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Abstract

For this study, we analyzethe dynamicinstructionstreamsof the SPEC2000integer benchmarksto �nd
frequentlyoccurringunitsof computation,or idioms.An idiom, in thebroadestsense,is aninterdependent
pieceof a computationdata�ow. For example,a load-add-storeidiom performsan incrementoperation
throughasetof threeinterdependentinstructions.

Usinga heuristictechniquethatperformsanexhaustive analysison selectedregionsof anapplication's
instructionstream,weareableto deriveasmallsetof idiomseachconsistingof betweenthreeandeightAl-
phainstructions,wherethesetcoversanon-trivial fractionof theoverallstream.Ontheaveragebenchmark,
asetconsistingof tenidioms(50 total instructions)spansover 26%of theinstructionstream.

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

We outline somepotentialapplicationsfor suchidioms, including techniquesfor cachecompression,
moreeffective instructiondispersalin a clusteredarchitecture,andspecializedinstructionsfor a customiz-
ableinstructionset. We moredeeplyinvestigatean applicationthat canreducesomeredundancy in trace
cachesandpotentiallyboostfetchbandwidthby a carefulandsystematicencodingof frequentidiomsinto
smallerinstructionwords. We demonstratethat a simple decodersuf�ces to reconstitutethe instruction
stream.

1 Intr oduction

Dynamic instructionstreamsexhibit repeatingpatternson many levels. For example,opcodes,static in-

structions,andsequencesof basicblocksall exhibit repetition. This repetitioncanbe exploited for more

ef�cient programexecution. In this paper, we examinea uniquedimensionof the repetitive natureof dy-

namicinstructionstreams.We examinethepatternsandfrequenciesof idioms[1] of computationdata�ow

occurringin generalintegercode.



Broadly de�ned, an idiom is a setof instructionswhosedata�ow graphis connected;all instructions

eitherusea valueproducedby, or producea valuefor, anotherinstructionin the idiom. For example,the

idiom providedin Figure1 representsa commonidiom thatresultsfrom a variableincrementin high-level

code.Notethattheresultinginstructionsneednotbephysicallysequentialin thebinary. Suchanidiom can

occurin many placesin thebinarybecauseof repeateduseat thesourcelevel of a variableincrement.The

netresultis thatthis idiom hasthepossibilityof occurringfrequentlyduringexecution.

...
ADD  r1, #1, r1
...
STQ  r1, -6000(r29)

LDQ  r1, -6000(r29)

r29

int insert()
{
  ...

  ...
}

1

ST

LD

+

+

-6000

  globalVar++;

Figure1: An exampleof acommonidiom: variableincrement.Thesourcecodeis expressedasthreeAlpha

instructionsthatconstitutefour operations.

The analysisof codeat the sourcelevel andinstructionlevel for idioms hasin thepastin�uenced the

designof instructionsetsandprocessormechanisms[14, 13]. Verycommonidiomsaresupportedin instruc-

tion sets,suchasscaled-arithmeticfor datastructureaccesses,pre-andpost-incrementfor arrayaccesses,

multiply-addsfor signalprocessingcodes,or subword parallel instructions(suchas the MMX andSSE

extension[10]) for processingof media-richdatastreams.Processormechanismssuchasfunctionalunit

chainingandclusteringarederived from the notion that certaininstructionsrepeatedlyoccur in particu-

lar sequences.In this paper, we performananalysisof thedynamiccodestreamsof theSPEC2000integer

benchmarksto identify constituentcodeidiomsthatoccurfrequently. In ourstudy, weevaluatecodestreams

in amuchmoregeneralmannerthanin previousstudiessuchasthebasic-blocklevel analysisperformedby

Araujoet al [2].

Performinganearlyexhaustive evaluationof thecodestreamsof Alphabinaries,weareableto identify

a small setof idioms that provide a sizeablecoverageof the entirestream. For the averageSPEC2000

benchmark,we identify a setof 10 idioms, totaling some50 instructions,that cover 26% of the dynamic

instructionstream. For somebenchmarks,this coveragecanbe ashigh as40%. Many of the individual

idiomsthatcover high fractionsof the instructionstreamarisebecausethey occurin multiple locationsin

thestaticbinaries.

Thispaperhastwo essentialcomponents:(1) anidiom-level analysisof codestreamsand(2) adescrip-

tion of applicationsthat make useof idioms to improve processorarchitecture.As part of our analysis,
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we provide a catalogof the top idiomsfoundon eachof the integerbenchmarks,includingcharacteristics

abouthow frequentlyeachidiom occursin the staticanddynamiccode. In the applicationscomponent,

we describeandevaluatea mechanismto reduceredundancy in tracecachesandto potentiallyboostfetch

bandwidthby compressingidiomsinto smallercodewords.

2 Methodology

Ourobjective is to �nd asmallsetof idiomsfor eachapplicationthatspanalargeamountof theapplication's

dynamicinstructionstream. Deriving the optimal set of idioms requiresconstructingand storing every

fragmentof dependentinstructionsof everysize.Thecomputationalcomplexity of analyzingall subgraphs

of thedata�ow in theentiredynamicinstructionstreammakes�nding theabsolutesetof mostcommonly

occurringidiomsanintractableproblem.At thesametime,asimpleheuristic,suchasapeepholeanalysis[1]

within a basicblock, may be too limiting, as it restrictsthe possibility of an idiom spanninga branch

instruction.

