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Abstract. Programinstructionsthat consumeand producesmall operandscan be
executedin hardwarecircuitry of lessthanfull size.We compareadifferentproposed
modelsof accountindor theusefulnessf bit-positionsn operandsysingarun-time
profiling tool, bothto obserne andsummarizeoperandsalues andto reconstrucand
analyzethe programs data-flav graphto discover uselesdits. We find that under
aggressie models,the averagenumberof usefulbits perinteger operands aslow
as10, notonly in kernelsbut alsoin general-purposapplicationdrom SPEC95.

1 Intr oduction

The purposeof a bit-setanalysisis to identify which bit positionsin variousvaluescom-

putedby aprogramcarryessentiainformationandwhich do not,and,consequentiywhich

bit positionsmustbe computedby instructionsandwhich do not. A typical programming
languagedoesnot allow oneto expresshit usagerequirementshencein a compile-time
analysisthey mustbeinferredby the compiler A typical RISC instructionsetis too crude
to expressarbitrarybit usageequirementgat most,it mayexpressafew fixedsub-words),
hencen arun-timeanalysigheserequirementsnustbere-derivedfrom the executingpro-

gram.Onceusefulbit-setsareidentifiedfor eachvalue,it maybecomepossibleto simplify

thehardwarethatimplementgheprogramsinstructionssothatit will produceonly theuse-
ful bit-sets.With luck, the smallercircuitry will alsobefaster;and,fitting alargernumber
of smallercircuitsin the samesilicon areaallows potentiallyhigherexecutionparallelism.
Our goalis ultimately to apply the resultsas one of the criteria for codepartitioning in

hybrid fixed-configurabl@rocessors.

2 Background

In the early daysof computing,narrov-width computationwasavailablein hardwareand
programmersouldwrite codeby handto exploit it. Theintegertypesof C still supportthis
atthe programmindganguagdevel, albeitin anill-defined andnon-portablenanner With
theadwentof RISC processorsyniform, word-width operationbecamehenorm;andonly
recentlyhave we seernsupportfor sub-word operationsagain,in the multimediaextensions
to RISCinstructionsets.



During thelastdecadeherehasbeeninterestin detectingandexploiting narrov oper
ationsthroughcompileranalysis RazdarandSmith[1, 2, 3] proposedh staticanalysisto
narrov widthsfor usewith atightly-coupledconfigurablgunctionalunit. Their analysiss
abit-wiseabstracinterpretatioroverthebit positionsof eachvariablein aninternalrepre-
sentatiorof the program with forwardandbackward passeso characterizehe generation
andthe useof bit positions.

More recently StephensonBabb, and Amarasinghg4], and independentlyBudiu,
Goldstein Sakr andWalker [5] have constructedtaticanalysego identify narrov compu-
tation, for usein varioussettings.Stephensos’analysisBitwiseis an abstractnterpreta-
tion thatcomputeglatarangesthe minimumandmaximumvaluethatmaybeassumedy
variabledn aninternalrepresentatiobasedn SUIF[6]. Thisintenal analysiss equipped
with usefulheuristicdor recognizingoopinductionpatternslt is integratedwith powerful
pointerandaliasanalyseg7]. Bit-width savzings arereportedto be 15-80%(staticcount)
onasetof small(kernel)programsin conjunctionwith silicon compilation,it achiezesup
to 86% reductionin silicon areaon someprograms.

Budiu's analysisBitValueis primarily a bit-wise analysis someavhatsimilar to Razdan
andSmith’s, but it explicitly treatsconstantnesgorwardpass)anduselessnegbackward
pass).It operaten aninternalrepresentationgalsobasedon SUIF. Underlyinganalyses
(suchasthealiasanalysiswhich affectsrecognizedlatadependencegrenot assophisti-
catedasin Bitwise BitValueanalysisoptionallyincludesanad-hodoopinductionanalysis.
With bothturnedon, bit-setsavings on the orderof 29% (staticcount)and30% (dynamic
count)arereportedon a setof programsrom SPEC9%andMediabench.

