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Abstract. Programinstructionsthat consumeandproducesmall operandscanbe
executedin hardwarecircuitry of lessthanfull size.We comparedifferentproposed
modelsof accountingfor theusefulnessof bit-positionsin operands,usingarun-time
profiling tool, bothto observeandsummarizeoperandvalues,andto reconstructand
analyzethe program’s data-flow graphto discover uselessbits. We find that under
aggressive models,the averagenumberof usefulbits per integeroperandis aslow
as10,notonly in kernelsbut alsoin general-purposeapplicationsfrom SPEC95.

1 Intr oduction

Thepurposeof a bit-setanalysisis to identify which bit positionsin variousvaluescom-
putedby aprogramcarryessentialinformationandwhichdonot,and,consequently, which
bit positionsmustbecomputedby instructionsandwhich do not.A typical programming
languagedoesnot allow oneto expressbit usagerequirements,hencein a compile-time
analysisthey mustbeinferredby thecompiler. A typical RISCinstructionsetis too crude
to expressarbitrarybit usagerequirements(atmost,it mayexpressafew fixedsub-words),
hencein arun-timeanalysistheserequirementsmustbere-derivedfrom theexecutingpro-
gram.Onceusefulbit-setsareidentifiedfor eachvalue,it maybecomepossibleto simplify
thehardwarethatimplementstheprogram’sinstructionssothatit will produceonly theuse-
ful bit-sets.With luck, thesmallercircuitry will alsobefaster;and,fitting a largernumber
of smallercircuitsin thesamesilicon areaallows potentiallyhigherexecutionparallelism.
Our goal is ultimately to apply the resultsasoneof the criteria for codepartitioning in
hybridfixed-configurableprocessors.

2 Background

In theearlydaysof computing,narrow-width computationwasavailablein hardwareand
programmerscouldwrite codeby handto exploit it. Theintegertypesof C still supportthis
at theprogramminglanguagelevel, albeit in anill-definedandnon-portablemanner. With
theadventof RISCprocessors,uniform,word-widthoperationbecamethenorm;andonly
recentlyhaveweseensupportfor sub-wordoperationsagain,in themultimediaextensions
to RISCinstructionsets.



During thelastdecadetherehasbeeninterestin detectingandexploiting narrow oper-
ationsthroughcompileranalysis.RazdanandSmith [1, 2, 3] proposeda staticanalysisto
narrow widthsfor usewith a tightly-coupledconfigurablefunctionalunit. Theiranalysisis
abit-wiseabstractinterpretationover thebit positionsof eachvariablein aninternalrepre-
sentationof theprogram,with forwardandbackwardpassesto characterizethegeneration
andtheuseof bit positions.

More recently, Stephenson,Babb, and Amarasinghe[4], and independentlyBudiu,
Goldstein,Sakr, andWalker [5] haveconstructedstaticanalysesto identify narrow compu-
tation, for usein varioussettings.Stephenson’s analysisBitwise is an abstractinterpreta-
tion thatcomputesdataranges:theminimumandmaximumvaluethatmaybeassumedby
variablesin aninternalrepresentationbasedonSUIF[6]. This interval analysisis equipped
with usefulheuristicsfor recognizingloopinductionpatterns.It is integratedwith powerful
pointerandaliasanalyses[7]. Bit-width savingsarereportedto be15–80%(staticcount)
onasetof small(kernel)programs.In conjunctionwith siliconcompilation,it achievesup
to 86%reductionin siliconareaon someprograms.

Budiu’sanalysisBitValue is primarily a bit-wiseanalysis,somewhatsimilar to Razdan
andSmith’s,but it explicitly treatsconstantness(forwardpass)anduselessness(backward
pass).It operateson an internalrepresentation,alsobasedon SUIF. Underlyinganalyses
(suchasthealiasanalysiswhich affectsrecognizeddatadependences)arenot assophisti-
catedasin Bitwise. BitValueanalysisoptionallyincludesanad-hocloopinductionanalysis.
With bothturnedon,bit-setsavingson theorderof 29%(staticcount)and30%(dynamic
count)arereportedon asetof programsfrom SPEC95andMediabench.

