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Abstract. Safetyof interoperationof programfragmentswrittenin differentsafe
languagesmayfail whenthelanguageshave differentsystemsof computational
effects:an exceptionraisedby an ML functionmayhave no valid semanticin-
terpretationin thecontext of a Safe-Ccaller. Sandboxingcostsperformanceand
still mayviolatethesemanticsif effectsarenot takeninto account.Weshow that
effectannotationsaloneareinsufficient to guaranteesafety, andwepresentatype
systemwith boundedeffect polymorphismdesignedto verify the compatibility
of abstractresourcesrequiredby thecomputationalmodelsof theinteroperating
languages.Thetypesystemensuressingleaddressspaceinteroperabilityof stat-
ically typedlanguageswith effect mechanismsbuilt of modulesfor controland
state.It is shown soundfor safetywith respectto the semanticsof a language
with constructsfor selection,simulation,andblockingof resources,targetedas
anintermediatelanguagefor optimizationof resourcehandling.

1 Intr oduction

Component-basedsoftwaredevelopmentpromisesthefreedomto choosethemostsuit-
able languageindependentlyfor eachfragmentin a system,as long as the language
implementationsupportsa commoninterface[12, 15]. The existing interfacesoffer a
trade-off betweensafetyandefficiency of interlanguagecommunication.Thecommu-
nicatingprogramsmay residein separateaddressspaces,delegating the responsibil-
ity for correctnessof their interactionto the operatingsystem,which imposessevere
performancepenaltiesevenfor componentsusingthesamelanguageimplementation.
Alternatively thecallerandcalleemaysharethesameaddressspace;this providesfor
fastinteractionbut typically fails to preventpossibleerrorsdueto inconsistency of the
computationalmodels.With theincreasingdependenceon componentlibrariestheef-
ficiency of theinteroperationmechanismis becominga significantfactor;on theother
handthe useof third-partycomponents,especiallyin thecontext of dynamiclinking,
requiresstrongsafetyguarantees.'
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andshouldnot beinterpretedasrepresentingtheofficial policies,eitherexpressedor implied,
of theDefenseAdvancedResearchProjectsAgency or theU.S.Government.



Interoperationbetweenfragmentswith differentcomputationalmodelsalsooccurs
whena higher-level languageis beingusedfor systemsprogramming.Demandsfor
independenceof somelanguagefeatures(e.g.garbagecollection[11]) on partsof the
systemcanbesatisfiedby compiling themusinga differentmodelfor a subsetof the
language,andusinganinterlanguageprotocolto communicatewith therestof thesys-
tem.This approachcanalsobeusedwhencompilingfiner-grainedprogramfragments
written in thesamelanguage,to achievepay-as-you-goefficiency of languagefeatures
usingthemostcost-effective modelwhich supportsthe featuresemployedby thepar-
ticular fragment.On a higher level, differentsourcelanguagesmay have a common
representationin a typed intermediatelanguage[16] anddifferentbut interoperating
implementationschemes,tunedto specificsourcelanguagecharacteristics.Safetyand
efficiency of interoperationareagaindefinitebut competingrequirementsin thesesitu-
ations.

To provide thebasisfor a safeandefficient interlanguageoperation,in this paper
we describea novel type-basedtechnique,supportingprincipledinteroperationamong
languageswith differentfeaturesselectedamongmutablestore,exceptions,first-class
continuation,andheapandstackallocationof activationrecords.Ourframeworkallows
programswritten in multiple languageswith overlappingfeaturesto interactwith each
othersafelyandreliably, yetwithout restrictingtheexpressivenessof eachlanguage.

Thusourgoalis designinganinteroperabilityschemewhich is

– safe:it shouldnot bepossibleto violate theruntimesafetyof a languageby call-
ing a foreignfunction,evenif this functionis definedin a languagewith different
features;and

– efficient: a languageimplementationshouldnotbeforcedto usesuboptimalmeth-
odsfor its own featuresin orderto provide supportfor otherlanguages’features.
For instancetheimplementationof alanguagethatdoesnothaveexceptionsshould
nothaveto know abouttheexceptionhandlingmechanism(s)usedin interoperating
implementationsof otherlanguages.

Ideally we would like to have completeinteroperability, allowing usto invoke any
function from any term written in anotherlanguageas long as the semanticsof this
invocationis definedin the“union” of thelanguages.However this requirementposes
seriousefficiency problems,sinceto satisfy it, the implementationof eachlanguage
shouldbeawareof thesupportingmechanismsfor all featuresin theunion language.
Thus, for instance,if a Schemeimplementation( employs heap-basedallocationof
activationrecords,animplementationof Safe-Cwhichmayhaveto interoperatewith (
cannotuseastack;or, conversely, theSchemeimplementationswill beforcedto usean
allocationstrategy compatiblewith astack[1, 5].

At the otherextremeareinterfaceslike COM [15] which imposefew restrictions
on languageimplementations.Safetyis to be ensuredvia sandboxing,usingseparate
addressspaces.The interoperationmechanismsupportsonly basiclanguagefeatures,
e.g. function invocationandpassingof argumentsandresult.In caseswhenthe cost
of cross-domaincalls is acceptablethis appearsasa reasonablesolution,but in fact
dependingon designchoicesin the implementationsit may not provide the expected
semantics.
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Fig.1. Failureof simplesandboxingto preservesemantics

Considerthe schematicexampleshown in Figure1, whereraisingexception Z in[U\K]K]�^_\K[�` shortcutsthe flow throughthe Java fragment.If the Java implementation
maintainsinformationaboutthe last enteredaKbKc (i.e. the currentexceptionhandler)
which is context-switcheduponcalls to ML, this informationwill be incorrect(with
respectto the “union” semantics)when ZEd [�e�f a!g�h�i is thrown after the secondcall tojlkLm

.
Thusasobservedin [14] thefunctionof amechanismfor safeinterlanguagecallsis

morethanmarshallingvaluesbetweenrepresentations– it mustalsotake into account
theeffectsystemsof thelanguages.