Brooks and Martonosi[8], on the other hand,use dynamic profiling to obsere the
setof operandgpresentedo individual arithmeticinstructions.Underthe assumptiorthat
eachoperands high-orderbits canbe elidedto a singlesign bit, they find that significant
savings are possiblein the numberof bits neededfor the representationandin integer
unit’'s consumedgower, asmuchas60%.

In short, previous researcthasdemonstratedhe availability of bit-narrov operands.
However, different studieshave assumedlifferent definitionsof which bit positionsare
useful. For instance shouldonly high-orderbits be consideredas potentially uselesspr,
shouldbits proven constantoy analysisbe considerediselesspr, whatis the granularity
of usefulnessiecisions?As a resultthe effectivenessof differentcompile-timeanalyses
cannotbe comparednor canthe differentdefinitionsbe comparedIn this studywe use
run-timeknowledgeof obseredvalues sothatour precisionis a boundon thatachievable
by compile-timeanalysesWe arethenableto comparedifferentdefinitionsof which bits
areuseful,andhow they aretallied.

Ourrun-timeprogramanalysisincorporateslata-flav graphreconstructiorandpropa-
gationof bit-useinformationbackwardin the graph,which allows the eliminationof bits
asunusedunlike with instruction-by-instructiombsenations[8]. Sincethisfeaturecanbe
turnedon or off, we canevaluatethe effectivenesf suchananalysis.

The broaderpurposeof the tools built is to discover bit-narrov operandsn general-
purposeapplicationstheir prevalencebeing one of the criteria for the selectionof code
sectiongor implementatiorin configurablehardware.



3 Run-time program analysis

3.1 Data-flow reconstruction

The front-endof our tool is a modifiedversionof the sim-piofile tool of the SimpleScalar
architecturakimulationtoolset[9], for the Alpha instructionsetarchitectureastarget (in-
cluding multi-mediaextensions) We trackthe flow of datathroughanarchitectures func-
tional andstorageunits, anddynamicallyconstructa data-flav graph.Our basicnotionis
that of a value an instructionusesa numberof input valuesand producesa numberof
outputvalues.With eachvaluewe recordthe obsened registercontents—theaw bits of
thevalue.

A valuehasatype whichis inferreddynamicallyfrom its usageldeally the type of a
valueis resohedto integer or floating-point Occasionallythis is not possible sothetype
latticeincludesthe elementsnteger, floating-point,unknavn, andconflict.

We keeptrackof a programs state includingbothregistersandmemory Eachregister
containsat most one value. Registersthat a programhas not touchedcontainno value.
When an instructioncreatesan output value and storesit in a register we note that the
registercontainsthat value.Whenaninstructionreadsan input value from a register we
retrieve thevaluecontainedn theregister However, if novalueis currentlycontainedn the
register we male a freshvalue:this allows trackingto startfrom initial externallydefined
register contents(andto restartafter a systemcall). Memory on the Alpha is both byte-
addressablandbyte-accessiblé®Our memorymodelis a mappingfrom byte addresset
pairs:a — (v,i), wherei is the offset of the byte at memoryaddressa within a stored
valuev. A storeinstructioncauseshe mappingto be updatedfor a numberof successie
addressesit ary giventime, avalueis saidto have aregisterpresencdf it is containedn
ary register andto have amemorypresencéf ary of its constituenbyteshave a presence
arywherein memory

The instructionsexecutedby the programare representedby instructionnodes Each
nodeindicatesthe programaddresof the instruction,its classand opcode,andits input
and outputvalues.Unlike operationnodesin compilers,this is a run-time concept,and
eachdynamicexecutionof aninstructionresultsin a distinctnode.No instructionnodes
arecreatedor instructionsgdentifiableasdatatransportregistermovesandmemoryloads.
In the caseof memoryloads,this meansthat the retrieved bytesare checled to seeif
they exactly matchone entire storedvalue. The valuesare appropriatelybypassedrom
the producingnodeto the ultimate usingnode. Thusthe dataflow of the computationis
reconstructeéhdependenodf the datastoragedecisionsandlayout.

