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Abstract

For this study we analyzethe dynamicinstructionstreamsof the SPEC2000nteger benchmarkgo nd
frequentlyoccurringunitsof computationpr idioms. An idiom, in thebroadessensejs aninterdependent
pieceof a computationdata ow. For example,a load-add-storediom performsan incrementoperation
througha setof threeinterdependerihstructions.

Usinga heuristictechniquehat performsan exhaustve analysison selectedegionsof anapplications
instructionstreamwe areableto derive asmallsetof idiomseachconsistingof betweerthreeandeight Al-
phainstructionswherethe setcoversanon-trivial fractionof theoverall stream.Ontheaveragebenchmark,
asetconsistingof tenidioms (50total instructions)spansover 26% of theinstructionstream.

We provide a catalogof the top idiom occurringin eachof the benchmarks.This catalogprovides
interestinginsightsinto the type of small-scalecomputationghat arefrequentin generalcode. For each
idiom, we identify thelocationsin the sourcecodefrom whichit originates.Many idiomsoccurin multiple
staticlocations.

We outline somepotentialapplicationsfor suchidioms, including techniquedor cachecompression,
moreeffective instructiondispersain a clusteredarchitectureandspecializednstructionsfor a customiz-
ableinstructionset. We more deeplyinvestigatean applicationthat canreducesomeredundang in trace
cachesandpotentiallyboostfetch bandwidthby a carefulandsystematieencodingof frequentidiomsinto
smallerinstructionwords. We demonstratéhat a simple decodersufces to reconstitutethe instruction
stream.

1 Intr oduction

Dynamicinstructionstreamsexhibit repeatingpatternson mary levels. For example,opcodesstaticin-
structions,and sequencesf basicblocksall exhibit repetition. This repetitioncan be exploited for more
ef cient programexecution. In this papey we examinea uniquedimensionof the repetitve natureof dy-
namicinstructionstreamsWe examinethe patternsandfrequencie®f idioms[1] of computatiordata ow
occurringin generaintegercode.



Broadly de ned, anidiom is a setof instructionswhosedata ow graphis connectedall instructions
eitherusea value producedby, or producea valuefor, anotherinstructionin the idiom. For example,the
idiom providedin Figure 1 represents.commonidiom thatresultsfrom a variableincrementn high-level
code.Notethattheresultinginstructionsneednot be physicallysequentiain the binary Suchanidiom can
occurin mary placesin the binary becausef repeatediseat the sourcelevel of a variableincrement.The
netresultis thatthisidiom hasthe possibility of occurringfrequentlyduringexecution.

r29 -6000 1
int insert() :j
{ LDQ r1, -6000(r29)
éiobaIVar++; A'DD rl, #1,r1 @
) STQ r1, -6000(r29)

Figurel: An exampleof acommonidiom: variableincrement.Thesourcecodeis expresse@sthreeAlpha
instructionghatconstitutefour operations.

The analysisof codeat the sourcelevel andinstructionlevel for idioms hasin the pastin uenced the
designof instructionsetsandprocessomechanismgl4, 13]. Verycommondiomsaresupportedn instruc-
tion sets,suchasscaled-arithmetior datastructureaccesseqre-andpost-incrementor arrayaccesses,
multiply-addsfor signal processingcodes,or subword parallelinstructions(suchasthe MMX and SSE
extension[10]) for processingf media-richdatastreams.Processomechanismsuchas functional unit
chainingand clusteringare derived from the notion that certaininstructionsrepeatedlyoccurin particu-
lar sequencedn this paperwe performananalysisof the dynamiccodestreamsof the SPEC2000nteger
benchmarkso identify constituentodeidiomsthatoccurfrequently In our study we evaluatecodestreams
in amuchmoregeneraimanneithanin previousstudiessuchasthebasic-blocKevel analysigperformedoy
Araujoetal [2].

Performinga nearlyexhaustve evaluationof the codestreamsf Alphabinaries we areableto identify
a small setof idioms that provide a sizeablecoverageof the entire stream. For the averageSPEC2000
benchmarkywe identify a setof 10 idioms, totaling some50 instructions that cover 26% of the dynamic
instructionstream. For somebenchmarksthis coveragecanbe ashigh as40%. Many of the individual
idiomsthat cover high fractionsof the instructionstreamarisebecausehey occurin multiple locationsin
thestaticbinaries.

This paperhastwo essentiatomponents(1) anidiom-level analysisof codestreamsand(2) a descrip-
tion of applicationsthat make useof idiomsto improve processoiarchitecture. As part of our analysis,
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we provide a catalogof the top idiomsfound on eachof the integer benchmarksincluding characteristics
abouthow frequentlyeachidiom occursin the staticand dynamiccode. In the applicationscomponent,
we describeandevaluatea mechanismnio reduceredundang in tracecachesandto potentiallyboostfetch
bandwidthby compressingdiomsinto smallercodevords.

2 Methodology

Ourobjectveisto nd asmallsetof idiomsfor eachapplicationthatspanalargeamountof theapplications
dynamicinstructionstream. Deriving the optimal set of idioms requiresconstructingand storing every
fragmentof dependeninstructionsof every size. The computationatompleity of analyzingall subgraphs
of thedata ow in the entiredynamicinstructionstreammakes nding the absolutesetof mostcommonly
occurringidiomsanintractableproblem.At thesameime, asimpleheuristic,suchasapeepholanalysiq1]
within a basicblock, may be too limiting, asit restrictsthe possibility of an idiom spanninga branch
instruction.

