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Abstract
Implementing�rst-class continuationscanposea challengeif the
targetmachinemakesno provisionsfor accessingandre-installing
the run-time stack.In this paper, we presenta novel translation
that overcomesthis problem. In the �rst half of the paper, we
introducea theoreticalmodel that shows how to eliminate the
captureand the use of �rst-class continuationsin the presence
of a generalizedstackinspectionmechanism.The secondhalf of
the paperexplains how to translatethis model into practice in
two differentcontexts.First,we reformulatetheservletinteraction
languagein thePLT Webserver, which heavily relieson �rst-class
continuations.Using our technique,servletprogramscan be run
directly underthe control of non-cooperative web serverssuchas
Apache.Second,we show how to useour new techniqueto copy
andreconstitutethe stackon MSIL.Net usingexceptionhandlers.
ThisestablishesthatScheme's �rst-classcontinuationscanexist on
non-cooperativevirtual machines.

Categoriesand Subject Descriptors F.3.3 [Logics and Mean-
ingsof Programs]: Studiesof ProgramConstructs—Controlprim-
itives; H.3.4 [Information Storage and Retrieval]: Systemsand
Software—World Wide Web (WWW); I.2.2 [Arti�cial Intelli-
gence]: AutomaticProgramming—Programtransformation; F.3.2
[Logics and Meaningsof Programs]: Semanticsof Programming
Languages—Operationalsemantics

GeneralTerms Languages,Theory

Keywords A-normal form, continuation-passingstyle, stack in-
spection,Web programming,continuations,defunctionalization,
Scheme

1. Moti vation: Continuations, VMs, and the Web
WhenaninteractiveWebprogramissuesaquery, anon-localtrans-
fer of controltakesplace.It is now theuser(possiblyanintelligent
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agent)who is in charge. This usermay decideto respondto the
queryonce,twice or many times(or not at all), thusre-launching
therestof theprogram's computationonce,twice, or many times.
Many peoplehave thereforeconcludedthat a languagewith �rst-
classcontinuations(suchas Scheme[19]) is a strongmatchfor
implementingthiskind of interactiveprogram[11, 18,26,33].

Over thepastseveralyears,we have exploredthecontinuation
modelof Web programmingin two differentdirections.Initially,
wedesigned,implemented,andevaluatedaWebserver thatimple-
mentsthe run-timeprimitives for Web interactionsvia Scheme's
�rst-class continuations[14]. The investigation validatedthat this
approachis suitablefor a variety of situationsand even led to a
commercialproduct[20]. Sadly, only programsrunningon a cus-
tomWebservercanbene�t from thisapproach.

To addressthis concern,we alsoexperimentedwith a variant
of thecontinuation-passingtransformation(CPS)for automatically
restructuringinteractive programsfor the Web [13, 21]. In prin-
ciple, this transformationcan be usedwith a wide rangeof pro-
gramminglanguagesandshouldthereforehelpWebprogrammers
in many situations.The problem,however, is that the transforma-
tion affects the entire program.Since modernWeb applications
areoften written in multiple languages,it is nearly impossibleto
performa whole-programtransformationof them.Worse,CPSre-
quirestail-call optimizationor, in its absence,trampolines,a tech-
niquedue to JonL. White [personalcommunicationJune2005],
which canbe muchmoreexpensive. It is thereforeeconomically
impossibleto usethis idea with existing languagesand run-time
libraries.In short,we areleft with thechallengeof equippingcon-
ventionalprogramminglanguageswith thecapabilitiesof grabbing
and reinstallinga continuationeven if theselanguages'run-time
organizationsdonot supportsuchactions.

The very sameproblemcomesup in a different context: the
implementationof languageswith continuationson virtual ma-
chinessuchasSun's JVM [34] or Microsoft's CLR [22]. Mirror-
ing traditionalprogramminglanguages,thesemachinesdonotpro-
vide instructionsfor installingandsaving therun-timestack.Usu-
ally, Scheme-on-VMimplementorsgive up on �rst-class continu-
ations[1, 2], or they allocatethe control stackin the heapof the
machine[23]. As Bres,etal. [2, section2] pointout,however, with
this secondstrategy, “it might beexpectedthat . . .JITsarefar less
ef�cient oncodesthatmanagestheirown stack”[sic]. Furthermore,
allocatingthestackontheheapeffectively disguisesthestack,hid-
ing it from therich setof programmingtoolssuchassteppers,de-
buggers,andpro�lers, aswell ascontemporarysecuritymanagers,
whichexpectto �nd run-timeinformationon thestack.

In this paper, we presenta solutionto this dilemma,�rst in the
context of a theoreticalmodelandthenin thecontext of two pro-



(de�ne (fact n)
(if (= n 0)

(begin
(display(c-c-m))
1)

(w-c-m n (� n (fact (� n 1))))))
(fact 3)
7!
console output: (1 2 3)
computed value: 6

Figure 1. A factorialfunctionwith continuationmarks

(de�ne (fact-tr n a)
(if (= n 0)

(begin
(display(c-c-m))
a)

(w-c-m n (fact-tr (� n 1) (� n a)))))
(fact-tr 3 1)
7!
console output: (1)
computed value: 6

Figure2. A tail-calling factorialfunctionwith continuationmarks

totypeimplementations.Thecoreideais to translateSchemepro-
gramswith call/cc into alanguagewith ageneralizedstackinspec-
tion mechanism.For our theoreticalmodelandfor oneof our pro-
totypes,we usePLT Scheme's continuationmarkmechanism;for
theotherprototype,weshow how exceptionhandlersandexception
throws cancollaborateto simulatecontinuationmarks.Theresult-
ing transformationis lessradicalthanCPS,andit is thusnaturalto
run theresultingprogramon thenatively availablestack.

2. Continuation Marks
Most programminglanguagesandprogrammingenvironmentsin-
cludemechanismsfor manipulatingthestackin someform or an-
other. Java, for example,implementsa form of securityvia stack
inspection[35]. ProgrammingenvironmentssuchasVisualStudio
haveprivilegedaccessto thestackfor variousdebuggingtasks.The
mostubiquitousexamplesof suchmechanisms,though,areexcep-
tion signalersandhandlers.They eraseportionsof thecontrolstack
andtransfercontrolto exceptionhandlersin anon-localmanner.

MzScheme[9], the implementationlanguageof theDrScheme
programmingenvironment[7], providesa novel abstractionof all
thesemechanisms:continuationmarks[4]. Roughlyspeaking,con-
tinuationmarkssupporta powerful form of stackinspectiongen-
eralizingJava's mechanismwith thesamename.Usingthew-c-m
languageform (short for “with continuationmarks”), a program-
mercanattachvaluesto thecontrol stackduring the executionof
a program.Later, thestack-walkingprimitivec-c-m (“currentcon-
tinuationmarks”)canretrieve thesevaluesfrom thestack.