Thecontribution of this paperis that it formalizesthenotionof safeinteroperabil-
ity betweenstatically typed languagesby building on previous work on effect sys-
tems[8, 18, 19] and introducinga type systemwhich relateseffects to the machine
resourcesthey require.Sincedifferentmodelsof languagesprovide differentsetsof
resources,andthesameeffect maybepossiblewith varioussetsof resources,bothan
effect anda resourceannotationareneeded:theresourceannotationindicatesthespe-
cific requirementsof a codefragment,while theeffect annotationdetermineswhether
analternativesetof resourcescanbecoercedto matchtheserequirements.

Trackingtheeffectsof theparametersof higher-orderfunctionsis achievedbyeffect
polymorphism:usingeffect variablesin the typesto expressthe dependencies.More
specificallyour systemhasboundedeffect polymorphismto rejecteffect applications
whentheeffectargumentsareunsupportedby theresourcebounds.Weomit typepoly-
morphismfrom thepresentdescriptionfor brevity; we believe it is largely orthogonal
to thetreatmentof resourcesandeffectsin types.

Furthermore,to show soundnessof our typesystem,weintroducea typedlanguage
with constructsfor explicit managementof machineresources.Usingthis languageas
intermediatein compiling varioussourcelanguagesallows the compiler to optimize
interlanguagecallsby “floating” theboundarybetweencontextswith differentresource
requirements.Thuspartsof a programwritten in onelanguagecanbe specializedto
operatewith theresourcesprovidedby theimplementationof anotherlanguage[17].

Theresultis thatoursystemavoidsthesafetytrapsandallowsfor theinteroperation
of efficient implementationsby restricting,in somecases,whichforeignfunctionsmay
be invoked,andimposingconditionsthe callermustsatisfybeforethe invocation.To
determinewhetheracall is possible,weconsidertheeffectsof a function,i.e. its useof
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Fig.2. Languageinteroperation:conditionsfor safetyandefficiency

resources.A resourcehasto besaved(blocked)whenit is not requiredby thecallee.If
a resourcewhichthecallerdoesnothave is neededby thecalledfunction,but thelatter
doesnot produceaneffect dependingon this resource,a dummyresourcecanbepro-
videdinstead.In somecasesit is possibleto switchto alternative resourcessupporting
thesameeffect.An exampleillustratingthesepointsis shown in Figure2 wherethree
languagesL n , L o , andL p arebuilt out of the semanticmodulesstudiedin this paper.
For example,callinganL p functionfrom anL o programis alwayspossible,becausethe
functionalityof all resourcesof L p is supportedin L o , but thecalling conventionmust
beswitchedfrom heapto stackbased,andtheL o exceptionhandlermustbepreserved.

To specifyformally andprove thesafetyof our system,in Section2 we introduce
thetypedintermediatelanguageq anddescribeits staticanddynamicsemanticsin Sec-
tion 3. In Section3.3weshow thatthetypesystemof q guaranteestheruntimesafety
of type-correctprograms.This makespossiblethesafelinking of separatelycompiled
componentswhich can be shown to have a type-correcttranslationinto q with the
correspondinginterfacetype.

2 A Languagewith Machine ResourceControl

Thelanguageq is anidealizedversionof thetypedintermediatelanguageof our sys-
tem.Thenovel featurein it aretheabstractresources, whichtogetherwith theirassoci-
atedprimitive operationscanbeseenasmodulesof which we canbuild sublanguages
of q ; indeedthis is animpliedgoalof our interoperabilityscheme.Both thestaticand
thedynamicsemanticsof q permita presentationin which new functionalblocksare
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Fig.3. Syntaxof � , a languagewith typedresourcecontrol

addedto a basiclanguagewithout interferencewith otherblocks;theexceptionis the
exceptionsblock, whosesemanticsneedssupportfrom both first-classcontinuations
(whenpresent)andtheresourcehandlingitself. We take theapproachof presentingall
blocksin onestepmainlydueto spaceconstraints.

The abstractresources,rangedover by � (seeFigure3), arestructuredin a hier-
archyincluding thecontrol resources� andtheir subdivision, thecontinuationalloca-
tion resources� . Thelanguagesupportstwo allocationstrategiesfor activationrecords:
a stack-baseddisciplinewith abstractresource� , anda heap-based,with abstractre-
source	 . An additionalcontrol resourceis theexceptionhandler
 . Informally all of
thecontrolresourcescanbeviewedasstructuresof framessuchasactivationrecords.
A primitiveresourcenot relatedto thecontrolis thestore � ; thesystemcanbedirectly
extendedwith multipleversionsof thestorewhichcanbecontrolledseparately.

Primitiveresourcesarethebuilding blocksof theresourcedescriptors� , consisting
of two components.Thefirst componentspecifiesthe“calling convention” in use.i.e.



how valuesarecommunicatedto andfrom a term; to keepthesystemsimplewe only
considerconventionson returningthe result,with a choicebetweena stack-allocated
andaheap-allocatedcontinuation.Thesecondcomponentdescribesthesetof resources
availableor requiredfor theevaluationof a term.

Thecounterpartof resourcesaretheeffects whicharesetsof primitiveeffects(in-
formally causedby thecorrespondingprimitive operationsin the language)andeffect
variableswhichstandfor setsof effects.In our languagetheprimitiveeffectsare ������� ��� ,��� � ������� ��� , and  �!�#"$� . A computationmayonly introduceeffectswhichareprovidedfor
by theavailableresources,e.g.theeffect ��� � ������� ��� canonly occurwhentheexception
handlerresource
 is available.

Thereareonly minimal requirementsfor resourcesneededto producean effect;
extra resourcescansimplybeignored.This intuitiveobservationleadsto thedefinition
of a relationof compatibilitybetweenresourcedescriptors:letting %'& rangeover sets
of primitive resources,()�+*�%'&�,.-/()�0*�%'&�1$, if %'&324%'&�1 . Note that compatibleresource
descriptorsdenotethesamecallingconvention.

