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Abstract. As processocompleity increasesompilerstendto deliver subopti-
mal performanceLibrary generatorsuchasATLAS, FFTW andSPIRAL over-
comethis issueby empirically searchingn the spaceof possibleprogramver-
sionsfor the onethat performsthe best.Empirical searchcanalsobe appliedby
programmershut becausehey lack atool to automatehe processprogrammers
needto manuallyre-write the applicationin termsof several parametersvhose
bestvaluewill be determinedy the empiricalsearchn thetargetmachine.

In this paper we presenthe designof anannotatiorlanguagemeantto be used
eitherasan intermediaterepresentationvithin library generatorsr directly by
theprogrammerThislanguagehatwe call X representparameterizegrograms
in a compactandnaturalway. It providesan powerful optimizationframework
for high performanceomputing.

1 Intr oduction

Processorandmachinesn generalarebecomingincreasinglycomplex andit hasbe-
comeextremelydif cult evenfor expertsto identify thefastestodesequenceandthe
sequencef transformationshatwould optimizea given codesequencé6, 7,29,30].
Furthermorethe bestcodefor a particularmachines not necessarilyhe bestfor other
machinesgvenwhenarchitecturabifferencesareminute.Becausef this compleity,
compilerstendto deliver suboptimalperformanceand programmersnake limited at-
temptsat manualoptimization.Theresultis that,in mary casesapplicationsonly use
asmallfractionof thetargetmachines power.

Clearly, an optimizationmethodologymust be developedto improve the current
situation.Recenistudieshave shavn thata conceptuallysimplestratgyy, known asem-
pirical seach, canbe a very effective optimizationstratgy. Empirical searchconsists
of searchingthe spaceof possibleprogramversions,executingeachof themon the
targetmachine andselectinghefastestersion.

Empirical searchhasbeenstudiedin the context of compilertransformation§14]
andlibrary generatorsThus,ATLAS [27], alinear algebralibrary generatarsearches
the spaceof possibleforms of matrix-matrix multiplication routines. The different



formsvaryin thesizeof tiles, degreeof unrolling, andschedulef operationsThe SPI-
RAL [20] andFFTW[10] signalprocessindibrary generatorsearcha spaceconsisting
of implementationsf differentformulasrepresentinghetransformto beimplemented.
In the caseof library generatorsempiricalsearcheadsto performanceémprovements
of an order of magnitudeover good genericlibraries that have not beentunedfor a
particularmachine.

Empirical searchcanalsobe appliedmanuallyby a programmerThe ideawould
be for the programmetrto write the applicationin termsof several parametersvhose
bestvaluefor a particulartargetmachineis to be determinedby empiricalsearchThe
parametergould specifyvaluessuchasdegreeof unrolling of a givenloop, tile size,
etc. Parametersould alsobe usedto representompletelydifferentwaysof carrying
out a computationor part of a computationby numberingthe differentstratgiesand
makingthis numberoneof the parametersvhosevalueis to beidenti ed.

In thispapemwe describeanongoingeffort to designandimplementanew language,
X, thatcouldbe usedby programmers&ndalsosene asanintermediataepresentation
within of library generatorsX is a languageo represenparameterizegrogramsnat-
urally and compactly Programmersvould be ableto programin X directly. Library
generatorgould be organizedas depictedin Figure 1 whereit is assumedhat func-
tions of the library aredesignedn a very high level domainspeci ¢ languagewhich
is analyzedparameterizedndtranslatednto X programsThe availability of X would
enablethereuseof asearchengineacrosdibrary generators.
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Fig. 1. Programming adaptive library generators

Our objectiveis to designX sothatit is easyfor the programmeto specifywhich
transformationso apply, andchangeheorderor thevaluesof thetransformationsThe
value of the parametergan be determinedusing empirical searchorchestratedy a
searchenginewhich could usethe tagetmachineto evaluatethe performanceof each
versionof theprogramor rely on analyticalmodels.

Sincemary programsspendmostof their time executingloops, loop-basedpti-
mizationsare the main focus of attentionof the transformationsve proposein this
initial versionof X, althoughnon-looptransformationsrealsopossible.



Theoutputof processingX couldbemachinecode which would give programmers
accesso low-level optimizationsHowever, this approaciwould forcethedevelopment
of anX translatoffor eachmachine To make X portable highlevel languageodecould
be generatedo that eachversionof the code,thatis, eachpoint in the searchspace,
would have to be fed to the native compiler This compileris in chage of the low-
level optimizationssuchas register allocationand codegenerationof the executable
code.In mary occasionswe would like to disablemary of the optimizationsof the
native compiler, but this is not always possible becausealisablingall optimizations(-
00) couldleadto poorperformanceAs a result,the transformationsepresenteéh X
may or may not be preseredby the native compiler Theonly solutionto this problem
is the searctof the bestcombinationof transformatiorat the sourcelevel thatinteracts
with thelow level compilet

Therestof the paperis organizedasfollows: Section2 lists the languageequire-
mentsto easethe designof multiversionprograms;Section3 analyzeshe multiver
sionningcapabilitiesof macroor multistagelanguageswith respectto theserequire-
ments;Section4 presentghe X languagewhich combinesmultistageevaluationwith
rei cation andtransformatiorpragmasSection5 detailsthe designof the X language
source-to-sourceompiler;Section6 presentpromisingresultson mimicking thecode
generatofor DGEMM (matrix-matrix multiplication) in ATLAS [27]; and Section7
compareshe X languagewith relatedwork andresults beforewe concludeandsketch
futurework.