We addressheseproblemsby performingour analysison sequencesf basicblocksthatarevery likely
to executeasa unit. Many techniquesave beendevelopedthatrecombineblocksinto larger units for the
purpose®f schedulingandoptimization,suchastraceschedulind4] andsuperblockKormation[5], aswell
asfor fetch bandwidthmaximization,suchastracecacheq12]. The unit of analysisthat we usehereis
the frame[9]. A frameis a trace-lile codeseggmentin which highly predictablebranchesare corverted
into control o w assertions—iressencea frameis a basicblock wherebrancheghat are highly regular
have beencorvertedinto checksthat trigger recovery if the control o w behaesdifferently In a frame
all codeis guaranteedo executeatomically(i.e., the framehasno sideexits or entrances)Using frames
asthe basisfor our analysisallows idiom formationto encompassnultiple basicblockswithout having to
considemultiple control o w paths. Frameshave beendemonstratedo cover signi cant fractionsof the
instructionstream(approx.80%). Framescaptureprogramhot spotssincethey aredynamicallybuilt based
onobseredprogrambehaior.

Thehigh-level overview of our methodologyis providedin Figure2. The processvorksin two passes.
In the rst pass,asetof idiomsis generated.Startingfrom a setof framesgeneratedlynamicallyusing
the algorithmdescribedn [9]* (provided by the FrameBuilder), eachframeis decomposedhto a setof
all possibleidioms (by the FrameAnalyzer). This setof all possibleidiomsis thenpruned(by the Idiom
Selector)to a setof disjoint, or non-orerlapping,idioms in which no staticinstructionoccursin multiple
idioms. In this phasewe mustheuristicallysearchthroughthe setof all idiomsto nd asmalldisjoint set

n this processframesaredelineatedy branchinstructions.However, a branchthathasthe samedirectionn=32 consecutie
timesis corvertedinto anassertionSuchassertionslo notterminateframes.



that potentially spansa large fraction of the instructionstream. In the secondpass,we calculatestatistics
suchasthe percentagef the instructionstreamcoveredby the derived set of idioms. In the following
subsectionswe describesachof the passe$n moredetail.

First Pass 3 Second Pass
All Possible :
Frame Analyzer \dioms in Idiom Selector Top
F - Frames Select Top Remove Non-overlapping
Dynamic rame |rames Graph Overlapplng Idioms | Dynamic
‘_g‘rea": Builder Generahza{lon Eu“der tandardization Idiom \dioms : Coverage

Store Tup
\dlom and
Remove

| Dynamic
| 1-Stream

Figure2: An overview of theidiom analysisprocess.

2.1 First Pass

The Frame Builder generate$ramesby analyzingthe dynamicinstructionstream.Framesare passedo
the Frame Analyzer, whosefunctionit is to generateall possibleidioms that canbe derived from these
frames. The Analyzeroperateson a per frame basis. It analyzeshe framesthataccountfor 90% of the
dynamiccoverageof the entiresetof framesconstructedy the builder. This heuristicsigni cantly prunes
thenumberof framesthatneedto beanalyzedandresultsin no changen thetopidiom for thebenchmarks
investigatedn this paper The Analyzerpasse®achframethroughthreesteps:instructiongeneralization,
graphconstructionandstandardization.

Genealizationinvolves a seriesof simplecodetransformationshatremove someof the arti cial dis-
tinctions betweenparticularopcodes. In Alpha, the lda (load addressandaddqgi (add registerto an
immediate)nstructiongperformthe sameoperation.Sincelda operate®na16-bitimmediateandaddqi
operate®n an8-bitimmediate every addqgi couldbe generalizedo anlda . In this transformatiorthere
is nolossof information,andthereis no differencein thenumberof instructionspr theirdependencies.

Graph constructioninvolves constructingthe maximal data ow graphin the frame. The maximal
data ow graphis de ned asa graphin which eachinstructionis representeésa node,andtwo instruc-
tions sharean edgeif thereexists a registerdependencéetweenthem. This graphneednot be strongly
connectedastheremaybemultiple independenthreadf dependencwithin aframe.Dueto thetransient
natureof memorydependenciesas well asthe detachechatureof memoryreadetwriter pairs, data ow
graphedgesareonly basediponregisterdependencies.

After the maximaldata ow graphhasbeenconstructedall possiblesubgraphareformed. A subgraph
is de ned assomeconnectegubcomponeraf themaximaldata ow graph.Subgraphsiretheprecursorgo
idioms. To simplify our analysiswe choosea minimumsubgraptsizeof threeinstructionsanda maximum
sizeof eight. Subgraphsmallerthanthreeinstructionsare excludedbecausehey performsuchminimal
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computatiorthatit is dif cult to gainary usefulinsightsfrom them.Otherthanthesizerestriction,no other
heuristicsareusedin subgraptconstruction.This bruteforce approachs computationallyfeasiblebecause
themaximaldata ow graphis largely linear, with few split andmeige points(which arecapableof causing
an explosionin the numberof subgraphs).Subsequengéxperimentsshav that raisingthe maximumsize
above eight doesnot stronglyaffect the qualitative results. It wasalsoobsenred thattherewerevery few
commonidiomslargerthantwelve instructions.

Standadizationis the nal phaseof the Analyzer The purposeof standardizatiotis to abstracta par
ticularidiom occurrenceo a moregeneraform. Thisis donesothatotherequivalentsggmentsof data ow
that perform the samebasiccomputationwill mapto the sameidiom. This processnvolves two steps:
orderingthe operandof commutatie instructions,and extracting register dependenciesTwo subgraphs
are computationallyequivalentif they differ only in the orderingof the sourceoperandsof commutatie
instructions(suchasadd, or , and). For example, ADDQrl1, r2 r3 andADDQr2, rl r3
perform equivalent computation. All subgraphsare forced into a standardorderingof sourceoperands,
causingsubgraphghat are essentiallyequivalent but expressedlifferently to maptogether While other
standardizatiotechniqueg$or computationaéquivalence(suchasperformingDeMorgan's law or algebraic
standardizationgould alsobe performed,thereis somelossof informationinvolved in doing so, asthey
involve physicallychangingthe operatordn the idiom. Furthermoresincethesesubgraphsarerelatively
smallfragmentsf data ow, therearevery few opportunitieor suchtransformations.

