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Abstract

Local CPScorversionis a compilertransformatiorfor improving the codegeneratedor
nestedoopsby a direct-stylecompilet The transformatiorconsistsof a combinationof CPS
conversionand light-weight closurecornversion,which allows the compilerto memge the en-
vironmentsof nestedrecursve functions. This meging, in turn, allows the backendto usea
single machine-leel procedureo implementthe nestedoops. Preliminaryexperimentswith
the Moby compilershaw the potentialfor significantreductionsn loop overheadasa resultof

Local CPScorversion.

1 Introduction

Most compilersfor functional languagesisea A-calculusbasedintermediaterepresentatiofiR)
for their optimizationphasesThe A-calculusis a goodmatchfor this purposebecausepn theone
hand,it modelssurface-languagéeaturedik e higherorderfunctionsandlexical scopingwhile, on
theotherhand,it canbetransformednto aform thatis quite closeto the machinemodel.

To make analysisandoptimizationmoretractable compilerstypically restrictthe IR to a subset
of the A-calculus. One suchsubsetis the so-calleddirect style (DS) representationwhereterms
are normalizedso that function agumentsare always atomic (i.e., variablesand constantsland
intermediateresultsare boundto variablest The DS representatiomales the data-flav of the
programexplicit by bindingall intermediateraluesto variables Anothercommonrepresentatiois
continuation-pasag style(CPS),wherefunctionapplicationsarefurtherrestrictedo occuronly in
tail positionsandfunction returnsarerepresente@xplicitly asthe tail-applicationof continuation
functions[Ste78 KKR 786, App97. In CPS,boththedata-flav andcontrol-flav of the programis
madeexplicit, which malesit well suitedto optimizingthe programs controlstructures.

While therehasbeensomedebateover the relative merits of thesetwo approache$FSDF93
DDO0Q], it is fair to saythatboth have their advantagesandwe do not discusgheir relative merits.
In the end, the choiceof IR is an engineeringdecisionthat mustbe madefor eachcompiler A
discussiorof thischoiceis beyondthescopeof thispaper;insteadwefocusontheideaof exploiting

1Therearea numberof differentdirect-stylerepresentationse.g., Flanagaretal’s A-form [FSDF93],the TIL com-
piler's B-form[TMC*96], andthe RML compilers SIL[OT98§].




CPSrepresentatiom a DS-basedptimizer This exploitationis possiblebecauséhe CPSterms
areasubsebf theDSterms(i.e., CPSC DS C A-calculus.

This paperdescribesa transformatiorand supportinganalysisthat exemplifiesthe idea of ex-
ploiting CPSrepresentatiom a DS-basedptimizer In the next section,we describea motivating
example.We thendescribeour transformatiorandananalysisfor detectingwhenit is applicablen
Section3. Thistransformatiorshouldbe usefulfor ary DS-basedptimizer We areimplementing
this transformatiorin our compilerfor the MoBY programminganguaggFR99] andwe present
apreliminaryindicationof its usefulnessn Section4.? We discussrelatedwork in Section5 and
thenconclude.

2 Theproblem

It is well known thatloops canbe representedstail-recursive functionsandmary compilersfor
functionallanguagesisetail recursiono representoopsin their IR. By treatingtail-recursve func-
tion calls as“gotos with aguments, a compilercangeneratecodefor a loop thatis comparable
to thatgeneratedby a compilerfor animperative language But whenloopsarenestedgenerating
efficient codebecomesnoredifficult. For example,considerthefollowing C-code:

for (i =0; i <n; i++)
for  =0; j < n; j++)

L ()

This kind of nestedoop structureis foundin mary algorithms(e.g., matrix multiplication). Trans-
lating this codeto asugared S representationyith thef or -loopsreplacedy recursionyesultsin
thecodegivenin Figure1.2 While thetwo loop functions,lp_i andlp_j , aretail-recursve, the
call“Ip_j 0" fromtheouterloop (Ip_i ) to theinnerloop is nottail recursve. If the compiler
directly translateshe DS representatioto machinecode,the two loopswill occupy separatero-
cedureswith separatestackframes. This structureinhibits loop optimizations registerallocation,
andschedulingaswell asaddingcall/returnoverheado the outerloop. Ontheotherhand,theCPS
representationf this example,givenin Figure2, makesexplicit the connectiorbetweerthereturn
fromlp_j andthenextiterationoflp_i . A simplecontrol-flav analysiswill shav thatthereturn
continuationof Ip_j is alwaystheknown functionk5, which enablescompilingthe nestedoops
into asinglemachineprocedure.