2 NecessaryFeaturesof the Language

In this sectionwe discusghefeaturegshatmustbeexhibited by arny languagedesigned
speci cally for thecompactrepresentationf multiple codeversions.

1. ElementarytransformationsThe rst featureshatcometo mind areconstructgo

generatenultiple versionsof a statemenby applyingelementarytransformationgo
a statementElementantransformationgarewidely usedtransformationshatcannot
be corveniently castin termsof other simplertransformationsFor programopti-
mization,thetamgetsof the transformationareusuallycompoundstatementandthe
transformationgypically manipulatethe orderof executionandthe control structure
of thecomponentd-or sequencesf assignmenstatementdypical elementaryrans-
formationsare statementeorderingreplication,anddeletion.Loop transformations
includeunrolling, interchangingstripmining,fusion, ssion, andscalareplacement.
We alsoconsidellooptiling anelementaryransformatioralthoughin theoryit canbe
represente@dsa combinationof stripminingandinterchangingSomeloop schedul-
ing transformationssuchassoftwarepipelining,arebe consideredo be elementary
transformationsThe reasonis that, althoughschedulingcanbe representedsa se-
quenceof simplertransformationsi is usuallydif cult to do so.
Many of elementantransformationsequireinput parameterssuchasthe degreeof
unrolling (Figure2), tile size,andlocationswheretheloopis to besplitin the caseof
ssion (Figure3). Multiple versionsof theinitial statementre obtainedby varying
thevaluesof theseparameters.



doi=1, 100

a(i)=h(i)+c(i)
end do
Unroll
doi=1, 100 doi=1, 100, 2 doi=1,99,3
a(i)=b(i)+c(i) a(i)=b(i)+c(i) ali)=h(i)+c(i)
end do ai+1)=b(i+1)+c(i+1) ai+1)=b(i+1)+c(i+1)
end do a(i+2)=b(i+2)+c(i+2)
end do
a(100)=b(100)+¢(100)
Fia. 2. Unroll
doi=1, 100
S a(i)=h(i)+c(i)
S2: cfi)=a(i)+d(i)
S3: efi)=a(i)+e(i-1)
end do
Loop Fission
doi=1, 100 doi=1, 100 doi=1, 100
S1: a(i)=h(i)+c(i) S1: a(i)=h(i)+c(i) S1: a(i)=h(i)+c(i)
end do S2: c(i)=a(i)+d(i) end do
doi=1, 100 end do doi=1, 100
20 cfi)=a(i)+d(i) doi=1, 100 S2: cfi)=a(i)+d(i)
S3: efi)=ali)+e(i-1) S3: efi)=a(i)+e(i-1) enddo
end do end do doi=1, 100

S3: e(i)=a(i)+e(i-1)
end do
Fig. 3. Loop Fission

Elementarytransformationsare usedin library generatorsluring empirical search.
Thus,ATLAS makesuseof tiling, unrolling, andloop schedulingFFTW makesuse
of schedulingandSPIRAL appliesloop unrolling.

2. Compositionof transformationsUsually, the bestversionof a statements there-
sult of applying several elementantransformationsThus,for example,ATLAS ap-
pliesinterchangingtiling, unrollingandschedulingo thetriply nestedmatrix-matrix
multiplicationloop duringits empiricalsearctfor anoptimalform of theloop. There-
fore,ourlanguageshouldallow theapplicationof multiple transformations$o asingle
statementAn exampleof compositeransformations unroll&am shovnin Figure4.
This transformatiorcanbeimplementedyy applyingan outerunroll followedby fu-
sion of the two innerloops. Alternatively, unroll&jam canbe implementedby rst
stripminingthe outerloop, theninterchanginghe innerloop with the newly gener
atedloop,and nally unrollingtheinnermostoop.

An importantform of transformatiorcompositionis conditionalcompositionwhere
aconditionis usedto selecthetransformatioror theparametevalueof atransforma-
tion. For example,consideraloop thatis to be rst stripminedandthentheresulting
inner loop unrolled. We may wantto fully unroll the inner loop but only whenthe

sizeof thestripis lessthana certainthresholdandpartially unroll otherwise.

3. ProceduralbstractionFor compositdaransformationst is corvenientto have pro-
ceduralabstractionso encapsulataew transformationgandto avoid having to rewrite
sequencesf transformationshatareappliedmorethanonce.



for (i=0; i<n*2; i++)
outer unroll for (j=0; j<m; m++) \ stripmine
a(i) = a(i) + b(j)

for (i=0; i<n*2; i+=2)

for (ii=i; ii<i+2; ii++)
for (i=0; i<n*2; i++) for (j=0; j<m; j++)
for (j=0; j<m; j++) a(ii) = a(ii) + b(j)
a(i) = (i) + b(j)
for (j=0; j<m; j++) l interchange
a(i+1) = ai+1) + b(j)

for (i=0; i<n*2; i+=2)
for (j=0; j<m; j++)

for (ii=i; ii<i+2; ii++)
for (i=0; i<n*2; i++) a(ii) = a(ii) + b()
fusion for G=0: j<m; j++) /inna unroll

a(i) = a(i) + b()
a(i+1) = a(i+1) + b(j)