Weaddresstheseproblemsby performingouranalysisonsequencesof basicblocksthatarevery likely

to executeasa unit. Many techniqueshave beendevelopedthat recombineblocksinto largerunits for the

purposesof schedulingandoptimization,suchastracescheduling[4] andsuperblockformation[5], aswell

asfor fetch bandwidthmaximization,suchastracecaches[12]. The unit of analysisthat we usehereis

the frame[9]. A frameis a trace-like codesegmentin which highly predictablebranchesareconverted

into control �o w assertions—inessence,a frameis a basicblock wherebranchesthat arehighly regular

have beenconvertedinto checksthat trigger recovery if the control �o w behaves differently. In a frame

all codeis guaranteedto executeatomically(i.e., the framehasno sideexits or entrances).Using frames

asthebasisfor our analysisallows idiom formationto encompassmultiple basicblockswithout having to

considermultiple control �o w paths.Frameshave beendemonstratedto cover signi�cant fractionsof the

instructionstream(approx.80%).Framescaptureprogramhotspotssincethey aredynamicallybuilt based

on observedprogrambehavior.

Thehigh-level overview of our methodologyis providedin Figure2. Theprocessworksin two passes.

In the �rst pass,a setof idioms is generated.Startingfrom a setof framesgenerateddynamicallyusing

the algorithmdescribedin [9]1 (provided by the FrameBuilder), eachframeis decomposedinto a setof

all possibleidioms(by theFrameAnalyzer). This setof all possibleidioms is thenpruned(by the Idiom

Selector)to a setof disjoint, or non-overlapping,idioms in which no staticinstructionoccursin multiple

idioms. In this phase,we mustheuristicallysearchthroughthesetof all idiomsto �nd a smalldisjoint set

1In this process,framesaredelineatedby branchinstructions.However, a branchthathasthesamedirectionn=32 consecutive

timesis convertedinto anassertion.Suchassertionsdo not terminateframes.
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that potentiallyspansa large fractionof the instructionstream.In thesecondpass,we calculatestatistics

suchas the percentageof the instructionstreamcoveredby the derived set of idioms. In the following

subsections,wedescribeeachof thepassesin moredetail.

Idioms in 
Frames

Top
Non-overlapping
Idioms

Dynamic
I-Stream

Select Top
Idiom

Remove
Overlapping
Idioms

Store Top
Idiom and
Remove

Dynamic
CoverageI-Stream

Dynamic Graph

Builder

All Possible

Standardization

First Pass Second Pass

Frames

Frame Analyzer Idiom Selector
I-Stream

Idiom
MapperBuilder

Frame
Generalization

Figure2: An overview of theidiom analysisprocess.

2.1 First Pass

TheFrame Builder generatesframesby analyzingthedynamicinstructionstream.Framesarepassedto

the Frame Analyzer, whosefunction it is to generateall possibleidioms that canbe derived from these

frames. The Analyzeroperateson a per framebasis. It analyzesthe framesthat accountfor 90% of the

dynamiccoverageof theentiresetof framesconstructedby thebuilder. This heuristicsigni�cantly prunes

thenumberof framesthatneedto beanalyzed,andresultsin nochangein thetop idiom for thebenchmarks

investigatedin this paper. TheAnalyzerpasseseachframethroughthreesteps:instructiongeneralization,

graphconstruction,andstandardization.

Generalization involvesa seriesof simplecodetransformationsthat remove someof thearti�cial dis-

tinctions betweenparticularopcodes. In Alpha, the lda (load address)and addqi (add register to an

immediate)instructionsperformthesameoperation.Sincelda operatesona16-bit immediateandaddqi

operateson an8-bit immediate,every addqi couldbegeneralizedto anlda . In this transformationthere

is no lossof information,andthereis no differencein thenumberof instructions,or theirdependencies.

Graph constructioninvolves constructingthe maximal data�ow graph in the frame. The maximal

data�ow graphis de�ned asa graphin which eachinstructionis representedasa node,andtwo instruc-

tions sharean edgeif thereexists a registerdependencebetweenthem. This graphneednot be strongly

connected,astheremaybemultiple independentthreadsof dependencewithin aframe.Dueto thetransient

natureof memorydependencies,aswell as the detachednatureof memoryreader-writer pairs,data�ow

graphedgesareonly baseduponregisterdependencies.

After themaximaldata�ow graphhasbeenconstructed,all possiblesubgraphsareformed.A subgraph

is de�nedassomeconnectedsubcomponentof themaximaldata�ow graph.Subgraphsaretheprecursorsto

idioms.To simplify ouranalysis,wechooseaminimumsubgraphsizeof threeinstructionsandamaximum

sizeof eight. Subgraphssmallerthanthreeinstructionsareexcludedbecausethey performsuchminimal
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computationthatit is dif�cult to gainany usefulinsightsfrom them.Otherthanthesizerestriction,noother

heuristicsareusedin subgraphconstruction.Thisbruteforceapproachis computationallyfeasiblebecause

themaximaldata�ow graphis largely linear, with few split andmergepoints(whicharecapableof causing

an explosionin the numberof subgraphs).Subsequentexperimentsshow that raisingthe maximumsize

above eight doesnot stronglyaffect the qualitative results. It wasalsoobserved that therewerevery few

commonidiomslargerthantwelve instructions.

Standardizationis the �nal phaseof theAnalyzer. Thepurposeof standardizationis to abstracta par-

ticular idiom occurrenceto amoregeneralform. This is donesothatotherequivalentsegmentsof data�ow

that perform the samebasiccomputationwill map to the sameidiom. This processinvolves two steps:

orderingthe operandsof commutative instructions,andextractingregisterdependencies.Two subgraphs

arecomputationallyequivalent if they differ only in the orderingof the sourceoperandsof commutative

instructions(suchasadd , or , and ). For example,ADDQr1, r2 � r3 andADDQr2, r1 � r3

perform equivalent computation. All subgraphsare forced into a standardorderingof sourceoperands,

causingsubgraphsthat areessentiallyequivalentbut expresseddifferently to maptogether. While other

standardizationtechniquesfor computationalequivalence(suchasperformingDeMorgan's law or algebraic

standardization)could alsobe performed,thereis somelossof informationinvolved in doing so, asthey

involve physicallychangingthe operatorsin the idiom. Furthermore,sincethesesubgraphsarerelatively

smallfragmentsof data�ow, therearevery few opportunitiesfor suchtransformations.