Thetypes5 includefunctiontypes5 n7698: 5 o annotatedwith aresourcedescriptor�
andeffects  . This notationdescribesa functionwhoseevaluationrequiresthecalling
conventionandresourcesdenotedby � , andproducesthe effects  . Similarly the re-
sourceannotation� onthetypeof continuations� �0��� 8#; 5#< denotestheresourcesneeded
to re-activatethe continuation;the type systemassumesthat the effect of invoking a
continuationis themaximalpossibleunder� .

Amongthetypesarealsothebounded-effectquantifiedtypes =?>A@B�+CD5 . An effect
applicationE ; �< of a variableE of this typeis only valid whentheeffects  arepossible
with theresourcesdescribedin � .

In additionto effect applicationsthevaluesF of q includeboundedeffect abstrac-
tions,andabstractionsannotatedwith resourcedescriptorswith themeaningnotedfor
functiontypesabove.

A term G which requirestheresourcesdescribedin � andproduceseffects  canbe
visualizedastheelementshown in Figure4(a),wherethe � indicatestheconventionfor
theresultis to usea stack.Theterm HIFKJ denotesaneffect-freecomputationreturning
thevalue F accordingto a conventiondeterminedby thecontext. ThecomputationofL MON EQPR5TSUGWVYXAG 1 mergestheeffectsof thecomputationsof G and G 1 with E boundto
thevalueof G (Figure4(b)).
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A novelty is theresource-managementconstruct]R^ M`_ �RaRG , whichevaluatesG in the
context of resourcesdescribedby � , replacingthe currentresources.For instance,it
is possibleto reducethe setof availableresources�#1 whena term G expectsa subset
� (asreflectedin its type,seeSection3 for details).As alludedto in Figure5(a), the
resourcescurrentlyavailablebut not neededarepreservedduring the evaluationof G
andrestoreduponcompletion.For example,considerthecaseof anML programwith
resources(D	b*�cR	b*D
d*��fe�, invokinga Schemefunction g with anintegerargument� and
integer result.Assumingboth implementationsperformheapallocationof activation
records,thecall would requirepreservingtheML exceptionhandler. Translatedto q ,
theinvocationis expressedby

]R^ M`_ (D	b*�cR	b*��heO,ia _ @ g � a
in a typeenvironmentincluding � P0j ��� *igkP0j ��� 6ml$n�o p'nRo qsr�t: j ��� (for someeffect  ).

It is alsouseful to allow the creationof a new dummyresource� whenit is re-
quiredby a term G but the effectsof G make no useof � . Considera Schemefrag-
ment with resources(i	b*�c�	u*��heO, invoking a compiledfrom ML function v of type
j ��� 6 l$n�o p'nRo w0o qkr�tp!x\y\z|{�}|r j ��� . This typeshows that v hasno effectsthat requiretheexception
handler, but thecodefor v neverthelessexpectsanexceptionhandlerresource,which
is reflectedin the resourcecomponentof v ’s type. Thereforethe invocationmustbe
enclosedin a ]R^ M , constructinga dummy 
 resource:

]R^ M`_ (D	b*�cR	b*D
d*��h,ia _ @ v�~�a
Thissituationis representedgraphicallyin Figure5(b)wheretheeffects aresupported
by theresources��1 , but theterm G requiresadditionalresources.

In the absenceof continuationcaptureeffectsthe creationof new stackandheap
resourceshasdifferentsemanticsdueto the localizationof allocationeffectson these
resources.While a newly createdstoreor exceptionhandlerresourcecannotbe used
at all (sinceany usewould createan effect which requiresthat resource,hencethe
term would not have a type in an environmentwhich doesnot provide the resource),
a new stackor heapmaybe usedfor theallocationof activationrecords,becausethe
allocationeffect is localizedand will not be propagatedwhen the evaluationof the
term is completed.Note that this only appliesto the useof the heapfor stack-like
managementof activationrecords;useof ��� L�L ��� for instanceintroducesaneffectwhich
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makesit impossibleto type the term in an environmentwhich doesnot have a heap
resource.

Anotherapplicationof theconstruct]#^ M7_ �#a�G is theselectionof callingconvention.
Figure5(c) illustratesthis in thecaseof switchingfrom stack-basedto heap-basedcon-
tinuationsfor theevaluationof G when �T� (D	b*�%'&�, andtheresourcedescriptorof the
context is �#1¡�¢()�£*�%'&�, , where c�	b*'�0e¤2¥%'& (i.e. botha heapanda stackareprovided).
Formalconditionsfor validity of ]#^ M`_ �#a�G arepresentedin Section3.

Theexamplein Figure6 shows anapplicationof ]R^ M in thecaseof interoperation
betweenprogramswritten in two languages.Thefunction � ¦ usesstackallocation( � ),
while ��§�"\��¨ª©K« usesheapallocation( 	 ). Bothlanguagesalsohavethestoreresource� .
Before � ¦ canbecalledfrom ��§�"$��¨b©K« , it mustbecoercedto heapallocation,which is
performedby theeffect-polymorphicfunction ¨¬" � � . Note that theeffectsof theargu-
mentsof ¨`" � � arerestrictedby theresourcesin the intersectionof thetwo languages’
sets,denotedby `®O¯$° ; in this casethis meansonly storeeffectsareallowed.The in-
vocationof ¨¬" � � ’s argumentg is enclosedin two ]#^ M regions:theouter ]#^ M createsa
new stack,while the inner oneswitchesthe calling conventionto the stackandsaves
theheapresource.

Theexamplealsoshowshow anobjectwhichonlyhasmeaningin alanguagewith a
givenfeaturecanbehandled“passively” by codewrittenin a languagewithoutsupport
for that feature.Note that the first-classcontinuationcapturedin the heap-allocating
programis passedto � ¦ andback,andthenactivated.
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Fig.7. The � typesystem:effects,typesandvalues

3 Semanticsof Ö
3.1 Static Semantics

Thetypesystemof q , shown in Figures7 and8, keepstrackof theresourcesnecessary
for theevaluationof a termandmakesaconservativeestimateof theeffectsof theeval-
uation.Theeffectenvironment× specifiestheresourceboundsof freeeffectvariables,
andasusualthetypeenvironmentØ assignstypesto freevariables.