Fig. 4. Unroll & Jam

4. A mechanismo de ne new transformationsThis extensionmechanismenables
the userto add new transformationghat cannotbe representeds compositionof
elementarytransformationsin particular programmersshouldbe able to generate
application-dependertansformationghat take into accountthe semanticsof the
computation.The simplestway to represent transformationis usingtransforma-
tion ruleswhich areadequatéo represeninary transformationsThetransformation
rulesconsistof a codetemplatefollowed by the form resultingafter modi cation by
thetransformationFor instancea stripminetransformatiorwith atile of size4 could
bede ned asfollows:

for (i =0; i <N; i++) f <body> g
>

for (i =0; ii < (N4, i += 4)
for (i =i, i <ii+4; i++) f <body> g
for (i = (NM4)4, i <N; i++) f <body> g;

Transforminghetop codetemplatento thebottomcodeis the stripminetransforma-
tion, wherevariable<body> representthe body of theloopto bestripmined.

As theexampleillustrates transformatiorrulesarequite corvenient.However, since
transformationgules are not universal,sometransformationamust be represented
asa programwritten in, for example,a corventionalprogramminganguageln this
casetheinterfacebetweerthe sourcdanguageandthetransformationmoutinesmust
beclearlyspeci ed. Thisinterfaceshouldcontainthe abstracsyntaxtreeof thecode
to betransformedandperhapstherrelatedinformationsuchasdependencgraphs.

5. A mechanisnto namestatementsWhan applyinga sequencef transformations,
it is often necessaryo apply one of the transformationgo one of the components
of the resultingcode.For example,to implementunroll&jam unrolling is appliedto
the innermostloop resultingfrom stripmining. Therefore the ability to namecom-
ponentsandsubcomponentsf statementss necessaryo enablethe compositionof
transformations.

3 Macro Language

Perhapghe simplestapproacho implementX would beto usea macrolanguageAs-
sumingthatthe macrolanguagestatementareC-like statementgrecededy thechar
acter%andthatreference$o macrolanguagevariablesarealsoprecededby % Figure5



shows anexamplewherethe %for statemenproduceghe body of aloop unrolled%d
times.Thatis, whenthe%for loopis executedijt produceshesequencef assignments:
s=s+a[i+0]; s=s+ai+1]; ..,S=s+a[i+%d-1]; . In thisthis examplewe assumed
that%dis a sub-multipleof 256 and,for thatreasondid not includethe clean-upcode
neededo correctlyhandlethe remaindeiof the 256 iterationsof the original loop. No-
tice that%din Figure5 will be assignedh valueat compile-time,andwill usuallybe
assignedseveral valuesin successie compilationsduring an empirical searchfor the
bestversionof the program.

sum=0;
for  (i=0;i<256;i+=%d) f
%for (k=i;  k<=i+(%d-1);  k++)
s = s + a[i+%k];
g
Fig. 5. Loop unroll using macro statements.

An implementatiorbasedn macrolanguagevould producea systenthatrelieson
generatiorratherthantransformationThus,the constructof Figure5 doesnot trans-
form aninitial loop but genematesaloop with the body unrolled%dtimes.If the macro
languageincludesproceduresit would be possibleto write generationroutinesthat
accomplisithe sameobjectivesasary transformationFor example,we couldconcev-
ably develop an %unroll-loop  routine that acceptsthe body of the loop, the index
variable,andthe degreeof unrolling asparametersThesegenerationmoutinescouldbe
aconvenientway to extendthe basdanguagewith new parameterizedtatements.

In somecasest is preferablgo usethegeneratiorapproactsothattheprogrammer
canproduceexactly thetransformedcodethathe desiresFor this reason X includesa
macrolanguageHowever, we have foundthatthe generatiorapproacthastwo disad-
vantages:

The generatie approacHeadsto codethatis dif cult to developandunderstandilf
we wantto optimizean existing programit will be necessaryo modify the original
codewhichmayintroduceerrors. Furthermoregodecontaininggeneratie statements
is dif cult to write andread. Therefore,the generatre approachhasdisadwantage
evenwhenthe parameterizedodeis to be written from scratch.

Complity whencomposingransformationsSincethe programmers directly ma-
nipulatingsourcetext, whentwo or moretransformationsreappliedto a statement,
the macrostatementsanbecomecomplicatedFor instancetiling thethreeloopsof
the matrix-matrix multiplication codein Figure 6-(a)with squaretiles of sizetile
resultsin the codeshavn in Figure6-(b). The variable%tile will beinstantiatedat
compiletime, sothatversionsof matrix-matrixmultiplicationwith differenttile sizes
canbe generatedy just changingthe valueof the %tile  variable.The codein Fig-
ure6-(b) shavstheremaindetoopswhen%tile is notdivisible by K, andoutlinesthe
additionalcodethatshouldbe written to generatehe remaindersof MandN. A pro-
grammemwho needso write all this additionalcodeis likely to make mistales. This
problemwill belesssevereif the macrolanguagecontaingorocedureshut thenthere
would be the needto develop a procedurefor eachcombinationof transformations
or proceduresvith a cumbersomgarametetfist. In ary caseiling canbe obtained



by composindoop stripmineandloop interchangeUnfortunately the programmer
usingmacrostatementsannottake advantageof this.