Thelasttransformation,thatof extractingregisterdependencies,is similar to theregisterrenamingpro-

cess. In it, all register speci�ers are transformedinto parameters.This maintainsthe samedependence

information,while abstractingaway the mappingof computationto speci�c architecturalregisters. This

processallows two separateinstancesof thesamecomputationto beequivalentdespitethefactthatindivid-

ual instructionsmaystoreresultsin differentarchitecturalregisters.Someof theseregisterparametersare

actualregisterinputsfor theidiom, someareoutputs.Somenumberof theparametersaretemporaryvalues

thatareproducedandconsumedwithin the idiom andnot usedelsewhere.Furthermore,immediatevalues

arealsoabstractedat thispointandtreatedasinputparametersto theidiom. Onceasubgraphis parameter-

ized, it is consideredan idiom. It is anabstractedpieceof computationwith somenumberof registerand

immediateinputsandsomenumberof registeroutputs.

The Idiom Selectoris the �nal phaseof the �rst pass.TheFrameAnalyzerpassesa list of theentire

setof generatedidioms to theSelector. The Selector's job is to reducethis large list into a smallersetof

idioms that, asa set,spana large fraction of the benchmark's instructionstream.The Selectorworks as

follows: (1) Thetop idiom is selectedfrom the list basedon its coverageover thesetof framesprocessed

by theanalyzer(this is referredto astheframestream,asit representsthoseinstructionsin thei-streamthat

occurin frames).(2) Any idiomsthatoverlapwith theselectedtop idiom areeliminatedfrom thelist—this
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avoidsthesituationin whichtheentiretoptenidiomsareall overlapping,andfrom thesameregionof code.

This stepis alsonecessaryfor many potentialusesof idiomsthatdo not allow overlap. (3) Theprocessis

repeateduntil a setof somenumberof idiomsis collected.For our analysis,we choseto collect10 idioms

perbenchmark.In practice,thetop idiomsdetectedwerefoundto beunaffectedby theparticularselection

heuristicemployed,asthedegreeof overlapamongstthetop idiomsis small.

2.2 SecondPass

Thesecondpassis simple.Theentiredynamicinstructionstreamis searchedfor uniqueinstancesof thetop

setof idioms. By re-runningeachbenchmarkandmatchingits dynamicinstructionstreamwith thesetof

idiomsderivedby the�rst pass,theI-streamMapper determinesthecompleteinstructionstreamcoverage

of thesetof idioms. As is with our analysisin the �rst pass,a dynamicinstructioncanbe in at mostone

idiom.

3 Idiom Catalog

In thissection,weprovidea listing of theidiom with thehighestcoverageof thedynamicinstructionstream

for eachof theSPEC2000integerbenchmarks,asdetectedby our analysistechniqueoutlinedin Section2.

While theparticularidiomsthemselvesarehighly speci�c to boththebenchmarkandthecompilerusedto

generatethebinaries,therearesomeinterestinghigherlevel insightsto bederivedfrom this listing.

Figures3 and4 provide pictorial representationsof eachof the top idioms. Eachnodein thedata�ow

representationof the idiom is an Alpha instruction. For eachidiom, we provide (1) an examplepieceof

sourcecodefrom which theidiom is derived,(2) thepercentageof thetotaldynamicinstructionstreamthat

is coveredby that idiom2, and(3) thenumberof uniquestaticoccurrencesof the idiom thatareobserved

during execution,i.e., sameidiom from differentstatic instructions. The shadingis provided to assistin

mappingtheconstituentinstructionsbackto thesourcecodefrom whereit originates.

In thepictorial representation,we alsoincludetheinputsandoutputsof idioms. An idiom representsa

self-containedunitof computation;its inputsandoutputsareparameters(registersandimmediatevalues)for

theidiom. In somesensetheidiomformsaprimitiveoperationthatis performedfrequentlyby theassociated

application.Someof thevaluesgeneratedwithin anidiom arenot liveoutputsof theidiom, asfor example,

theoutputof thes8addq on thetop idiom in crafty. Sinceit is notalwayspossibleto determinewhethera

valueis live or deaduponexit from anidiom, weconservatively markvaluesasoutputs;potentiallyidioms

might have fewer outputsthan denotedhere. Someidioms have immediatevalue inputs,which arenot

shown on thediagramto preventclutter. In caseswheremultiple logical inputsarethesamephysicalvalue,

2In somecases,theidiom coverageis a lower bound.Our techniqueis approximatein orderto conserve onmemoryusage.
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we've denotedanRx. For example,two ldq instructionsin mcf bothhave registerinputsfrom thesame

baseregister.

Someof the idioms provide valuableinsightsinto the frequentdatamanipulationsperformedby the

benchmark.For example,thetop idiom in bzip2resultsfrom codethatrotatesanarrayof charactersby one

element.This particularidiom originatesfrom onestaticloop in the bzip2sourcecodethat the compiler

unrolledfour times.Theidiom representsa sequenceof eightoperationsthathappenrepeatedlyacrossthis

unrolledloop. As a point of note,this particularloop actuallyoccursin two locationsin thebzip2source

code.Thecompilergeneratedslightly differentcodefor eachversionresultingin only oneof theversions

gettingmappedto this idiom. This idiom couldbegeneralizedslightly to includetheotherversionof the

loop, thusincreasingits coverage.As it is, this idiom derivedfrom thesinglestaticsitecoversnearly23%

of thedynamicinstructionstreamof bzip2.

For the benchmarkgap, the most frequentidiom representsa function call that occursvia a function

pointerthatis calculatedvia atablelookup.Thesourcefrom whichthis idiom arisesis aC macrode�nition

thatoccursin nearly500sitesin thesourcecode.With thedatasetswe used,nearly200of thesesitesare

expresseddynamically. Notefrom thesourcecodethatthis idiom spansmultipleconditionalbranches.