This examplesuggestshatby makingthereturncontinuatiornof Ip_j  explicit, we canreplace
thecall/returnof Ip_j  with directjumps.

3 Thesolution

The MoBY compilerperformsstandarcoptimizations(e.g., contraction,useless-ariableelimina-
tion, andCSE)usinga DSrepresentatiowe call BOL. Loopsarerepresentedsingtail recursionin

2MoByY is a higherordertypedlanguagethat combinessupportfor functional,object-orientedandconcurrentro-
gramming.Seewww.cs.bell-labs.com/“jhr/moby for moreinformation.
3In this paperwe useSM L -like syntaxasa sugaredorm of DS representation.



fun applyf (f, n) = let

funlpi i =if (i < n)
then | et
funipj j =if (G <n)
then (f(, ). Ip_j(+1))
el se ()

in
Ipj O; Ip_i(i+1)
end
el se ()
in
Ipi O
end

Figurel: A nestedoop usingtail-recursion

BOL. After optimization thecompilerperformstheclosue phasewhichis responsibldor convert-

ing thenestedunctionsinto a collectionof top-level functionswith no freevariables Following the

closurephasds theframephasewhich determinesvhich functionscanshareghe samestackframe;

agroupof functionsthatsharethe sameframeis calleda cluster Our goalis to have nestedoops,

like the onein Figure 1, translateinto a single cluster(asthey would in animperatve language
like C). Doing so hasmary performancexdvantageslt enabledetterloop optimizations register

allocation,andscheduling.It alsoeliminatesthe overheadof creatinga closurefor theinnerloop,

thecall to theinnerloop, andthe heap-limitcheckon returnfrom theinnerloop.

Thetechniquewe useto achiese this goalis usalocal CPS(LCPS)conversionto corvert the
non-tail callsto theinnerloop into tail calls. Oncethe LCPStransformatiorhasbeenapplied,the
framephasés ableto groupthe functionsthatcomprisethe nestedoop into the samecluster

To determinewhereit is usefulto apply the transformationwe needsomeform of control-
flow analysis.The propertythatwe areinterestedn is whena known functionhasthe samereturn
continuatioratall of its call-sites.TheM oBY compilerusesasimplesyntacticanalysido determine
this property For eachfunctiondefinedin the modulebeingcompiled,we conseratively estimate
the setof returncontinuationgor thefunction. If the estimatedsetis a singletonset,thenwe apply
thetransformation.

3.1 Analysis

Theanalysiscomputesanapproximatiorof returncontinuationsof eachknown function,soastan-
dardcontrol-flov analysiss applicableNNH99]. In this sectionwe describeavery simplelinear

time analysis. This analysisusesa simple notion of escapingfunction — if a function nameis

mentionedn anon-applicationdle, it is regardedasescapingandwe defineits returncontinuation
tobeT.#

“4This definitionis the oneusedby Appel [App92] in his CPS-basettameawork.



fun applyf (f, n, k1) = let
funlpi (G, k2) =if (i < n)

then | et
fun lpj (G, k3) =if ( < n)
then | et

fun k4 () = Ip_j(i+1, k3)
in

f(i, i, k4)
end
el se k3()
fun k5 () = Ip_i(i+1, k2)
in
Ip_j (0, k5)
end
el se k2()
in
lp_i (0, K1)

end

Figure2: The CPScorvertedapplyF example

Todescribeheanalysiswe usethesimpleDSIR givenin Figure3. Asusualweassumdound
variablesareuniguesowe do not have to worry aboutunintendechamecapturewhentransforming
code. In this IR, expressionsare uniquely labeledterms. We usethe labelsto representbstract
continuationsn theanalysis.

Let LABEL bethesetof termlabels. Thenwe defineanabstracdomainRCONT = LABEL U
{1, T}. Weusep to denoteelement®f RCONT. Intuitively, onecanthink of RCONT asasquashed
powersetdomain,with L for the emptyset,i for the singletonset{/}, andT for everythingelse.
We definethe partial orderC on RCoNT, with L. £ [ C T for ary [ € LABEL, andwe define
p1 U ps to betheleastupperboundof p; andp, underC.