While instructionsare simulated,nev nodesand valuesare addedto the graph.Bit-
setanalysisis performedon the oldestvalues,and uponanalysis,the oldestvalues(and
their nodes)are discardedThe differencebetweenthe oldestandthe nevestnodes,i.e.,
the lookaheadhat the bit-setanalysisenjoys, also determineghe amountof storagethe
simulatorneedsandits speedf simulation.With thecurrentprototypeimplementatiorwe
canachiere lookahead®f afew million instructions.

3.2 Bit-setanalysis

Our bit-setanalysiscompriseswo independentomponentsanalysisof thedynamicdata-
flow graph,andcomputatiorof a staticsummary



The goal of dynamicdata-flav graphanalysisis to infer that certainbit positionsof
the analyzedvaluesarenot neededor subsequentomputationThe main sourceof such
information,in the Alpha instructionset,arelogic instructions.For instance consideran
instructionSRL r 1, 8, r 2, which shiftsthe contentsof r 1 by 8 bits and storesthe
resultin r 2, andsupposehatthis instructionis the only useof the value presenin r 1.
The instructionshifts the uppermosf bytesof r 1 into the lowermost7 bytesof r 2, and
writes zeroesinto the uppermostyte of r 2. The lowermostbyte of r 1 is discardedit
is not usefulin this instruction.Sincethis instructionis the only useof the valuein r 1,
thelowermostbyte of thatvalueneednot be computedat all. Theinformationflow in this
analysisis backward: all the usesof a value,andtheir subsequentses etc.,affect which
bits of thevaluearetruly neededln caseof finite lookaheadye conseratively assumehat
all valuesthathave apresencgin registersor memory)atthetime of analysiswill have all
their bits usedby future computationTheresultof dynamicdata-flav graphanalysisis an
annotatioruseful/uselessn the bits of eachdynamicvalue.

We computea staticsummaryover all executionsof eachstaticinstructionin the pro-
gram, more precisely of eachoperandof eachstatic instruction.By observingthe bit-
values(0 or 1) assumedy a bit-positionof an operandover all executionswe annotate
a bit-positionswith Always-0or Always-1if it is constantover all executions.If dynamic
data-flav graphanalysiss performedwe alsostaticallysummarizets resultsandannotate
a bit-positionwith Sometimes-usefifl it is usefulon ary execution.If dynamicdata-flav
graphanalysisis not performed Sometimes-usefid assumedor all bit-positions.

3.3 How many bits are useful: definitions

Variousbit-setanalysesremeaningfulonly in the contet of particularassumptionsnade
aboutthe hardware. Becauseof the static-summarizingtep,our analysesare only valid
underthe assumptiorthat the hardware executinga given static instructionremainsun-
changedor thedurationof the program.Thisis by no meansa universalassumptionbut a
reasonablene.

While the annotationsAlways-Q Always-1 and Sometimes-usefalre corvenientfor
computingthestaticsummaryin interpretingtheresultsit is morecorvenientto corvertto
a three-vay classificationof bits into N: never useful;C: sometimesusefuland constant;
andV: sometimesisefulbut not constant.

We offer severaldefinitionsthatdescribevhichbitsareconsiderediselessn anoperand:

— Definition 1 (bit-wise,optimistic): All N andC bits. This definitionreflectsthe savings
possiblein configurablehardware.In additionto eliminatingall referenceto outputs
marked N, a circuit canbe synthesizedo provide C outputsashard-wired0 or 1. C in-
putscanbeuseddirectly to simplify thecircuit description(lt is instructive to consider
theinteractionof thesavingsinferredin programanalysisandthosein subsequertir-
cuit synthesig4].)