Thelasttransformationthatof extractingregisterdependenciess similar to theregisterrenamingpro-
cess. In it, all register speci ers are transformednto parameters.This maintainsthe samedependence
information, while abstractingaway the mappingof computationto speci ¢ architecturalregisters. This
procesallows two separaténstance®f thesamecomputatiorto be equivalentdespitethefactthatindivid-
ual instructionsmay storeresultsin differentarchitecturaregisters. Someof theseregisterparametersire
actualregisterinputsfor theidiom, someareoutputs.Somenumberof the parameteraretemporaryalues
thatare producedandconsumedvithin the idiom andnot usedelsavhere. Furthermorejmmediatevalues
arealsoabstracte@t this pointandtreatedasinput parameter$o theidiom. Oncea subgraphs parameter
ized, it is considerecanidiom. It is anabstractegieceof computationvith somenumberof registerand
immediateinputsandsomenumberof registeroutputs.

Theldiom Selectoris the nal phaseof the rst pass.The FrameAnalyzerpasses list of the entire
setof generateddiomsto the Selector The Selectors job is to reducethis large list into a smallersetof
idioms that, as a set, spana large fraction of the benchmarls instructionstream. The Selectorworks as
follows: (1) Thetop idiom is selectedrom thelist basedon its coverageover the setof framesprocessed
by theanalyzer(thisis referredto asthe framestreamasit representshoseinstructionsn thei-streamthat
occurin frames).(2) Any idiomsthatoverlapwith the selectedop idiom areeliminatedfrom the list—this



avoidsthesituationin whichtheentiretop tenidiomsareall overlappingandfrom the sameregion of code.
This stepis alsonecessaryor mary potentialusesof idiomsthatdo not allow overlap. (3) The processs
repeatedintil a setof somenumberof idiomsis collected.For our analysiswe choseto collect10 idioms
perbenchmarkin practice thetop idiomsdetectedverefoundto be unafectedby the particularselection
heuristicemplo/ed, asthe degreeof overlapamongsthetopidiomsis small.

2.2 SecondPass

Thesecondhasdgs simple. The entiredynamicinstructionstreamis searchedor uniqueinstance®f thetop

setof idioms. By re-runningeachbenchmarkandmatchingits dynamicinstructionstreamwith the setof

idiomsderivedby the rst passthel-streamMapper determineshe completeinstructionstreamcoverage
of the setof idioms. As is with our analysisin the rst pass,a dynamicinstructioncanbein at mostone
idiom.

3 Idiom Catalog

In this sectionwe provide alisting of theidiom with thehhighestcoverageof thedynamicinstructionstream
for eachof the SPEC2000nteger benchmarksasdetectedyy our analysistechniqueoutlinedin Section2.
While the particularidiomsthemselesare highly speci ¢ to boththe benchmarlkandthe compilerusedto
generatehebinaries therearesomeinterestinghigherlevel insightsto be dervedfrom thislisting.

Figures3 and4 provide pictorial representationsf eachof the top idioms. Eachnodein the data ow
representatiof the idiom is an Alpha instruction. For eachidiom, we provide (1) an examplepieceof
sourcecodefrom whichtheidiom is derived, (2) the percentagef thetotal dynamicinstructionstreanthat
is coveredby thatidiom?, and(3) the numberof uniquestaticoccurrence®f the idiom thatare obsered
during execution,i.e., sameidiom from different staticinstructions. The shadingis provided to assistin
mappingthe constitueninstructionsbackto the sourcecodefrom whereit originates.

In the pictorial representationye alsoincludetheinputsandoutputsof idioms. An idiom represents.
self-containedinit of computationijts inputsandoutputsareparametergegistersandimmediatevalues)or
theidiom. In somesenseaheidiom formsaprimitive operatiorthatis performedrequentlyby theassociated
application.Someof thevaluesgenerateavithin anidiom arenotlive outputsof theidiom, asfor example,
theoutputof thes8addq onthetopidiom in crafty. Sinceit is not alwayspossibleto determinevhethera
valueis live or deaduponexit from anidiom, we conseratively markvaluesasoutputs;potentiallyidioms
might have fewer outputsthan denotedhere. Someidioms have immediatevalue inputs, which are not
shavn onthediagramto preventclutter In casesvheremultiple logical inputsarethe samephysicalvalue,

2In somecasestheidiom coverageis alower bound.Our techniques approximaten orderto consere on memoryusage.



we've denotedan Rx. For example,two ldg instructionsin mcf both have registerinputsfrom the same
baseregister

Someof the idioms provide valuableinsightsinto the frequentdatamanipulationgperformedby the
benchmarkFor example thetopidiomin bzip2resultsfrom codethatrotatesanarrayof characterdy one
element. This particularidiom originatesfrom one staticloop in the bzip2 sourcecodethatthe compiler
unrolledfour times. Theidiom representa sequencef eightoperationghathappermrepeatedlyacrosghis
unrolledloop. As a point of note, this particularloop actuallyoccursin two locationsin the bzip2source
code. The compilergeneratedlightly differentcodefor eachversionresultingin only oneof theversions
gettingmappedo this idiom. This idiom could be generalizesslightly to includethe otherversionof the
loop, thusincreasingts coverage.As it is, thisidiom derived from the singlestaticsite coversnearly23%
of thedynamicinstructionstreamof bzip2

For the benchmarlkgap the mostfrequentidiom represents function call that occursvia a function
pointerthatis calculatedvia atablelookup. Thesourcefrom whichthisidiom arisess a C macrode nition
thatoccursin nearly500 sitesin the sourcecode. With the datasetswe used,nearly200 of thesesitesare
expressedlynamically Note from the sourcecodethatthis idiom spanamultiple conditionalbranches.