For thebenchmarkmcf, the idiom representsa frequentcalculationthat is basedon elementswithin a

datastructure.Theresultingeightinstructionidiom has2 registerinputsand2 possibleoutputs.Theidiom

alsoincludesaconditionalbranch.

Two of thebenchmarks,gzipandparser have top idiomsthat representbytemanipulations.For these

benchmarks,eventhoughtheAlpha compileris enabledto generateinstructionsfrom theBWX extensions

(Byte andWord Extensions),thecompilerinsteadperformsbyte extractionson quadword data. This was

possiblydoneto reducethenumberof memoryoperationsperformedby theassociatedcode.

Thebenchmarksmcf, crafty, gap, andvpr all have idiomsthatencompasspointerindirectaddressing.

Otherbenchmarksexhibit lower coveragesof their top idioms. Many of thesebenchmarkshave small

minimumsizedidioms. Thesebenchmarksperformwider, variedtypesof operationsandthis is re�ected

in their top idioms. For example,the top idioms in gcc, vortex, andperlbmkareall relatedto thefunction

callingconventionin Alpha. Thegccandvortex idiomssavevaluesonthestack,whereastheperlbmkidiom

re�ects theupdateof thestackor globalpointersuponentryinto a function.

In thenext section,we investigatethebroaderpropertiesof theidiomswecollect.Wehopeto establish

that thefrequency, characteristics,andtypesof idiomsthatexist in generalintegercodearesuchthat they

canbeexploitedin avarietyof ways.For example,idiomscanbeusedto directdispersalpoliciesfor better

executionclusterassignment.Idiomscanbeusedto tailor special-purposefunctionalunitsat design-time

or recon�gurableunitsat run-time.Wedetailseveralapplicationsin Section5.
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yy[0] = tmp;

  tmp2 = tmp;
  j++;
while ( ll_i != tmp ) {
tmp = yy[j]Rx

  tmp = yy[j];
  yy[j] = tmp2;
};

BZIP2

Dynamic Coverage:22.89%
Number Of Static Instances: 1

stb

beq bne

xor xor

ldbuldbu

addq

Rx

BITBOARD save_hash_key[MAXPLY+2]
...
HashKey=save_hash_key[ply]

#define BITBOARD unsigned long long;

Number Of Static Instances: 233

...

CRAFTYldq

s8addq

ldq

Dynamic Coverage: 3.70%

EON

Dynamic Coverage: 9.66%
addl

cmplt

beq

Number Of Static Instances: 8

static int nComponents() {
  return NLAMBDA;
};
...

  ...
for (i = 0;  i < nComponents(); i++)

GAP

...
  T_INT : ((HD)->TYPE));
#define TYPE(HD) (((long)(HD) & T_INT ? \

jsr

   (hd) : (*EvTab[TYPE(hd)])((hd)));
...

hdRes = EVAL( HdStat );

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

Dynamic Coverage: 7.26%
Number Of Static Instances: 192

addq

ldah ldq

extbladdq

s8addq

ldq

update
sp or gp

Number Of Static Instances: 633

GCC

stq

stq
stq

stq

stq

stq
stq

lda

/* calling convention */

Dynamic Coverage: 1.91%

...

GZIP

unsigned char l_buf[INBUFSIZE + ... ];

l_buf[last_lit++] = (unsigned char)lc;

addq

zapnot

ldq_u

mskbl

insbl

stq_u

or

Dynamic Coverage: 4.66%
Number Of Static Instances: 24

Figure3: Thetop idiomsoccurringin thebenchmarksbzip2, crafty, eon, gap, gcc, gzip. For eachidiom we

provide anexampleof sourcecodefrom wheretheidiom wasderived,thedynamiccoverageof thatidiom,

andthenumberof staticoccurrencesof thatidiom.
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MCF

addq

Number Of Static Instances: 21
ldq

ldq

ldq

ldq

subq

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

...

int bea_is_dual_infeasible(arc_t *arc,
                      cost_t red_cost)

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

Rx
Rx

  return(red_cost < 0 && ... );

mov

Dynamic Coverage: 7.71%
Number Of Static Instances: 1058

PERL
update
sp or gp

lda

ldq

lda

/* calling convention */

Dynamic Coverage: 6.25%

PARSER

Number Of Static Instances: 47

ldq_u addq

sra

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

    ...
  ...
}

  while ( *s != '\0' && ... )

Rx Rx

Dynamic Coverage: 5.38%

ldah

lda

ldq

update
sp or gp

Number Of Static Instances: 1001

TWOLF

/* calling convention */

Dynamic Coverage: 5.28%

Number Of Static Instances: 1017

VORTEX

stq

addq

stq

stq

/* calling convention */

Dynamic Coverage: 4.88%

VPR

struct s_heap {
  ...

Number Of Static Instances: 5

  float cost;
  ...
};
...
struct s_heap **heap;
...
if ( heap[ifrom]->cost ... )

s8addq

lds

ldq

Dynamic Coverage 12.92%

Figure4: Thetop idiomsoccurringin thebenchmarksmcf, perl, parser, twolf, vortex, vpr. For eachidiom

we provide an exampleof sourcecodefrom wherethe idiom wasderived, the dynamiccoverageof that

idiom, andthenumberof staticoccurrencesof thatidiom.
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4 Analysis

In the previous section,we provided samplesof the top idioms found in eachof the SPEC2000integer

benchmarks.Herewe expandthesetto includethetop tenidiomsfor eachapplication.Ratherthanprovid-

ing a comprehensive listing of this setof idioms,we attemptto distill somebroaderpropertiesto provide

insightson thenatureof idioms.

4.1 Dynamic Coverage

Thetwo plotsin Figure5 show dynamicinstructionstreamcoverageasit varieswith thenumberof idioms

for eachapplication. This graphwasdivided into two similar plots to enhancereadability. We vary the

numberof idiomsfrom 1 to 10. As canbeseenfrom thegraph,thetop tenidioms(madeup on averageof

only 50 constituentinstructions)cover between15%and40%of theinstructionstream.

