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Abstract. Supposeave translatewo differentsourcdanguagesl; andLa, into
thesameintermediatdanguagecanthey safelyinteroperatén the sameaddress
spaceand underthe sameruntime system?f L; supportsfirst-classcontinua-
tions (call/cc) and L, doesnot, can L, programscall arbitrary L, functions?
Would the factof possiblycalling L, imposerestrictionson theimplementation
stratgy of L,? Canwe compile Ly functionsthat do not invoke call/cc using
more efficient techniquesborraved from the Lo implementationur view is
thattheimplementatiorof acommonintermediatdanguageoughtto supportthe
so-calledpay-as-you-gefficiency first-ordermonomorphidunctionsshouldbe
compiledasefficiently asin C andassemblyanguageseven thoughthey may
be passedo arbitrarypolymorphicfunctionsthatsupporiadwancedcontrol prim-
itives(e.g.call/cc). In this paper we presenta typedintermediatdanguagewith
effectandresourceannotationsensuringthe safetyof interlanguagecallswhile
allowing the compilerto choosecontinuatiorallocationstrategies.

1 Intr oduction

Safeinteroperabilityrequiresresolvinga hostof issuesncluding mixeddatarepresen-
tations,multiple function calling corventions anddifferentimplementatiorprotocols.
Existingapproacheto languagenteroperabilityeitherseparateodewritten in differ-
ent languagesnto differentaddressspacesor have the unsafe,ad hoc andinsecure
foreignfunctioncall interface.

We position our further discussionof languageinteroperabilityin the context of
a systemhostingmultiple languageseachsafein isolation. The supportedanguages
mayrangefrom first-ordermonomorphide.g. a safesubsebf C, or safe-Cfor short)to
higherorderlanguagesvith advancedcontrol, e.g. ML with first-classcontinuations.
We assumehat all languagesave type systemswhich ensureruntime safetyof ac-
ceptedprogramsin otherwords,in this paperwe do not attemptto solve the problem
of cooperatingsafelywith programswrittenin unsafdanguageswhichin generalcan
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only be achieved at the expenseof “sandboxing”the unsafecalls or comple< andin-
completeanalyse®f theunsafecode.

We believe thatinteroperabilityrequiresa seriousand more formal treatment As
a first step,this paperdescribesa novel type-basedechniqueto supportprincipled
languageanteroperatioramonglanguagesvith differentprotocolsfor allocationof ac-
tivation records.Our framework allows programswritten in multiple languageswith
overlappingfeaturego interactwith eachothersafelyandreliably, yet without restrict-
ing theexpressvenes®f eachlanguage.

An interoperabilityschemdor activationrecordallocationshouldbe

— safe:it shouldnotbepossibleto violatetheruntimesafetyof alanguagéy calling
aforeignfunction;

— expressie:theschemeshouldallow inter-languagdunctioncalls;

— efficient: alanguagemplementatiorshouldnot beforcedto usesuboptimaimeth-
odsfor its own featuresin orderto provide supportfor otherlanguagesfeatures.
Forinstancealanguagehatdoesnotusecall/ccshouldnothave to beimplemented
usingheap-basedllocationof activationrecords.

Oursolutionisto ensuresafetyby usingacommortypedintermediatéanguagg21]
into which all of the sourcelanguagesretranslatedTo maintainsafetyin anexpres-
siveinteroperabilityschemehetype systems extendedwith annotation®f the effects
of the evaluationof a term, e.g.an invocationof call/cc,andpolymorphictypeswith
effect variables allowing a higherorderfunctionto be invoked with argumentscom-
ing from languagesvith differentsetsof effects. The centralnovelty of our approach
is the introductionof annotationf the resoucesnecessaryor the realizationof the
effectsof anevaluation;for instancea continuatiorheapmay be requiredwheninvok-
ing call/cc. Thusour type systemcanbe usedto supportimplementatiorefficiency by
keepingtrack of the available language-dependernésourcesand safetyby allowing
semanticallycorrectinter-languagefunction calls but banningsemanticallyincorrect
ones.n additionto providing safety makingresourcénandlingexplicit alsoopensnew
opportunitiefor codeoptimizationbeyondwhataforeignfunctioncall mechanisntan
offer.

A commonintermediatdanguagdike FLINT [20, 21] will likely supporta very
rich setof featureso accommodatenultiple sourcelanguagesSomeof thesefeatures
may imposeimplementatiorrestrictions;for example,a practicalimplementationof
first-classcontinuationgasin SML/NJ or Schemepftenrequiresthe useof advanced
stackrepresentationf8] or heap-basedctivationrecordq22]. Howeverin somecases
stack-basedllocationmaybe moreefficient,andideally we would lik e to have a com-
piler thatcantake advantageof it aslong asthis doesnot interferewith the semantic
correctnessf first-classcontinuationsSimilarly, whencompilinga simplesafe-C-like
languagewith no advancedcontrol primitives(e.g.,call/cc)into FLINT, we may pre-
fer to compileit to codethatusesthe simplesequentiaktackof standardC; programs
written in ML or Schemeusingthesesafe-Cfunctionsmustthenfollow the sameal-
locationstratgly wheninvoking them. This correspondso the typical caseof writing
low-level systemsnodulesn C andproviding for theirusein otherlanguagegherefore
we assumehis modelin thesequelbut the dualproblemof compilingsafe-Cfunctions



calling arbitrary ML functionsby selectvely imposingheapallocationon safe-Cis
similarly representedndsolvedwithin our system.