For the benchmarkmcf, theidiom represents frequentcalculationthatis basedon elementswithin a
datastructure.Theresultingeightinstructionidiom has2 registerinputsand2 possibleoutputs.Theidiom
alsoincludesa conditionalbranch.

Two of the benchmarksgzip andparser have top idiomsthat represenbyte manipulations.For these
benchmarksgventhoughthe Alpha compileris enabledo generatenstructionsfrom the BWX extensions
(Byte andWord Extensions)the compilerinsteadperformsbyte extractionson quadveord data. This was
possiblydoneto reducethe numberof memoryoperationgerformedby theassociatedode.

Thebenchmarksncf crafty, gap andvpr all have idiomsthatencompaspointerindirectaddressing.

Otherbenchmark®xhibit lower coveragesof their top idioms. Many of thesebenchmark$iave small
minimum sizedidioms. Thesebenchmarkgerformwider, variedtypesof operationsandthis is re ected
in their top idioms. For example,thetop idiomsin gcg vortex, andperlbmkareall relatedto the function
calling corventionin Alpha. Thegccandvortex idiomssave valuesonthestack whereaghe perlbmkidiom
re ects theupdateof the stackor globalpointersuponentryinto afunction.

In the next sectionwe investigatethe broadermpropertiesof theidiomswe collect. We hopeto establish
thatthefrequeng, characteristicsandtypesof idiomsthatexist in generalinteger codearesuchthatthey
canbeexploitedin avariety of ways.For example,idiomscanbeusedto directdispersapoliciesfor better
executionclusterassignmentldioms canbe usedto tailor special-purposéunctionalunits at design-time
or recon gurableunitsatrun-time.We detail severalapplicationsn Section5.



add BZIP2 CRAFTY

Dynamic Coverage: 3.70%

Dynamic Coverage:22.89%
Number Of Static Instances: 233

@ Number Of Static Instances: 1

Rx  tmp=yy[]

#define BITBOARD unsigned long long;

©
6.0 950

while (1Li!1=tmp) {
i+ BITBOARD save_hash_key[MAXPLY+2]
tmp2 = tmp;
tmp = yiil; HashKey=save_hash_key[ply]
@ = I @
yyl0] = tmp;
EON GAP

@ Dynamic Coverage: 9.66%

Number Of Static Instances: 8

Dynamic Coverage: 7.26%
Number Of Static Instances: 192

#define TYPE(HD) (((long)(HD) & T_INT ?\

static int nComponents() {
T_INT : (HD)->TYPE));

return NLAMBDA;
I

#define EVAL(hd) ((long)(hd)&T_INT 2 \

%;).r (i=0; i <nComponents(); i++) (hd) : (*EvTab[TYPE(hd)])((hd)));

hdRes = EVAL( HdStat );

update

GCC GZIP

Dynamic Coverage: 4.66%

Dynamic Coverage: 1.91%
Number Of Static Instances: 24

Number Of Static Instances: 633

/* calling convention */ unsigned char |_buf[INBUFSIZE + ... ];

|_bufflast_lit++] = (unsigned char)lc;

Figure3: Thetopidiomsoccurringin the benchmark®zip2 crafty, eon gap gcg gzip For eachidiom we
provide anexampleof sourcecodefrom wheretheidiom wasderived, the dynamiccoverageof thatidiom,

andthe numberof staticoccurrencesf thatidiom.
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MCF sp or gp PERL

Dynamic Coverage: 7.71%
Number Of Static Instances: 21

Dynamic Coverage: 6.25%
Number Of Static Instances: 1058

cost_t bea_compute_red_cost(arc_t *arc)
return (arc->cost -
arc->tail->potential +
arc->head->potential);

/* calling convention */

int bea_is_dual_infeasible(arc_t *arc,
cost_t red_cost)
return(red_cost <0 && ... );

red_cost = bea_compute_red_cost(arc);
if(bea_is_dual_infeasible(arc,red_cost))

update
e
sp or gp

@ PARSER

Dynamic Coverage: 5.38%
Number Of Static Instances: 47

@ int dict_compare(char *s, char *t) {

while (*s 12 \0"&& ...)

TWOLF

Dynamic Coverage: 5.28%
Number Of Static Instances: 1001

/* calling convention */

2

VPR
VORTEX

Dynamic Coverage: 4.88%
Number Of Static Instances: 1017

Dynamic Coverage 12.92%
Number Of Static Instances: 5

/* calling convention */ struct s_heap {
float cost;
h

struct s_heap **heap;

|f( heapl[ifrom]->cost ... )

Figure4: Thetop idiomsoccurringin the benchmarksncf, perl, parser, twolf, vortex, vpr. For eachidiom
we provide an exampleof sourcecodefrom wherethe idiom wasderived, the dynamiccoverageof that

idiom, andthe numberof staticoccurrencesf thatidiom.
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4 Analysis

In the previous section,we provided samplesof the top idioms found in eachof the SPEC2000nteger
benchmarksHerewe expandthe setto includethetop tenidiomsfor eachapplication.Ratherthanprovid-
ing a comprehense listing of this setof idioms, we attemptto distill somebroademropertiesto provide
insightson the natureof idioms.

4.1 Dynamic Coverage

Thetwo plotsin Figure5 shav dynamicinstructionstreamcoverageasit varieswith the numberof idioms
for eachapplication. This graphwasdivided into two similar plots to enhanceaeadability We vary the
numberof idiomsfrom 1 to 10. As canbe seenfrom the graph,thetop tenidioms (madeup on averageof
only 50 constitueninstructions)cover betweernl 5% and40% of theinstructionstream.