To preserve thespirit of Scheme,attachingcontinuationmarks
to the stackdoesnot interferewith Scheme's tail-calling require-
ment.Furthermore,MzScheme'smarksareparameterizedby keys.
By choosingfreshkeys,programmerscanensurethataddingmarks
to a computationdoesnot affect the result of the computation,
enabling the use of marks for multiple purposes.In particular,
MzSchemeimplementsexceptionsand a tracefacility with con-
tinuationmarks,while the toolsof DrSchemerely on themto im-
plementa stepper, a debugger, andaperformancepro�ler.

Thetwo programsin �gures 1 and2 illustratehow a program-
mermightusethew-c-m andc-c-m constructsto instrumentfunc-
tions.Bothde�nitions implementfactorial;bothmarkthecontinua-
tion at therecursivecall site;andbothreportthecontinuation-mark

e ::= a
j (w e)
j (letrec([� v]) e)
j (call/cc w)
j (casew l)

l ::= (K x) ) e
a ::= w j (K a)
w ::= v j x
v ::= (� (x) e) j (K v) j �: E j �

x 2 Variables
� 2 References

whereVariables\ References= ;

E ::= [ ] j (v E)
� ::= ; j �[ � 7! v]

(X denoteszeroor moreoccurrencesof X )

Figure 3. SL Syntax

list beforereturning.Theonein �gure 1 is properlyrecursive,while
theonein �gure 2 is tail-recursive.For theproperlyrecursive pro-
gram,theconsoleoutputshowsthatthecontinuationcontainsthree
mark frames.For the tail-recursive variant,only onecontinuation
markremains;theothershavebeenoverwrittenduringevaluation.

3. Continuations fr om Continuation Marks
Equippedwith a basicunderstandingof MzScheme's continuation
marks,we cannow show how to usethis generalizedstackinspec-
tion mechanismto eliminatecall/cc from Schemeprograms.We
presenttheideain two steps.The�rst stepis to translateprograms
with call/cc into semanticallyequivalentprogramsthatusecontin-
uationmarksto storefunctional representationsof continuations.
Thesecondstepreplacesthemarkswith structures,usingavariant
of Reynolds' defunctionalization[27].

3.1 The SourceLanguage

The languagein �gure 3, dubbedSL for source language,is a
modi�ed versionof A-Normal form (ANF) [8]. It uses� instead
of let. Furthermore,we allow applicationsof arbitrarylength.The
languageis extendedwith call/cc, letrecandalgebraicdatatypes.
The latter are neededin the target languagefor the operational
semanticsandareusedduringdefunctionalization,the laststepof
ourtranslation.For consistency they arealsoincludedin thesource
language.

Instancesof algebraicdatatypesareconstructedwith construc-
tors(K , K m ) anddestructuredwith case. Weleavetheactualsetof
constructorsunspeci�ed,thoughweassumeit containsthestandard
list constructorsconsandnil. For convenience,weuseashorthand
for lists,where(list e0 e1 : : :) standsfor theaggregateconstruction
(conse0 (list e1 : : :)) and(list) standsfor theemptylist.

Theoperationalsemanticsis speci�edvia therewriting system
in �gure 4. The�rst rule is thestandard� v -rewriting rule for call-
by-valuelanguages[24]. The secondhandlesthe destructuringof
algebraicdatatypes.

Rules(3, 4, 5) specify the semanticsfor letrec. Bindings es-
tablishedby letrec aremaintainedin a global store,� . For sim-
plicity, store references(� ) are distinct from variablesboundin
lambdaexpressions[6]. Rule 5 speci�es how bindingsareestab-
lishedby letrec. Furthermore,to simplify thesyntaxfor evaluation
contexts, storereferencesaretreatedasvalues,anddereferencing
is performedonly whenastorereferenceappearsin applicationpo-
sition (rule 4) or in the testpositionof a caseexpression(rule 5).



E ::= (w-c-m v F ) j F whereF ::= [ ] j (v E)

� =E[((� (x) e) v)]
(1)
! TL � =E[e[x 7! v]]

� =E[(case(K v) l)]
(2)
! TL � =E[e[x 7! v]] where(K x) ) e 2 l andis unique

� =E[(letrec([� v]) e)]
(3)
! TL � [� 7! v]=E[e]

� =E[(� v)]
(4)
! TL � =E[e[x 7! v]] where�( � ) = (� (x) e)

� =E[(case� l )]
(5)
! TL � =E[(case�( � ) l )]

� =E[(abort e)]
(6)
! TL � =e

� =E[(w-c-m v1 (w-c-m v2 e))]
(7)
! TL � =E[(w-c-m v2 e)] whereE 6= E0[(w-c-m v3 [ ])]

� =E[(w-c-m v1 v2)]
(8)
! TL � =E[v2 ] whereE 6= E0[(w-c-m v3 [ ])]

� =E[(c-c-m)]
(9)
! TL � =E[X (E)]

where: X ([ ]) = (nil)
X ((v E)) = X (E)
X ((w-c-m v F )) = (consv X (F ))

Figure 6. TL Semantics

� =E[((� (x) e) v)]
(1)
! SL � =E[e[x 7! v]]

� =E[(case(K v) l )]
(2)
! SL � =E[e[x 7! v]]

s.t.(K x) ) e 2 l andis unique

� =E[(letrec([� v]) e)]
(3)
! SL � [� 7! v]=E[e]

� =E[(� v)]
(4)
! SL � =E[e[x 7! v]]

where�( � ) = (� (x) e)

� =E[(case� l )]
(5)
! SL � =E[(case�( � ) l )]

� =E[(call/cc v)]
(6)
! SL � =E[(v �: E)]

� =E[(�: E0 v)]
(7)
! SL � =E0[v]

Figure 4. SL Semantics

Dereferencingstorelocationsandbetasubstitutionarecombined
in orderto simplify thetreatmentof defunctionalization.

First-classcontinuationsare capturedusing call/cc (rule 6).
Capturinga continuationcreatesa continuationvalue, �: E that
recordsthecontext, E, of thecall/cc expression.Theargumentto
call/cc is then appliedto this value.When a continuationvalue
is eventuallyappliedto anothervalue(rule 7), theevaluationcon-
text containingthe applicationis discardedandreplacedwith the
context containedin the continuationvalue.The hole in the new
context is �lled with theargumentpartof theapplication.

3.2 The TargetLanguage

The target languagein �gure 5, dubbedTL for target language,
is alsoa modi�ed A-Normal form muchlike thesourcelanguage.
Insteadof call/cc, TL containsa simpleabort constructandtwo
new forms:w-c-m andc-c-m.

Theoperationalsemanticsis speci�edvia therewriting system
in �gure 6. The �rst � ve rulesare identical to the corresponding
rulesfor the sourcelanguage.In the sourcelanguage,a continua-

tion replacesthe context whenit is invoked. In order to simulate
suchcontinuations,we include the abort form in the target lan-
guage,whichhandlesthetaskof abandoningthecontext.

Continuationmarksimplementa mechanismfor manipulating
contexts, which we exploit for the elimination of call/cc. Intu-
itively, (w-c-m v e) installsthevaluev into thecontinuationof the
expressione, while (c-c-m) recoversalist of all continuationmarks
embeddedin thecurrentcontinuation.To preserve propertail-call
semantics,if a rewriting stepresultsin morethanonew-c-m, sur-
roundingthe sameexpression,the outermostmark is replacedby
theinnerone.This requirementdemandsthatanevaluationcontext
interleavesw-c-m constructswith otherkindsof expressions.