Very few idiomsarerequiredto maximizecoverage.Increasingthesetbeyond10 idiomsresultsin only

slightly highercoverage;beyond10, thecurves�atten out. Our experimentsshow thatbeyond20 idioms,

the marginal increasein coverageis below 0.5% for eachnew idiom added. Thereare two reasonsfor

this behavior. First, the top idioms aregenerallyin programhot spots. Second,few idioms have a large

numberof staticoccurrences.Third, sincewe've useda heuristictechniqueto derive thesetof idioms,it is

susceptibleto localminima.Otherheuristicscouldpotentiallyresultin betterspanningsetsof idioms.
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Figure5: Thecoverageon optimizedcode.

As pointedout earlier, thesetof generatedidiomsis highly sensitive to thecodegenerationpoliciesof

thecompiler. Figure6 containstwo plotssimilar to Figure5 exceptusingbinariesthatwerenot statically

optimized.

In unoptimizedbinaries,idiomscoverbetween20%and60%of thedynamicinstructionstream,signif-

icantly higherthanfor theoptimizedbinaries.This increaseis dueto the fact that,without optimizations,
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thereis a higher likelihoodthat differentplacesin the sourcecodethat have a similar structurewill map

to the sameidiom. In performingoptimizations,the compiler is ableto customizea pieceof codeto the

particularcontext in which it is used,andin theprocessmapwhatappearto besimilar codeconstructsto

slightly differentlyidioms.
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Figure6: Thecoverageon unoptimizedcode.

While thespeci�c natureof theidioms(suchaswhatthey look like) variesbasedon many factorssuch

asISA, compiler, evenprogrammer, thebasisfor idiomsappearsto befundamental:a small setof idioms

cancover anon-trivial amountof anapplication's instructionstream.

4.2 CoverageDistrib utions

In Section2 we describehow our idiom analyzeruseda notionof aprogramhotspot(a frame)from which

to generatecandidateidioms.However, theidiomsthatareeventuallychosenby ouranalyzerarenotlimited

to thosesamehot spots.For example,the top idiom in thebenchmarkgapoccursin nearly200observed

differentstaticlocations.Thoseidiomsthatprovidehighdynamiccoverageareoftentimesalsothoseidioms

whichhave thelargestnumberof staticinstances.

Figure7 shows ascatterplot of thetop tenidiomsfrom eachbenchmarksortedby rank(i.e., theidioms

with thehighercoveragefractionsappearfurtherto theright). Theverticalpositionof apoint representsthe

relative numberof staticoccurrencesof the idiom (This numberis de�ned asthe numberof staticoccur-

rencesof theidiom dividedby thetotalnumberof staticinstancesof thetop idiomsof thebenchmark.This

allowsfor arelativecomparisonof thebenchmarks,aswell asameaningfullook attherelationshipbetween

staticinstancesanddynamiccoverage).As canbeseenin the�gure, thereis a strongcorrelationbetween

thenormalizedstaticoccurrenceandthedynamiccoverageof an idiom. Idiomswith highercoverageare

likely to be derived from multiple sitesin the sourcecode. Thus,commonidioms areboth staticallyand

dynamicallyfrequent,unlike otherdynamicallyfrequentcodeconstructs,suchasinnerloops.
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Also noteworthy: for somebenchmarkssuchasbzip2, thetrendis opposite.Thetoprankingidiomsare

derivedfrom very few staticsites.In suchbenchmarks,therearesmall,highly executedregionsof codethat

areresponsiblefor a majorityof thecomputation.Theresultingidiomsfrom thesekernelswill beexecuted

in high frequency, eventhoughthey mayonly have onestaticinstance,andwill potentiallyhave very high

coverage.

4.3 Idiom properties

In orderto provide a concise,comprehensive pictureof thenatureof idioms detectedby our analysis,we

provide somecharacteristicsbasedon idiom size.Thesecharacteristicsareprovidedin Table1. Thedatais

basedon the120idioms(top10 idiomsperbenchmark)generatedby theanalyzer.

This tablelists variouspropertiessuchasregisterinputsandoutputscategorizedby size.For example,

the averageidiom of size3 hasoneregister input and1.3 registeroutputs,whereasthe averageidiom of

size8 has4.5 inputsand4.8 outputs. Recall,our estimationson registeroutputsareconservative, aswe

areoften uncertainwhethera valueis only usedwithin the idiom or alsousedexternally. Internalvalues

lists the numberof valuesgeneratedwithin the idiom that areknown to not be usedoutsidethe idiom;

correspondingly, this numberis pessimistic. In additionto register inputs,an idiom canhave immediate

inputs for memoryand arithmetic/logicoperations. Inputs that are always zero refer to inputs that are

immediateinputsalwayssetto 0 or registerinputsthatarer31(which is hardwiredto 0).

Onepoint of interestis the numberof LD/ST instructionsascomparedto the numberof immediate

valuesappearingin the averageidioms. As an example,the average3-instructionidiom has0.8 LD/ST
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instructionsandrequires1 immediateinput. Sinceall memoryinstructionsin Alpha requireanimmediate

offset, the bulk of the immediateinputsper idiom are for memoryoperations.For idioms of size6, the

numberof immediatesis lessthanthenumberof memoryoperations:heremany of thememoryoperations

have offsetsof zeroandarenotcountedasimmediateinputs.

Also includedin this table is the fraction of dynamicoccurrencesof theseidioms that spanbranch

instructions.While thisdatapointmayat �rst seempeculiar, weprovideit to demonstratethatabasic-block

level analysisfor idiom detection(for example,in peepholeanalysisduringcompileroptimization)will miss

opportunities.Sinceouranalysisis doneon frames(again,thesearehighly regularregionsof control�o w),

weareableto detectcandidateidiomsthatspanmultiplebasicblocks.

