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Abstract

Local CPSconversionis a compiler transformationfor improving the codegeneratedfor
nestedloopsby a direct-stylecompiler. Thetransformationconsistsof a combinationof CPS
conversionandlight-weight closureconversion,which allows the compiler to merge the en-
vironmentsof nestedrecursive functions. This merging, in turn, allows the backendto usea
singlemachine-level procedureto implementthe nestedloops. Preliminaryexperimentswith
theMoby compilershow thepotentialfor significantreductionsin loop overheadasa resultof
LocalCPSconversion.

1 Introduction

Most compilersfor functional languagesusea
�
-calculusbasedintermediaterepresentation(IR)

for their optimizationphases.The
�
-calculusis a goodmatchfor this purposebecause,on theone

hand,it modelssurface-languagefeatureslikehigher-orderfunctionsandlexical scoping,while, on
theotherhand,it canbetransformedinto a form thatis quitecloseto themachinemodel.

To makeanalysisandoptimizationmoretractable,compilerstypically restricttheIR to asubset
of the

�
-calculus. Onesuchsubsetis the so-calleddirect style (DS) representation,whereterms

are normalizedso that function argumentsare always atomic (i.e., variablesand constants)and
intermediateresultsare boundto variables.1 The DS representationmakes the data-flow of the
programexplicit by bindingall intermediatevaluesto variables.Anothercommonrepresentationis
continuation-passing style(CPS),wherefunctionapplicationsarefurtherrestrictedto occuronly in
tail positionsandfunction returnsarerepresentedexplicitly asthe tail-applicationof continuation
functions[Ste78, KKR � 86, App92]. In CPS,boththedata-flow andcontrol-flow of theprogramis
madeexplicit, whichmakesit well suitedto optimizingtheprogram’s controlstructures.

While therehasbeensomedebateover the relative meritsof thesetwo approaches[FSDF93,
DD00], it is fair to saythatbothhave their advantagesandwe do not discusstheir relative merits.
In the end, the choiceof IR is an engineeringdecisionthat mustbe madefor eachcompiler. A
discussionof thischoiceisbeyondthescopeof thispaper;instead,wefocusontheideaof exploiting

1Therearea numberof differentdirect-stylerepresentations:e.g., Flanaganet al’s A-form [FSDF93],theTIL com-
piler’sB-form [TMC � 96], andtheRML compiler’s SIL [OT98].
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CPSrepresentationin a DS-basedoptimizer. This exploitation is possiblebecausetheCPSterms
areasubsetof theDS terms(i.e., CPS � DS � �

-calculus).

This paperdescribesa transformationandsupportinganalysisthatexemplifiesthe ideaof ex-
ploiting CPSrepresentationin a DS-basedoptimizer. In thenext section,we describea motivating
example.Wethendescribeour transformationandananalysisfor detectingwhenit is applicablein
Section3. This transformationshouldbeusefulfor any DS-basedoptimizer. Weareimplementing
this transformationin our compilerfor the MOBY programminglanguage[FR99] andwe present
a preliminaryindicationof its usefulnessin Section4.2 We discussrelatedwork in Section5 and
thenconclude.

2 The problem

It is well known that loopscanbe representedastail-recursive functionsandmany compilersfor
functionallanguagesusetail recursionto representloopsin their IR. By treatingtail-recursive func-
tion calls as“gotos with arguments,” a compilercangeneratecodefor a loop that is comparable
to thatgeneratedby a compilerfor animperative language.But whenloopsarenested,generating
efficient codebecomesmoredifficult. For example,considerthefollowing C-code:

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

f (i, j);

This kind of nestedloop structureis foundin many algorithms(e.g., matrix multiplication). Trans-
lating thiscodeto asugaredDSrepresentation,with thefor-loopsreplacedby recursion,resultsin
thecodegivenin Figure1.3 While thetwo loop functions,lp_i andlp_j , aretail-recursive, the
call “ lp_j 0” from theouterloop (lp_i ) to the inner loop is not tail recursive. If thecompiler
directly translatestheDS representationto machinecode,thetwo loopswill occupy separatepro-
cedureswith separatestackframes.This structureinhibits loop optimizations,registerallocation,
andscheduling,aswell asaddingcall/returnoverheadto theouterloop. Ontheotherhand,theCPS
representationof this example,givenin Figure2, makesexplicit theconnectionbetweenthereturn
from lp_j andthenext iterationof lp_i . A simplecontrol-flow analysiswill show thatthereturn
continuationof lp_j is alwaystheknown functionk5 , which enablescompilingthenestedloops
into asinglemachineprocedure.