Veryfew idiomsarerequiredto maximizecoverage Increasinghe setbeyond 10idiomsresultsin only
slightly highercoverage;beyond 10, the curves atten out. Our experimentsshav thatbeyond 20 idioms,
the mamginal increasein coverageis belov 0.5% for eachnew idiom added. Therearetwo reasondor
this behaior. First, the top idioms are generallyin programhot spots. Second few idioms have a large
numberof staticoccurrencesThird, sincewe've useda heuristictechniqueto derive the setof idioms, it is
susceptibleo local minima. Otherheuristicscould potentiallyresultin betterspanningsetsof idioms.
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Figure5: Thecoverageon optimizedcode.

As pointedout earlief the setof generateddiomsis highly sensitve to the codegeneratiorpoliciesof
the compiler Figure6 containstwo plots similar to Figure5 exceptusingbinariesthatwerenot statically
optimized.

In unoptimizedbinariesjdiomscover betweer?0%and60% of the dynamicinstructionstream signif-
icantly higherthanfor the optimizedbinaries. This increases dueto the fact that, without optimizations,
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thereis a higherlikelihoodthat differentplacesin the sourcecodethat have a similar structurewill map
to the sameidiom. In performingoptimizations,the compileris ableto customizea pieceof codeto the
particularcontext in whichit is used,andin the procesanapwhatappeaito be similar codeconstructdo
slightly differentlyidioms.
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Figure6: Thecoverageon unoptimizedcode.

While the speci ¢ natureof theidioms(suchaswhatthey look like) variesbasecon mary factorssuch
aslISA, compiler even programmerthe basisfor idioms appeardo be fundamental.a small setof idioms
cancover anon-trivial amountof anapplications instructionstream.

4.2 CoverageDistrib utions

In Section2 we describenow ouridiom analyzemuseda notionof a programhot spot(a frame)from which
to generateandidatedioms. However, theidiomsthatareeventuallychoserby ouranalyzefarenotlimited
to thosesamehot spots. For example,the top idiom in the benchmarkgap occursin nearly200 obsered
differentstaticlocations.Thoseidiomsthatprovide highdynamiccoverageareoftentimesalsothosedioms
which have thelargestnumberof staticinstances.

Figure7 shavs a scattermplot of thetop tenidiomsfrom eachbenchmarlksortedby rank(i.e., theidioms
with the highercoveragefractionsappeafurtherto theright). Theverticalpositionof apointrepresentthe
relatve numberof staticoccurrence®f the idiom (This numberis de ned asthe numberof staticoccur
rencesof theidiom divided by thetotal numberof staticinstance®f thetop idiomsof thebenchmarkThis
allowsfor arelative comparisorof thebenchmarksaswell asameaningfullook attherelationshigbetween
staticinstancesanddynamiccoverage).As canbe seenin the gure, thereis a strongcorrelationbetween
the normalizedstaticoccurrenceandthe dynamiccoverageof anidiom. Idiomswith highercoverageare
likely to be derived from multiple sitesin the sourcecode. Thus,commonidioms are both staticallyand
dynamicallyfrequent,unlike otherdynamicallyfrequentcodeconstructssuchasinnerloops.
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Also notevorthy: for somebenchmarksuchasbzip? thetrendis opposite. Thetop rankingidiomsare
derivedfrom very few staticsites.In suchbenchmarksherearesmall,highly executedregionsof codethat
areresponsibldor a majority of thecomputation.Theresultingidiomsfrom thesekernelswill be executed
in high frequeng, eventhoughthey may only have onestaticinstance andwill potentiallyhave very high
coverage.

4.3 Idiom properties

In orderto provide a concise,comprehense picture of the natureof idioms detectedby our analysiswe
provide somecharacteristicbasedn idiom size. Thesecharacteristicareprovidedin Tablel. Thedatais
basednthe120idioms(top 10idiomsperbenchmarkpeneratedby the analyzer

Thistablelists variouspropertiessuchasregisterinputsandoutputscateyorizedby size. For example,
the averageidiom of size 3 hasoneregisterinput and 1.3 register outputs,whereaghe averageidiom of
size 8 has4.5 inputsand 4.8 outputs. Recall, our estimationson register outputsare conserative, aswe
areoften uncertainwhethera valueis only usedwithin the idiom or alsousedexternally Internalvalues
lists the numberof valuesgeneratedwvithin the idiom that are known to not be usedoutsidethe idiom;
correspondinglythis numberis pessimistic. In additionto registerinputs, anidiom canhave immediate
inputs for memoryand arithmetic/logicoperations. Inputs that are always zero refer to inputs that are
immediatenputsalwayssetto O or registerinputsthatarer31 (whichis hardwiredto 0).

One point of interestis the numberof LD/ST instructionsas comparedo the numberof immediate
valuesappearingn the averageidioms. As an example,the average3-instructionidiom has0.8 LD/ST
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instructionsandrequiresl immediateinput. Sinceall memoryinstructionsin Alpharequireanimmediate
offset, the bulk of the immediateinputs per idiom are for memoryoperations.For idioms of size 6, the

numberof immediatess lessthanthe numberof memoryoperationsheremary of thememoryoperations
have offsetsof zeroandarenot countedasimmediateinputs.

Also includedin this tableis the fraction of dynamicoccurrence®f theseidioms that spanbranch
instructions While thisdatapointmayat rst seempeculiar we provide it to demonstratéhatabasic-block
level analysidor idiom detectiorn(for example,in peepholenalysisduringcompileroptimization)will miss
opportunities Sinceour analysiss doneon frames(again,thesearehighly regularregionsof control o w),
we areableto detectcandidatadiomsthatspanmultiple basicblocks.