Idiom Size
3 4 5 6 7 8

Registerinputs 1.0 2.5 2.3 2.0 4.0 4.5
Immediateinputs 1.0 2.3 2.4 2.5 3.8 4.6
Registeroutput 1.3 2.4 2.1 3.5 3.3 4.8
Internalvalues 0.4 1.4 1.3 1.5 2.8 2.7
Inputsthatarealwayszero 0.3 0.6 1.3 2.5 2.5 1.8
Num of LDs/STs 0.8 1.6 2.1 3.0 3.8 4.2
Num of Branches 0.3 0.6 0.7 0.3 0.5 0.5
% thatspanbranches 19% 35% 29% NA 37% 58%
RelFrequency 39.2 20.8 14.2 3.3 4.2 18.3

Table1: Variousidiom propertiesbrokendown by idiom size.

4.4 Conglomeratedanalysis

Thelastexperimentin thissectionprovidesaconglomeratedanalysisof idiomsif all theSPEC2000integer

benchmarkswereto be treatedasoneentity. We do this to discover thoseidioms thatexist in thegeneral

application;to �nd thoseidiomsthatareprimitive to all applications.

Thisanalysisstartswith asetof thetopframesfrom eachbenchmark,wherethesetis enoughto account

for 25%of thecorrespondingbenchmark's dynamicinstructionstream.Then,given thateachbenchmark

runsfor a differentnumberof instructions,thenumberof timeseachframeis executedis normalizedsuch

thatall benchmarkshave equivalenteffective contribution for theconglomeratedinstructionstream.

The coverageof the top ten idioms resultingfrom this conglomeratedanalysisis 14%, which is on

the lower endof thebenchmark-speci�cset. A numberof interestingobservationscanbemadefrom this

conglomeratedanalysis.First, algorithmicidioms (which rank very highly in individual benchmarks)are

generallynotcommonacrossbenchmarks.Instead,thetop tencross-benchmarkidiomsaremoreprimitive,
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andcanbeclassi�ed into four broadcategories: (1) genericdatamanipulation,(2) branchcalculation,(3)

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

category (1) aredueto manipulationsof bytedatatypesstoredin quadwords(again,many of theseidioms

wouldmapdirectly into Alpha's BWX extension,which thecompilerchosenot to use).Themostcommon

idiom in thecross-benchmarkanalysisbelongsin category (3): it is a calleesave of registervaluesoff the

newly calculatedstackpointer. Idioms in category (4) arepresentin the C standardlibrary. Experiments

with C++ benchmarkshave shown thatthiseffect is morepronouncedin C++ codewhichusesthestandard

templatelibrary. Figure8 providesfour examplesof topcross-benchmarkidioms.

loading a value, and branching location within a quadword
inserting a byte into a designated

on an inequality

calculating a load address,

beq

loading and zero extending a byte basic loop control

ldbu

xor

bne

addl

mskbl

insbl

or

Rx

Rx

extbl

ldq_u

lda

cmplt

addq

Figure8: Thissetof idiomsoccurredfrequentlyacrossall thebenchmarks.

5 Applications

The analysispresentedin Sections3 and4 supportthe notion that a small setof frequentidioms canbe

derived on general-purposeapplications. On someof the benchmarksanalyzed,the spanof a setof 10

idioms can be quite signi�cant. This propertyof idioms coupledwith the fact that idioms encapsulate

computationandcommunicationprovidesfor someinterestingapplications.

An obvious applicationof idioms, andonethat hasbeenexploredon a smallerscalein previous re-

search[13], is thatof mappingidiomsto new typesof instructionsthatcanbeexecutedonspecialfunctional

units tailoredfor their computationpattern.For example,if the idiom SHIFT � ADDwerefrequent,then

includingtheSHIFTADDinstruction(many ISAsdo)cansaveoncachespace,fetchbandwidth,andonex-

ecutionlatency sincetheshift andaddcanmostlikely bedonein asinglecycle. Furthermore,thenotionof

amultiopertionidiom allows for machine-level optimizationsof its constituenttasks.For example,recalling

the incrementexamplewe provided in Figure1 in Section1, this idiom canbe optimizedat the machine
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level by removing theaddresscalculationassociatedwith theSTQ. This is possiblebecause,by de�nition

of theidiom, bothLDQandSTQaccessthesamelocation.

For suchtarget applications,the idioms that we identi�ed in the previous sectionarelikely to be too

general.Rather, theidiom formationphaseof our analysistechniquewould needto �lter out thoseidioms

thatdonotmatchtheprototypefor theintendedapplication.Forexample,only idiomswith alimitednumber

of registerinputsandoutputscouldbecandidates.Sucha restrictednotionof idiomswasexaminedby Ye

etal [15]. They demonstratedthatidiomswith upto 9 inputsandonly 1 outputconsistingof only arithmetic

andlogic operationscanbeusedto signi�cantly speedup mediaapplicationsby processingsuchidiomson

a recon�gurablefunctionalunit.

Preidenti�edidiomscandynamicallyaffect processorpolicies. For example,sinceidiomsencapsulate

valuecommunicationbetweeninstructions,they canbeassignedasaunit to anexecutionclusterin amulti-

clusteredarchitecture.In Section4 we demonstratethatat leasta third of operations(andvery likely, many

more)within anidiom only generatevaluesto beusedwithin theidiom. Suchlocalizationof communica-

tion makesidioms valuablefor clusteredexecutionbecausethe valuesgeneratedby an instructiondo not

needto bebroadcastoutsideof theidiom, andthusoutsidethecluster. Theidenti�cation of idiomscanhelp

processorarchitectsbuild anunderstandingof frequentpatternsof computation.

5.1 Compressionof fetch bandwidth

In this section,we examinea speci�c and highly aggressive useof the idiom concept. We exploit the

notionthatapplicationshave idiom locality by “compressing”thefetchstreamof anapplication.Thebasic

conceptis thatwe want to packidioms into smallercodewords,suchasrepresentingthe incrementidiom

“LDQ � ADD � STQ” with a singularinstruction. In doing so, the operationsof the instructionsthat

constitutethe idioms areabstractedfrom theoperands,allowing compactionof the instructionwordsthat

representthoseoperations.