Thisexamplesuggeststhatby makingthereturncontinuationof lp_j explicit, we canreplace
thecall/returnof lp_j with directjumps.

3 The solution

The MOBY compilerperformsstandardoptimizations(e.g., contraction,useless-variableelimina-
tion, andCSE)usingaDSrepresentationwecall BOL. Loopsarerepresentedusingtail recursionin

2MOBY is a higher-ordertypedlanguagethatcombinessupportfor functional,object-oriented,andconcurrentpro-
gramming.Seewww.cs.bell-labs.com/˜jhr/moby for moreinformation.

3In this paperweuseSML-likesyntaxasa sugaredform of DSrepresentation.
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fun applyf (f, n) = let
fun lp_i i = if (i < n)

then let
fun lp_j j = if (j < n)

then (f(i, j); lp_j(j+1))
else ()

in
lp_j 0; lp_i(i+1)

end
else ()

in
lp_i 0

end

Figure1: A nestedloopusingtail-recursion

BOL. After optimization,thecompilerperformstheclosurephase,whichis responsiblefor convert-
ing thenestedfunctionsinto acollectionof top-level functionswith nofreevariables.Following the
closurephaseis theframephase,whichdetermineswhichfunctionscansharethesamestackframe;
a groupof functionsthatsharethesameframeis calleda cluster. Our goalis to have nestedloops,
like the one in Figure1, translateinto a singlecluster(as they would in an imperative language
like C). Doing sohasmany performanceadvantages.It enablesbetterloop optimizations,register
allocation,andscheduling.It alsoeliminatestheoverheadof creatinga closurefor theinner loop,
thecall to theinnerloop,andtheheap-limitcheckonreturnfrom theinnerloop.

The techniquewe useto achieve this goal is usa local CPS(LCPS)conversionto convert the
non-tail calls to the inner loop into tail calls. OncetheLCPStransformationhasbeenapplied,the
framephaseis ableto groupthefunctionsthatcomprisethenestedloop into thesamecluster.

To determinewhereit is useful to apply the transformation,we needsomeform of control-
flow analysis.Thepropertythatwe areinterestedin is whena known functionhasthesamereturn
continuationatall of itscall-sites.TheMOBY compilerusesasimplesyntacticanalysistodetermine
this property. For eachfunctiondefinedin themodulebeingcompiled,we conservatively estimate
thesetof returncontinuationsfor thefunction. If theestimatedsetis a singletonset,thenwe apply
thetransformation.

3.1 Analysis

Theanalysiscomputesanapproximationof returncontinuationsof eachknown function,soastan-
dardcontrol-flow analysisis applicable[NNH99]. In thissection,wedescribeavery simplelinear-
time analysis. This analysisusesa simplenotion of escapingfunction — if a function nameis
mentionedin anon-applicationrôle, it is regardedasescapingandwedefineits returncontinuation
to be � .4

4This definitionis theoneusedby Appel [App92] in his CPS-basedframework.
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fun applyf (f, n, k1) = let
fun lp_i (i, k2) = if (i < n)

then let
fun lp_j (j, k3) = if (j < n)

then let
fun k4 () = lp_j(i+1, k3)
in

f(i, j, k4)
end

else k3()
fun k5 () = lp_i(i+1, k2)
in

lp_j (0, k5)
end

else k2()
in

lp_i (0, k1)
end

Figure2: TheCPSconvertedapplyF example

Todescribetheanalysis,weusethesimpleDSIR givenin Figure3. Asusual,weassumebound
variablesareuniquesowedonothave to worry aboutunintendednamecapturewhentransforming
code. In this IR, expressionsareuniquely labeledterms. We usethe labelsto representabstract
continuationsin theanalysis.

Let LABEL bethesetof termlabels.Thenwe defineanabstractdomainRCONT � LABEL ��	��
 �
� . Weuse� to denoteelementsof RCONT. Intuitively, onecanthink of RCONT asasquashed
powersetdomain,with

�
for theemptyset, � for thesingletonset

� ��� , and � for everythingelse.
We definethe partial order � on RCONT, with

� ������� for any �
� LABEL, andwe define
��������� to betheleastupperboundof ��� and ��� under � .

Givenanexpressionandits abstractcontinuation,theanalysiscomputesamap � from variables
(i.e., functionnames)to abstractcontinuations.