Thusour goalis efficient and expressie interoperabilitybetweencodefragments
writtenin languagesisingpossiblydifferentallocationdisciplinesfor activationrecords,
for instanceML with heapallocationandsafe-Cwith stackallocation.Thefollowing
propertief theinteroperabilityframavork areessentiafor achiezing this goal:

— ML andsafe-Ccodeshouldinteroperatesafely with eachotherwithin the same
addresspace.

— All invocationsof safe-Cfunctionsin ML functionsshouldbe allowed (provided
they areotherwisatype-correct).

— Only theinvocationsof ML functionsthatdo not capturecontinuationshouldbe
allowedin safe-Cfunctions.

— Any actiationrecordthatcanpotentiallybe capturedaspartof afirst-classcontin-
uationshouldalwaysbe allocatedon the heap(or usingsomefang/ stack-chunk-
basedepresentationd]).

— It shouldbe possibleto usestackallocationfor activationrecordsof ML functions
whenthey areguaranteedotto be capturedvith afirst-classcontinuation.

— The selectionof allocationstrateyy shouldbe decoupledrom the actualfunction
call.

The last propertygivesthe compilerthe freedomto switch allocationstratgyiesmore
efficiently, insteadf following afixedforeignfunctioninterfacemechanismi-or exam-
ple,animplementatiorof ML mayuseheapallocationof activationrecordsby default
to provide supportfor continuationcapture However, in casesvhenthe compilercan
provethatafunction’sactivationrecordis notgoingto be accessiblérom arny captured
continuation,ts allocationdisciplineis ambiguousstackallocationmay be preferred
if the functioninvokes,or is invoked by, safe-Cfunctionswhich usestackallocation.
This specializatiorof codeto a differentallocationstrateyy effectively createsegions
of ML codecompiledin “safe-Cmode” with the aim of avoiding the switch between
heapandstackallocationon every cross-languageall. In generalthe separatiorof the
selectiorof allocationstrateyy from the call allows its treatmentisa commodityprim-
itive operatiorandsubjectst to othercode-motioroptimizationsg.g.hoistingit out of
loops.

The proposedmethodcan be appliedto achiezing more efficient interoperability
with existing foreign codeaswell, althoughobviously in this casethe usualfriction
betweensafety and efficiency can only be easedbut not removed. In particularthe
possibilityto selectthe allocationstrateyy switch point remainsthushigherefficiency
canstill beachiezedwhile satisfyinga givensafetypolicy by specializingsafecodeto
“unsafemode” (e.g.for runningwith stackallocationwithin a sand-box).

2 A Resourceful Intermediate Language

To satisfythe requirementgor efficient interoperability outlinedin the previous sec-
tion, we definean A-normal-form-basedyped intermediatdanguageRL (Figure 1)
with typeshaving effectandresourceinnotationslntuitively, aneffectannotatiorsuch



asCC indicatesthata computatiormay capturea continuationby performingcall/cc;

a resourceannotationsuchasH (continuationheap)or S (continuationstack)means
that the correspondinguntime resourcemustbe availableto the computation: Non-

trivial effectscanbe primitive, effectvariablespr unionsof effects;commutatvity and

associatiity of the unionwith ¢ asa unit areconsistenwith the typing rulesandwe

assumahemfor brevity of notation.Eacheffect canonly occurwhenthe properre-

sourcesare available,e.g. CC would requirethe useof heap-basedctivation record
allocation.Both theeffectandresourcaisageannotationgreinferredduringthetrans-
lation from the sourcelanguageo theintermediatdanguageandcanbe usedto assist
codegeneratiorandto checkthevalidity of cross-languaginctioncalls.

RESOURCES
ru= S stackcontinuatiorallocation
| H heapcontinuatiorallocation
EFFECTS
pu= 0 none
| CC call with currentcontinuation
| ¢ effectvariable,t € EffVar
| pVp unionof effects
TYPES
Typd>0:u= whereg € BasicTyp
| o Lo resource/ééct-annotatedunctiontype
I
| o "cont resource-annotatembntinuatiortype
| Vi<r.o boundeceffect-polymorphiaype
VALUESAND TERMS
vi= ¢ constant € Const
| z variablez € Var
ANzio.e resource-annotateabstraction
At<r.v boundeceffect abstraction
z[p] effectapplication
ex=let" z=cine resource-annotatdzinding
| (v)" resource-annotatadlue
{e)u addingspuriouseffects
use” (e) resourceselection
ez zx application
callcc z | throw[o] z = first classcontinuations

Fig. 1. Syntaxof aresource-aareintermediatdanguageRL

Theresourcesequiredandeffectsproducedby a functionare madeexplicit in its
type. A continuationcan potentially produceall effects possiblewith the set of re-
sourcesvailableatthepointof its capture for thatreasorcontinuatiortypesonly have
aresourceannotation.