We translatethis interleaving requirementinto a syntacticcon-
straintwith a grammarfor evaluationcontexts thatconsistsof two
non-terminals.The start symbol,E, enforcesthe interleaving re-
quirement,while F de�nes the usualevaluationcontexts. Thus,
multiple adjacentw-c-m expressionsmust be treatedas a redex.
When sucha redex is encountered,the redundantmarksare re-
moved startingwith the outermost(rule 7). Marks surroundinga

e ::= a

j (w e)

j (letrec([� v]) e)

j (w-c-m a e)
j (c-c-m)

j (abort e)

j (casew l)

l ::= (K x) ) e

a ::= w j (K a)

w ::= v j x

v ::= (� (x) e) j (K v) j �

Figure 5. TL Syntax



VariablesandValues:

CMT [[x]] = x (T1)

CMT [[� ]] = � (T2)

CMT [[(� (x) e)]] = (� (x) CMT [[e]]) (T3)

CMT [[�: E]] = (� (x) (abort (resumeX (CMT [[E]]) x))) (T4)

CMT [[(K a)]] = (K CMT [[a]]) (T5)

Redexes:

CMT [[(w)]] = (CMT [[w]]) (T6)

CMT [[(letrec([� w]) e)]] = (letrec([� CMT [[w]]]) CMT [[e]]) (T7)

CMT [[(call/cc w)]] = (CMT [[w]] ((� (m)
(� (x) (abort (resumemx))))

(c-c-m)))

(T8)

CMT [[(casew l)]] = (caseCMT [[w]] CMT [[l ]]) (T9)

CMT [[(K x) ) e]] = (K x) ) CMT [[e]] (T10)

Contexts:

CMT [[[ ]]] = [ ] (T11)

CMT [[(w E)]] = ((� (x)(CMT [[w]] x))
(w-c-m (� (x) (CMT [[w]] x))

CMT [[E]]))

(T12)

Compositions:

CMT [[E[r ]]] = CMT [[E]][CMT [[r ]]] (T13)

Figure 7. Translationfrom SL to TL

(letrec([resume
(� (l v)

(casel
(nil) ) v
(consv0 l0) ) (v0 (w-c-m v0 (resumel0 v)))))])

: : :)

Figure 8. De�nition of Resume

valuearediscardedafter the evaluationof a sub-termcompletes,
i.e., any immediateenclosingw-c-m is removed from the result-
ing value(rule 8). Thesideconditionsfor rules(7,8)guaranteethe
uniquedecompositionof a programinto anevaluationcontext and
a redex (or a stuckterm),which impliesthat therewriting relation
de�nes an evaluationfunction. Finally, c-c-m employs the func-
tion X () to extract themarksfrom theevaluationcontext (rule 9).
Marksareextractedin order, startingwith theoldest.

3.3 ReplacingCallcc

Figure7 speci�esa translationfrom SL to TL dubbedCMT , for
continuation-mark transformthateliminatescall/cc andcontinua-
tion invocations.Thenon-structuraltranslationdecomposesa term
into a context andredex:

r ::= (w) [r edex]
j (letrec([� w]) e)
j (call/cc w)
j (casew l)

E ::= [ ] j (v E) [context ]

Thefollowing lemmaguaranteesthat thedecompositionis unique
andthusthetranslationis well-de�ned:

LEMMA 1 (UniqueDecomposition).Let e 2 SL. Either e 2 w,
e 2 a or e = E[r ] for someredex r .

The translationrules for variables,values, and redexes are
straightforward with the exception of call/cc applicationsand
continuationvalues.Continuationvalues are transformedusing
ruleT4. For call/cc, w-c-m is usedto gathertherequisiteinforma-
tion from thesurroundingcontext to constructa functionthatalso
relies on resumeto reconstructthe evaluationcontext (rule T8).
Sincecontinuationvaluesdo not appearin the target language,a
suitablefunctionmustbesupplied.Thefunctionusesabort to oust
the current context, and then calls a top-level function, resume,
whichbuildsa new evaluationcontext.

Thetreatmentof bothcall/cc andcontinuationvaluesrelieson
thesystematicinsertionof continuationmarks.Thestrategy relies
on thecritical propertyof ANF termsthatmakesthecontinuation
of everyexpressionobvious.Moreprecisely, evaluationcontexts in
the sourcelanguagearebuilt entirely from function applications;
thusthe� -expressionin thefunctionpositionis alwaysthecontin-
uation.Hence,the translationcanmark eachapplicationwith the
functionthatis aboutto beapplied.In turn,c-c-m collectsall these
functionsin a list for storageanduseata latertime.

Theresumefunction(�gure 8) faithfully reconstructsanevalu-
ationcontext from sucha list of functions.It traversesthe list and
recursively appliesthefunctionsfrom thelist. An instanceof w-c-
m is wrappedaroundeachfunctionapplicationsothattheresulting
evaluationcontext exactly matchesandthusfacilitatesany future
call/cc operations.

3.4 Example

Letusillustratethetranslationwith asimpleexample.Westartwith
anexpressionthatcapturesacontinuationfrom within anon-trivial



evaluationcontext:

CMT [[(f y (call/cc (� (k) (k z))))]]

Note,we ignorethedetailsof thebindingsfor f , y, andz.
Applying thetranslationyields:

((� (x0) (f y x0))
(w-c-m (� (x0) (f y x0))

((� (k) (k z))
((� (m)

(� (x1) (abort (resumem x1))))
(c-c-m)))))

The original expressioncan be decomposedinto context and
redex as:

(f y [])[( call/cc (� (k) (k z)))]

Observe that the evaluationcontext correspondingto the continu-
ation of the call/cc is exactly (f y []), which canbe renderedas
thefunction(� (x0) (f y x0)). This functionrepresentsthe�rst part
of thecontinuationandis usedasthecontinuationmarksurround-
ing the call/cc-expression.Whenthe result is evaluated,(c-c-m)
returnsa list of thecontinuationmarks,which in thiscaseis (list (�
(x0) (f y x0))). This list becomesthe�rst argumentto resume, i.e.,
theactualcontinuationpassedto (� (k) (k z)) is

(� (x1)
(abort (resume(list (� (x0) (f y x0))) x1)))

After evaluationof resume, weget:

((� (x0) (f y x0))
(w-c-m (� (x0) (f y x0))

z))

Thus the evaluation context capturedby call/cc has beencom-
pletely reconstructed.In the implementation,this correspondsto
a faithful stackreconstitution.