��� RENV � VAR
fin� RCONT

We extend � to a total function when applying it to a variableby defining �! #"%$&� �
for "('�)+*-,  .�/$ . Wedefinethe join of ��� and �0� by

�1�324�5�6� � "&7� �1�8 #"9$0�:�0�; #"9$6<	"=� )+*-,  .���>$5� )+*-,  .�5�?$@�
Theanalysisitself hasthefollowing type:

A�B
EXP

� RCONT
� RENV

With thesedefinitions,we candescribethe analysis,which is presentedin Figure4. We map
unknown andescapingfunctionsto � , ascanbeseenin Rules1, 2, and5. Rule2 shows how we
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C BDB � � BFE labeledtermEGBDB � " variable
< fun HI ?J"K$�� C � in C � functionbinding
< let "L� C � in C � let binding
< if " then C � else C � conditional
< H� ?J"K$ application

Figure3: A simpledirect-styleIR

MON N P%Q?R-S SUT V WXR
YZ�[]\
(1)MON N P%Q

fun ^`_>aR�b5V�c8d in cfegS SUT V MON N c8dgS SUT;hji�kliOW aR
YZ�[]\
where

kOVmMON N cfegS SUT
and

T	h�V�k _n^ b . (2)

MON N P%Q
let

R�V�c8d
in

P h Q8opegS SUT V MON N c8dqS SDP h irMON N P h Q8opesS StTui�W>R
YZ�[]\
(3)MON N P%Q

if
R
then

c8d
else

cfegS SUT V MON N c8dqS SUT!irMON N cfegS SUT
(4)MON N P%Q ^`_XaR+b.S SUT V W ^ YZvTF\0iOW aR
YZ�[]\
(5)

Figure4: Theanalysis

analysefunctiondefinitions— first we analysetheusesof H in its scopeandthenwe usetheresult
of thatanalysisasthereturncontinuationfor thebodyof H . Forlet bindings,thebodyof thelet
is thecontinuationof thebinding. Theresultof theanalysisis thejoin of thesub-analyses.When
analysinga functionapplication(Rule5), we maptheappliedfunctionto theapplication’s abstract
continuationandtreattheargumentsasescaping.To analysea completeprogram,we use � asthe
returncontinuationanddefineANAL  C $1� Axw w Cfy y � .

Thisanalysiscanbeextendedto handlemutuallyrecursivefunctionsby computingafixed-point
at functionbindings. Sincesucha brute-forceapproachmayprove expensive in practice,a better
solutionmaybeto first computetheapproximatecall-graphandthenusethecall-graphto guidethe
analysis.

3.2 The LCPS transformation

If theanalysishasdeterminedthatall call sitesof a function f have thesamereturncontinuation
(i.e., RENV  f $6�z� ), thenwe apply theLCPStransformationto f . Transformingf hastwo parts:
we must reify the continuationof f , creatingan explicit continuationfunction { f , andwe must
introducecallsto { f at thereturnsitesof f . For example,considerthefollowing codefragment:

fun f () = ... in ...
fun g () = ... let y = f() in

c
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| N N RFS SD} V } _ R�b (6)| N N
fun ^`_XaR+bKV�c8d in cfe~S SD} V

fun ^`_ } h#� aR+bKV | N N c�dqS S�} h in | N N cfe~S S�} where
} h

is fresh (7)| N N
let

R
V�c8d
in

cfe~S SD} V
fun

} h _ R�b5V | N N cfesS S�} in | N N c�d~S SD} h where
} h

is fresh (8)| N N
if

R
then

c d
else

c e S SD} V
if

R
then

| N N c d S SD}
else

| N N c e S S�}
(9)| N N ^]_>aR�b�S SD} V ^`_ } � aR+b (10)

Figure5: A globalCPSconversion

Assumingthat H is eligible for theLCPStransformation,this fragmentis convertedto

fun f (
}
) = (...

}
()) in ...

fun g () = ... fun
}

f (y) =
c
in f(

}
f )

Herewe have madethe returncontinuationof f explicit by modifying f to take its continuation
asanargument( { ), which it callsat its returnsites.We have alsosplit thebodyof g to createthe
explicit representationof f ’s returncontinuation( { f ) andhave modifiedthenon-tail call siteof f
to pass{ f to f .