1 In this paperwe focuson applicationof this systento interoperabilityissuegelatedto contin-
uationallocation,but morediversesetsof resourcesvill benecessaryn arealisticlanguage.



Functionabstractionsare annotatedvith the resourceghey may requireand will
maintain.In a higherorderlanguagehe effect of the evaluationof a functionapplica-
tion maydependntheeffectsof its functionalargumentsthis dependencis expressed
by meansof effect polymorphismPolymorphicabstractiongntroducevariablesrang-
ing overthesetof possibleeffectsof theterm.Sincethe possibleeffectsaredetermined
by the availableresourceswe have boundedeffect polymorphismthe relationy < »
(definedin the context of an effect ernvironmentin Figure 3) reflectsthe dependence
betweenreffectsandresourcese.g.thatcallcc canonly be performedif continuations
areheap-allocatedl heeffectapplicationz[y] instantiateshebody of the polymorphic
abstractiorto which z is bound.The languageconstructuse” (e) senesto markthe
point wherea changein the allocationstrateyy for activation recordsis required.In-
steadof having effect subsumptiorthe languages equippedwith a construct(e),, for
explicitly increasinghe setof effectsof e to include .

Examplel. Theuseof resourceannotationgo selectallocationstratgiesis shovn in
theRL codebelowr whichincludesextra type annotationdor clarity.

let"
applyTolnt = (At<H.\Hf:Int % Int. @ f 42)H
(Vt<H. (Int—:> Int) —:'> Int
add1_CC = (AHx:Int.
let” ¢ = (A" k: Int Hcont.
let! z = @ succ x in throw(Int] k z)"
in callcc )M
“Int 5 Int
cC
addl Pure = (ASx:Int. @succ x)!
‘It > Int
0

add1_Wrapped = (A\H x:Int. useS (@ add1_Pure x))H
“Int 2 Int
0

in @ (applyTolnt[CC]) add1_CC;
@ (applyTolnt[0]) add1_Wrapped

The functionapplyTolnt is polymorphicin the effect of its parameterbut the param-
eter’s resourcaequirementarefixed — it mustuseheapallocation.We considertwo
applicationsof applyTolnt. Theargumentin thefirst, add1_CC, is a functioninvoking
callcc, which consequentlysesheapallocation;on the otherhandtheargumentin the
secondapplication,add1_Pure, is pureandusesstackallocation.lt is thereforeincor
rectto applyapplyTolnt to add1_Pure. We useawrapperto coerceit to thepropertype:



we applyapplyTolnt to add1_Wrapped whoseactivationrecordis heap-allocatecand
whosefunction is to switch to stackallocation(via useS) beforecalling add1_Pure.
Heapallocationis resumediponreturnfrom add1_Pure.

3 Two Source Languages

To furtherillustratethe advantage®f this systemwe considerthe problemof trans-
lating into RL two sourcelanguagegFigure2): a languageHL with control operators
(callcc andthrow), implementedisingheap-basedillocationof activationrecordsand
alanguageSL which alwaysusesstackallocation.HL alsoallows declaringat thetop
of a programthe identifiersof entitiesimportedfrom SL code.The type systemsof
thesdanguagesreassumeanonomorphidor simplicity, sincepolymorphismin types
is largely orthogonato the effect polymorphisnof RL

SLTYPES TsLui= B | ToL = TaL

SLTERMS esti= ¢ | T | Az :TsesL | estest | letz =es inest
HL TyPESs T = B | 7a. — T | Ti cont

HL TERMS ewnus=c |z | Az:mu.en | emen | letz =en inen
callcc en. | throw[ri] en ent

en | e ternal(SL) z : 7s. in puc

HL PROGRAMS  pu::

Fig. 2. Syntaxof thesourcdanguages$SLandHL

Theresourceannotationsn RL provideinformationabouthandlingof thestackand
heapresourcesnecessarin thefollowing situations:

— whencalling from HL afunctionwrittenin SL, which mayrequireswitchingfrom
heapallocationof activationrecordgo allocationonthe stackusedby SL; theheap
resourcemustbe preseredfor useuponreturnfrom SLcode.

— whencallinganHL functionfrom SLcode whichis only semanticallysoundwhen
the evaluationof the function doesnot capturea continuation,since part of the
continuationdatais stack-allocatedthe type systemmaintainsinformationabout
thepossibleeffectsof the evaluation,in this casewhethercallcc mightbeinvoked.

— whenselectinganallocationstrateyy for HL functionscalled(directly or indirectly)
from within SL code;eithertheir activation recordsmustbe allocatedon the SL
stack,or thelattermustbe preseredandrestoreduponreturnto SL

— whenselectingan allocationstratey for HL codeinvoking SL functionsbut not
callcc, in orderto optimizeresourcéhandling.