Brooks and Martonosi[8], on the other hand,usedynamicprofiling to observe the
setof operandspresentedto individual arithmeticinstructions.Undertheassumptionthat
eachoperand’s high-orderbits canbeelidedto a singlesignbit, they find thatsignificant
savings are possiblein the numberof bits neededfor the representation,and in integer
unit’sconsumedpower, asmuchas60%.

In short,previous researchhasdemonstratedthe availability of bit-narrow operands.
However, different studieshave assumeddifferentdefinitionsof which bit positionsare
useful.For instance,shouldonly high-orderbits be consideredaspotentiallyuseless;or,
shouldbits provenconstantby analysisbe considereduseless;or, what is the granularity
of usefulnessdecisions?As a result the effectivenessof differentcompile-timeanalyses
cannotbe compared,nor canthe differentdefinitionsbe compared.In this studywe use
run-timeknowledgeof observedvalues,sothatourprecisionis aboundon thatachievable
by compile-timeanalyses.We arethenableto comparedifferentdefinitionsof which bits
areuseful,andhow they aretallied.

Our run-timeprogramanalysisincorporatesdata-flow graphreconstructionandpropa-
gationof bit-useinformationbackward in thegraph,which allows theeliminationof bits
asunused,unlikewith instruction-by-instructionobservations[8]. Sincethis featurecanbe
turnedon or off, wecanevaluatetheeffectivenessof suchananalysis.

The broaderpurposeof the tools built is to discover bit-narrow operandsin general-
purposeapplications,their prevalencebeingoneof the criteria for the selectionof code
sectionsfor implementationin configurablehardware.



3 Run-time program analysis

3.1 Data-flow reconstruction

Thefront-endof our tool is a modifiedversionof thesim-profile tool of theSimpleScalar
architecturalsimulationtoolset[9], for theAlpha instructionsetarchitectureastarget (in-
cludingmulti-mediaextensions).We tracktheflow of datathroughanarchitecture’s func-
tional andstorageunits,anddynamicallyconstructa data-flow graph.Our basicnotion is
that of a value: an instructionusesa numberof input valuesandproducesa numberof
outputvalues.With eachvaluewe recordthe observedregistercontents—theraw bits of
thevalue.

A valuehasa type, which is inferreddynamicallyfrom its usage.Ideally thetypeof a
valueis resolvedto integer or floating-point. Occasionallythis is not possible,sothetype
latticeincludestheelementsinteger, floating-point,unknown, andconflict.

Wekeeptrackof aprogram’sstate,includingbothregistersandmemory. Eachregister
containsat most onevalue.Registersthat a programhasnot touchedcontainno value.
Whenan instructioncreatesan output valueandstoresit in a register, we note that the
registercontainsthat value.Whenan instructionreadsan input valuefrom a register, we
retrievethevaluecontainedin theregister. However, if novalueis currentlycontainedin the
register, we make a freshvalue:this allows trackingto startfrom initial externallydefined
registercontents(andto restartafter a systemcall). Memory on the Alpha is both byte-
addressableandbyte-accessible.Our memorymodelis a mappingfrom byteaddressesto
pairs: a ���� v� i � , where i is the offset of the byte at memoryaddressa within a stored
valuev. A storeinstructioncausesthemappingto beupdatedfor a numberof successive
addresses.At any giventime,avalueis saidto have a registerpresenceif it is containedin
any register, andto have amemorypresenceif any of its constituentbyteshave a presence
anywherein memory.

The instructionsexecutedby the programarerepresentedby instructionnodes. Each
nodeindicatesthe programaddressof the instruction,its classandopcode,andits input
andoutput values.Unlike operationnodesin compilers,this is a run-time concept,and
eachdynamicexecutionof an instructionresultsin a distinct node.No instructionnodes
arecreatedfor instructionsidentifiableasdatatransport:registermovesandmemoryloads.
In the caseof memory loads,this meansthat the retrieved bytesare checked to seeif
they exactly matchoneentirestoredvalue.The valuesareappropriatelybypassedfrom
the producingnodeto the ultimateusingnode.Thusthe dataflow of the computationis
reconstructedindependentof thedatastoragedecisionsandlayout.