— Definition 2 (bit-wise, lessoptimistic): All N bits. If joint synthesiof circuit imple-
mentationscorrespondingo larger data-flav subgraphgs not possible,then wires
carryingOsand1s,thoughknowvn constantsarenecessarandthis definitionmodels
thatcost.



— Definition 3 (prefix bit-wise, optimistic): All leadingN or C bits. This definition re-
flectsthe factthat customizingcircuits to take advantageof isolatedknown-constant
bits may not be aspracticalasgeneratinga family of circuits for any operandwidth.
(Particularly true whenwe considernarrov functional units for inclusionin a non-
configurableprocessaj Thus,only high-orderbits are considereduseless|eaving a
contiguousstring of usefullow-orderbits.

— Definition 4 (prefix bit-wise, lessoptimistic): All leadingN bits. This definition is
conserative bothin the senseof definition2 andof definition3.

— Definition 5 (datarange):All leadingsign bits but one. This definition assumeshat
hardware circuits for widening(with signextension)areinsertedwherenecessaryn
otherwords,usefulbits arethoseneededor the 2’s complementepresentationf the
obseneddatarange exactly asin [8], andanalogousdo staticallyinferreddataranges
in [4].

The definitionsdescribedwhich bits were considereduselessall remainingbits are
useful,andarecountedtowardsthetotalswe reportin theresults.

4 Experimental Setup

Ourinitial focuswasontheRawv benchmarlsuite,in orderto compareheresultswith those
of [4]. We alsoexaminedanumberof longerrunningbenchmarksincludingSPEC95both
integer and floating-point)and Honeywell ACS [10] suites.We summarizethe relevant
programcharacteristicén Table4. The columnsfor integer operandgeferto the integer
valuesidentifiedandanalyzecdby ourtools.

Benchmarksverecompiledon a Compaq(Digital) Alpha 21164EV56 machineusing
native C andFortranoptimizingcompilers Eachbenchmarkvassimulatedusingour run-
time analysisextensionsto SimpleScalar/AlphaThe lookaheadsize was limited by the
memorycapacityof the simulatorhostmachineandthememoryoverheacdf the simulator
to aboutl.5 million instructions.This wassufficient to encompasentireexecutionsof all
but oneRaw benchmark.

Resultsarereportedfor all integer operandsWhereasa bit-wise analysiscaninfer that
certainbits areconstanin floating-pointoperandsthis is moredifficult to exploit, andis
generallyeschevedfor configurablehardware.

5 Results

Averagebit requirementareshovnin Figurel, for theunweightedaverageandin Figure2
for theaverageweightedby eachinstructions executioncount.For eachbenchmarkseven
barsare shavn with averagebit requirementscomputedaccordingto differentanalysis
modesin orderfrom the bottomupwardin the graph:defl/bp:definition 1 of Section3.3,
with dynamicanalysiq“back-propagation”asdescribedn Section3.2;def2/bp:definition
2 with dynamicanalysis;def3/bp:definition 3 with dynamicanalysis;def4/bp:definition
4 with dynamicanalysis;defl: definition 1 without dynamicanalysis;def3: definition 3
without dynamicanalysis;def5: definition 5 (which doesnot involve dynamicanalysis).



Benchmark Description Source |Instructions |Integer Integer
lines |executed operands |operands
(static) (dynamic)
Raw
adpcm Multimedia:audiocompression 195 288673 1309 584829
bubblesort Densematrix 62 2993604 1211 7015687
convolve Multimedia 74 34248 1383 71967
edge-detect Multimedia 175 151124 1875 289721
histogram Multimedia 115 862026 1416 2040779
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's gameof life 150 1460919 1716 3552047
median Multimedia: medianfilter 86 745383 1308 1347242
mpeycorr Multimedia: kernelfrom MPEG-3 144 25958 1383 63115
newlife Automata:Conway’s gameof life 119 736575 1627 1890671
parity Multimedia 54 313234 1128 7512271
pmatd Multimedia: patternmatching 63 1403699 1179 3263404
sha Encryption:securehashalgorithm 638 1030094 6572 3007709
sor Densematrix: Successie overrelaxation 60 1026951 1300 2516264
Hongywell
microkernel Two-dimensionatliscretecosinetranform 169| 24832217 7606 41269997
timing CORDICvectorrotationalgorithm 219 58295213 7627 10404072
versatility.compesgWaveletimagecompressioralgorithm 528 56202163 8343 11369309
SPECint95train inputs)