for  (i=0;i<N;i++) f for  (i=0;i<(N/%tile)* %ti le; i+ =%tile ) f
for  (j=0;j<M;j++) f for  (j=0;j<(M/%tile)*%t ile ;j +=%il e) f
for  (k=0;k<K;k++)  f for  (k=0;k<(K/%tile)*% til e k+=%ti le) f

cfillil += afi]iK] * bIKI[T for  (ii=iii<i+%tile;i++ ) f
999 for  (jj=ji<j+o6tile;j+ +) f
for  (kk=k;kk<k+%tile;k k++) f
(@) clillii += afilkk] * blkKI[;
9999
%if  ((K/%tile)*%tile)! =K) f
for  (k=(K/%tile)*%tile;k <Kk+ +) f
for  (ji=i;ii<i+%tile;i+ +) f
for  (jj=j;ji<i+%tile; ++) f
for  (kk=k;kk<k+%tile;kk ++) f
cfili] += ali][kk] * bkK]Lil;
999999
%if  (((M/%tile)*%tile) = M) f

g
ot ((N/%tile)*otile )= N)f

g
(b)

Fig. 6. (a)-Matrix-matrix multiplication code. (b)-Tiled matrix-matrix multiplication code using
macro statements.

4 X Languageusing Pragmas

In this Section,we describethe X languagehatwe have designedakinginto account
thefeaturegdescribedn Section2. X uses#fpragmas to nameloopsor portionsof code
andto specifythe transformationso apply. The syntaxof the#pragmas usedto name
loopsor codesectionshastheform:

#pragma xlang name <id> { .. }

The{} areonly necessaryvhennaminga setof statementshut they arenot re-
quiredto namea single statementThesepragmasmeedto be placedright beforethe
codesectionto be named.The syntaxof the #pragmas to specifytransformation$as
theform:

#pragma xlang transform  keyword <list-input-par> <list-output-par>

The original sourcecodeonly needgo be modi ed with the name#pragmas . The
transform#pragmas canbein thesamele thatthesourcecodeor in adifferentone.

In X, theloop unrolling  transformationn Figure?2 is speci edasshowvn in Fig-
ure7.#pragma xlang name I1 is usedto nametheloopright afterit, while #pragma
xlang transform  unroll 11 4 speci esthetransformatiorunroll 11 4 times.

Thestripminetransformations speci edin X with #pragma xlang transform  stripmine
I1 4 13 Ilrem asshawn in Figure 8-(a). This transformatiorwill stripmine  thell
loop usingatile sizeof 4. The generateatodeis shavn in Figure8-(b). The new loop
thatresultsof thestripmine  transformatioris named3 . To nametheremaindetoop,



sum=0; sum=0;

#pragma xlang name I1 #pragma xlang name I1
for  (i=0;i<256;i++) f for  (i=0;i<256;i+=4) f
s = s + afi|; s = s + afi];
g s = s + afi+l];
#pragma xlang transform  unroll 11 4 s = s + afi+2];
s = s + afi+3];
g
(@) (b)
Fig. 7. Example inI X of Ioopi unroll. (a)- Pragmas to name the Iloop and sli)ecify the unroll 4 (b)-
#pri xlang name 1 #pragma xlang name
Generateffefffp (vi2,) " for (=Oi<(NMy4i+=4 ) f
#pragma xlang name [2 #pragma xlang name I3
for (=0j<Mij++)  f for (ii=ijii<i+4;ii++) f
cfil = a[i] *b[i]; #pragma xlang name 12
99 for  (=0;j<M;j++) f
#pragma xlang transform  stripmine 11 4 13 Ilrem cfil = aliil[j] * bl
999
#pragma xlang name Ilrem
for  (i=(N/4)*4;i<N;i++) f

#pragma xlang name [2
for  (j=0;j<M;j++) f
cfil = afilf] * bil;
99
@ (b)
Fig. 8. Example in X of stripmine.(a)-Pragmas to name loops and specify the stripmine transfor-
mation. (b)-Generated code.
theexampleusedlrem . Usingthis post x notationwe canapplythe sameransforma
tiontoll and Ilrem by simplyusingll
Anothertransformatiorthat X includesis array scalarization.The syntaxfor this

transformations#pragma xlang transform  scalarize- func <array-name> in
[<id>] , wherefunccanbein , out, -in&out or none. scalarize-in is usedwhen
copy-in is neededthatis, whenthe initial valuesin the array have to be loadedinto
thescalarvariablesscalarize-out is usedwhencopy-outis neededthatis, whenthe
scalarvaluesneedto be written backto memoryto the correspondingrraylocations.
scalarize-in&out is usedwhenboth bothin andout arerequired.scalarize is
usedwhennorin orout arenecessarylhe programmemustdeterminewhichis the
appropriatescalarizeransformatiorto apply sothatthegenerateaodeis correct.

sum=0; double a0,al;
#pragma xlang name I1 sum=0;
for (i=0; i<256; i+=2) f #pragma xlang name I1
s = s + a; for (i=0; i<256; i+=2) f
s = s + ai+l]; #pragma xlang name I1.loads
f a0 = ali];
#pragma xlang transform  scalarize-in ain 11 al = afi+l], ¢

#pragma xlang name I1.body
f s=s+ a0
s=s+al ¢
[¢]
(@) (b)
Fig. 9. Example in X of the scalarize-in transformation. (a)-Pragmas for scalarize-in . (b)-Code
after scalarize-in array ainll .