Idiom Size
3 4 5 6 7 8
Registerinputs 10| 25| 23 | 20| 40 | 45
Immediateinputs 10| 23| 24 | 25| 3.8 | 4.6
Registeroutput 13| 24| 21 35| 33| 48
Internalvalues 04| 14|13 |15| 28 | 2.7
Inputsthatarealwayszero| 0.3 | 0.6 | 1.3 | 25| 25 | 1.8
Num of LDs/STs 08| 16| 21 | 30| 38| 4.2
Num of Branches 03| 06| 07 (03] 05 05
% thatspanbranches 19% | 35% | 29% | NA | 37% | 58%
Rel Frequeng 39.2| 208|142 33| 42 | 183

Tablel: Variousidiom propertiesbrokendown by idiom size.

4.4 Conglomeratedanalysis

Thelastexperimentin this sectionprovidesa conglomeratednalysisof idiomsif all the SPEC2000nteger
benchmarksvereto be treatedasoneentity. We do this to discover thoseidioms thatexist in the general
application;to nd thoseidiomsthatareprimitive to all applications.

Thisanalysisstartswith asetof thetop framesfrom eachbenchmarkwherethesetis enoughto account
for 25% of the correspondindenchmarls dynamicinstructionstream. Then, given thateachbenchmark
runsfor a differentnumberof instructions the numberof timeseachframeis executeds normalizedsuch
thatall benchmark$iave equivalenteffective contrilution for the conglomerateéhstructionstream.

The coverageof the top ten idioms resultingfrom this conglomeratednalysisis 14%, which is on
the lower endof the benchmark-speci set. A numberof interestingobserationscanbe madefrom this
conglomeratednalysis. First, algorithmicidioms (which rank very highly in individual benchmarksgare
generallynotcommonacrossenchmarkslnsteadthetop tencross-benchmarkliomsaremoreprimitive,
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andcanbeclassi ed into four broadcateyories: (1) genericdatamanipulation,(2) branchcalculation,(3)

calling convention overhead,and (4) idioms originating from standardibraries. Many of the idioms in

catgyory (1) aredueto manipulationf byte datatypesstoredin quadveords(again,mary of theseidioms
would mapdirectly into Alpha's BWX extensionwhich the compilerchosenotto use). Themostcommon
idiom in the cross-benchmar&nalysisbelongsin cateyory (3): it is a calleesave of registervaluesoff the

newly calculatedstackpointer Idiomsin cateyory (4) arepresentin the C standardibrary. Experiments
with C++ benchmark$iave shavn thatthis effectis morepronouncedn C++ codewhich useshestandard
templatdibrary. Figure8 providesfour examplesof top cross-benchmariklioms.

Rx
Rx \
SRR

calculating a load address, inserting a byte into a designated  loading and zero extending a byte basic loop control
loading a value, and branching location within a quadword
on an inequality

Figure8: This setof idiomsoccurredrequentlyacrossall thebenchmarks.

5 Applications

The analysispresentedn Sections3 and 4 supportthe notion thata small setof frequentidioms canbe
derived on general-purposapplications. On someof the benchmarksnalyzed the spanof a setof 10
idioms can be quite signi cant. This propertyof idioms coupledwith the fact that idioms encapsulate
computatiorandcommunicatiorprovidesfor someinterestingapplications.

An obvious applicationof idioms, and one that hasbeenexplored on a smallerscalein previous re-
search13], is thatof mappingidiomsto new typesof instructionghatcanbeexecutedon speciafunctional
unitstailoredfor their computatiorpattern.For example,if theidiom SHIFT ~ ADDwerefrequentthen
includingthe SHIFTADDinstruction(mary ISAs do) cansave on cachespacefetchbandwidth andon ex-
ecutionlateny sincethe shift andaddcanmostlikely be donein asinglecycle. Furthermorethe notion of
amultiopertionidiom allows for machine-lgel optimizationsof its constituentasks.For example recalling
the incrementexamplewe provided in Figurel in Sectionl, this idiom canbe optimizedat the machine
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level by remaving the addresscalculationassociatedvith the STQ This is possiblebecauseby de nition
of theidiom, bothLDQandSTQaccesshe samdocation.

For suchtamet applications the idioms that we identi ed in the previous sectionarelikely to be too
general.Rathey theidiom formationphaseof our analysistechniquewould needto Iter outthoseidioms
thatdonotmatchtheprototypefor theintendedapplication.For example only idiomswith alimited number
of registerinputsandoutputscould be candidatesSucha restrictednotion of idioms wasexaminedby Ye
etal[15]. They demonstratethatidiomswith upto 9 inputsandonly 1 outputconsistingof only arithmetic
andlogic operationganbe usedto signi cantly speedup mediaapplicationdy processinguchidiomson
arecon gurablefunctionalunit.

Preidenti edidioms candynamicallyaffect processopolicies. For example,sinceidioms encapsulate
valuecommunicatiorbetweerinstructionsthey canbeassignedsa unit to anexecutionclusterin amulti-
clusteredarchitectureln Section4 we demonstratéhatat leasta third of operationgandvery likely, mary
more)within anidiom only generatevaluesto be usedwithin theidiom. Suchlocalizationof communica-
tion makesidioms valuablefor clusteredexecutionbecauséahe valuesgeneratedy aninstructiondo not
needto bebroadcasbutsideof theidiom, andthusoutsidethe cluster Theidenti cation of idiomscanhelp
processoarchitectduild anunderstandingf frequentpatternsof computation.

5.1 Compressionof fetch bandwidth

In this section,we examinea speci ¢ and highly aggressie useof the idiom concept. We exploit the
notionthatapplicationshave idiom locality by “compressing’the fetch streamof anapplication.The basic
concepts thatwe wantto packidiomsinto smallercodewords,suchasrepresentinghe incrementdiom
“LDQ ADD STQ with a singularinstruction. In doing so, the operationsof the instructionsthat
constitutethe idioms are abstractedrom the operandsallowing compactionof the instructionwordsthat
representhoseoperations.