126.gcc-jump GNU C compiler(j unp. i input) 133049 20220552 150514 26859414
129.compess Adaptive Lempel-Zv coding 14220 461864143 6069 83526454
130.li LISPinterpreterunningthe Gabrielbenchmarks 4323 19213494 9343 25158514

Table 1. Propertieof benchmarks.

To make the chartlegible, we includedonly threeof the 16 Rav benchmarksthe onesnot
shavn behae similarly to sor.

Thekernelsfrom Raw overall have verylow bit requirementdy ary measurewith the
exceptionof sha(which by designconstructsiumbersspreadvide overtheintegerrange).
Larger programsfrom the Honeywell and SPEC95suitestendto have higherbit require-
ments.Theseaveragebit requirementsiumberscould, in principle, be comparedagainst
thosereportedfrom staticanalysesasin Bitwise and BitValue with the expectationthat
our run-timeanalysisrepresentshe limit to which the compile-timeanalysismay aspire;
however, differencesn the contet of analysigprecludea directnumericalcomparison.

In additionto averagesthedistribution of bit requirementss of interest.For two char
acteristicprogramsthelife kernelfrom the Raw suite,andthegcccompilet it is shavn in
Figures3 and4. We divide possiblebit requirementsnto binsfor 0, 1, 2, 3—4,5-8,9-16,
17-32,and33-64bits, anddisplaythemasa stacled bargraph.Eachof the sezenanalysis
modegesultsin adifferentbar;andagainthe operandsnaybe counted(a) staticallyor (b)
dynamically*

In theaveragebit requiremenplots,aswell asin thedetaileddistributions,we notethat
modelsdefl/bpanddef3/bpproducenearlyidenticalresults;andsimilarly modelsdef2/bp

*Drawing the seven exactdistribution curvesis lessinformative visually, becausesomeof them
aretoo closeto oneanotherto bediscernible.
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anddef4/bp andmodelsdeflanddef3 Thus,therestrictionof uselesbitsto thehigh-order
prefixis of little significance.

Comparingdefl/bpwith defl, or def3/bpwith def3 we seethat the additional sar-
ingsthatbackward-propagatedperand-usenformationgivesarevery small. Thisbecomes
quite clearwhenwe comparedefl/bpwith def2/bp or def3/bpwith def4/bp wherewe see
thatusingconstantnessformationmakesa hugedifference;modelsdef2/bpanddef4/bp
male useonly of the backward-propagatedperand-usenformation,andthis is scant.

Lastly, definition5 is typically wealer thaneitherl or 3, i.e., it considersmorebits as
useful.In light of thefactthatgreatersavzings arereported4] from a staticanalysisusing
definition5 thanfrom anotherstaticanalysig5] usingdefinition3, we draw the conclusion
thatthe differencein savingsis not dueto the useof differing definitions,but eitherto a
morepowerful compile-timeanalysegrecedinghe analysisof bit-sets,or to significantly
differentoperandaccounting.

To summarizethenumberof bitsthatcanbesavedotherthanin thehigh-ordemprefixis
small,by ary definition. Analysisusingbackwardflow overthedynamicallyreconstructed
data-flav graphis not very powerful in inferring that bit-positionsare not needed.The
constantnesimformationfrom obsened operandvaluesis muchmoreinformative 2
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