To understandhow theLCPStransformationworks,it is instructive to examinetheglobalCPS
conversion. Figure5 givesthe transformationfor thesimpledirect-styleIR of Figure3 (ignoring
thelabels). For theLCPStransformation,we only wantto applytheCPSconversionundercertain
conditions.Assumingthat � is the resultof analysingtheprogram,let thesetof eligible function
bedefinedas �m� � H�<	�� �HK$�� LABEL � . We thenspecializetherulesof Figure5 asfollows:

Rule 6: When the expression" is in the tail position of a function H��v� , then we apply the
CPSconversion(i.e., we transformthe implicit returninto anexplicit applicationof the tail
continuation{ ).

Rule 7: When H=�&� we applytheCPSconversion.

Rule 8: Whenthe expressionC � containsan applicationof a function H���� , we apply the CPS
transformation.

Rule 9: Sincethis rule doesnot transformtheexpression,thereis no modification. Note thatwe
do nothave to worry aboutcodeduplication,since { is avariableandnota

�
-term.

Rule 10: If the function H���� , thenwe apply theCPSconversion. In this situation, { will either
beanexplicit returncontinuation(introducedby Rule8) or a returncontinuationparameter
(introducedby Rule7).

It is interestingto examinewhat happenswhenthe call-siteof f is buried in the branchof a
conditional.For example,considerthefollowing fragment:
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let x = if y then ( let w = f() in
c d

) else
c e

in
cf�

Applying LCPSto f resultsin thefollowing code:

fun
}

if (x) =
c �

in
if y
then fun

}
f (w) =

| N N c8d�S S�}
if in f(

}
f )

else
| N N cfe~S S�}

if

Herewe have introducedtwo continuationfunctions: { if for the join-point following theif and
{ f for thereturncontinuationof f .

Up to now, wehavebeenpassingthereturncontinuation{ f to f asanadditionalargument(asis
standardin CPSconversion),but sinceouranalysishasalreadytold usthatf hasexactlyonereturn
continuation,we shouldspecializethereturnsitesof f to call { f directly. To do sorequireslifting
the definition of { f up to the binding site of f .5 The difficulty with this lifting is that the return
continuationandits functionshave differentfree variables,so we needto closethe function over
thosevariablesthatwill beout of scopeat thedestinationof the function. While a closureobject
would be sufficient for this purpose,we choseto augmentour transformationwith a simpleform
of light-weightclosure conversion [SW97],which turnsthefreevariablesinto functionparameters.
Having thesevariablesasparametersin thefinal DSrepresentationmeansthatthey will getmapped
to machineregisters.To illustrateclosureconversion,considerthefollowing fragment:

fun f () = ... z in
...
let y = ... in
...

let x = f() in
let w = x + y in

w

In this code,the returncontinuationof the call to f hasy asa free variable,so we addy to the
parametersof f andthetransformedf passesy to its returncontinuation.Theresultof the trans-
formationis:

fun f (y) = ...
}

f (z, y)
and

}
f (x, y) = let w = x + y in w

...
let y = ... in
...

f(y)

We definef and { f in the samebinding because,in general,they may be mutually recursive. In
general,theLCPStransformationmigratestheconvertedfunction H andits explicit continuationto
the binding site of H ’s non-tail caller. By doing so, we guaranteethat all thesefunctionswill be
compiledinto asinglemachineprocedure.

Revisiting ouroriginalmotivatingexamplefrom Figure1, theresultof theanalysiswill identify
lp_j asa candidatefor the LCPStransformation(i.e., all of its call siteshave the samereturn

5We alsoneedto extendtheIR to supportmutuallyrecursive bindings.

7



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

then lp_j (0, i, f, n)
else ()

and lp_j (j, i, f, n) =
if (j < n)
then (

f(i, j);
lp_j(j+1, i, f, n))

else k (i, f, n)
and k (i, f, n) =

lp_i(i+1, f, n)
in

lp_i (0, f, n)
end

Figure6: TheapplyF functionaftertheLCPStransformation

continuation).Thecoderesultingfrom applyingthe transformationto lp_j is given in Figure6.
Notice that light-weightclosureconversionhasbeenappliedto all of the functionsin thebodyof
applyF . Whentranslatedto thetargetmachinecode,thefunctionsapplyF , lp_i , lp_j , andk
will all bein thesameclusterandsharethesamestackframe.