Therulesfor sequents×ÚÙ : A@Û� reflectthedependenceof effectsonresourcesand
form thebasisof boundedeffectpolymorphism.Thedependenceof primitiveeffectson
resourcesis capturedby thefunction Ü`Ý�Þ�ßRàI%DÝ'á (Figure9) specifyingthealternativesfor
minimal resourcedescriptorsenablinga primitive effect. Note that the �Ä� � ������� ��� and
 �!�#"$� effectswork with eitherstackor heapcontinuationallocation,while the ������� ���
effectcanonly beintroducedwith heapallocation.
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Fig.8. The � typesystem:terms

Typejudgmentsfor valuesassociatea type 5 with a value F anda pair of environ-
ments;valueshavenoeffectsandthereforetheircomputationrequiresnoresources.Se-
quentsfor termshavetheform �0å�×¼å�Ø4Ù!æ�G�PK5£åD , where� is theresourcedescriptorof
theenvironment,5 is thetypeof G , and representstheeffectsof theevaluationof G . For
thetypingof constantsweassumetheexistenceof afunction çhèêéâ®�ë�&Ä¯ 6 ¬ì�&�à�í�î�ï�ð ,
andin particularthat ç _Èñ au�óò ��� � .

w�y|ÂJ���Á�By|Ãóë¥³�´�µ µ ³J³ ì � � ��� �3� � ���L�w�y|ÂJ�����By|Ãóë¥¶�¸	³J¶�¹�ºB» ¼�½ ì � � � � ��� � � � ����� ��� ��� � � � ���L�wzy|ÂJ������y!Ãóë¥¾$º$¼�À�¶ ì � � � � ��� � � � ����� ��� ��� � � � ���L�
Fig.9. Minimal resourcerequirementsfor primitiveeffects



Thefunction ôQì�õ�öø÷ yieldsthemaximaleffect possiblewith theresourcesin � ; it
is usedin makinga conservative approximationof theeffectsof a continuationgiven
theresourcesavailableat thepointof its capture(in rule ù�ú �#��û)��§K"$��¨�ü ).

3.2 Dynamic Semantics

To separatethestaticanddynamicaspectsof theuseof resourcedescriptorsweconsider
avariantof q with explicit resourceannotations,wheretheabstractsyntaxfor termsis

G�PYPý� @ E¤E+1¤þd]#^ M 8 _ �#1$aRG
þZH�FOJ 8 þ L MON 8 EZPO5BS[GWV\XWG�1
þ�ÿ M�� 8 E þ�� 8 E þªE���� 8 E01
þ���� L�L ��� 8 E þ N	� ÿ�
� 8 ; 5#<£EfE01
þ�G � ��X�� L M 8 EBP ���#� C'G�1¤þ�ÿ|�#V�^ M 8 ; 5#<£E

Thetranslationof type-correctq termsinto theannotatedlanguageis straightforward
sincethenew annotationscorrespondto theresourcedescriptors� on theleft of Ù�æ in
thetypingsequentsfor thoseterms.

We presentoperationalsemanticsof q following [3] in termsof a variantof the
tail-call-safeC� EK machine.We preferoperationalsemanticsbecauseit allows us to
show directly thatreasonablyefficient implementationsexist. Theoriginalmachineal-
locatesanactivationframeon thecontinuationstackwhenenteringa

L MKN
-binding(but

notwhenenteringaclosure),andpopstheframetocompletethebinding.Weextendthe
machineby includingacomponentdenotingadditionalmachineresources,andby pro-
viding a heap-basedalternative continuationallocationstrategy supportingfirst-class
continuations.

Thetransitionsof theabstractmachinearespecifiedasa relationon machinecon-
figurationsconsistingof the term beingevaluated,its environment,andthe currently
availablemachineresources;for the purposesof the proof of soundnessof the type
systemwe includein the configurationalsothe type of the evaluatedterm aswell as
anaccumulatorof effects.Having theannotationsin thesyntaxmakesit clearthat the
althoughthesemanticsof someconstructsdependonwhatresourcesareavailable,this
dependencecanberesolvedatcompiletime.

Thesemanticdomainsdefiningthemeaningof thecomponentsof theabstractma-
chine are listed in Figure10. As usualthe environment � mapsvariablesto values
convertedto their internalrepresentationasshown in Figure11.Valuesarerepresented
in the environmentasclosureswith environmentsbinding their freevariables;no en-
vironmentfor effect variablesis neededbecauseeffect instantiationis performedvia
substitution(Figure11).

To assistwith theproof of soundnessof the typesystemwe instrumenttheopera-
tional semanticsto keeptrackof thecurrentcontrol resource,theaccumulatedeffects
of theevaluation,andthetypeof thetermbeingevaluated.Further, theenvironmentis
extendedto alsorecordthe typeof eachvariable;typesafety(Lemma1) implies that
all typeannotationsandtagsonly usedfor verificationin thesemanticsmaybeerased
without affecting theoutcomeof theevaluationof a correctlytypedterm.We usethe
shorthands��� _ E?a and ��� _ E+a for thevalueandtypecomponentsof � _ E+a , respectively,
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machinevalues� �1« u���� ®�° ��Í ã ®�° �6  ÉUÊLË
environment

MACHINE RESOURCESw�{ � ã w�y3{Ds������Dy3{���( £�©*)P¢�£¥¤ ¦!§�¨�©,+.-�/�£�© ã w5ë¥� ì separatedsumof resourcetuples
where

ã w ë � ì �Nrts�uKv10�v ° �32 � ã w ë�� ì �Nrts�u�v54²y ° Ë �ã w ëB� ì �60Kv¥s���y � ã w ë�� ì � «�æ u
CONTINUATION ALLOCATION RESOURCES7 � ° �Îyó| 8 ��� �:9!»�½Ä�Î�@ã�Ï!Ýz�@Ì Õ3ä �*� � Ì ç �

bindingactivationrecord�<;E¶J¾"º�¼�ÀÁ¶`�¥� � ã w ë¥� ì �
resourceblockingrecord�<=·ÀÁ¼U¹z�

resourcesimulationrecordã rts�uKvxw�y3{?>z|:@%>
with
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" � rts�u�vPOPs��

continuationlocationsQ � rts�u�vPOPs���Í 7 � ° �Îy� Frts�u�vPOPs��y3� Ë v Ê�R �ê�J" � � � " �
for some
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denotedby superscript

