionsincludenopinstructionsand
prefetches,whichhavenoeffectonprogram-visiblestate(registers
andmemory).More subtleexamplesincludecalculationsfor con-
trol pathsnot executed,productionof memoryvaluesnever used,
andstacksave/restoreof unusedcallerregisters.

A breakdown of dynamicinstructionsfor theSPEC2000integer
suiteappearsin Figure1. Theproportionof non-essentialinstruc-
tions (top two categories)is striking; theseinstructionsmake up
abouta quarterof all dynamicinstructionsin optimizedbinaries.
Thenop’s accountfor roughlyonein ten instructions,reflectinga
commonrule of thumbfor processorsthatbenefitfrom branchtar-
getalignment.Prefetchesmake uponly aninsignificantpartof the
dynamicinstructionstream(at most0.3%acrossall benchmarks),
andareincludedwith thenopcategory. The remaining15% con-
sistsof deadinstructions.Theseproportionsareroughlythesame
for theunoptimizedversionsof thebenchmarks.

The remaining categories composethe essentialinstructions.
Within this group, it is possibleto remove someredundancy by
executingsilent storesand the instructionsthat producetheir ad-
dressesandvaluesin parallelwith theremaininginstructions,pos-



Figure1: Breakdown of dynamic instructions and control-relateddataflow in the SPEC2000integer suite.
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Figure2: Li ve memory in twolf. The left graph shows the full execution,the right a phasenear the end.

sibly eliminatingtheir impacton performanceentirely. As shown,
the benefitof parallel silent storeexecutionin termsof dynamic
instructionsaccountsfor anotherfew percentof thetotal.

After separatingout silentstoresandtheir dataflow, theremain-
ing essentialinstructionsarebrokeninto two categories:outputand
control.Outputincludesall instructionsthatcontributedirectlyto a
program’s output,i.e., thedataflow thatproducesmemoryor regis-
ter valuesconsumedby systemcalls.Controlcontainsinstructions
thatcontributeonly to controlflow (andthusindirectly to program
output),includingboth theactualcontrol instructionsandall non-
controlinstructionsthatcontributeto conditions,indirectjump tar-
gets,etc. Instructionsthat contribute to both programoutputand
controlflow areincludedin theoutputcategory. Thesmallfraction
of dataoperationsrelative to controlmayreflectalgorithmictrade-
offs in thebenchmarks;in particular, programmersoftenreducethe
numberof dataoperationsat theexpenseof morecomplex control.
Thetiny fractionof outputinstructionswith mcf, asimplex-based,
scheduleoptimizationcode,supportsthis 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,branchesthatarehighly biasedcanbestat-
ically or dynamicallyspeculated,andthe verification(i.e., the in-
structionsto generateconditions)canhappenlater, at low priority.
Theright graphin Figure1 dividesdynamicinstructionsassociated
with controlflow into loads,stores,operations(e.g., addition),and
controlinstructions(e.g., branchinstructions).Thecontrolinstruc-
tionsarefurthersubdividedinto thosewith variabletargets(indirect
jumpsandconditionalbranches)andfixedtargets(directjumpsand
unconditionalbranches).

Thedistributionis fairly regularacrossall benchmarks.Roughly
speaking,for eachcontrolinstruction,thereis asingleloadandtwo
operations.Thesmallfractionof storesindicatesthelikelihoodthat

control datawritten to memoryis readmany times,asis the case
with entriesin a linkedlist or hashtable.

The reverse-streamanalysistool alsoenablesa uniqueview of
thedatausagepatternsof a runningapplication.At any point dur-
ing execution,wecandeterminetheamountof livedatain memory
andbuild a profile of valuebandwidthbehavior.

The left graph in Figure 2 characterizeslive data in memory
over theexecutionof thetwolf benchmark.This codeperforms
placementandroutingvia simulatedannealing.Thevaluesplotted
arethe maximumamountof live datawithin disjoint windows of
100,000instructions.Threelinesareplottedfor each:datapertain-
ing to output,datapertainingto eithercontrol or output,anddata
thatareloadedto registersbeforetheendof theprogram.Only the
first two categoriesarelive.

The centralfeaturein the graphis the periodover which sim-
ulatedannealingoccursfor cell placement.The rampsat the left
andright representdual-passscansover thenetlist, theonly fairly
long input file. Interestingly, roughly3-4kB of deaddataarekept
aroundfor thedurationof theprogram.

Theright graphin thefigurezoomsin on theendof theexecu-
tion, highlighting thefile ramp. Readsof file datain 4 kB chunks
areclearlyvisiblein thecontrol+outputline. Thedatais consumed,
producinga morecompactversion,someof which affectstheout-
put, andanother4 kB block is fetcheduntil all 22 kB of the file
havebeenread(twice). Thejumpin controldataaroundthefile ac-
tivity representsthecreationanddestructionof ahashtable,which
servesto shortenthetimerequiredto locatematchingelements,but
hasno effect on theprogramoutput.This behavior illustrateshow
programmerstradereductionsin dataoperationsfor morecomplex
control (andmorecontroldata).It alsohighlightsthepotentialfor
using this type of profile information to locateblocks of critical
controldataandpotentiallyimprove cachebehavior.

The figure is representative of the benchmarks,althoughpro-
gramphasesarenot aseasily identified in the interpreters(gap,
prl).