Example2. Considera programconsistingof a a n fragmentin HL invoking the
e ternal SL functionapplyTolnt with the HL functionadd1 asanargument;the call
is meaningfulbecauseaddl doesnot invoke callcc. Only the SL type of the external
functionis givento theHL programwhichis separatelgompiledwithoutaccesso the
detailedeffectannotationsnferredfrom the codeof the SL fragment.



SLfragmentapplyTolnt:
Af : Int — Int. succ (f 42)

The resultof its separateompilationinto RL, which usesstackallocation(for details
of thetranslationwe referthereadetto Sectionb) is

applyTolnt = At<S.\Sf:Int —i) Int. letS x = @ f 42 in @ succ x
S S
:Vt<S. (Int ? Int) —t> Int

HL fragment an:
e ternal(SL) applyTolnt : (Int — Int) — Int
in let add1 = Ax : Int. succ x
in applyTolnt add1

Theresultof its separateompilationinto RL is
an= \applyTolnt: vt <S. (Int % Int) % Int.

letH
applyTolnt_H = (At<S.

AHf:lInt % Int.
let™ f-S = (ASx:Int. use™ (@ f x))H
in use’ (@ (applyTolnt[t]) f-S))"
1 vt<S. (Int %} Int) %) Int
add1 = (AHx:Int. @ succ x)"
SInt 3 Int
0
in @ applyTolnt_H[0] add1

Vt<S. (Int % Int) %} Int %} Int

Thetranslationinfers polymorphiceffect typesusinga simplified versior? of standard
effect inference[23]. The resourceannotationsarefixed by the sourcelanguagethe
type of an external SL functionin an HL programis annotatedvith the SL resources.
In the codeproducedafter translationthe externalfunctionsare coercedo matchthe
resourcesf HL usingautomaticallygeneratedvrappersin theabove code theparam-
eterf of applyTolnt_H is wrappedto f_S beforepassingt to applyTolnt; the function
of thewrapperis to switchfrom the stackallocationdisciplineusedby SLto heapallo-
cationbeforeinvoking the codefor f, andresumestackallocationuponreturn.Dually,
thecall to apply Tolnt itself is wrappedo enablestackallocationinsideHL code.

2 As presentedhereour systermdoesnot keeptrackof regionsassociatesvith effects.



Sincethefull RL type of the SL fragmentis not availableto it, the effectinference
must conseratiely approximatethe effects of the SL functions.lIt treatsthe external
applyTolnt in the HL fragmentasan effect-polymorphicparametein orderto allow
its invocationswith argumentswith differenteffects. The price we pay for inference
with this polymorphismin the caseof separateeompilationis thatwe assumehatthe
effectsof thesanvocationsarethemaximalallowedwith theresourceshareetween
thelanguagegin Example2 we loseno precisionsinceSL hasno effects,but the ap-
proximationis reflectedn the effectannotatior) of thetypeof theparameteof a n).
The following code,constructednechanicallygiven the inferred and expectedtypes
of applyTolnt, coercegshe actualtype of applyTolnt to the approximatiorusedin the
typingof a n andperformsthetop-level application thuslinking themodules.

let!
applyTolnt_ lue = (At<S. S f:Int %} Int. (@ applyTolnt[t] f)g)H

:Vth.(Int%Int) %) Int

in@ anapplyTolnt_ lue

More preciseinferenceof the resultingeffectsis possiblewhenthe externalfunction
is a pre-compiledibrary routinewhoseRL type (with its preciseeffect annotations)
is availablewhencompiling an. In thosecaseswe cantake advantageof the let-
polymorphismin inferring atypeof an (in a settingsimilar to that of Examplel).
However eventhe approximatecffectsobtainedduring separateompilationcarryin-
formationthat canbe exploitedfor the optimizationof interlanguagecalls, observing
thattherangeof effectsof afunctionis limited by theresource®f its sourcdanguage.
In Example2, afterinlining andapplyingresultsof Section4.4 (Theorem?), the code
for an canbeoptimizedto eliminatetheunnecessargwitchto heapallocationin the
instanceof f_S. Thisyields

an= (AHapplyTolnt:Vt<S. (Int % Int) % Int.
letH
addl = (A x:Int. @ succ x)" (* now deadcode*)
add1.S = (ASx:Int. @ succ x)"
in use’ (@ (applyTolnt[()]) add1_S))H

Thusthe HL function add1l hasbeeneffectively specializedfor the stackallocation
stratgy usedby SL

Example3. Anotheroptimizationis memgingof regionswith thesameesourceequire-
ments,jllustratedon thefollowing HL codefragment.
e ternal(SL) nt n : Int — Intin nt n(nt n42)

which is naively translatedo the RL function (shavn afterinlining of the parameter
wrapper)



At<S. 2" nt n:Int —i) Int.

let" x = (useS (@ nt n 42))H
in use’ (@ nt nx)

After combiningthetwo use’ ( ) constructgshe equivalentRL termis

At<S.)\H nt n:Int—i) Int.

use’ (letS x = (@ nt n42)Sin@ nt nx)

A generalizatiorf this transformatiormalkespossibldifting of use” () constructs
out of aloop whenthe resources aresufficient for all effectsof the loop. Sincein
generala resourcenrappermustrestoreresourcesiponreturn,atail call movedinto
its scopeeffectively becomeson-tail; thuslifting a wrappers scopeover a recursve
tail call is only usefulwhenthewrapperis lifted out of the enclosingfunctionaswell,
i.e.outof theloop.