While instructionsaresimulated,new nodesandvaluesareaddedto the graph.Bit-
setanalysisis performedon the oldestvalues,anduponanalysis,the oldestvalues(and
their nodes)arediscarded.The differencebetweenthe oldestandthe newestnodes,i.e.,
the lookaheadthat the bit-setanalysisenjoys, alsodeterminesthe amountof storagethe
simulatorneedsandits speedof simulation.With thecurrentprototypeimplementationwe
canachieve lookaheadsof a few million instructions.

3.2 Bit-set analysis

Ourbit-setanalysiscomprisestwo independentcomponents:analysisof thedynamicdata-
flow graph,andcomputationof astaticsummary.



The goal of dynamicdata-flow graphanalysisis to infer that certainbit positionsof
theanalyzedvaluesarenot neededfor subsequentcomputation.Themainsourceof such
information,in the Alpha instructionset,arelogic instructions.For instance,consideran
instructionSRL r1, 8, r2, which shifts the contentsof r1 by 8 bits andstoresthe
result in r2, andsupposethat this instructionis the only useof the valuepresentin r1.
The instructionshifts theuppermost7 bytesof r1 into the lowermost7 bytesof r2, and
writes zeroesinto the uppermostbyte of r2. The lowermostbyte of r1 is discarded:it
is not useful in this instruction.Sincethis instructionis the only useof the valuein r1,
thelowermostbyteof thatvalueneednot becomputedat all. Theinformationflow in this
analysisis backward:all theusesof a value,andtheir subsequentuses,etc.,affect which
bitsof thevaluearetruly needed.In caseof finite lookahead,weconservatively assumethat
all valuesthathave apresence(in registersor memory)at thetimeof analysiswill haveall
their bitsusedby futurecomputation.Theresultof dynamicdata-flow graphanalysisis an
annotationuseful/uselesson thebitsof eachdynamicvalue.

We computea staticsummaryover all executionsof eachstaticinstructionin thepro-
gram,more precisely, of eachoperandof eachstatic instruction.By observingthe bit-
values(0 or 1) assumedby a bit-positionof an operandover all executions,we annotate
a bit-positionswith Always-0or Always-1if it is constantover all executions.If dynamic
data-flow graphanalysisis performed,wealsostaticallysummarizeits resultsandannotate
a bit-positionwith Sometimes-usefulif it is usefulon any execution.If dynamicdata-flow
graphanalysisis not performed,Sometimes-usefulis assumedfor all bit-positions.

3.3 How many bits areuseful: definitions

Variousbit-setanalysesaremeaningfulonly in thecontext of particularassumptionsmade
aboutthe hardware.Becauseof the static-summarizingstep,our analysesareonly valid
underthe assumptionthat the hardwareexecutinga given static instructionremainsun-
changedfor thedurationof theprogram.This is by nomeansauniversalassumption,but a
reasonableone.

While the annotationsAlways-0, Always-1, andSometimes-usefulareconvenientfor
computingthestaticsummary, in interpretingtheresultsit is moreconvenientto convert to
a three-way classificationof bits into N: never useful;C: sometimesusefulandconstant;
andV: sometimesusefulbut not constant.

Weofferseveraldefinitionsthatdescribewhichbitsareconsidereduselessin anoperand:

– Definition1 (bit-wise,optimistic):All N andC bits.Thisdefinitionreflectsthesavings
possiblein configurablehardware.In additionto eliminatingall referenceto outputs
markedN, acircuit canbesynthesizedto provideC outputsashard-wired0 or 1. C in-
putscanbeuseddirectly to simplify thecircuit description.(It is instructiveto consider
theinteractionof thesavingsinferredin programanalysis,andthosein subsequentcir-
cuit synthesis[4].)