Givenanexpressiorandits abstractontinuationtheanalysiscomputesamapI’ from variables

(i.e., functionnames}o abstractontinuations.
T € RENV = VAR ™ RCONT

We extendT to a total function when applyingit to a variableby definingT'(z) = L for z ¢
dom(I"). We definethejoin of I'; andI's by

IMwly={z—TIi(z) UTy(z) | z € dom(I'1) Udom(Iy)}
Theanalysigtself hasthefollowing type:
R : EXP — RCONT — RENV

With thesedefinitions,we can describethe analysis,which is presentedn Figure4. We map
unknavn andescapingunctionsto T, ascanbeseenin Rulesl, 2, and5. Rule 2 shavs how we
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e u= 1I:t labeledterm
t u= = variable
| fun f(Z)=einey functionbinding
| letz=eine let binding
| ifzthene;elsee conditional
| f(Z) application

Figure3: A simpledirect-stylelR

R[L: z]p
R[L:fun f(Z)=erinexp

Rli:let z=einl :t]p
R[l:if zthene; el sees]p

{xr— T}
Rlei]p W T w{Z— T}

wherel’ = R[ez]p andp’ =T'(f).

Rleil' WR[l' : ta]pw {z — T}
Rlei]p & Rez]p

@)
)

®3)
(4)

Rl f(@)]p {f=ptu{fm T} (®)

Figure4: Theanalysis

analysefunctiondefinitions— first we analysethe usesof f in its scopeandthenwe usetheresult
of thatanalysisasthereturncontinuationfor thebodyof f. Forl et bindings,thebodyof thel et
is the continuationof the binding. Theresultof the analysisis thejoin of the sub-analysesWwhen
analysingafunctionapplication(Rule 5), we mapthe appliedfunctionto the applications abstract
continuationandtreatthe agumentsasescaping.To analysea completeprogramwe useT asthe
returncontinuationranddefineANAL(e) = R[e] T.

Thisanalysiscanbeextendedo handlemutuallyrecursve functionsby computingafixed-point
at function bindings. Sincesucha brute-forceapproachmay prove expensve in practice,a better
solutionmaybeto first computehe approximatecall-graphandthenusethe call-graphto guidethe
analysis.

3.2 TheLCPStransformation

If the analysishasdeterminedhatall call sitesof a functionf have the samereturncontinuation
(i.e., RENnv(f ) = I), thenwe apply the LCPStransformatiorto f . Transformingf hastwo parts:
we mustreify the continuationof f , creatingan explicit continuationfunction k¢ , and we must
introducecallsto k; atthereturnsitesof f . For example,considerthefollowing codefragment:

fun f () = .. in ..
fung () =.. lety=1f) ine
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Clz]k = k(z) (6)
Clfun f(&) =erine]k = fun f(k', &) =C[ei]k' i nCle2]k wherek'isfresh  (7)

Cllet z=eiine]k = funk'(z)=Clex]kinC[ei]k’ wherek'isfresh (8)
Clif zthene;elsee]k = if zthenClei]k el seClex]k 9)
Clr @k = 7k @) (10)

Figure5: A globalCPScorversion

Assumingthat f is eligible for the LCPStransformationthis fragmentis corvertedto

fun f (k) = (.. k)) in ..
fun g () = .. fun k (y) = e in f( k)

Herewe have madethe return continuationof f explicit by modifying f to take its continuation
asanargument(k), which it callsatits returnsites. We have alsosplit the body of g to createthe
explicit representationf f 's returncontinuation(ks ) andhave modifiedthe non-tail call site of f
to passks tof .

To understandhow the LCPStransformatiorworks, it is instructive to examinethe global CPS
corversion. Figure5 givesthe transformatiorfor the simpledirect-stylelR of Figure 3 (ignoring
thelabels). For the LCPStransformationyve only wantto applythe CPScorversionundercertain
conditions. AssumingthatI' is the resultof analysingthe program,let the setof eligible function
bedefinedasé = {f | I'(f) € LABEL}. We thenspecializeherulesof Figure5 asfollows:

Rule6: Whenthe expressionz is in the tail position of a function f € £, thenwe apply the
CPSconversion(i.e., we transformthe implicit returninto an explicit applicationof thetail
continuationk).