4 Semanticsof RL

4.1 Static Semantics

Correctnes®f resourceuseis ensuredoy the type systemshowvn in Figure 3, which
keepstrack of the resourcesiecessaryor the evaluationof atermanda conserative
estimateof the effectsof the evaluation.

An effect erwvironment  specifiesthe resourceboundsof effect variablesintro-
ducedby effectabstractionsndeffect-polymorphidypes.Therulesfor effectsequents
reflectthe dependencef effectson resourcegin this languagethis boils down to the
dependencef the call/cc effect CC on the heapallocationresourceH) andform the

basisof effect polymorphismThefunction yieldsthemaximaleffectpossible
with a givenresourcein this systemwe have (S)=0and (H) = CC.
Rule ax effectively stateghattheresourcer canbe usedinsteadof resourcer

if » providesfor all effectspossibleunderr.

In the sequentassigningtypesto valuesandtermsthe type environment maps
freevariabledo types.Typejudgmentdor valuesassociatsvith avalue andapairof
ervironments and only atype , sincevalueshave no effectsandthereforetheir
evaluationrequiresno resource®f thekind we control. Thefunction mapsconstants
to their predefinedypes.

Sequentgor termshavetheform r; e: , Wherer representshe avail-
ableallocationresource, isthetypeof e, andu representtheeffectsof its evaluation.
Rules xplet and xp al establishthe correspondencketweerthe resourcean-
notationsin theseconstructsandthe currentlyavailableallocationresourcethe effect
of lifting avalueto atermis none while the effect of sequencingwo computationsia
let is the union of their effects. Any effect allowed with the currentresourcemay be
addedo the effectsof atermusingrule  xp spurous .

The centralnovelty is theuse™ () constructfor resourcemanipulation;its typing
rule  xp use imposesthe crucial restrictionthatthe effect p of the terme mustbe
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supportedy theresource availablebeforethealternatveresource: is selectedThis
ensureshe correctnessf the propagatiorof  outsidethe scopeof theuse” ().

Therulesfor applicatiorandcallcc setthecorrespondendeetweertheavailablere-
sourceandtheresourceequiredby theinvokedfunction.In addition, xp callcc and

xp t ro  specifythat the continuationtype is annotatedvith the sameresource,

which is neededby the context capturedin the continuationand thereforemust be
matchedwhenit is reactvated.The effect of evaluatinga callcc includesCC, while
the effect of a throw is that of the restof the computationwhich we estimateasthe
maximalpossiblewith thecurrentresource.

By inductiononthestructureof atypingderivationit followsthatif atermhasatype
in a given ervironment,it hasexactly onetype, andthe presencef type annotations

allowsi its effective computationj.e. thereexistsa function suchthat
(r e) = (p )ifandonlyif r; ; e:— .
w
We will alsousethe function with the sameargumentsyeturningthe type
only.

4.2 Dynamic Semantics

The operationalsemanticof RL (Figure 4) is definedby meansof a variantof the
tail-call-safeC EK maching(Flanagaretal. [4]). The machineconfigurations atuple
(e ) wheree is thecurrenttermto beevaluated, istheernvironmentmapping
variablegso machinevalues, isaheapof objectqclosures)and isatupleof madine
resouces Dependingntheallocationstratgy used, is eithera continuatiorstack
recording(asin theoriginal C EK machine}hecontet of theevaluationasasequence
of activationrecords,or a pair of a currentcontinuation anda continuationrheap

In thelatterform is acontinuatiorhandleand is amappingfrom to
activation recordswhich offers non-sequentiahccessin neithercasedoesa function
application app performadditionalallocationsof activationrecordssobothstratgies
aretail-call safe.

Machinevaluesare either small constantsor pointersinto other structuresvhere
largerobjectsareallocated All closuresareallocatedontheheap(thefunction atthe
bottomof thefigureshavs the details).

Theactivationrecordscreatedvhenevaluatinga let”-expressiommay be allocated
eitheronthecontinuatiorheap (transitionrule let" ) or onthecontinuatiorstack
(rule lets ). An activationrecordrepresents continuationandin our smalllanguage
thereareonly threepossibilitiesthe computatioreitherhaltsor continuesy bindinga
variableto acomputedsalueor by restoringaresourceRules al? and al® perform
thebinding,dependingn theallocationmode.

Theevaluationof use” (e) selectdheactivationrecordallocationstratey for e, e.g.
use’ (e) selectsstack-basedllocationfor e (transitionrule use® ). Whenthe current
allocationresources alreadyr we defineuse” ( ) asa no-op;if a changeof resource
is performedanactivationrecordis pushedn (thetop of) thenew allocationresource.
Correspondinglyheap-basedllocationis restoredby transitionrule resu e" after
theevaluationof e.



SEMANTIC DOMAINS
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Fig.4. Semanticof RL



Anotherno-opis the increaseof effect sets( ),, which only senestype-checking
purposes.