– Definition 2 (bit-wise, lessoptimistic): All N bits. If joint synthesisof circuit imple-
mentationscorrespondingto larger data-flow subgraphsis not possible,then wires
carrying0sand1s,thoughknown constants,arenecessary, andthis definitionmodels
thatcost.



– Definition 3 (prefix bit-wise,optimistic): All leadingN or C bits. This definition re-
flectsthe fact that customizingcircuits to take advantageof isolatedknown-constant
bits maynot beaspracticalasgeneratinga family of circuits for any operandwidth.
(Particularly true when we considernarrow functional units for inclusion in a non-
configurableprocessor.) Thus,only high-orderbits areconsidereduseless,leaving a
contiguousstringof usefullow-orderbits.

– Definition 4 (prefix bit-wise, lessoptimistic): All leadingN bits. This definition is
conservative bothin thesenseof definition2 andof definition3.

– Definition 5 (datarange):All leadingsign bits but one.This definition assumesthat
hardwarecircuits for widening(with signextension)areinsertedwherenecessary. In
otherwords,usefulbits arethoseneededfor the2’s complementrepresentationof the
observeddatarange,exactly asin [8], andanalogousto staticallyinferreddataranges
in [4].

The definitionsdescribedwhich bits wereconsidereduseless;all remainingbits are
useful,andarecountedtowardsthetotalswe reportin theresults.

4 Experimental Setup

Ourinitial focuswasontheRaw benchmarksuite,in ordertocomparetheresultswith those
of [4]. Wealsoexaminedanumberof longer-runningbenchmarks,includingSPEC95(both
integer and floating-point)and Honeywell ACS [10] suites.We summarizethe relevant
programcharacteristicsin Table4. The columnsfor integer operandsrefer to the integer
valuesidentifiedandanalyzedby our tools.

Benchmarkswerecompiledon a Compaq(Digital) Alpha21164EV56 machineusing
native C andFortranoptimizingcompilers.Eachbenchmarkwassimulatedusingour run-
time analysisextensionsto SimpleScalar/Alpha.The lookaheadsize was limited by the
memorycapacityof thesimulatorhostmachineandthememoryoverheadof thesimulator
to about1.5million instructions.This wassufficient to encompassentireexecutionsof all
but oneRaw benchmark.

Resultsarereportedfor all integeroperands.Whereasabit-wiseanalysiscaninfer that
certainbits areconstantin floating-pointoperands,this is moredifficult to exploit, andis
generallyeschewedfor configurablehardware.

5 Results

Averagebit requirementsareshown in Figure1, for theunweightedaverage,andin Figure2
for theaverageweightedby eachinstruction’sexecutioncount.For eachbenchmark,seven
barsare shown with averagebit requirementscomputedaccordingto different analysis
modes.In orderfrom thebottomupwardin thegraph:def1/bp:definition1 of Section3.3,
with dynamicanalysis(“back-propagation”)asdescribedin Section3.2;def2/bp:definition
2 with dynamicanalysis;def3/bp:definition3 with dynamicanalysis;def4/bp:definition
4 with dynamicanalysis;def1: definition 1 without dynamicanalysis;def3: definition 3
without dynamicanalysis;def5: definition 5 (which doesnot involve dynamicanalysis).



Benchmark Description Source
lines

Instructions
executed

Integer
operands
(static)

Integer
operands
(dynamic)

Raw
adpcm Multimedia:audiocompression 195 288672 1309 584829
bubblesort Densematrix 62 2993603 1211 7015682
convolve Multimedia 74 34248 1383 71967
edge-detect Multimedia 175 151124 1875 289721
histogram Multimedia 115 862026 1416 2040775
intfir Multimedia:IntegerFIR filter 64 381020 1160 855144
intmatmul Densematrix: matrix multiplication 78 602363 1218 1472609
jacobi Densematrix 84 30652 1166 68270
life Automata:Conway’sgameof life 150 1460919 1716 3552042
median Multimedia:medianfilter 86 745383 1308 1347242
mpegcorr Multimedia:kernelfrom MPEG-3 144 25958 1383 63115
newlife Automata:Conway’sgameof life 119 736575 1627 1890671
parity Multimedia 54 313236 1128 751227
pmatch Multimedia:patternmatching 63 1403699 1178 3263404
sha Encryption:securehashalgorithm 638 1030098 6572 3007709
sor Densematrix: Successiveoverrelaxation 60 1026951 1300 2516264