Figure9-(a) shovs an examplewherethe scalarize-in transformationis usedto
scalarizethe arraya in 11 . The generatedcodeis shavn in Figure 9-(b). The gener
atedcodecontainsthe declaratiorof the new scalarvariablesa0 andal, andtwo new



pragmas that namecertainstatement®f the generatectode.#pragma xlang name
[1.loads  namethe statementghat load the array valuesinto the scalars #pragma
xlang name I1.body namethe statementsvherethe arrayreferencesave beenre-
placedwith scalars.Notice that these#pragmas are automaticallygeneratedafter a
scalarizegransformations applied,without the programmespecifyingarnything. In the
caseof a scalarize-out transformationan additional#pragma namingll.stores
would have beengeneratedNamingtheseloop sectionsallows the programmeto ap-
ply new transformation®n the generatedode.For example,Figure 10-(a) shavs an
examplewherethe load statement®f the copy-in phasehave beenmoved beforell
andthe storestatementsf the copy-outphasehave beenmovedoutsidell asshovnin
Figure 10-(b).In this new example,we have used#pragma xlang transform  lift
[1.loads  before 1 and#pragma xlang transform lift  I1.stores after 1,
wherethe syntaxof this transformatioris

#pragma xlang transform it  <statement-id><befor e | after><loop-id>

for  (i=0;i<N;i++) f double c0,cl;
for  (j=0;j<M;j++) f for (i=0; i<N; i++) f
#pragma xlang name I1 for (j=0; j<M; j++) f
for  (k=0;k<K;k+=2) f #pragma xlang name I1.loads
il += aflk]  * bKL; f c0 = cfilil g
cfili] += alijk+1] * blk+1][j]; #pragma xlang name 11
g9 for (k=0; k<K; k+=2) f
#pragma xlang transform  scalarize-out cin 11 #pragma xlang name I1.body
#pragma xlang transform it  Il.loads  before 11 f cO += ai][k]*b[K][];
#pragma xlang transform lift  |1l.stores after 11 c0 += ali][k+1]*bk+1][j g9

g
#pragma xlang name I1.stores

ol =c0 g
99
(@) (b)
Fig. 10. Example in X of scalarize-out and lift transformation. (a)-Pragmas for

scalarize-out and lift . (b)-Generated code.

X alsoincludestransformationgor softwarepipelining. Onedifferencebetweerthe
softwarepipeliningandtheloop transformationss thatsoftwarepipeliningoperatesn
statementénsteadof loops. The lower granularityof software pipelining transforma-
tionsmakesthemmorecomple, sincethe programmeneedgo dealwith movementof
individual statementsThe two transformationsisedfor softwarepipelining aresplit
andshift . Thesplit transformatioris not necessarila softwarepipeliningtransfor
mation.It is usedto separatatomicinstructions.Figure 11 shovs how aninstruction
combininga load and an operationis breakingassignmenstatementsnto two state-
ments,oneto computethe right handsideandthe otherto assignthe computedvalue
to theleft handside.

Figure 12 shavs how to software pipeline a loop with the shift  transformation.
We have used#pragma xlang transform  shift 11.1 2. The rst argumentll.1
correspondso the rst statemendf loopll andin generaltheloop.< n> notationis
usedto designatehe sequencef the rst n statementsn the body of loop loop . In
theexample the rst statemenis shiftedwith respecto the remainingstatementsvith
alateng of 2, givenby the secondargument.Application of the shift transformation
createsa pipeline with multiple stages.The example shovs the resultingcode,with



for (i=0; i<N; i++) f double temp[0..K];

for (j=0; j<M; j++) f for (i=0; i<N; i++) f
for (k=0; k<K; k++) f for (=0; j<M; j++) f
#pragma xlang name statement  stl for (k=0; k<K; k++) f
cfillil += a[i]k] * bIk]il; #pragma xlang name statement  stl
999 templk] = afilk]  * bLKI];
#pragma xlang split  stl st2 temp #pragma xlang name statement  st2
il =cfili]  + templk];
999
(a) (b)

Fig. 11. Example split. (a)-Pragmas for split . (b)-Generated code.

a prolog anda epilogloop. Notice thattheseloops canbe unrolled usingthe pragma
fullunroll asshown in Figure12-(b).

De ning transformationswith respectto existing onesprovidesa proceduralab-
stractionto the X languageWe describehemin Section5.

for (i=0; i<N; i++) f for (i=0; i<N; i++) f
for (=0; j<M; j++) f for (j=0; j<M; j++) f
#pragma xlang name I1 #pragma xlang name I1.prolog
for (k=0; k<K; k++) f for (k=0; k<2; k++) f
tempk] = afilk]  * bIKI]; tempk] = afllk]  * bIKIl;
c[illi] += templk];

ggg #pragma xlang name 11
#pragma shift 1.1 2 for (k=2; k<K; k++) f
templk] = afilk] ~ * bKIT;
cfillj] += temp[k-2];
[¢]
#pragma xlang name I1.epilog
for (k=N-1; k<K; k++) f
cfilfi] += templk];

999
#pragma xlang transform  fullunroll 11.prolog

#pragma xlang transform  fullunroll 11.epilog
@ (b)
Fig. 12. Example shift for software pipeline. (a)-Pragmas for shift . (b)-Generated code, including
fullunroll.

5 Implementation

In this sectionwe describeéheimplementatiorof the X languagédranslatomndpresent
how transformationareencoded.