� ì
MUTABLE STORE RESOURCE& � 0�v¥s��By�OPs��
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Fig.10.Semanticdomainsfor theinstrumentedoperationalsemanticsof �^ ë¥Ý �*� ì �`_ � ë¥Ý ì^ ë¥Ý6Ñ Â Ò ��� ì � ^ ëBÑ Â�Õ ª Ò Ü ��� ç ì if
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for other
Ü

Fig.11.Representationof values



andwe write � ; Ecb6 _�d Pb50a�< to denotethe extensionof � which assignsmachine
value

d
andtype 5 to E .

Themodularityof thelanguageblocksis supportedin our framework by therepre-
sentationof machineresourcesÜ¬& asarecord(tuple)with a tag ¯Èìfe _ Ü¬&�aªèQÜ`Ý�&�®ÅßR%�í�ÝÄ&
which yields thesetof thecorrespondingprimitive resources.Thesetof possibleval-
uesof an individual machineresourcecorrespondingto abstractresource� is denoted
by ô¼Ü _ ��a . Thus,assuminga canonicalenumerationof resources,a tupleof resources
with tag %'& is anelementof thesingletonseparatedsum

(hgji*kJl
p
gji
r +.m l�gji�k ô.Ü _ �Åa ; we

will denotethis setby ô.Üon _ %'&�a . The semanticsmake useof two familiesof total
functions,

àIëfp ggji?q p g r è ô¼Ü _ ��asr�ô¼Üon _ %'&FtAc��Oe�a 6 ô.Üon _ %'&u7cÅ��eOa
ð?%D®*p ggjiwv p g r è ô¼Üon _ %'& u7c��Oe�a 6 ô.Ü _ ��a�r�ô.Üon _ %'&,tAcÅ�Oe�a'*

indexedby aprimitiveabstractresource� andatag %'& , with theintentionthat àIëfp m gji?q p m rmaps(ÈÜW*ÄÜ¬&�, to therecordcontainingÜ andall of Ü¬& , andð?%D®*p m gji3v p m r is its inverse.We

alsouse &'àIë eLx\Ý m gyi �{z6n�|Rð?%�®�p m gji and áÅ%D®'ð m gji �}z_os|Rð?%D®*p m gji . Thefunctions àIë	p ggji and àIë	p g kgji
(andsimilarly ð£%D®�p ) arecommutative for ��~�ó�Å1)*�cÅ��*D�Å1$e���%'& ��� ; this commutativity
allowsthegeneralizationof àIëfp and ð?%D®*p to thefunctions

àIë	p gyi kgji�q�gyi k è ô¼Üon _ %'&�1$a�r�ô.Üon _ %'&,tf%'&�1$a 6 ô.Üon _ %'&�u�%'&�1$a
ð?%D®*p gji kgyi5v?gyi�k è ô¼Üon _ %'&u�%'&�1$a 6 ô.Üon _ %'&�1$a�r�ô.Üon _ %'&,tf%'&�1$a'C

Using thesefunctionswe candefinenaturalliftings of operationslinear in an in-
dividual resourceÜ (i.e. in whosetype Ü occursexactly oncepositively in both the
typesof domainandcodomain,or doesnotoccurin thedomaintypeandthecodomain
is linear in � ) to operationson a recordof resourcesÜ¬& containing� : e.g.for � m è(�r¬ô.Ü _ �Åa 6 ( 1 r¬ô.Ü _ ��a wedefine� ggji _ è aD(�r + �m l�gji ô¼Ü _ ��a 6 ( 1 r + �m l�gji ô.Ü _ �Åa
by � ggyi _�� *�Ü¬&�a �S�����(ÈÜW*�Ü�& 1 , �êð?%�®�p ggji _ Ü¬&�a'*

( � 1)*�Ü¬1\, ��� m _y� *�� a��� ( � 1)*�àIëfp ggyi?q p g r _ Ü¬1)*�Ü¬& 1 ai,
where � è %'& . With the generalizedversionsof àIëfp and ð£%D®�p this lifting extendsto
functionson recordsof resourcesaswell.

For eachprimitiveresource� thereis aninitial elementÝ	�7ðø¯�ï m of thealgebraof the
correspondingmachineresource;theseelementsareusedin thesimulationof resources
(rule ù�� ¦K¦#ü in Figure13).

A genericcontinuationmachineresource��� (correspondingto abstractcontrolre-
source� ) is describedby thefourstackoperationsÝ	�7ðø¯�ï � , à$&Dö%�`ð£¯)ï � , ë?Ý	���¡%Dì��fÝ � , and
¯È®'ðs�¡%Dì��fÝ � , where ¯�®�ðs�¡%DìL�hÝ � is theinverseof ë£Ý����¡%Dì��fÝ � onnon-empty� � . Wewill
usethemoreconcisenotation �mP\P�� gyi Ü¬& bothfor ë?Ý	���ø%DìL�hÝ�gji _ �ª*ÄÜ¬&�a andasa pattern
standingfor Ü�& 1 when �9è %'& , à$&Dö%�`ð£¯)ï,�gji _ Ü�& 1 aZ�[g����  � , and ¯�®�ð,�ø%DìL�hÝ�gji _ Ü�& 1 aZ�
(��ª*�Ü�&�, . A section

_ � P\P � gji a standsfor thefunctionmappingÜ¬& to � P\P�� gyi Ü�& .
Thestack-basedimplementationonly providestheminimal functionality;theheap-

basedimplementationcanbe usedfor non-sequentialaccessaswell. Exceptionhan-
dling usesa separatecontinuationstack.