4 Experience

We have written a prototypeimplementationof theanalysisandLCPStransformationfor the lan-
guageof Figure3. Our implementationis currentlyorganizedinto theanalysisplus four transfor-
mationpasses.Thefirst passmarksthoselet bindingsfor which Rule 8 appliesandthe second
passperformsthe actualCPStransformationguidedby the marks.6 The secondpassalsodeter-
mineswhich functionsshouldsharethesamebinding site. The third passthencomputesthe free
variablesof thesefunctionsandthe fourth passmigratesthe functiondefinitionsandperformsthe
light-weightclosureconversion.

Wearein theprocessof implementingtheLCPStransformationin theMOBY compiler. For the
mostpart,thisis straightforwardadaptationof ourprototype,althoughweneedamoresophisticated
analysisto handlemutuallyrecursive functions.We arealsointegratingthethird andfourth passes
of thetransformationwith theexistingclosurephase.This integrationhastheaddedbenefitthatwe
canuselight-weightclosureconversionfor functionsthatrepresentlocal control-flow (e.g., loops).
By moving variablesfrom closuresinto parameters,we exposethemto the registerallocatorand
reduceheapallocation,

To judgethe effectivenessof the transformation,we appliedit asa source-languagetransfor-
mationto the MOBY versionof the applyF function (essentially, we comparedthe MOBY ver-

6We usetwo passesfor thispartof thetransformationbecauseit greatlysimplifiesthebookkeeping.
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sionsof Figure1 andFigure6). RunningtheapplyF programon thenull functionwith n setto
10000,the LCPStransformationresultsin a 25% reductionin executiontime (2.34svs. 3.11son
a 733MHzPIII). While theperformanceimprovementson realworkloadsis yet to bedetermined,
thesepreliminarymeasurementsstronglysuggestthattheLCPStransformationis ausefultool in a
DS optimizer.

5 Related work

Most of the literatureaboutcompileroptimizationsfor strict functional languagesusesCPSasa
representation.Tarditi’s thesis[Tar96] is probablythemostdetaileddescriptionof aDS-basedopti-
mizerfor strict functionallanguages,but hedoesnotcollapsenestedloops.Wearenotawareof any
direct-stylecompilerthatimplementstheLCPStransformation(theOCAML [Ler00], TIL [TMC � 96,
Tar96], andRML [OT98] compilersdonot). TheOCAML systemprovidesfor-loopsover integer
intervalsasa languagefeature.Theseloopsarepreservedin theIR andresultin codethatis similar
to thatproducedby a C compiler[Ler97], but theOCAML compiler(Version3.00)doesnotflatten
nestedloopswhenthey areexpressedusingrecursion.

Kelsey describesa techniquefor combiningfunctionsin a CPS-basedframework [Kel95]. In
his framework, heannotates

�
abstractionswith eitherproc, cont, or jump, wherejump is usedto

markcontroltransfersthatoccurwithin thesamemachineprocedure.He describesananalysisand
transformationfor convertinga

�
proc into a

�
jump. The MOBY compiler’s framephase(mentioned

in Section3) performsasimilaranalysisandtransformationwhengroupingfunctionsinto clusters.
Sincethe BOL IR is direct-style,we rely on the LCPStransformationto enablethe clusteringof
nestedloopsin theframephase.

The MLton compiler is a CPS-basedcompilerfor StandardML, which usesa transformation
calledcontificationto groupfunctionsinto thesamemachineprocedure.This transformationvery
similar to Kelsey’s approach,but it hasnotbeendescribedin theliterature.

Kim, Yi, andDanvy haveusedselectiveCPStransformationasatechniquefor replacingSML’s
exceptionraisingandhandlingmechanismswith continuationoperations[KYD98]. Unlike LCPS,
their transformationdoesnotmove codeor do closureconversion.Selective CPStransformationis
anotherexampleof usingtheCPSrepresentationin a direct-stylecompiler(althoughtheir experi-
mentsweredoneusingSML/NJ for their backend,which is a CPS-basedcompiler).

6 Conclusion

WehavepresentedalocalCPStransformationthatcanbeusedin adirect-stylecompilerto improve
theperformanceof nestedloops.Preliminarymeasurementsshow a25%reductionin loopoverhead
for asimplenestedloop. While we have only presentedfairly simpleexamples,theLCPStransfor-
mationcanhandlecomplicatedloopingstructures,suchasmultiple innerloopsandloopsexpressed
asmutuallyrecursive functions(e.g., asyou would getwhenencodingstatemachines).TheLCPS
transformationis oneexampleof exploiting the advantagesof CPSin a direct-stylecompiler;we
planto exploreotheropportunitiesfor exploiting CPSin ourcompiler.
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