5.1 X Translation

The X languagss translatedn two steps.The frontendperformsseveral taskshefore
passingthe resultto the baclend.First, the frontendparseshe annotatedC program
and builds the associatedibstractsyntaxtree. Next, a tree-walk identi es the loops
andtransformationspeci ed by the X languagealirectives.The markedloopsarethen
rewritten as seriesof library calls that representhe loops inside the baclend. Also,
transformatiordirectivesaretranslatednto library callsfor performingtheappropriate
transformationsntheannotatedoops.After all theannotation®f the C programhave
beentranslatedtheremainingcodeis transformedisinga multistage languagesimilar
to thelanguageadescribedn Section3. Our multistagelanguagealsoresemblesC [19]



which is a generalizatiorof a macrolanguagewith arbitrary recursionandwherea
programmay generateanothemprogramandexecuteit, having multiple programlevels
cooperat@ndsharedatapossiblyatrun-time.The nal translategrrogramis thenready
to beprocessetby thebaclkend.

In the secondstep,this programis executedit readsa separatele describingthe
optimizationsperformstheoptimizationsandproduceghe nal optimizedC code.The
macrolanguages usedio manipulatecodeexpressiongndto write someoptimizations
(suchasunroll) in acompactwvay. Partial evaluationof expressionghatcontainonly %
variablesandconstantds donein this step:aspresentedn Section3, variablenames
suchasc _%i arethenexpandedntoc 0, c_1,.. intheresultingcode.

Finally, all unoptimizedcode(not pre x ed by pragmasjs printedout without any
modi cation in the nal code.

5.2 De ning New Transformations

Thede nition of transformationgn X canusepatternrewriting rulesandmacrocode.
A patternrewriting rule containstwo patternsthe rst patternis for matchingandthe
secondoneis for rewriting. Whenaninput codematcheghe rst pattern,the codeis
rewritten asindicatedby the secondpattern.If the patternrewriting rule is not expres-
sive enough the userhasthe possibility to de ne the codeusingmacrocodedirectly.
Thusan X programcould containboth pragmasand macro statementslin fact, it is
possibleto de ne acodegeneratoassociatedvith a patternof code.

In the currentimplementationno dependencanalysisis integratedyet, so no va-
lidity checkis performedfor thetransformationWe ervisionthat,contraryto thecom-
piler, validity checksin X only raisewarningsto the user sincethe useris assumedo
know whatheis doingandvalidity checksmaybetoo consenrative.

Procedurahbstractiorenableshewriting of complex transformationgrom simpler
oneslt is animportantfeaturein the de nition of transformationsThedestinatiorpat-
terncancontainsometransformpragmasFor instancealine suchas#pragma xlang
transform  fullunroll [lrem couldbeaddedo the destinatiorpatternof stripmine
andwould fully unroll theremaindetoop.

6 Experimental Results

We studyin this sectiona matrix-matrixmultiplicationandits optimizationwith X lan-
guage.Startingfrom a very simpleimplementationthe goal is to mimic ATLAS by
performingthe sametransformationsvith the X. For this preliminary experiment,the
platform usedis a NovaScale4020sener from Bull featuringtwo 1.3Ghzltanium 2
(Madison)processorsyith a 256KB level 2 cacheanda 1.5MB level 3 cache Quality
of compiledcodeis the key to performanceon Itanium becauseof its explicit paral-
lel assemblyandits in-orderexecution.Schedulingproblemscannotbe smoothedby
hardware mechanismsAll codes(including ATLAS) are compiledusingthe Intel C
compiler(icc ) version8.1with -03 -fno-aliases ags.



#pragma xlang name iloop #pragma xlang name iloop

for (i =0; i < NB; i++) fori = 0; i < NB; i++) f
#pragma xlang name jloop #pragma xlang name jloop
for (G =0; j <NB; jt+) forG =0, j <NB;j += 4f
#pragma xlang name kloop #pragma xlang name kloop.loads
for (k =0; k < NB; kt+) f fc 00 = cfi+0]j+0];
clili=clilil+aflikI bkl ¢ 01 = c[i+O+1];
g c 0.2 = c[i+0][+2];
#pragma xlang transform  stripmine  iloop  NU NUloop ¢ 03 = c[i+0][+3];
#pragma xlang transform  stripmine  jloop MU MUloop g
#pragma xlang transform interchange  kloop MUloop #pragma xlang name kloop
#pragma xlang transform interchange  jloop  NUloop fork = 0; k < NB; k++)f
#pragma xlang transform interchange  kloop NUloop fa0 = afi+0][k];
#pragma xlang transform  fullunroll NUloop a1l = a[i+0]k];
#pragma xlang transform  fullunroll MUloop a2 = a[i+0]k];
#pragma xlang transform  scalarize_in b in  kloop a3 = a0k, g
#pragma xlang transform  scalarize_in a in kloop fb_0 = blK|[j+0];
#pragma xlang transform  scalarize_in&out ¢ in kloop b_1 = blK|j+1];
#pragma xlang transform it kloop.loads  before kloop b_2 = blK[j+2];
#pragma xlang transform it kloop.stores after  kloop b_3 = bK|i+3; g
(a) f ¢_0_0=c_0_0O+a_0*b_0;

cioil_:cioi 1_+a71*b71‘
c_0_2=c_0_2+a_2*b_2;
c03=c03+a3h3 g

g
#pragma xlang name kloop.stores

f c[i+0][j+0] =1¢00;
cfi+0][+1] =c0.1;
cfi+0][+2] =c02
c[i+0][+3] =¢03 g

/I Remainder code
®)
Fig. 13. (a) mini-mmm code in X. (b) Code after transformation with MU = 4, NU = 1.