3.5 Corr ectness

Let

evalx (p) =
�

v if ; =p ! � v
? if ; =p ! � � � �

THEOREM 1. CMT [[evalSL(p)]] = evalTL(CMT [[p]])

To proveTheorem1, weshow thatif asourcetermadmitsa re-
ductionsequenceof lengthk, thenthetranslationof thesourceterm
admitsa sequenceof lengthat leastk, suchthatresultof thetarget
sequenceis thetranslationof theresultof thesourcesequence.This
is provedby inductionon thelength(k) of thereductionsequence.
Thebasecaseis trivial. To prove the inductionstep,we show that
if aSL con�guration� =etakesasinglestepof evaluationresulting
in � 0=e0, thenthe translationCMT [[�] ]=CMT [[e]] admitsonly a
�nite numberof evaluationstepsbeforeproducinga term that is
the translationof � 0=e0. This simulationargumentis summarized
in Lemma2.

LEMMA 2 (Simulation).If � =E[e] ! SL � 0=E0[e0] then

CMT [[�] ]=CMT [[E[e]]] ! +
TL CMT [[� 0]]=CMT [[E0[e0]]]

The simulationlemmais proved by caseanalysison the rela-
tion ! SL. RecallthatCMT [[�]] is de�ned usinguniquedecompo-
sition. In proving this lemma,a patternemerges.If the translation
of a SL con�guration takesa stepof evaluation,thentheresulting
con�guration maynot be the imageof any suitableSL con�gura-
tion. Lemma3 guaranteesthat the target con�guration ultimately
reachesa desirablestate.

D[[x]]L = x

D[[� ]]L = �

D[[(K a)]]L = (K D[[a]]L )

D[[(� m (x) e)]]L = (K m y)

wherey = FV(� m (x) e)

D[[(w0 w)]]L = (applyD[[w0 ]]L (list D[[w]]L ))

D[[(v e)]]L = (appD[[v]]L D[[e]]L )

D[[(abort e)]]L = (abort D[[e]]L )

D[[(letrec([� w]) e)]]L = (letrec([� D[[w]]L ]) L [[e]])

D[[(w-c-m a e)]]L = (w-c-m D[[a]]L D[[e]]L )

D[[(c-c-m)]]L = (c-c-m)

D[[(casew l)]]L = (caseD[[w]]L D[[l ]]L )

D[[(K x) ) e]]L = (K x) ) D[[e]]L

Figure 9. Defunctionalization

LEMMA 3 (Compositionality).

CMT [[�] ]=CMT [[E]][CMT [[e]]] ! �
TL CMT [[�] ]=CMT [[E[e]]]

Two moretechnicalresultsareneeded.First, resumerestoresthe
evaluationcontext representedby its �rst argument.

LEMMA 4 (Reconstitution).

CMT [[�] ]=(resumeX (CMT [[E0]]) CMT [[v]])
! +

TL CMT [[�] ]=CMT [[E0]][CMT [[v]]]

Second,substitutioncommuteswith translation.

LEMMA 5 (Substitution).

CMT [[e[x 7! v]]] = CMT [[e]][x 7! CMT [[v]]]

3.6 Defunctionalization

Defunctionalization1 (�gure 9) replacesfunctions with records.
Every suchrecordbelongsto exactly onevariantof an algebraic
datatype,which containsonevariantfor each� expressionin the
program.Thus, we can view � expressionsas constructorsfor
functions.Wealsoneedto know whatto dowhenafunctionrecord
appearsin applicationposition.For this, we de�ne a global apply
function that dispatcheson the type of the function record and
invokestheappropriateexpression.

To defunctionalizeaprogram,we�rst choosealabelingstrategy
thatassignsauniquelabeltoeach� expressionin theprogram.This
amountsto addinga superscriptto eachoccurrenceof � . Basedon
the labeling,we cande�ne the algebraicdatatype.We createone
variantfor each� , with �elds correspondingto the free-variables
of thecorresponding� expression.

The correspondingapply function consumesa recordanddis-
patcheson therecord'sconstructorusingcase. Theotherargument
to applyis a list of valuesrepresentingtheoriginal function'sargu-
ments.Thereis a clausecorrespondingto each� expression,and
theright-hand-sideis essentiallythebodyof theoriginal � expres-
sion.Oncetheappropriatede�nitions have beenmade,we canre-
placeevery � expressionin theprogramwith anapplicationof the

1 Ourtreatmentof defunctionalizationwasinspiredby thework of Pottieret
al. [25], thoughwe departfrom their treatmentdueto additionalconstructs
in our language,suchas abort , continuationmarksand multi-argument
functions



(letrec([apply(� (f vals) (casef cm )]) : : :)
wherefor eachm,

cm = (K m y)
) (apply� (� (x0) : : : (� (xn ) (� () D[[em ]]L )) : : : ) vals)

(letrec([apply� (� (f vals)
(casevals

(nil) ) (f )
(consval0 vals0) ) (apply� (f val0) vals0)))])

: : :)

(letrec([app(� (f v) (applyf (list v)))])
: : :)

Figure 10. De�nition of Apply, Apply� , andApp

constructorof the correspondingvariant.Finally, we rewrite each
applicationwith apply.

The de�nition of apply is complicatedbecausewe support
multi-argumentfunctions.If every functionhadonly asingleargu-
ment,substitutionfor that argumentwould happenautomatically
via the secondargumentto apply. For multi-argumentfunctions,
this breaksdown, becausewe arecon�ned to a singlearity speci�-
cationof apply. We thereforeseparateapplicationinto two stages.
The�rst stagedispatcheson thefunctionrecordasdescribed.The
secondstagehandlessubstitutionof valuesfor variablesin thebody
of theoriginal function.

Themulti-argumentversionof apply(�gure 10)lumpsall of the
function argumentsinto a single list. In the clausecorresponding
to a particularfunction, we usea curried versionof the original
function. This curried function is passedas the �rst argumentto
theauxiliary, apply� . Thelist of argumentsis passedasthesecond
argumentto apply� . If the list argumentto apply� is empty, the
function argumentshouldbe a thunk,which is thusappliedto no
arguments.Otherwise,apply� appliesthefunctionto the�rst value
in thelist, producinganotherfunction,andshorterargumentlist.

An applicationof a functionto asinglearbitraryexpressionis a
specialcase.Thesearetheapplicationsthatmakeuptheevaluation
context. For all other applications,the argumentsare syntactic
variablesor valuesandcanthusbecollectedin alist. For thespecial
case,we de�ne anotherapply-like functionapp.

4. Pragmatics
Translatingthe theory into practiceposesdifferent challengesin
different contexts. Thus far, we have gatheredexperiencein two
differentcontexts: a languagefor servletsin the spirit of the PLT
Webserver [14] andanimplementationof Schemeon Microsoft's
.Net IL [22]. In this section,we brie�y discusshow thetranslation
worksin thesecontextsanda few obstaclesthatweencountered.