The basicconceptbehindsuchapplicationsis that new instructionsare addedto an ISA to encode

idioms,customizedperapplication.A pro�le-drivencompileranalysisof anapplicationproducesanidiom

list thatis systematicallymappedinto idiom instructionwords.Thecompilerthencommunicatestheidiom

list to thehardwarethrougha specialinstructionat applicationstartuptime. Theformatof theidiom word

is shown in Figure9. It containsfour �elds: (1) opcode,whichdenotesthatthecurrentinstructionwordand

somenumberof wordsthatfollow arepartof anidiom (weusespareAlphaopcodesfor this),(2) idiom ID,

which is usedby thedecoderto locatethetemplateof the idiom, (3) thedispersal�eld, which we discuss

below, and (4), parameters,which are the dynamicbindingsof the input/outputregistersand immediate

valuesfor theidiom.

Table1 shows thata considerablenumberof sourceoperandsof instructionsin idiomsareeithercom-
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pletely internalto the idiom or arealwayszero. This propertycanbe exploited here,becausein orderto

performthecomputationcorrectly, only the inputsandoutputsneedto be encodedinto the idiom format.

Furthermore,if multiple instructionswithin anidiom usethesameconstantvalue,it needonly bespeci�ed

onceasanidiom parameter.

Whenan idiom opcodeis encounteredin the fetchstream,thedecoderwill accessthe Idiom Decoder

Cache(IdC) basedon theID of theidiom3. TheIdC containstemplatesof theidioms,which whenrecom-

binedwith input andoutputspeci�erscontainedin theparameter�eld of theidiom instructionwords,form

the original instructionwords. The original instructionwordsareaddedbackinto the instructionstream

startingat thepositionof theidiom codeword. Thisprocessis outlinedin Figure9. A slightly restrictedver-

sionof this conceptwas�rst proposedby Araujoet al [2]. They proposedtheconceptof storingoperations

separatelyfrom operandsandbindingthematdecodetime. Weexpandupontheirwork by allowing idioms

to spanbasicblocksandto preserve compilerschedulinginformation.
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Multiword Idiom Instruction

Figure9: Theidiom decodinglogic in theDecodestageswill expandanidiom's codeword into constituent

operations.Thedispersal�eld allows theidiom to preserve thecompiler's instructionscheduling.

Compilerschedulinginformation is preserved by the useof the dispersal�eld. It indicateshow the

constituentinstructionsof anidiomaretobereintegratedinto theinstructionstream.Eachbit in thedispersal

�eld representsaninstructionposition.A 1 indicatesthatthecorrespondingpositionshouldbe�lled by an

idiom instructionanda0 indicatesthatthepositionshouldbe�lled by aninstructionfrom thefetchstream.

Thedispersal�eld allowsinformationaboutinputarrival positionsandoutputpositionstobeabstractedfrom

theidiom itself, potentiallyallowing morecodefragmentsto mapto thesameidiom. Thelengthof this �eld

3The IdC can potentially miss on the idiom ID, in which casea software exceptionwill causethe appropriateidiom to be

reloadedinto theIdC.
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correspondsto the spanof an idiom—thenumberof instructionwordsbetweenthe �rst operationof the

idiom andthelast.Theuseof thedispersal�eld alsoincreasesanidiom's applicabilityby avoidingasticky

issuewherean instructionnot in the idiom bothusesa valuegeneratedby the idiom (registeror memory)

andproducesa valuefor the idiom. In suchcasesthedispersal�eld allows thecompilerto interleave the

idiom aroundtheexternalinstruction.This issueis discussedfurtherin Section5.2.

To evaluatethisscheme,we measuredthepercentreductionin numberof instructionwords(i.e.,32-bit

Alpha instructions)thatarerequiredto befetchedif suchanencodingwereto beperformed.Thenumber

of codewordsneededfor a particularidiom instancedependson thenumberof inputsandoutputsfor that

idiom. If thenumberof inputsandoutputsis small, thenan idiom canpotentially�t into a regularAlpha

instructionusing the format described. Idioms with a larger numberof inputs and outputswill require

additionalwords.

Thebene�t in this schemederivesfrom theratio betweentheoriginal sizein instructionsandthesize

of theidiom in encodedform. Anotherbene�t of thismechanismcomesparticularlyfrom tracecachesthat

storeinstructionsin dynamicorder. Traceandframecachessuffer signi�cantly from redundancy [3]. This

redundancy canbe mitigatedby storingtraceswith the frequentcomputationof the tracesrepresentedas

idioms.This hasseveralbene�ts. It allows moreinstructionsto becompactedinto a traceor frame.This is

abene�t if many tracesreachthemaximumsizelimit. It allowsmoretraces/framesto bestoredin thecache

at any particulartime if the traceis storedacrossmultiple cacheblocks,asit is on thePentiumIV [6]. It

allowsaboostin fetchbandwidth,asfor agivenfetchwidth,agreaternumberof instructionsbytescancross

thefetch-to-decodeboundaryperunit time. This presumesthatthedecoder, renaminglogic, andexecution

enginecankeepup with theaddedfetchrate.

Figure10 shows the percentreductionin thenumberof instructionwordsthat needto be fetchedif a

very straightforward idiom instructionencoding. As mentioned,eachidiom occupiesa �x ed numberof

32-bit instructionwordsdependingon the numberof parametersthe idiom contains. In all, we observe

approximatelya10%reductionin thenumberof instructionsrequiredto befetched.

Experimentshave shown that a signi�cant portionof thecompressionbene�t shown in Figure10 can

be achieved with only a small numberof encodingformats. In this schemethereareonly eight different

idiom formats,eachof which have a differentsize,anda differentnumberof bits allocatedfor registers,

immediates,anddispersalbits. The small, �x ed numberof formatsmakesthe necessarydecodinglogic

simpler. Idioms areencodedinto the smallestformat thathave at leastasmany �elds of eachtype asthe

idiom requires.If theidiom cannot�t into any of theencodingformatsit is discarded.