Activationframesincludea variantof thestandardbindingframes[3] to recordthe
continuationcompletinga

L MKN
-binding

L�MON l � o gji t EóPu5�1 SäG�1¡V\XZG after evaluating G�1 .
Thebindingframeis of theform � �ý��¦ (�� l � o gji t E P'5RC�GO*,�f*05 1 , , where 5 1 is thetypeof
G in environment �y� extendedwith E Pâ5 , %'& is the setof resourcesavailablefor the
evaluationof the

L MON
, and � is theallocationresourcefor theevaluationof G .

In addition thereare two kinds of resourcemanagementcontinuationframes.A� �  �!�#"$� frameindicatesthata machineresourcehasbeensavedandremovedfrom the
current;a � "$��� framesignalsthat a dummyresourcehasbeencreatedandprovided
to codewhich only usesthe it locally, or not at all (but hasbeencompiledto expect
it). Thenamesof theseframessuggesttheoperationsthatmustbedoneto restorethe
statusafter the evaluationof the currentterm hascompleted,i.e. when the frame is
encounteredduringunwindingthecontinuation.

The relation of computationb6 n on configurationsis the union of the transition
rulesshown in Figures12and13); therelationof computationis thereflexivetransitive
closureof b6 n . The transitionrulesaregroupedin classesbasedon the featurethey
implementasfollows.

Building block Rules Figure
environment ùÈ� ���Åü , ùD� �Ä�Dü , ù�  �ý��¦#ü 12

store ù "$� g ü , ù ¦O�O"\� g ü , ùiò �O¦ � �!��ü 12
first-classcontinuations ùÈ������� ��� ü , ù ��§�"$��¨�ü 13

exceptions ù § � �Å¦ � ��ü , ù " � �  ��ü 13

resourcemanagement
ù�� ¦K¦#ü , ù "$�L¡`��¢���ü , ù "$��¦R�ý"\� � �Dü
ù ���0�Åü , ù "$�  �!�#"\��ü , ù ¦0"\�0�Åü 13

Notableamongthetransitionsarethosefor resourcemanagement– they save a re-
sourcefor future useandremove it from the currentlyavailableset,createa dummy
resource,or selecta differentcontinuation.Theinteractionbetweenresourcemanage-
mentandexceptionhandlingis non-trivial becauseresourcesmustbe restoredwhen
exiting a ]R^ M -region in any way. For thatreasonfirst-classcontinuationsarerestricted
to acceptonly theresourcesetavailableatpointof capture;unlikethem,exceptionhan-
dlersareallocatedon a stack,thusit is possibleto allow exceptionsnot to be tied to
specificresourcesby interceptingthemandrestoringtheresources.

Ourimplementationof exceptionsis morerealisticthanthetypical[23] whichprop-
agatesexceptionpacketsthroughall enclosingtermswhoseevaluationsis pending.The
exceptionhandlerforms a stackparallel to the continuationstack(or heap).Raising
anexception(rule ù " � �  ��ü ) createsanexceptionpacket which is processedlike a value
with continuationon the exceptionhandlerstack;the bindingson this stack,created
by

� �RXs� L M , restorethedefaultcontinuation.Thisschemehasonoverheadif exceptions
arenot used,andoverheadlinearin numberof catchinghandlerswhenanexceptionis
thrown.

3.3 Soundnessof the TypeSystem

To prove soundnessof thetypesystemwe extendit with rulesfor machineconfigura-
tions,andprove that this extensionhasthe subjectreductionandprogressproperties.
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where

ë�$�¼�³!&Ã��ÀÁ¶3ÖBÑ Ì�Ò ì � � ë¥Ý ìÝ ç Õ� �ós��Oë � ì
± ×�¹���´�º�¶�¸Ú�¥Ý}ù�ú ¤w¥�¦ £�©y§�Ý ç � � � ~ � w�{ � Â � ×�½�» º � MÍ E��í â î ¤w¥	¦ £�©y§ ��� � ~ � � Ë Ã ° v y V£�© ë|�1& � _ � ë¥Ý ç ì ��� w�{ ì � Â Á � ¾$º�¼�ÀÁ¶ ��� ×�½�» º �

where
ë�$	¼�³'&���Ì ì � � ë¥Ý ìÌ9� ÀÁ¶3Ö�Ñ © � ë¥Ý ç ì Ò

where
��{z�Sv ° �}ë@w�{ ì � ~ � �D{

Fig.12. Instrumentedtransitionrules,part1

Theinterestingaspectof assigninga typeto a configurationin this systemis thatsome
of thevaluesin theenvironmentmayreferto resourceswhicharecurrentlyinaccessible
(blockedby anenclosing]#^ M ), which complicatesthenotionof typecorrectness.The
detailsof theproofareomittedfor spaceconsiderations.

Theprogressandsubjectreductionpropertiesarecombinedin thefollowing lemma.

Lemma 1 (Safety). If � � ()GO*��h*+��*£Ü�&Å*�#*�50, and � Ù!°6� P 5�±Kåi�± , then either
G�� H�FOJ l � o gji t for somevalue F such that �RåB�J� Ù*²�FfPO5 , and à$&Dö%�`ð£¯)ï,�gji _ Ü¬&�a � ��" ò � , or
thereexistsa configuration ��1 such that �³b6 nN��1 and � Ù ° ��1¡PO5 ± åi ± .
(Notethatthecaseof a valuein anemptycontinuationcoversbothnormaltermination
of theprogramandthecaseof anunhandledexceptionpropagatedto thetop.)

As acorollaryweobtainsoundnessof thesystem.

Theorem2 (Soundness).If � � (�GK*,�h*?��*£Ü¬&Å*�#*�50, and � Ù ° �ÚPb5 ± åi ± , then �
computesto a value, or to anexceptionpacket,or its computationdiverges.