Honeywell
microkernel Two-dimensionaldiscretecosinetranform 169 248322172 7606 412699970
timing CORDICvectorrotationalgorithm 219 58295213 7627 104040721
versatility.compressWaveletimagecompressionalgorithm 528 56202163 8343 113693092

SPECint95(train inputs)
126.gcc-jump GNU C compiler(jump.i input) 133049 202205526 150516 268594145
129.compress AdaptiveLempel-Ziv coding 1422 46186413 6069 83526455
130.li LISP interpreterrunningtheGabrielbenchmarks 4323 192134942 9343 251585142

Table1. Propertiesof benchmarks.

To make thechartlegible,we includedonly threeof the16 Raw benchmarks;theonesnot
shown behave similarly to sor.

Thekernelsfrom Raw overallhavevery low bit requirementsby any measure,with the
exceptionof sha(whichby designconstructsnumbersspreadwideover theintegerrange).
Largerprogramsfrom theHoneywell andSPEC95suitestendto have higherbit require-
ments.Theseaveragebit requirementsnumberscould, in principle,be comparedagainst
thosereportedfrom staticanalyses,asin BitwiseandBitValue, with the expectationthat
our run-timeanalysisrepresentsthe limit to which thecompile-timeanalysismayaspire;
however, differencesin thecontext of analysisprecludeadirectnumericalcomparison.

In additionto averages,thedistributionof bit requirementsis of interest.For two char-
acteristicprograms,the life kernelfrom theRaw suite,andthegcccompiler, it is shown in
Figures3 and4. We divide possiblebit requirementsinto binsfor 0, 1, 2, 3–4,5–8,9–16,
17–32,and33–64bits,anddisplaythemasastackedbargraph.Eachof thesevenanalysis
modesresultsin adifferentbar;andagaintheoperandsmaybecounted(a)staticallyor (b)
dynamically.1

In theaveragebit requirementplots,aswell asin thedetaileddistributions,wenotethat
modelsdef1/bpanddef3/bpproducenearlyidenticalresults;andsimilarly modelsdef2/bp

1Drawing thesevenexactdistribution curvesis lessinformative visually, becausesomeof them
aretoocloseto oneanotherto bediscernible.
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anddef4/bp; andmodelsdef1anddef3. Thus,therestrictionof uselessbitsto thehigh-order
prefix is of little significance.

Comparingdef1/bpwith def1, or def3/bpwith def3, we seethat the additionalsav-
ingsthatbackward-propagatedoperand-useinformationgivesareverysmall.Thisbecomes
quiteclearwhenwe comparedef1/bpwith def2/bp, or def3/bpwith def4/bp, wherewe see
thatusingconstantnessinformationmakesa hugedifference;modelsdef2/bpanddef4/bp
make useonly of thebackward-propagatedoperand-useinformation,andthis is scant.

Lastly, definition5 is typically weaker thaneither1 or 3, i.e., it considersmorebits as
useful.In light of thefact thatgreatersavingsarereported[4] from a staticanalysisusing
definition5 thanfrom anotherstaticanalysis[5] usingdefinition3, wedraw theconclusion
that the differencein savings is not dueto the useof differing definitions,but eitherto a
morepowerful compile-timeanalysesprecedingtheanalysisof bit-sets,or to significantly
differentoperandaccounting.

Tosummarize,thenumberof bitsthatcanbesavedotherthanin thehigh-orderprefixis
small,by any definition.Analysisusingbackwardflow over thedynamicallyreconstructed
data-flow graphis not very powerful in inferring that bit-positionsare not needed.The
constantnessinformationfrom observedoperandvaluesis muchmoreinformative.2
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