In Alpha, immediatescan be 8, 16, or 21 bits in sizedependingon whetherthey originatefrom an

arithmetic/logicoperation,a memoryoperation,or a control �o w operation.Eachencodingformat hasa

speci�ednumberof eachof these�elds. Additionalcompressionbene�t couldbeachievedby adjustingthe
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Figure10: The effect of using idioms for bandwidthcompression.The resultsare the net saving in the

numberof instructionwordsfetched.

sizeof theimmediate�eld to theneedof theparticularidiom. For instance,many of theloadsandstoresin

the instructionstreamhave offsetsthatcould �t within a smaller�eld. More than70%of memoryoffsets

in thedynamicinstructionstreamcan�t within 8 bits. In addition,while branchtargetsareoften large in

size,they aregenerallynearto eachotherin value.A deltaencodingcouldbeusedto furtherscaledown the

numberof bits necessaryfor branchtargets.Generallyspeaking,aswith mostinstructionencodingissues,

thereis ade�nite tradeoff betweenencodingcompactnessanddecodingcomplexity.

5.2 Applicability of idioms to other applications

Theconceptof the idiom aspresentedin this paperhasvery few restrictions.This wasdoneintentionally,

to try to displaythemaximumpotentialof theidea.Certainapplicationsmayimposeadditionalrestrictions

on thetypeof idiomscreated,in orderto maintaincorrectness,or make thehardwaresimpler. We call this

processof �ltering idiomspecialization.

In the caseof compressingfetch bandwidth,a situationcalled idiom deadlock had to be avoided to

maintaincorrectness.Figure 11 displaysthe deadlockcase,in which a segmentof data�ow is shown.

NodesA, B, C, andE constituteanidiom, with D not included.If all of theidiom's instructionswereplaced

contiguouslyinto the decodebuffer, data�ow orderwould be violated,asB mustprecedeD, andE must

follow it. We choseto solve the problemthroughthe useof dispersal�elds, but it could have alsobeen
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solvedwith specializationby �ltering outall idiomsthataredeadlockedasthey areproduced.

Using idioms to map generalcodeto specializedfunctional units would also potentially necessitate

idiom specialization.Idiomswith memoryoperationswould probablybeexcluded,alongwith idiomswith

morethanonelive registeroutput.

A

B

C

E

D

Figure11: An exampleof a deadlocked idiom. NodesA, B, C, andE are in the idiom, while D is not

included.

6 RelatedWork

The generalconceptof idiom analysis,or instructioncombining,is a generalcompileralgorithmto map

generalcodesequencesinto machineidioms[1]. We expandthepreviouswork on this endby performing

analysison regions of codethat spanmultiple basicblocks. Furthermore,we proposea �e xible idiom

instructionthatallows a compilerto combineinstructionsevenif no pre-de�nedmachineinstructionexists

for them

Theconceptof codestreamanalysisfor detectionfrequentpairsof operationhasbeenexploredprevi-

ously[11, 14, 13], typically in thecontext of �nding asmallnumber(2-3instructions)thatcanbepotentially

executedin a singlecycle. In our analysis,we do not restrictthesetof dependency chainswe canform in

orderto �nd purelyrepeatingidioms.

Oneof thepotentialusesof theidiom conceptis thatof compressingtrace/framecachespaceandfetch

bandwidth.Previouswork oncachecompression[7, 8, 2] focusedonsomewhatrestrictedmodelsfor cache

compressionof astaticbinary:eithertheinstructionshadto bephysicallysequentialor becontainedwithin

thesamebasicblock,or requiredasigni�cant amountof computationto decompressthecodedstream.The

schemeproposedby Araujo et al [2] is quitesimilar to thefetchcompressionproposedin Section5. They

proposeseparatingtheoperationtreefrom theopcodes.Herewe relaxtheconstraintthattheoperationtree

(idiom) exist within asinglebasicblock. Furthermore,theuseof adispersal�eld allows thepreservationof

compilerschedulinginformation.
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7 Conclusions

For this study, we have developedananalysistechniquethat is ableto heuristically�nd repetitive data�ow

fragmentsin integercodestreams.Usingthis techniqueon theSPEC2000integerbenchmarks,weareable

to deriveasmallsetof idiomseachconsistingof between3 and8 Alphainstructions,wherethesetcoversa

non-trivial fractionof theoverall stream.On theaveragebenchmark,a setconsistingof 10 idioms(50 total

instructions)spansover 26%of theinstructionstream.This is thesigni�cant outcomeof ourstudy.

We�nd thatthetopidiomsin eachof thebenchmarkscanbecategorizedasidiomsthat(1) performdata

structure-relatedmanipulation,(2) perform branchcalculation,(3) perform operationsrelatedto calling

conventionoverhead.Someof the top idioms in eachbenchmarkoccurvery frequentlyduringexecution.

For example, the top idiom in the bzip2 spansalmosta quarterof the application's instructionstream.

Generallyspeaking,thoseidioms that have signi�cant coverageoccur in multiple static locationsin the

binary.

We investigateanapplicationthatpotentiallypreservesthecachespaceandboostfetchbandwidthfor

a tracecacheor framecache.By developinga careful,systematicencodingof frequentidiomsinto smaller

instructionwords,a simpledecodersuf�ces to reconstitutethe instructionstream.Sucha mechanismcan

reducethenumberof instructionwordsfetchedfrom thecacheby almost10%.

While thispaperprovidesanin-depthqualitativestudyof thetopidiomsin theSPEC2000integerbench-

marks,therearestill many characterizationanddesignpointsleft unexplored.Wearecurrentlyinvestigating

how theidiomsdiffer on architecturesotherthanAlpha, aswell asnew applicationsfor the idiom concept

otherthanfetchbandwidthcompression.
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