FIRST-CLASS CONTINUATIONS (rulesvalid when
� � �D{

)± ³�´�µ µ ³3³Ä¸ � ü	ý�ïûï ü�ü ¤ R ¦ £�©j§6Ý �� � w�{ � � � Â � Ì � MÍ E� ä ç ��� ç Ñ Ý ç MÍÞë��_¼U½�º[" ��³3¼U½�ºB¤ R ¦ £�©j§ Ñ Ì�Ò ì Ò � � � w�{ ç � Â Á � ³J´�µ µ ³J³ ��� Ì �
where

�J" � Q � "ÅÔ � �5{D�Áu�����y R£�© ë@w�{ ìw�{ ç �µ´1¶¿� Õ� �D{¸·?¹Fº»7w�{�º�¼X½�º²�By3{Dv¥s��By «�æ u¯ë�� ì ë@w�{ ì_ � ë¥Ý ì �a�6µ ¼�¾�×�À�¶`�@ã ¤ R ¦ £�©y§�Ý ç � ³J¼U½�º ¤ R ¦ £�©y§3Ñ Ì�Ò Õ�ä ç �*� ç �
± º���ÀÁ¼��â¸ ��ð�þ�õ@ÿ�� ¤ R ¦ £�©y§�Ñ Ì�ÒUÝ E Ýs£ ���Î� ~ � w�{ � Â � Ì � MÍ E��í�Ý £ î¤ R ¦ £�©j§ ���Î� � � ��u�¾ R£�© D � R � ë|�J"�E � Q � "ÅÔ ��� w�{ ç ì � Â � Ì ç ç �

where
ë��_¼U½�º#" E ��³J¼U½�º ¤ R ¦ £�©j§�Ñ Ì ç ç Ò ì � � ë¥Ý E ì�|�J" � Q � " Ô ��� w�{ ç � � Ë ��sj¾ R£�© ë@w�{ ì

EXCEPTIONS (rulesvalid when
� � ��{

)± �	´�½Ä�Uµ ¶Ä¸D� ä þ�ý ôO� ï ê ¤w¥	¦ £�©�§6ÝR��¶D¸�½ ÕLä ç ��� � ~ � w�{ � Â � Ì � MÍ E � ä �� � ~ � w�{ ç � Â Á � ¶�¸	³J¶�¹�ºB» ¼U½ ��� Ì �
where

w�{ ç �
¿À �By3{Dv¥s��By�rts�uKv!ë¥~ � w�{ ì,Áëj9!»�½Ä�W�@ãF¤w¥	¦ £�©y§ ÝÃ� ¶�¸�½ Õ�ä ç �*� � Â Æ « Ô k ¬JD � Ï � � Ì � ��� Ã £�© ìsÁ��y3{�v¥s��By «�æ u¯ë¥~ ì ÄÅ ë@w�{ ì

± À�´�» ¾�¶Ä¸ �@õ@ý ò é�ê ¤w¥	¦ £�©�§�Ñ Ì�ÒKÝ ��� � ~ � w�{ � Â � Ì � MÍ E ��í�ÝKî ¤�Ã¦ £�©y§ ��� � � � w�{ � Â Á � ¶�¸	³J¶�¹�ºB» ¼�½ ��� ¶D¸�½ �
RESOURCE MANAGEMENT± ´��Å�O¸Ú�@è�éDê ¤w¥�¦ £�©y§Eë|�¥~ � ��{ ç � ì�ä � � � ~ � w�{ � Â � Ì � MÍ E�@è�éDê¤w¥	¦ £�©$È � - � § ë|�¥~ � ��{ ç � ì�ä �� � ~ � ��uB¾ ££�© ëLy3� Ë v Ê - � =·ÀÁ¼U¹z����� ¥ £�© w�{ ç ì � Â � Ì �

where
� � �D{ ç Æ �D{w�{ ç �`´1¶�� Õ� ��{�·?¹�º�»Rw�{#º�¼X½�º<=·ÀÁ¼U¹z����� Ã £�© �By3{Dv¥s���y «¿æ u¯ë¥~ ì ë@w�{ ì± É�µ ¼�³ � ¸ �@è�é�ê ¤w¥	¦ £�©y§Eë|�¥~ � �D{ ç � ì�ä ���Î� ~ � w�{ � Â � Ì � MÍ E�@è�é�ê�¤w¥	¦ £�© D � - � § ë|�¥~ � ��{ ç � ì�ä � � � ~ � ;E¶3¾$º�¼�ÀÁ¶7�¥� � w � ��� ¥ £�© w�{ ç ç � Â � Ì �

where
� � �D{ Æ ��{ ç�Æ � ~ �w�{Jç ç	�`´1¶�� Õ� ��{3ç�·�¹�º�»Rw�{#º¼X½�º<;E¶J¾$º�¼�ÀÁ¶7�¥� � w � ��� Ã £�© �By3{Dv¥s���y «¿æ u ë¥~ ì ë@w�{ ì�@w � w�{ ç � � Ë �$sj¾U££�© ë@w�{ ì± ÀÁ¶'��» ÀÁ¶J³3º|¸ �@è�éDê ¤w¥	¦ £�©y§ë|�¥~ ç � �D{ ç � ì�ä ��� � ~ � w�{ � Â � Ì � MÍ®E
�@è�é�ê ¤w¥ k ¦ £�©y§ ë|�¥~�ç � �D{Jç � ì�ä ���Î� ~�ç � 9!»�½Ä�Î�@ã ¤w¥	¦ £�©�§ ÝÃ�@Ì Õ í�ÝKî ¤w¥�¦ £�©y§ ��� � Ì � �x� ¥ k£�© w�{ � Â � Ì �± ½�¼U¹�¸ �@è�éDê ¤w¥	¦ £�©y§Pë|�¥~ � ��{ � ì�ä ���Î� ~ � w�{ � Â � Ì � MÍ E � ä ���Î� ~ � w�{ � Â � Ì �

± ÀÁ¶J¾$º�¼�ÀÁ¶Ä¸ ��í�Ü�î ¤ > ¦ £�©j§ � � � � � ;E¶J¾$º�¼�ÀÁ¶7�¥� �*Ç�� ��� > £�© w�{ ç � Â � Ì � MÍ E��í�Ü�î ¤ > ¦ £�©y§ ��� � � � ��uB¾U££�© ë Ç�� w�{ ç ì � Â � Ì �
where