Rule7: Whenf € £ we applythe CPScorversion.

Rule8: Whenthe expressione; containsan applicationof a function f € £, we applythe CPS
transformation.

Rule 9: Sincethis rule doesnot transformthe expressionthereis no modification. Note thatwe
do not have to worry aboutcodeduplication,sincek is avariableandnota A-term.

Rule 10: If thefunction f € £, thenwe applythe CPScorversion. In this situation,k will either
be anexplicit returncontinuation(introducedby Rule 8) or a returncontinuationparameter
(introducedby Rule 7).

It is interestingto examinewhat happensvhenthe call-site of f is buriedin the branchof a
conditional.For example,considerthe following fragment:



let x =if y then (let w= 1) in e) else e
in€3

Applying LCPStof resultsin thefollowing code:

fun kf (X) =e3 in
ify
then fun k (W) = Clei]kir in f( k)
el se Clea] ki

Herewe have introducedtwo continuationfunctions: ki  for the join-point following thei f and
k¢ for thereturncontinuationof f .

Up to now, we have beenpassinghereturncontinuationk; tof asanadditionalargument(asis
standardn CPScorversion),but sinceour analysishasalreadytold usthatf hasexactly onereturn
continuationwe shouldspecializethereturnsitesof f to call k; directly. To do sorequiredlifting
the definition of & up to the binding site of f .> The difficulty with this lifting is that the return
continuationandits functionshave differentfree variables,so we needto closethe function over
thosevariablesthatwill be out of scopeat the destinationof the function. While a closureobject
would be sufiicient for this purpose we choseto augmentour transformationwith a simpleform
of light-weightclosue conversion [SW97], which turnsthe freevariablesinto functionparameters.
Having thesevariablesasparameters thefinal DS representatiomeanghatthey will getmapped
to machineregisters.To illustrateclosurecorversion,considetthe following fragment:

fun f () = .. =z in
let y =.. 1in
let x =f) in
let w=x +vyin
w

In this code,the returncontinuationof the call to f hasy asa free variable,sowe addy to the

parametersf f andthetransformed passey to its returncontinuation. The resultof the trans-
formationis:

fun f (y) = ... ki(z, vy)
and k (X, y) =let w=x +yinw
let y =.. 1in

)

We definef andk; in the samebinding becausein generalthey may be mutually recursve. In
generalthe LCPStransformatiormigratesthe corvertedfunction f andits explicit continuationto

the binding site of f’s non-tail caller By doing so, we guarantedhatall thesefunctionswill be
compiledinto a singlemachineprocedure.

Revisiting our original motivatingexamplefrom Figurel, theresultof theanalysiswill identify
Ip_j asa candidatefor the LCPS transformation(i.e., all of its call siteshave the samereturn

SWe alsoneedto extendthe IR to supportmutually recursie bindings.




fun applyf (f, n) = let
funlpi (@, f, n) =if (i <n)

then Ipj (0, i, f, n)
el se ()
and Ipj (G, i, f, n) =
if § <n
then (
fa, )
Ip_j(j+1, i, f, n)

else k (i, f, n)
and k (i, f, n) =
Ip_i(i+1, f, n)
in
Ipi (0, f, n)
end

Figure6: TheapplyF functionafterthe LCPStransformation

continuation).The coderesultingfrom applyingthe transformatiorto Ip_j is givenin Figure®6.
Notice thatlight-weight closurecornversionhasbeenappliedto all of the functionsin the body of
applyF .Whentranslatedo thetamgetmachinecode the functionsapplyF ,Ip_i ,Ip_j ,andk
will all bein thesameclusterandsharethe samestackframe.

4 Experience

We have written a prototypeimplementatiorof the analysisand LCPStransformatiorfor the lan-
guageof Figure3. Ourimplementationis currentlyorganizedinto the analysisplus four transfor
mationpasses.Thefirst passmarksthosel et bindingsfor which Rule 8 appliesandthe second
passperformsthe actual CPStransformatiorguidedby the marks® The secondpassalso deter
mineswhich functionsshouldsharethe samebinding site. Thethird passthencomputeshe free
variablesof thesefunctionsandthe fourth passmigratesthe function definitionsandperformsthe
light-weightclosurecorversion.