4.1 Schemeand the Web Server

The PLT Web server [14] acts as an operatingsystemfor its
servlets.Most importantly, the server implementsI/O primitives
and,whenaservletis loaded,links thoseprimitivesinto theservlet.
TheprimaryI/O primitive is2

send/suspend;; ((URL ! Response) ! Request)

Thefunctionconsumesa functionthatmapsa URL to a Response;
its result is the next Requestfrom the client (if any). When the
servletcalls send/suspendwith a function f , the PLT server grabs

2 With send/suspend, onecanimplementa variety of multi-dispatchinter-
actionfunctions[17].

(moduleadd" persistent-web-interaction.ss"
(require (lib " url.ss" " net" ))

;; add2:! Number
;; obtaintwo numbersfrom clientandcomputethesum
;; (+ (get-number" �rst " ) (get-number" second" ))
(de®ne(add2)

(let ((one(get-number" �rst " ))
(two (get-number" second" )))

(+ onetwo)))

;; get-number:String! Number
;; asktheuserfor a number
(de®ne(get-numbermsg)

(de®ne(generate-htmlk-url)
`(hmtl (head(title ,(format" Get ~a number" msg)))

(body
(form ([action ,(url-> string k-url)]

[method " post" ]
[enctype " application/x-www-fo rm-urlencoded" ])

,(format" Enter the ~a number to add: " msg)
(input ([type " text " ] [name" number" ] [value "" ]))
(input ([type " submit" ]))))))

(let ([req(send/suspend/urlgenerate-html)])
(string-> number

(extract-binding/single' number (request-bindingsreq)))))

;; run,servlet,run
(let ([initial-request(start-servlet)])

`(html (head(title " Final Page" ))
(body

(h1 " Final Page" )
(p ,(format" The answer is ~a" (add2)))))))

Figure 11. A PLT servletfor addingtwo numbers

the currentcontinuationk, createsa uniqueURL, usesit asa key
for indexing k in a hash-table,and then appliesf to the URL.
The resulting Responseis shippedto the client and the servlet
is suspended.If the client visits the generatedURL, the server
resumesthecontinuationfrom thehash-tableandinvokesit on the
client'sdata.

The major advantageof this approachis that programmersdo
not have to understandthe CGI protocol to get interactionswith
clients correct. Insteadthe programmermay act as if she were
implementingan ordinary interactive program.For an example,
considertheadd2[26] functionin �gure 11. It readstwo numbers
from someinputmediumandaddsthem.Theprogramis organized
like a naive console-styleprogram,andyet it worksproperlyeven
in the faceof Web interactionssuch as back buttonsand clone
functions.

An ordinaryCGI scriptor Java servletcouldnot usethis stan-
dard, 1960-ishorganization.Becauseof the nesteduse of get-
number(andits input action),theprogramwould have to becon-
torted3 to matchtheWeb interactionprotocol.More precisely, the
scriptor servletwould consistof threedistinctprograms(roughly
callbacks),the�rst two for theinputsandthelastonefor theoutput.

Naturally, the continuation-basedapproachcomesat a price.
Every interactionallocatesspacefor a continuationon the server.
Since the dynamic extent of this interaction is inde�nite, it is
impossibleto garbage-collectthis spacein an ordinary manner.
Keepingwith the garbagecollectionanalogy, somemethodmust

3 The ªcontortedºstructureroughly correspondsto GUI callbacks.This
analogyismisleading,however, becausethecontrol�o w actionsof ordinary
GUI programsnever includecapabilitiessuchasgoing back,cloning the
GUI and exploring actionson the model in parallel, or bookmarkingan
interactionstep.In contrast,thedeveloperof aWebprogrammustbeaware
of thesekinds of actions,becausethey are an ordinary part of any Web
browser. For detailsseeourprior work [12].



be employed to determinethe livenessof a URL. Onepossibility
is to group interactionstemporally into somekind of “session”
constructandcleanup at the closeof the session.This approach
precludesthe bookmarkingandemailingof URLs. Alternatively,
continuationscanbegivena timeoutsothataftera periodof time,
theURL expiresandcanbecleanedup.Onceagain,bookmarking
andemailingcauseproblems—insomecases,timeoutswouldhave
to be set to very large values.The timeout model degradesto
the casewherecontinuationsaresimply not cleanedup at all. In
general,the approachdoesn't scalewell becauseit placesclient-
orientedspaceon theserver.

Basedon our framework of call/cc elimination,we canover-
comethis obstacle.Speci�cally, we have prototypeda new imple-
mentationof ourservletinteractionlanguage,dubbed" persistent-
web-interaction.ss" . This prototypeenablesus to usea standard
WebserversuchasApache[32] to executetheservlets.4

TheservletlanguageisprovidedasaPLT modulelanguage[10].
To createa programfragmentin this language,a programmercre-
atesamodule,specifyingthenameof themoduleandthelanguage:
seethe �rst line in �gure 11. Our languagecomprisesa subsetof
PLT Scheme,plus the send/suspendprimitive. Furthermore,it is
possibleto import standardlibrariesandothermoduleswritten in
plainPLT Schemeinto aservlet.In �gure 11,(require(lib " url.ss"
" net" )) importsthestandardPLT librariesfor manipulatingURLs.

A module languagesuch as " persistent-web-interaction.ss"
consistsof a set of macrosand library functions,also known as
a “run-time library.” The macrostranslatethe codein the subject
module.Thegeneratedcodetypically refersto thelibrary functions
from thelanguagemodule.

PLT Scheme's macrosystemsuf�ces to implementthe trans-
lation from section3 in an almost literal mannerbecausePLT
Schemeprovides continuationmarks.The run-time environment
for " persistent-web-interaction.ss" consistsof two functions,one
usedby theserverandoneusedwhenwriting servlets:

1. send/suspend, which builds on call/cc. This function collects
thecontinuationmarksandserializesthem.Of course,it must
also terminatethe servletso that the server can sendthe re-
sponseto the client. In short, this new implementationof
send/suspendis completelyconsistentwith the standardCGI
protocol,to ensurecompliancewith traditionalservers.

Sinceit is not obvious wherean interactive Web program
should store the serializedcontinuation,our prototypeactu-
ally provides two send/suspendprimitives: send/suspend/url,
which createsa URL from the serializedcontinuation,and
send/suspend/hidden, which stores it in a hidden �eld on
the generatedpage.The URL-basedversion accommodates
the bookmarkingfacility of browsers;the Web-basedversion
overcomessystemslimitations, which sometimesrestrict the
amountof informationthat canbe storedin URLs. We intend
to experimentwith bothprimitivesuntil we have de�niti ve ex-
perimentaldata.

2. dispatch, usedby theserver, which usesa URL to reconstitute
theembeddedcontinuation,thusre-launchinga servlet's com-
putationfrom the last interruptionpoint. The function is like
resumefrom section3, but alsodealswith thedecodingof the
URL andsomeotherbook-keepingdetails.

The rest of the sectionpresentsthree speci�c problemsand
obstacles,how we have solved themfor now, andwhat a general
solutionmaylook like.

4 To simplify the prototyping effort, we actually implementedour own
standard(continuation-free)Webserver; in principle,however, ourservlets
couldrun onany standardserver.

1. The�rst problemis dueto thedefunctionalizationphaseof the
translation.Recallthatthedefunctionalizationphaseattachesa
labelto each� expressionin theprogram.Theselabelsbecome
the structuretagsfor the function valuesthat arepublishedas
part of the continuation.The theoreticaltreatmentof defunc-
tionalizationignoresthedetailsof how thelabelsaregenerated.
Furthermore,it assumesthatthelabelingis �x edthroughoutthe
program'sexecution.