� � �D{ � � Õ� ��{
± �UÀÁ¼U¹�¸ ��í�Ü�î ¤ > ¦ £�©y§ ��� � � � =·ÀÁ¼U¹z����� > £�© w�{ ç � Â � Ì � MÍ E ��í�Ü�î ¤ > ¦ £�©y§ � � � � � Ã���s Ë ££�© ë@w�{ ç ì � Â � Ì �

where
� � �D{ � � � ��{ Æ � � �

where
��{���v ° �óë@w�{ ì~ � �D{��y3{�v¥s��By «�æ u¯ë¥~ ì ë@w�{ ì �S��y Ë � ° �DyLw�y3{�s����$�Dyzë¥~ � � � w�{ ì ë@w�{ ì��y3{�v¥s��By�rts�u�v!ë¥~ � w�{ ç ì �S��y Ë � ° �DyLw�y3{�s����$�Dyzë�� � ~ � w�{ ç ì�By Ë � ° �DyLwzy3{Ds������Dy�ë¥� � � � w�{ ç ì ��ë�=·ÀÁ¼U¹z����� > £�© ìsÁ ë�;E¶J¾$º�¼�ÀÁ¶7�¥� � {L��uÈ����y ££�© ë@w�{ ç ì � ��� > £�© ì

where
v ° �}ë@w�{ ç ì �V��{ ��� � � � �ÊÉ �D{

Fig.13. Instrumentedtransitionrules,part2



4 RelatedWork

Interoperabilityis aprimaryconcernof component-basedmodelssuchasCORBA [12]
andMicrosoft’s COM [15, 13]. Safetyin thesesystemsis in conflict with the perfor-
mancerequirements,andevensandboxingmayfail to providecorrectsemanticswhen
the effect systemsof the communicatinglanguagesgo beyond the value/storeinter-
face.In comparisonoursystemallowsflexible andefficient interoperationbetweenlan-
guageswith differentresources,andensuressafetyby exposingtheresourceandeffect
requirementsin thetypesof thecomponents.

Foreignfunctioncall interfaces[6, 14] arerelatedin purposebut aredesignedun-
dertheconstraintto becompatiblewith legacy codewhichis oftenunsafe.Solutionsto
this problemhave major impacton interoperabilitytoday. We do not attemptto solve
compatibility issuesin thesystempresentedin this paper. Our designis for interoper-
ability betweensafecomponentswith language-independentinterfaces,aimedtosatisfy
high performancerequirementswhenrunningin sharedaddressspace.We emphasize
building a safe, efficient, androbust interfaceacrossmultipleHOT languages.

Thepresentwork extendsour earlierresults[17] on a typesystemwith effect and
resourcecontrol for continuationallocation.While thestateresourceis essentiallyin-
dependentof the rest,the interactionsof theexceptionresourcewith thecontinuation
resourcesarenon-trivial.

Although we do not presentthe semanticsin termsof monads,the idea to use
bothresourcesandeffectsto describea function’s interoperabilitywasinspiredby re-
centwork on monad-basedinteractionsandmodularinterpreters[21, 9, 20, 10], and
Wadler’s work on the relationshipbetweenmonadsandeffects[22]. Monads,viewed
ascompositionsof basicmonadtransformers[10], canbeusedto representsetsof re-
sources.Thetransitionrulescreatinga bindingactivationframeandbindinga variable
to a value(Figure12), givena setof resources,provide the semanticsof the Ë ^ g�i,Ì\Ë
andÍKi#g�a of themonad.Resource-specificprimitivesareinterpretedby lifting theoper-
ationsof thecorrespondingmonadthroughthemonadtransformersenclosingit in the
composition.

Whatmakesourapproachdifferentis thatour systemkeepstrackof effects,which
allows us to determinewhich componentsof a monadtransformercompositionare
beingusedonly trivially (i.e. only their Ë ^ g�isÌ\Ë and ÍKi#g�a areinvoked)andtherefore
canbeeliminatedor simulated.Furthermore,we wish to extendandreducethesetof
resourcesin a commutative way, andfor thatpurposewe representtheresultof trans-
formercompositions“horizontally” – thecorrespondingresourcesarecollectedin one
componentof theabstractmachineconfiguration.Thusif thesetof resourcesrequired
by term G correspondsto themonadÎä� _�Ï n |¬C�C�C�| Ï[Ð a�Ñ�á , extendingit via ]R^ M 8 _ GÅa
is, in general,not expressedasanapplicationof a monadtransformer

Ï
to Î , but as

theuseof a monadmorphism[2] to embedvaluesof Î into a monadisomorphicto a
compositionof

Ï n *�C�C�C�* Ï[Ð * Ï in a canonicalorder. Proving theequivalenceof a mon-
adsdefinedascompositionswith their horizontalrepresentationsmeetsthe technical
complexity of constructingmorphismsbetweenthem.Wehaveoptedinsteadfor opera-
tional semanticswhich givesa moredirectcorrespondencewith animplementation.In
oursemanticsthecomplexity of lifting monadsthroughmonadtransformersis reflected



in theinteractionbetweenvariousresources,e.g.in transitionrules ùÈ������� ��� ü , ùÈ� ¦�¦�ü , and
ù� �� � �LÒ ü (Figure13).

Closelyrelatedto our work is theresearchon effect systems[4, 7, 8, 18, 19]. The
effectsin our systemareusedfor verifying interoperabilityconstraints;in this context
thenovel boundedeffectquantificationis introducedasa form of effectpolymorphism
underresourcerestrictionswhich allowsusto take advantageof theeffect-resourcere-
lationshipto supportadvancedcompilationstrategies.Theeffect inferencesuggestedin
thetyping rulesin Figure8 is conservativeandthereis considerableroomfor improve-
mentborrowing from prior work by e.g.finerseparationof effectsandadoptingregion
inferenceor for determiningtheir localization;however it is still not clearto whatex-
tent this improvementwill materializein practice– for instancethe exceptioneffects
canbeeasilylocalizedto ahandler, but dueto thetypicalextensibilityof theexception
typemosthandlersre-raiseexceptions.We intendto testthesevariationsin aprototype
implementationunderdevelopmentwithin theFLINT system.
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