We arein theprocesof implementinghe LCPStransformationn theMoBY compiler For the
mostpart,thisis straightforvard adaptatiorof our prototype althoughwe needamoresophisticated
analysisto handlemutually recursve functions.We arealsointegratingthe third andfourth passes
of thetransformatiorwith the existing closurephase This integrationhasthe addedbenefitthatwe
canuselight-weightclosureconversionfor functionsthatrepresentocal control-flov (e.g., loops).
By moving variablesfrom closuresinto parametersywe exposethemto the registerallocatorand
reduceheapallocation,

To judgethe effectivenessof the transformationwe appliedit asa source-languageansfor
mationto the MoBY versionof the applyF function (essentiallywe comparedhe MoBY ver-

5We usetwo passegor this partof thetransformatiorbecausét greatlysimplifiesthe bookkeeping.
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sionsof Figurel andFigure6). Runningthe applyF programon the null functionwith n setto
10000,the LCPStransformatiorresultsin a 25% reductionin executiontime (2.34svs. 3.11son
a 733MHzPlIIl). While the performancamprovementson realworkloadsis yet to be determined,
thesepreliminarymeasurementstronglysuggesthatthe LCPStransformatioris a usefultool in a
DS optimizer

5 Reated work

Most of the literatureaboutcompiler optimizationsfor strict functionallanguagesisesCPSasa
representationrarditi's thesis[Tar9q is probablythe mostdetaileddescriptionof a DS-baseapti-
mizerfor strictfunctionallanguageshut hedoesnotcollapsenestedoops. We arenot awareof ary
direct-stylecompilerthatimplementshe LCPStransformatiorfthe OCAML [Ler0Q], TIL [TMC*96,
Tar9q, andRML [OT98] compilersdo not). The OCAML systenprovidesf or -loopsoverinteger
intenalsasalanguagdeature. Thesdoopsarepreseredin the IR andresultin codethatis similar
to thatproducedby a C compiler[Ler97], butthe OCAML compiler(Version3.00)doesnot flatten
nestedoopswhenthey areexpressedisingrecursion.

Kelsg describesa techniquefor combiningfunctionsin a CPS-basedramevork [Kel95. In
his frameavork, he annotates\ abstractionsvith eitherproc, cont or jump, wherejump is usedto
mark controltransferghatoccurwithin the samemachineprocedure He describesananalysisand
transformatiorfor converting a Aproc into a Ajump. The MoBY compilers frame phase(mentioned
in Section3) performsa similar analysisandtransformatiorwhengroupingfunctionsinto clusters.
Sincethe BOL IR is direct-style,we rely on the LCPStransformatiorto enablethe clusteringof
nestedoopsin theframephase.

The MLton compileris a CPS-based¢ompilerfor StandardML, which usesa transformation
calledcontificationto groupfunctionsinto the samemachineprocedure.This transformatiorvery
similarto Kelsg/'s approachbut it hasnot beendescribedn theliterature.

Kim, Yi, andDarvy have usedselectiveCP Stransformatiorasatechniqudor replacingSML's
exceptionraisingandhandlingmechanismsvith continuationoperationgKYD98]. Unlike LCPS,
their transformatiordoesnot move codeor do closureconversion.Selectve CPStransformatioris
anotherexampleof usingthe CPSrepresentatioin a direct-stylecompiler (althoughtheir experi-
mentsweredoneusingSML/NJ for their baclend,whichis a CPS-basedompiler).

6 Conclusion

We have presented local CPStransformatiorthatcanbeusedin adirect-stylecompilerto improve
theperformancef nestedoops. Preliminarymeasurementshav a25%reductionin loop overhead
for asimplenestedoop. While we have only presentedairly simpleexamplesthe LCPStransfor
mationcanhandlecomplicatedoopingstructuressuchasmultiple innerloopsandloopsexpressed
asmutuallyrecursve functions(e.g., asyou would getwhenencodingstatemachines). The LCPS
transformationis one exampleof exploiting the advantagesof CPSin a direct-stylecompiler; we
planto explore otheropportunitiesfor exploiting CPSin our compiler
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