A Web-server may suspendand resumethe sameservlet
several timesduringa singleinteractionwith a particularuser.
Thus if a continuationis publishedduring the executionof a
particulartranslatedversionof a servletthen the sametrans-
latedversionmustbe usedat the time whenthe continuation
is invoked. Otherwise,the labeling chosenduring the latter's
defunctionalizationwould likely beinconsistentwith thelabels
that weregeneratedduring the earlierdefunctionalizationand
thatarenow embeddedin theURL.

An obvious but naive solution is to simply compile the
servlet,i.e.,translatetheservletonce,storingtheresultin a�le,
and then arrangefor the server to load the compiledversion
for all requeststo the servlet's URL. Considerthe case,how-
ever, wherethe servletis modi�ed and then recompiled.It is
critical that thesetof labelschosenduringdefunctionalization
of the new versionbe disjoint from the previous setof labels.
Otherwise,outstandingcontinuationscould be misinterpreted
underthe new version.The oppositeproblemariseswhenthe
program'scompiledcodeis keptin memory, ratherthanthe�le
system.If anidenticalversionof a servletis compiledthenthe
samelabelingshouldbeused.

Noticethatnoneof theseproblemsariseif whengiveniden-
tical input, elaborationyields identicaloutput,i.e., if elabora-
tion is a function.This requiresgeneratingidenticallabelseach
time theservletis defunctionalized.To achieve a consistentla-
beling, the translatorcomputesa messagedigestbasedon the
syntacticstructureof theprogram.Thetranslatorstoresthedi-
gestsin a databaseandassociatesa uniquesmallkey with each
digest.The key is thenusedasthe pre�x for eachlabel in the
program.If theservletischangedin somenon-trivial way(com-
mentsandwhitespacearetrivial), thecomputedmessage-digest
changesanda new key is generated.Valuespublishedwith the
old key becomeobsoleteandtheservercanfail gracefully. Note
that the digestsare associatedwith program source versions,
not with servletinvocations,sothespacecostsarenegligible.

Oneof the goalsof this researchwasto allow interoperability
betweentranslatedcodeandexisting untranslatedlibraries.Unlike
CPS,our translationdoesnotchangethecallingsignatureof trans-
latedfunctions,soin theory, it shouldbepossiblefor translatedand
untranslatedmodulesto call eachother's functions.Theremaining
two problemsillustrate the problemsencounteredwhena servlet
interoperateswith untranslatedcode.Most of theseproblemsarise
whentrying to usehigher-orderfunctions,sowewill usetheexam-
ple in �gure 12 for illustrativeexplanations.

The programin �gure 12 consistsof two modules:onein our
new Webprogramminglanguageandonein ordinaryPLT Scheme.
The purposeof the programis to aska seriesof multiple choice
questions.When the servlet is loaded,it usesmap to poseeach
questionand to accumulatethe answersin a list. Afterwards,it
tallies the resultsandpresentsthemto the student.The questions
arerepresentedasinstancesof themc-questionstructure;thequiz
itself is a list of instancesof thisstructure.Thefunctionget-answer
retrievestheanswerfor asinglequestionfrom theclient.

2. Thesecondproblemconcernsthe interoperabilitybetweenor-
dinary Schemefunctionsandfunction applicationin our new
Webprogramminglanguage.Themostintricateexampleis the



(modulequiz" persistent-web-interaction.ss"
(require" quiz-lib.ss"

(lib " url.ss" " net" )
(lib " servlet-helpers.ss" " web-server" ))

;; get-answer:MC-Question! Number
;; getananswerfor a multiplechoicequestion
(de®ne(get-answermc-q)

(let� ([req(send/suspend/hidden(make-cue-pagemc-q))]
[bdgs(request-bindingsreq)])

(if (exists-binding?' answsbdgs)
(string-> number(extract-binding' answsbdgs))
� 1)))

;; tally: (Listof MC-Question) (Listof Number) ! Number
;; countthenumberof correctanswers
(de®ne(tally mc-qsansws) � � � )

;; run,servlet,run:
(let ([initial-request(start-servlet)])

`(html (head(title " Final Page" ))
(body
(h1 " Quiz Results" )
(p ,(format

" You got ~a correct out of ~a questions."
(tally quiz(mapget-answerquiz))
(lengthquiz)))

(p " Thank you for taking the quiz" )))))

(modulequiz-libmzscheme
(require (lib " serialize.ss" )

(lib " url.ss" " net" ))

(provide ;; type:MC-Question
;; = (make-mc-questionString(Listof String) Number)
(struct mc-question(cueanswerscorrect-answer))
make-cue-page
quiz)

(de®ne-structmc-question(cueanswerscorrect-answer))

;; make-cue-page: MC-Question! URL HiddenField ! HtmlPage
;; generatethepagefor thequestion
(de®ne(make-cue-pagemc-q)

(� (ses-urlk-hidden)
`(hmtl (head(title " Question" ))

(body
� � � (form ([action ,ses-url]) � � � ,k-hidden� � � )))))

;; thequiz: (Listof MC-Question)
(de®nequiz

(list
(make-mc-question" Where do babies come from?"

(list " The cabbagepatch"
" The stork"
" A watermelon seed"
" Wal-Mart " ) 1)

� � � )))

Figure 12. A multi-moduleservlet

underlineduseof mapon get-answer. Sinceget-answeris de-
�ned in the servletmodule,it is subjectto elaboration.In the
resultingcode,get-answeris a structurethatsend/suspendcan
serializeinto a URL if it is foundon thestack.In contrast,map
is a standardlibrary functionandis thereforenot translated.

Fortunately, PLT Schemeprovidesstructsthat act asfunc-
tions. If a structurede�nition speci�es its instancesasproce-
dural, it mustprovide an additionalslot in which it storesthe
function to beusedin functionapplications.Usingsuchstruc-
tures,ourtranslationcanactuallyrepresentthedefunctionalized
functionsin awaythatrepresentcontinuationsasfunctionsand
serializablestructssimultaneously.

The call to map posesanotherproblemdue to calling its
argumentsin ahigher-ordercontext. Recallmap'sconventional
de�nition:

;; map:(� ! � ) (Listof � ) ! (Listof � )
(de�ne (mapf l)

(cond [(empty?l) empty]
[else(cons(f (�r st l)) (mapf (restl)))]))

Thede�nition remindsusthatthe“callback” to f takesplacein
anon-trivial evaluationcontext. Sincenativemapis notsubject
to translation,acall to send/suspendduringthedynamicextent
of thecallbackwouldmissthecontext fragment(cons[] (mapf
(restl))). Theresultwouldbeacontinuationwith partsmissing,
resultingin unde�nedbehavior.