6.1 Pragmasfor MMM

Theinitial codefor matrix-matrixmultiply is atriple-nestedoop wherethe innerloop
containsone oating point multiply-add operation.Blocking the codefor L2 and L3
cacheis key to obtaininghigh performanceThereforeeachloop is tiled threetimes
usingX pragmasn orderto performthe multiplicationwith blocks tting into registers
andthe L2 andL3 cachesFigure 13-(a) shavs the mini-MMM codetailoredfor L2
cachewith the pragmago generateregisterblocking.

Notethatthereis no software-pipelingransformatiorsincethe compilertakesthis
optimizationin chagebetterthanif it wasdoneatthe sourceevel.

Notethatwe do not performa software pipelinebecausé¢he compilerhandleshis
optimizationbetterthanwe canatthe sourcdevel in this case.

Lik ewise, basicblock schedulingis correctly handledby the compiler We have
usedtwo stripmine  andthreeinterchange  transformationdo tile the two nested
loopsiloop andjloop . Fig.13-(b)shows a fragmentof the resultingcodewhenthe
valuesof blockingarel for iloop and4 for jloop

For the L2 and L3 tilings, copiesof a, b andc are madein orderto have all the
elementf the submatricesn a contiguousmemoryblock.

6.2 Optimization Tuning

Expressinghe optimizationis only onesteptowardshigh performanceode.Theother
importantstep consistsof nding the right valuesfor the parametersMany search
stratgyiescanbe applied,suchasthe searcremplojedby ATLAS.

For DGEMMwe performedanexhaustve searchfor the appropriatdile sizesaround
theexpectedvalues.Comparisowith the naive codeshovs a speed-umf 80 (for matri-



cesof size600 600).Figurel4shavsthatcodeoptimizedwith the X languageutper
formsATLAS for all matrix sizeswhencouplingit with acustommemorycopy routine
calleddcopy . This routinewasautomaticallyproduceddy a specializecassemblygen-
erator the XemsysLibrary Generato28], usinghardware performancecountersand
staticanalysisof theassemblycode[9].

Couplingour codewith the lessspecializeccopy routineof the Intel Math Kernel
Library (MKL) yieldsperformancen parwith ATLAS onaverage andusingtheplain
memcopy subroutineof the C library degradegerformanceslightly.

Dgemm
0,7
0,68
//

0,65
< 063 L~ (m Atlas
" —¢ FS [_——24 | o XLanguage+Dcopy
2 06 — @ Xlanguage+Memcpy
S 0.58 > Xlanguage+MKLcpy
(&) ]

M Dgemm MKL

0,55 — m Peak (0.5)

0,53

0,5

128 256 384 512 640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048
Matrix Size

Fig. 14. Preliminary results comparing ATLAS to naive code with pragmas for DGEMM

Theseresultsare very encouraging.Yet the peak architecturalperformancefor
matrix-matrixproducton Itaniumis 0:5 cycle perfma operationandthe MKL imple-
mentationof dgemmdoesachiere 0:55 cycle perfmaon averagewhichis 10%to 15%
fasterthan ATLAS andthe X-languagemplementationOur future work includesthe
continuationof our X-languagesxperimentto fully reproduceor outperformthe MKL,
shawing thatthe addedproductvity in adaptve library developmentcantranslateinto
addedperformanceaswell (with respecto manualdesigndike ATLAS).

7 Relatedwork

It is well known that manualoptimizationsdegradeportability: the performanceof a
C or Fortran codeon a given platform doesnot say much aboutits performanceon
differentarchitecturesSeveralworkshave successfullyaddressethis issue notby im-
provingthecompiler, but throughthedesignof application-speci gorogramgenerators,
a.k.aactivelibraries[26]. Suchgeneratorgftenrely onfeedback-directedptimization
to selecthebestgeneratiorstratey [23], but notexclusively [29]. Themostpopularex-
amplesareATLAS [27] for densamatrix operationandFFTW [10] for thefastFourier
transform.Suchgenerator$ollow aniterative optimizationschemeMost optimizations
performedby thesegeneratorareclassicaloop transformationssomeof theminvolve
domainknowledge from the specializatiorandinterprocedurabptimizationof library
functions[3, 8], to application-speci coptimizationssuchasalgorithmselection[17].



Recently the SPIRAL project[21] pioneeredhe extensionof this application-speci ¢
approachto a whole domainof programs:digital signal processingThis projectis

onestepforwardto bridgethe gapbetweerapplication-speci cgeneratorandgeneric
compilerbasedapproachesandto improve the portability of applicationperformance.

Beyondapplicationspeci ¢ generatorsterative optimizationtechniquegrove use-
ful to drive complex transformationsn traditional compilers.They usethe feedback
from realexecutionsof the optimizedprogramto explorethe optimizationsearchspace
usingoperationgesearchalgorithms[15], machindearning[17], andempiricalexperi-
ence[18]. In theory iterative optimizationis fully disconnectedrom thetechnicalim-
plementatiorof programoptimizations.Yet generatie approachesuchasmultistage
evaluationavoid the pattern-matchindimitations of syntactictransformatiorsystems,
whichimprovesthestructureof thesearctspaceandtheapplicabilityof empiricaltech-
nigues.Indeed systematiexplorationtechniquesequirea higherdegreeof e xibility
in programmanipulationthantraditionalcompilerframeavorks|[5].