The basic conceptbehind such applicationsis that new instructionsare addedto an ISA to encode
idioms, customizederapplication.A pro le-driven compileranalysisof anapplicationproducesanidiom
list thatis systematicallymappednto idiom instructionwords. The compilerthencommunicatesheidiom
list to the hardwarethrougha specialinstructionat applicationstartuptime. The formatof theidiom word
is shavnin Figure9. It containdour elds: (1) opcodewhichdenoteghatthecurrentinstructionword and
somenumberof wordsthatfollow arepartof anidiom (we usespareAlphaopcodedor this), (2) idiom ID,
which is usedby the decodetto locatethe templateof the idiom, (3) the dispersaleld, which we discuss
below, and (4), parameterswhich are the dynamicbindingsof the input/outputregistersandimmediate
valuesfor theidiom.

Table1 shavs thata considerablenumberof sourceoperand®f instructionsin idioms are eithercom-
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pletely internalto the idiom or arealways zero. This propertycanbe exploited here,becausen orderto
performthe computationcorrectly only the inputsandoutputsneedto be encodednto theidiom format.
Furthermoreif multiple instructionswithin anidiom usethe sameconstantalue,it needonly be speci ed
onceasanidiom parameter

Whenanidiom opcodeis encounteredh the fetch stream the decodemwill accesshe Idiom Decoder
Cache(ldC) basedn the D of theidiom3. TheldC containstemplatesf theidioms, whichwhenrecom-
binedwith inputandoutputspeci erscontainedn the parametereld of theidiom instructionwords,form
the original instructionwords. The original instructionwords are addedbackinto the instructionstream
startingatthepositionof theidiom codevord. This processs outlinedin Figure9. A slightly restrictedver
sionof this conceptwas rst proposedy Araujoetal [2]. They proposedhe conceptof storingoperations
separatelyrom operandsindbindingthemat decoddime. We expandupontheir work by allowing idioms
to spanbasicblocksandto presere compilerschedulingnformation.

Decode Packet

1%2)
S
s
Fetch Packet o < ADDQ
kS kst
ADDQ g ] LDQ
c
IDIOM . = / ADDQ
IDIOM _ c = / ADDL
o
ADDL Idiom 2 g ADDQ
»> ADDQ »> Decoder > c 2 50 »>
Cache e o [~
LDQ SRA
BIS \ 7y \ BIS
LDQ \ A p—
\ - LDQ
| Opc | ID |Dispersal | Parameters |

Multiword Idiom Instruction

Figure9: Theidiom decodindogic in the Decodestageswill expandanidiom's codevord into constituent
operationsThedispersaleld allows theidiom to presere the compilers instructionscheduling.

Compilerschedulinginformationis presered by the useof the dispersal eld. It indicateshow the
constituentnstructionsof anidiom areto bereintegratedinto theinstructionstream.Eachbit in thedispersal
eld representaninstructionposition. A 1 indicateshatthe correspondingpositionshouldbe lled by an
idiom instructionanda O indicatesthatthe positionshouldbe lled by aninstructionfrom thefetchstream.
Thedispersaleld allowsinformationaboutinputarrival positionsandoutputpositionsto beabstractedrom
theidiom itself, potentiallyallowing morecodefragmentso mapto thesamediom. Thelengthof this eld

3The IdC can potentially miss on the idiom ID, in which casea software exceptionwill causethe appropriateidiom to be
reloadednto theldC.
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correspondso the spanof an idiom—the numberof instructionwords betweerthe rst operationof the
idiom andthelast. Theuseof thedispersaleld alsoincreasesnidiom’s applicabilityby avoiding a sticky
issuewhereaninstructionnotin theidiom both usesa valuegeneratedy theidiom (registeror memory)
andproducesa valuefor theidiom. In suchcaseghe dispersaleld allows the compilerto interleare the
idiom aroundthe externalinstruction.Thisissueis discussedurtherin Section5.2.

To evaluatethis schemewe measuredhe percentreductionin numberof instructionwords(i.e., 32-bit
Alphainstructions)thatarerequiredto be fetchedif suchanencodingwereto be performed.The number
of codewordsneededor a particularidiom instancedepend®n the numberof inputsandoutputsfor that
idiom. If the numberof inputsandoutputsis small,thenanidiom canpotentially t into aregularAlpha
instructionusing the format described. Idioms with a larger numberof inputs and outputswill require
additionalwords.

Thebene tin this schemalervesfrom theratio betweenthe original sizein instructionsandthe size
of theidiom in encodedorm. Anotherbene t of this mechanisncomesparticularlyfrom tracecacheghat
storeinstructionsin dynamicorder Traceandframecachessufer signi cantly from redundang [3]. This
redundang canbe mitigatedby storingtraceswith the frequentcomputationof the tracesrepresente@s
idioms. This hasseveralbene ts. It allows moreinstructionsto be compactednto atraceor frame. Thisis
abene tif mary traceseachthemaximumsizelimit. It allows moretraces/frame® bestoredin thecache
atary particulartime if the traceis storedacrossmultiple cacheblocks,asit is onthe PentiumlV [6]. It
allows aboostin fetchbandwidth asfor agivenfetchwidth, agreatemumberof instructionsbytescancross
thefetch-to-decoddoundaryperunit time. This presumeshatthe decoderrenamingogic, andexecution
enginecankeepup with theaddedfetchrate.

Figure 10 shaws the percentreductionin the numberof instructionwordsthat needto be fetchedif a
very straightforvard idiom instructionencoding. As mentioned,eachidiom occupiesa x ed numberof
32-bit instructionwords dependingon the numberof parametershe idiom contains. In all, we obsere
approximatelya 10%reductionin the numberof instructionsrequiredto befetched.

Experimentshave shavn thata signi cant portion of the compressiorbene t shavn in Figure10 can
be achieved with only a small numberof encodingformats. In this schemehereare only eight different
idiom formats,eachof which have a differentsize,anda differentnumberof bits allocatedfor registers,
immediatesand dispersabits. The small, x ed humberof formatsmalesthe necessarylecodinglogic
simpler Idioms areencodednto the smallestformatthathave at leastasmary elds of eachtype asthe
idiom requires.If theidiom cannott into ary of theencodingformatsit is discarded.