Fortunately, we can employ stack-inspectionto detectthe
specialcircumstancesthat would otherwiselead to unde�ned
behavior andinsteadsignala runtimeerrorwith aninformative
errormessage.To detectthespecialcase,we mustusea prop-
erty of PLT Scheme's continuationmarksthat is not a part of
thetheoreticalmodelfrom section3. In particular, PLT Scheme
supportsthede�nition of multiple disjoint setsof continuation
marksby allowing programsto associatemarkswith a key that
uniquelyidenti�es thesetto whichthemarksbelong.Usingthis
mechanism,wecreateasetof marksfor thesolepurposeof an-

notatingpossiblyunsafecalls to higher-orderfunctions;when
a continuationis to be capturedand serialized,send/suspend
inspectsthis set for unsafemarks.If any suchmarksare en-
countered,thefunctionsignalsanerror.

For clari�cation, we illustrate the details of using such
“safety” marksvia our runningexample.For useasakey, asso-
ciatedwith booleanvalues,we createa uniquevalueandbind
it to the identi�er, safe?. The translatormarksthe bodyof ev-
ery translatedfunction using true and when it encountersan
applicationof apossiblyuntranslatedfunctionit usesfalse. Af-
ter safetyannotationsareadded,the underlinedcall to mapin
�gure 12becomes:

(w-c-m safe?false(mapget-answerquiz))

Thetranslatedversionof get-answeris

(de�ne (get-answermc-q)
(w-c-m safe?true

(let� � � � )))

And �nally , the following fragmentof code resultsfrom
reducingthenow annotatedcall to map:

(w-c-m safe?false
(cons(w-c-m safe?true

(let� ([req(send/suspend/hidden� � � )])
. . . ))

(mapget-answer(restquiz))))

Theinnerw-c-m is not in tail positionwith respectto theouter
w-c-m, sobothmarksappearin thelist associatedwith thesafe?
key. Thepresenceof thefalsevaluein this list resultsin anerror
whensend/suspend/hiddenis invoked.

Now our servletalwayssignalsanerrorat the �rst interac-
tion with theuser. To overcomethis error, theservletwriter is
forcedto move thede�nition of mapinto theservletmoduleso
that it becomessubjectto translation.In thetranslatedversion,
theoutermark is canceledby themarkaroundthebodyof the



int fact (int x) f
if (x < 2)

return 1;
else

return
x * fact (x - 1);

g

int fact (int x) f
if (x < 2)

return 1;
else f

int temp0
= fact (x - 1);

return x * temp0;
g

g

int fact (int x) f
if (x < 2)

return 1;
else f

int temp0;
try f

temp0 = fact (x - 1);
g

catch (SaveContinuation sce) f
sce.Extend (new fact_frame0 (x));
throw;
g

return x * temp0;
g

g

Figure 13. ContinuationsandMSIL

programmer-de�ned map due to the tail-call optimizationfor
continuationmarks.

Despitethesecomplications,our translationis superiorto
CPS.In particular, our translatedcodecanalwaysinteroperate
with untranslatedcodewhereasCPSbreaksdown in the pres-
enceof higher-orderfunctions.Furthermore,wehaveageneral
techniquethatdiscoversthemismatchandsignalsanerror. Ide-
ally, therewould be no sucherror cases,so in this regard we
claimonly a partialsolution.

Pragmatically, in thecontext of Webinteractions,thecases
involving unsafecontinuationcapturearepreciselythosecases
thatrequirespecialtreatmentwith regardto managingprogram
stateacrossinteractions.Obtaining �ner control over servlet
staterequiresmoving higher order code into the domain of
the translation.This canbe problematic,as the next example
illustrates.

3. The third problem becomesvisible when we eliminate the
useof mapby supplyingour own de�nition (herecalledget-
answers) andsubjectingit to translation:

;; get-answers:
;; (Listof MC-Question) ! (Listof Number)
;; gettheanswersto all thequestionsin mc-qs
(de�ne (get-answersmc-qs)

(cond
[(empty?mc-qs) empty]
[else(cons(get-answer(�r st mc-qs))

(get-answers (restmc-qs)))]))

Thus, in placeof (mapget-answermc-qs) we canwrite (get-
answersquiz).

Sinceget-answerusessend/suspend, it capturesthecontin-
uationof (get-answer(�r stmc-qs)), whichis closedovermc-qs,
thelist of questions.Thisinformationis serializedinto theURL
transmittedto the user, which canleadto a signi�cant growth
in the sizeof this URL. Furthermore,an implementationmay
evenleaksensitive informationin thisURL.5

Our partial solution would be completebut for the ques-
tion of whatto do whena Web-interactionis encounteredfrom
within theacall to ahigher-orderfunction.In asystemthatpro-
videsnative continuations,we canextend the partial solution
to a full solutionby falling backto native continuationswhen
“unsafe”marksarediscoveredon thestack.This proposalau-
tomaticallyplacesprogramstateon theserver in thecasewhen

5 The continuationalso includesthe user's answersto the questionsthat
have alreadybeencompleted;in this instancethis is lessproblematicbe-
causetheinformationis beingtransmittedto its very author, but in general
this requiresacryptographicsolution.

it is not explicitly handledby theWebprogrammer. Theuseof
native continuationsis still subjectto the limitationsdiscussed
previouslyandthustheWebprogrammermuststill beawareof
theimplicationsof usinghigherorderlibraries.

Toovercomethelimitationsof nativecontinuations,theWeb
programmerwill have to explicitly codecertainhigher order
functionssothatthey will besubjectto translation.In thiscase,
continuationsareclosedoverprogramdatawhichcaneitherbe
storedon the server or encodedin the outgoingresponse.We
arecurrentlyconsideringamemoizationmechanismthatkeeps
immutabledata,suchasthelist of questionsin ourexample,on
the server andthenencodesan opaquereferencein the URL.
Whenthe servletis re-launched,the mechanism(re)computes
thenecessaryvaluebasedon thereference.6

4.2 Schemeand MSIL

The useof virtual machinelanguagesas intermediaterepresenta-
tions hasbecomethe norm in recentcompilerdevelopments.Mi-
crosoft's CommonLanguageRuntime[22] and Sun's JVM [34]
areprominentexamples.Compiling a languageto eitherof these
VMs almostimmediatelyequipsthe languagewith rich run-time
libraries and with accessto programmingenvironmenttools, in-
cludingdebuggersandpro�lers. Dueto variousreasons,however,
thesemachinesdonotgrantprogramsfull accessto their stacks.

CompilingScheme,Smalltalk,Rubyor any otherlanguagethat
uses�rst-class continuationsto suchan architecturethusposesa
dilemma.At leastat �rst glance,the compilerwriter musteither
forego the implementationof continuationsor managea stack-
away-from-the-VMstack.The�rst choicelimits theprogrammers
of theselanguages,andthesecondgivesupon many of theadvan-
tagesthatthesemachinessupposedlyoffer.

Ourdiscoverythatcontinuationmarkscanimplement�rst-class
continuationsresolvesthis dilemma.Eventhoughthewidely used
VMs don't implementcontinuationmarking mechanismsin the
spirit of PLT Scheme,they do implementmeansfor installingex-
ceptionhandlers,andthosearesuitablefor mimickingcontinuation
marks.It is in this regardthatwe considercontinuationmarksasa
generalizationof otherstackinspectionmechanisms.