4.3 Soundnes®f the Type System

The type systemmaintainsthe propertythat the effects of well-typed programsare
possiblewith their availableresourcesformalizedin the following statementproved
by inductionon thetyping derivation.

Lemmal. Ifr; ; e: is a valid typingjudgmentthen uw<r.

Semanticallythis behavior of well-typedprogramds expressedissoundnessvith
respecto resourcaise extendingthe standardsoundnesfor safetyof thetypesystem,
in thefollowing theorem.

Theoreml. If r;0;0 e: - »thentheconfiguation (e 0 @ Halt ")y eitherdiverges
or evaluatesto the configumation ({ )" (Halt ™)) (forsome , and ), whee

Halt > = (Halt ), andHalt ! = ( ) forsome and sudithat ( ) =Halt.

Thisresultis acorollaryof thestandargropertiesof progressandsubjectreduction
of thesystemtheproofsof whichwe sketchbelow. To simplify theproofs,weintroduce
atype-annotatedersionof thesemanticswhich maintaingypeinformationembedded
in the runtime representationThus the representatiomf an abstractionin the type-
annotatedersionis

Nz: .e ) = (Ptr [ = Closure (r z e )

In addition,theruntimeervironment is extendedo keepthetype of eachvaluein its
codomainthevaluecomponenbf isdenotecbhy  andthetypecomponenby
Thefollowing definitionsarehelpfulin definingtypability of configurations.

Definition 1. Thebottom ( ) ofanallocationresouce is definedasfollows:

Lif =()then ()= ( )if = nd{z e yyand () =
otherwise;
2.0 = Y,then ()= ({ N,if ()= nd(z e ), and
()= () otherwise
Definition 2. Theoutermostcontinuationheap ( ) reachablefromalloca-

tionresouce is

1. if =( Yand ()=Halg

2. ((Nif =( yand ()= esu e ;
3. 0,if =( Yand () =Halt

4, (« Nif =(Yand ()= esu e ).

Definition 3. A configuation closedin typeernvironment is typableunderresouce
r with aresulttype andan effect i, written r; (e ) 7 if for some

"



1 () ()=0;and

2: r; 0; e: - ;and

3. ( ) 5 ;and
"

4. foreath z (),

@ if (z) =Const ,then (z)=

(b) if (z) = Pr and () = Closure (r z e ), then
0; Az .e : (x),andsimilarly for typeabstactions;
(c)if (z)=Cont ,then (z)= " contand
( () =
"
andy=py p ,forsome andy ,
and ( ) 5oif
w
1. r =Sand = (Halt) (i.e.anemptystak)and = andu = 0; or
2.r=Sand =( nd{(z e yyandS; =z : (e ):; ;

or
3.r=5and ={ esu e )) and { ) ) %) ,

andsimilarly for » = H.

Notethatthe ervironmentmay containreachablevariablesboundto continuations
evenwhenthecurrentallocationresourcas astack.Typecorrectnessf thesecontinua-
tionscannotbeverifiedwith the stackresourceinsteadve have to find thecorrespond-
ing continuationheap.However in this casethe type systemguaranteeghatthe only
continuationheapto which therearereferencesn the ervironmentis the outermost
continuationheap,if suchexists. The reasonis thatalthoughit is possibleto switch
to heapallocationafter executingin stackallocationmode,thereareno invocationsof
callcc allowed sincethey would introducethe CC effect, which is not possibleunder
thestackresourcégcf. typingrule xp use in Figure3).

We cannow formulatethe progressandsubjectreductionproperties.

Lemma?2 (Progress).If r; 0 (e ) m whee r corresponddo  (i.e.
r=Sif ={(),r=Hif = )), and = Halt ", thenther exists sud that
(e )=
Lemma3 (Subjectreduction).If = (e yandr; 0 Lo whee r
correspond¢o ,and — = (e ), thenr; 0 S whee
r correspondso ,u = p  u , andtherule for this transitionis callcc only if
pu=CC pu ,forsomeu andy .

In brief, in thecasewhene = ( )", the proofsproceedy examiningthe structure
of thetyping derivationfor r; (; e: - togethemwith condition4 of Defi-

nition 3 thisyieldsthatthevaluesin the environmentandon the heapshave the correct
shapdor theappropriatdéransitionrule.In thecasevhene hastheform ( )" theproofs

inspectthe structureof the derivationof ( ) 5, whichparallelsthe
w

decisiontreefor thetransitionrules al and resu e andthehaltingstate.



4.4 ResourceTransformations

Effect inferenceandtype correctnessvith respecto resourceuseallow the compiler
to modify the continuationallocationstrateyy of a programfragmentandpresere its
meaningThefollowing definitionsadapthe standardhotionsof orderingandobsena-
tional equivalenceof opentermsto theresource-baseslystem.