We thusadwcatea framework thatwould allow the domainexpertto designand
expresshis own transformationsandto meta-progranthe searchfor optimal perfor
mancethroughiterative optimization[4]. This goalis similar to the oneof telescoping
languages[3, 13], acompilerapproacho reducetheoverheadf calling generidibrary
functionsandto enableaggressieinterprocedurabptimizationspy makingtheseman-
tical informationaboutthesedlibrariesavailableto the compiler Beyondlibraries,simi-
larideashave beenproposedor domain-speci coptimizationg16]. Theseworkshigh-
light theincreasedheedfor researcheranddevelopersn the eld of high-performance
computingto meta-prograntheir optimizationsin a portablefashion.

Anotheralternatie is multistage evaluation Most programmindanguagesupport
macio expansion wherethe macrolanguageallows a limited amountof control (not
recursve,in generallon codeparts.Yet multistege evaluationdenoteghe syntacticand
semantisupporallowing aprogranto generatanotheiprogramandexecutet, having
multiple programlevels cooperateand sharedata. String-basednultistagelanguages
supportruerecursiorandcooperatiorbetweerevels,but offer no syntacticguarantees
onthe generateadtode;the mostwidely usedarethe variousshellinterpretersandthe
currentversionof the X languages alsoof this kind. To increaseproductvity, struc-
tured multistagelanguagesnforcesyntacticcorrectnes®f the generateccode:e.g.,
C++expressiortemplateg25], "C [19] andJumbq[12]. To furtherincreaseproducti-
ity andeasedehugging,a few multistagelanguageguaranteghat the generatec¢ode
will notproduceary compilationerror (syntax,de nition andinitialization errors,type
checking)e.g.,MetaML andits successavMetaOCam(2, 24]. Theaddedsafetyis very
valuableto increaseheproductiity of programgeneratodesignershut theassociated
constraintanay also complicatethe meta-programmingf speci ¢ optimizations[4].
Up to now, the multistagelanguageand meta-programmingommunityhasmostly fo-
cusedon general-purpostransformationdik e in partial evaluation,specializatiorand
simpli cation. Thesetransformationsreuseful,in particularto lower the abstraction
penalty but far from sufcient to adapta compute-intensie applicationto a complec
architecture As a matterof fact, researcton generatre programmingand multistage
evaluationhasnot greatlyin uenced the designof high-performancapplicationsand



compilers,mostapplication-speci cadaptie libraries beingad-hocstring-basegro-
gramgenerators.

The TaskGrapHlibrary [1] is closely relatedwith the X languagelt combinesa
structuredmultistageevaluationlayer built on top of C++ expressiontemplateswith
run-timegeneratiormndcompilation,andwith atransformatiortoolkit basedon SUIF
(2.3) [11] and/orROSE [22]. It is not a languageper se, but a setof C++ templates
andclassesssociateavith customizablesource-to-sourcgansformatiorcapabilities.
As such,it shouldbe understoodik e the underlyinginfrastructureto build a general-
purposemultiversioninglanguagesuchasX. We preferredto redesignour own infras-
tructurefor multistageevaluationandsource-to-sourctransformationfor the sale of
simplicity, to avoid the memoryandcodeoverheadf C++templatesandbecausave
do not currentlyaimfor run-timecodegeneration.

8 Conclusions

We presentedhe designof the X languageaimedfor applicationexpertswho wish to
implementadaptie programswithout knowledgeof compilerinternals.The language
is designedsothatit is easyfor the programmeto generatamultiversionprogramsto
specifywhich transformationgo apply on eachprogrampart,andto tunethe orderor
the parametersf thetransformationsThe parameterslriving the generatiorof a spe-
ci ¢ programversionandtheapplicationof programtransformationsanbedetermined
usingempiricalsearchorchestratedby a searchenginewhich could usethe target ma-
chineto evaluatethe performancef eachversionof the programor rely on analytical
models.

The X languageeombinegheexpressve power of multistagdanguagesvith a e x-
ible pattern-matchingndrewriting languageto implementand composecustompro-
gramtransformationsAlso the languagss still in its infangy, we presenteghromising
resultson mimicking the codegeneratofor DGEMM (matrix-matrix multiplication)
in ATLAS [27]. This experimentdemonstratesastamountsof productivity improve-
ments,comparedo the manualimplementatiorof an ad-hoccodegeneratoiin C, as
well asgoodperformanceaesults.

Our futurework will includea morethoroughexperimentwith the ongoingdesign
of anactive library for adaptve, block-recursie linear algebracomputationsFor in-
creasegbroductvity, wealsoplanto provideamorestructurednultistagesub-language,
andto integratetheresultsof pointeranddependencanalysessindicative feedbacko
the programmerSuchstaticanalyseshouldalsoenablethe designof smarterthigher
level) transformatiorprimitives.In the longerterm, we alsowish to investin a more
robustimplementatiorof the X languagepasedn a run-timecompilationframework,
like ROSE[22] or TaskGrapH1], and/orusinga moreabstracttoderepresentatioim
thepolytopemodel[5]. Our mainlong-termgoalis the adoptionby applicationexperts
with little interestin compilerdesignandimplementation.
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