In Alpha, immediatescanbe 8, 16, or 21 bits in size dependingon whetherthey originatefrom an
arithmetic/logicoperation,a memoryoperation,or a control o w operation. Eachencodingformat hasa
speci ednumberof eachof theseelds. Additional compressiomene t couldbeachiezed by adjustingthe
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Figure 10: The effect of usingidioms for bandwidthcompression.The resultsare the net saving in the
numberof instructionwordsfetched.

sizeof theimmediateeld to thenneedof the particularidiom. For instancemary of theloadsandstoresin

theinstructionstreamhave offsetsthatcould t within a smaller eld. More than70% of memoryoffsets
in the dynamicinstructionstreamcan t within 8 bits. In addition,while branchtargetsareoftenlargein

size,they aregenerallynearto eachotherin value.A deltaencodingcouldbeusedto furtherscaledown the
numberof bits necessaryor branchtargets. Generallyspeakingaswith mostinstructionencodingissues,
thereis ade nite tradeof betweerencodingcompactnesanddecodingcompleity.

5.2 Applicability of idioms to other applications

The conceptof theidiom aspresentedn this paperhasvery few restrictions.This wasdoneintentionally

to try to displaythemaximumpotentialof theidea. Certainapplicationamayimposeadditionalrestrictions
onthetypeof idiomscreatedjn orderto maintaincorrectnesspr make the hardware simpler We call this
procesf ltering idiom specialization

In the caseof compressingetch bandwidth,a situationcalledidiom deadlo& hadto be avoided to

maintain correctness.Figure 11 displaysthe deadlockcase,in which a segmentof data ow is shawvn.

NodesA, B, C, andE constituteanidiom, with D notincluded.If all of theidiom'sinstructionswereplaced
contiguouslyinto the decodebuffer, data ow orderwould be violated,asB mustprecedeD, and E must
follow it. We choseto solwe the problemthroughthe useof dispersalelds, but it could have alsobeen
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solvedwith specializatiorby ltering outall idiomsthataredeadlockdasthey areproduced.

Using idioms to map generalcodeto specializedfunctional units would also potentially necessitate
idiom specializationldiomswith memoryoperationsvould probablybe excluded,alongwith idiomswith
morethanonelive registeroutput.

Figure11: An exampleof a deadlockd idiom. NodesA, B, C, andE arein the idiom, while D is not
included.

6 RelatedWork

The generalconceptof idiom analysis,or instructioncombining,is a generalcompileralgorithmto map
generalcodesequencesto machineidioms[1]. We expandthe previouswork on this endby performing
analysison regions of codethat spanmultiple basicblocks. Furthermorewe proposea e xible idiom
instructionthatallows a compilerto combineinstructionsevenif no pre-de nedmachinenstructionexists
for them

The conceptof codestreamanalysisfor detectionfrequentpairsof operationhasbeenexploredprevi-
ously[11, 14, 13, typically in thecontext of nding asmallnumber(2-3instructionsthatcanbepotentially
executedin a singlecycle. In our analysiswe do not restrictthe setof dependengc chainswe canform in
orderto nd purelyrepeatingdioms.

Oneof the potentialusesof theidiom concepts thatof compressingrace/framecachespaceandfetch
bandwidth.Previouswork on cachecompressioffi7, 8, 2] focusedon somevhatrestrictedmodelsfor cache
compressiomf astaticbinary: eithertheinstructionshadto be physicallysequentiabr be containedwithin
thesamebasicblock, or requireda signi cant amountof computatiorto decompresthe codedstream.The
schemeproposedy Araujo etal [2] is quite similar to thefetchcompressioproposedn Section5. They
proposeseparatinghe operationtreefrom the opcodesHerewe relaxthe constrainthatthe operationtree
(idiom) exist within asinglebasicblock. Furthermorethe useof adispersaleld allows thepreseration of
compilerschedulingnformation.
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7 Conclusions

For this study we have developedananalysistechniquethatis ableto heuristically nd repetitve data ow
fragmentsn integer codestreamsUsingthis techniqueon the SPEC2000nteger benchmarkswe areable
to derive asmallsetof idiomseachconsistingof betweer8 and8 Alphainstructionswherethesetcoversa
non-trivial fractionof the overall stream.On the averagebenchmarka setconsistingof 10 idioms (50total
instructions)spansover 26% of theinstructionstream.Thisis the signi cant outcomeof our study

We nd thatthetopidiomsin eachof thebenchmarksanbecateyorizedasidiomsthat(1) performdata
structure-relatednanipulation,(2) perform branchcalculation,(3) perform operationsrelatedto calling
corventionoverhead.Someof thetop idiomsin eachbenchmarloccurvery frequentlyduring execution.
For example, the top idiom in the bzip2 spansalmosta quarterof the applications instruction stream.
Generallyspeaking thoseidioms that have signi cant coverageoccurin multiple static locationsin the
binary

We investigatean applicationthat potentiallypreseresthe cachespaceandboostfetch bandwidthfor
atracecacheor framecache By developinga careful,systematie@ncodingof frequentidiomsinto smaller
instructionwords, a simpledecodersufces to reconstitutehe instructionstream.Sucha mechanisntan
reducethe numberof instructionwordsfetchedfrom the cacheby almost10%.

While this paperprovidesanin-depthqualitatve studyof thetopidiomsin the SPEC200ntegerbench-
marks therearestill mary characterizatioanddesignpointsleft unexplored. We arecurrentlyinvestigating
how theidiomsdiffer on architecture®therthanAlpha, aswell asnew applicationgor theidiom concept
otherthanfetchbandwidthcompression.
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