Definition 4. Acontext is atermwith a hole ; theresultof placinga terme in the
holeof isdenotedby [e] andmayresultin capturingeffectand lambdavariables

freein e. Theholeofacontext isoftype(r ) m if [e] istypeablewheneer
Ty ey -

Definition 5. S; e e :, ifforallcontets withholeoftype(r )
i all typedervironments closing [e] andheaps closing , andcontinuation
staks , the configuation ( [e] ( )) corvergesif ( [e] ( )) con-
vemges. Furthermoe, S; e e 3 if S; e e 5 and
S; ; e e:-— .

m

Onepossibleoptimizationis the corversionof heap-allocatingodeto stack-based
stratgyy providedthe codedoesnotinvoke callcc or throw, asperthefollowing theo-
rem.

Theorem?2. If H; ; e: g ,thenS; uset (e) (&5 ):ig
whee is thetransformatiordefinedasfollows.
(O )=(»
((ehs )= (e Mu
(use (e); )= (5 )
(use® (e); )=e
er z; )=let’z =(\Sz : (z ).use(@zx z))S
nmoz z
(lethz=¢ ine; )=letz= (e; )
in (e; = (H e))

5 Translation from HL to RL

Programsn language HL SL aretranslatednto RL by analgorithmshown in
Figure5. Thealgorithminferstheeffectandresourceannotation®f atermusingfairly
standardechniquesilt is presentedh theform of aninferencesystentor judgmentf
theform e e: — ,wheree,, ,and areinputscorresponding
respectiely to the termto translatgalsooverloadedo HL top-level programs)yand
theinheritedeffectandtypeervironmentsinitially empty Theoutputsof thetranslation
aree, ,u,and ,whichstandfor thetranslatederm,theinferredeffecternvironment,
andtheeffectandtypeof e in ervironments and ; thusthe outputof thealgorithm
satisfiesH; ; e: 4 . Thefunction mapsalanguagenameto theresources
availableto a programin thislanguage: (HL) =Hand (SL =S.



ranslate e ternal

o =Cos (a ( nnotat (r o ())59)
o =Cos ( nnotat (r o ( ))S) T:0 wp R ind
we ternal(SL z:7inp
Azo.let z= rap ( = o)ine : -(¢ —0)
m
where

nnotat " (B ) =p

nnotat " (T cont ) = ( nnotat " (r )) "cont

nnotat " (r -1 ) =0 — o wheret € EffVar —
o= mnnotat " (T {t})
o = nnotat " (T {t} (o)

rap, ( « Vt<r .o)=At<r . vrap, ( [let” z =(z[t])" in | =z o)

rap" ( x 015 02) =X zi:oy.let” zy={ rap’ ( z1 oy))

g in rap] ( [let” zz=Qzz;in | zz 02)
whereo; = Con rtTyp | (o1)

rapl (= B)= [@)]

ranslate a
e1 1 e 01 1 e 2 €: 02 o1 (02— )

te (1) (o2) o ( 2) z1 € V(es)

2 e1 es let 21 =¢;inlet z2=e€3 iINQ@x1 T2

bow
where
0o | - 11 01 01 2 2 102 10 = (2 2p)
1 2 01— 02 01— 02
u I
o1 02 o = mEn ( t<r)
o1 cont o2 cont Vi<r.c o
inEn (t<r)=t<r inEn (umuVp2<r)= nEn (u <r) inEn (u2<r)
inEn (0<r)=0 inEn (CC<H)=0
ranslate let
€1 1 € : M_UI
<0’1 2) = Cos (0’1 1 ) 2 .0y €2 €s ! “—0'2

letz = e; ines let z=e;iney: o2

boop

ranslate a s
o= nnotat (tr o ( )) T:0 e e: -0

m

Az :T.e (A z:i0.e) :-(c0—0)

m
ranslate callcc
L€ e : —(o cont— o)
b n
. callcc e let z=¢ incallccz: o
T

Fig. 5. Typedtranslationfrom HL to RL



Several auxiliary functionsare shavn in the figure, andthe definitionsof several
simplerfunctionsareasfollows. Thelub of two resourcess definedby » » = r and
S H = H. Thefunction for meming two effect ervironmentsis definedas(

=0 Qi () () and( )()=()on
therestof () (). Thefreeeffectvariablesof atype aredenoteddy
( ); thefunction ( ) returnsthepair (v < (). — ), where
= ()= (),andsimilarly we have ( r)=V <r. where

o= ()
Separatelycompilede ternal functionsaretreatedasparametersf the compiled
HL fragmentand are wrappedto cornvert the HL resourcegcontinuationheap)to SL
resourcegcontinuationstack). The wrappingis performedby an auxiliary function

invoked as ~ ( x ), which producesaterm coercingz from type to type

r

() with resourceannotations in placeof r, andplacesit in context
. Whencompiling separatelythe effectsof ane ternal function are approximated
consenratively by applying " to the effect-annotatedeclaredype of thefunction;
bydefiniton  "( )is ——  "( )when = 5 ,and otherwise.
r 12
This allows the view of external functionsas effect-polymorphicwithout restricting

theiractualimplementations.

6 RelatedWork and Conclusions

The work presentedh this paperis mainly inspiredby recentresearcton effect infer-
enceg6, 10, 11, 23, 24], efficientimplementatiorof first-clasontinuation$2, 8, 22, 1],
monadsandmodularinterpreterg30, 12, 29, 13], typedintermediatdanguaged?7, 26,
20, 17, 16, 3], andforeignfunction call interface[9, 18]. In the following, we briefly
explaintherelationshipof thesework with our resource-baseabproach.

— Effect systems.Theideaof usingeffect-basedype systemgo supportlanguage
interoperatiorwasfirst proposedy Gifford andLucasser5, 6]. Along thisdirec-
tion, mary researcherbave worked on variouskinds of effect systemsandeffect
inferencealgorithmg[10, 11, 23, 24, 28]. The mainnovelty of our effect systemis
thatweimposeda“resource-basedipperboundto theeffectvariablesEffectvari-
ablesin all previous effect systemsare always univeisally quantifiedwithout any
upperbounds sothey canbeinstantiatednto ary effect expressionsOur system
limits thequantificatioroverafinite setof resources—thiallows usto take advan-
tageof the effect-resourceelationshipto supportadvancedcompilationstrateyies.

— Efficient call/cc. Many peoplehave workedon designingvariousstratejiesto sup-
port efficientimplementatiorof first-classcontinuationg2, 8, 22, 1]. To support
areasonablfficient call/cc,compilerstodaymostlyuse“stackchunks”(alinked
list of smallerstacks)2, 8] or they simply heapallocateall activationrecordg22].
Both of theserepresentationareincompatiblewith thoseusedby traditionallan-
guagessuchasC and C++ whereactivation recordsare allocatedon a sequential
stack.First-classcontinuationghus alwaysimposerestrictionsandinteroperabil-
ity challengedo the underlyingcompiler In fact, mary existing compilerschoose
not to supportcall/cc, simply becausecall/cc is not compatiblewith standardC



calling corventions.The techniquegresentedn this paperprovide opportunities
to supportboth efficient call/cc andinteroperabilitywith codethat usesequential
stacks.

— Threads.Implementingthreadsdoesnot necessarilyrequirefirst-classcontinua-
tions but only an equivalentof one-shotcontinuationg1]. A finer distinctionbe-
tweentheseclasse®f continuationss useful,however theissuesof incorporating
linearity in the type systemto ensuresafetyin the presencef one-shotcontinua-
tionsarebeyondthe scopeof this paper

— Monads and modular interpreters. The idea of using resoucesand effectsto
characterize¢he run-timeconfigurationof a functionis inspiredby recentwork on
monad-basethteractionsandmodularinterpreterd30, 12, 29, 13]. Unlike in the
monadicapproachpur systemprovidesa way of switchingthe runtime context
“horizontally” from oneto anothewia theuse” (e) construct.

— Typedintermediate languagesTypedintermediatéanguagedaverecevedmuch
attentionlately, especiallyin theHOT (i.e., higherorderandtyped)languagecom-
munity. However, recentwork [7, 14, 21, 17, 3, 16, 15] hasmostly focusedon
thetheoreticafoundationsandgeneralanguagelesignissuesThetypesystemin
this paperfocusedon the problemof compiling multiple sourcelanguagesnto a
commontypedintermediatdormat.We planto incorporateheresourceandeffect
annotationsnto our FLINT intermediatdanguagg21].

— Foreign function call interface. The interoperabilityproblemaddressedn this
paperhasmuchin commonwith framewvorksfor multi-lingual programmingsuch
aslILU, CORRA [27], and Microsoft's COM [19]. It alsorelatesto the foreign
functioncall interfacesn mostexisting compilers[9, 18]. Althoughthesework do
addressnary of thelow-level problemssuchascorvertingdatarepresentationse-
tweenlanguagesr passingnformationto remoteprocessegheirimplementations
donotprovideary safetyguaranteegor if they do,they wouldrequireexternalpro-
gramsrunin aseparataddresspace)Thework presentedh this paperfocuseon
interfacingprogramsunningin the singleaddresspacewith muchhigherperfor
mancerequirementsWe emphasizéuilding a safe efficient androbustinterface
acrosgnultiple HOT languages.

We believe whatwe have presentedh this paperis a goodfirst-steptowardsa fully
formal investigationon the topic of safefine-grainlanguaganteroperationsWe have
concentrate@n the issuesof first-classcontinuationsn this paper but the framework
presentedhereshouldalsoapply to handleotherlanguagdeaturessuchasstates gx-
ceptions,and non-terminationThe effect systemdescribedn this paperis alsovery
generabkndusefulfor staticprogramanalysisbecausé supporteffectpolymorphism,
effectinformationis accuratelypropagatethroughhigh-ordefunctions.Thisis clearly
muchmoreinformative thanthesingleone-bit(or N-bit) informationseenin thesimple
monad-basedalculus[16, 25].

Thereare mary hard problemsthat mustbe solved in orderto supporta safeand
fine-grainednteroperatiorbetweenML andsafe-C,for instancethe interactionsbe-
tweengarbageollectionandexplicit memoryallocation betweenype-safeandunsafe
languagdeaturesetc. We planto pursuetheseproblemsn thefuture.
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