In thissection,we illustratehow generalizedstackinspectionis
adaptedto therestrictedvirtual machineenvironmentof theCom-
mon LanguageRuntime[22]. Roughlyspeaking,markinga con-
tinuation(w-c-m) correspondsto the installationof an exception
handler;the inspectionof the continuationmarks(c-c-m) canbe
accomplishedby raisinganexception,thustransferringcontrol to
codethat writes a representationof the mark to the heapas the

6 The ideaof recomputingsuchvaluesis also presentin the WASH/CGI
framework [33].



stackunwinds.To avoid thecomplexitiesof themachinelanguage,
we presentour discussionin termsof C#. Theuseof C# makesit
easierto convey the ideasbehindthe implementationwithout hid-
ing any of theengineeringproblemsthatwe encounter.

Thechosenexampleis thefact program,shown on theleft of
�gure 13. As described,the �rst stepis to convert the programto
ANF. This requiresthe introductionof local variablesto hold the
intermediateresultsof compoundexpressions.Thenormalizedpro-
gramhasthepropertythatall compoundexpressionsarecomposed
onlyof primitivesubexpressionsandappeareitherontheright hand
sideof anew variablebindingor astheexpressionin areturnstate-
ment.For fact , this conversionis near-trivial andits resultis the
functionin thecenterof �gure 13.

Oncetheprogramis in ANF, wewrapeachfunctioncall with an
exceptionhandler:seethe right-mostcodefragmentin �gure 13.
This use of the try -catch constructionis equivalent to w-c-m
in the theoreticalmodel. In the model, the continuationmarks
introducedby w-c-m are closuresand are eagerlycreatedwhen
the function is entered.In the C#-implementation,the analogous
closuresare only createdas the stackis unwoundby the special
exception.In effect, therepresentationis createdlazily.

Next considertwo scenarios.First, if the programmust cap-
ture a continuationduring the dynamicextent of the try block,
it throws an exception. Speci�cally, it throws an exception—
SaveContinuation —that only thenewly insertedhandlersknow
aboutandcatch.Second,the try block returnsnormally. In this
case,the continuationmark isn't neededand no extra work is
performed.That is, a programthat doesnot use �rst-class con-
tinuationspaysonly for the establishmentof exceptionhandlers
around(non-tail) function calls.Fortunately, the implementorsof
thevirtual machineassumethatexceptionhandlersareestablished
with somefrequency and have thereforemadethis a reasonably
inexpensiveoperation.

Following our model, a C#-implementationof call/cc must
implementa searchof all continuationmarks.A targetedthrow
of anexceptiontakescontrolto thehandlersaroundfunctioncalls.
Thehandlerthenconstructstheclosure—representedasobjects—
thatrepresentstherespectivemarkin thecontinuation:

...
try f

temp0 = fact (x - 1);
g
catch (SaveContinuation sce) f

sce.Extend (new fact_frame0 (x));
throw;

g
...

Oncethe currentframehasbeenaddedto the list of continuation
marks, the programre-raisesthe exceptionso that it eventually
stopstheprogram.

Naturally, we can't let the throw of a SaveContinuation ex-
ceptionstop the program.Instead,our implementationsurrounds
theentireprogramwith a handlerthat,accordingto thesemantics
of call/cc immediatelyresumes theprogramwith thecurrentcon-
tinuationandhandsthecontinuationto theargumentof call/cc.

The implementationof resumeposesan additionalcomplica-
tion. The raisingof a SaveContinuation exception(and its re-
raising)collectsthecontinuationmarksin most-recentto theleast-
recentorder. Becausewe reconstructthe context from the least-
recent�rst, thenaturalorderingis convenientlycorrect.If asecond
continuationis capturedwithin this restoredcontext, however, we
mustensurethat themarkscommonto bothcontinuationsarenot
duplicated.Duplicatingthesemarkswouldduplicateclosures,both
causingproblemswith synchronizationandchangingthe orderof

void Resume(Context frame,
ContextList moreRecentFrames) f

object returnValue;

if (moreRecentFrames == null)
returnValue = null;

else
returnValue =
Resume(moreRecentFrames.firs t,

moreRecentFrames.rest) ;

try f
return frame.Invoke (returnValue);

g
catch (SaveContinuation sce) f

sce.AppendSharedContext (
frame.OlderContext);

throw;
g

g

Figure 14. Theimplementationof resumefor MS IL

spaceusage.Obviouslytheformermightaffectcorrectness,andthe
latterwouldsigni�cantly hurt theperformanceof ourstrategy.

For thesereasons,we implementresumesuchthatit avoidsdu-
plicating thesharedpartsof thecontinuationmarksthat represent
the evaluationcontext: see�gure 14. More precisely, eachframe
in the context recursively reloadsthe more recentframes.Note
that the recursive call returnsto a try-catch block like the one
in fact . The recursionterminateswhenthe mostrecentframeis
reloaded.Pendingchainsof calls to resumeare not protectedby
an exception handlerso that they aren't duplicatedby the cap-
ture. The exceptionhandleris only establishedwhen a frame is
aboutto continueexecution(theremainderof Resume). Theexcep-
tion handleris differentfrom theonewe wraparoundtheoriginal
code.It usesthealreadycomputedrepresentationof theevaluation
context. WhentheSaveContinuation exceptionis thrown again,
eachnewly createdevaluationcontext savesits state,but the top-
mostrestoredframearrangesfor thesetobelinkedto thepreviously
savedcontext.

5. RelatedWork
Threepiecesof pastresearchbeara strongresemblanceto ours:
CartwrightandFelleisen'swork onextensibledenotationalseman-
tics[3], Sekiguchi,SakamotoandYonezawa'swork oncheckpoint-
ing and transparentmigration [29], andTao's work on migrating
Java threads[31].

Cartwright and FelleisenadaptFelleisen's work [5, 6] on an
imperative extensionof the lambdacalculusto a denotationalset-
ting. In the traditionalScott-Strachey framework for denotational
semantics[30], a languageextensiondeeplyaffectsthestructureof
themappingfrom syntaxto semantics.For example,if a language
designerwishesto add continuationsto a functional language,a
revision of thesemanticmappingmustintroducea parameterthat
abstractsover the continuationof an expression(statement,de�-
nition). Worse,the changeto the denotationalmappingradically
changesthedenotationof anexpressionin theoriginal language.

In the Cartwright-Felleisenframework, the denotationof an
expressionmay return either a value or an effect. Returningan
effect is analogousto throwing an exception.Eachdenotationis
equippedwith a handler-like function that augmentsthe effect in
anappropriatemannerandpassesit to thecontext. Ultimately, an
effect reachesa handlerfunction, dubbedadmin, at the root of
thedenotationaltree.Giventhis arrangement,a languagedesigner
caneasilyextenda languageby injecting new effectsandadding



correspondingclausesin theadmin function.A universaltheorem
governssuchlanguageextensions.Speci�cally, for eachlanguage
extension,thereis aprojectionthatcaneliminatetherelevantparts
of a denotationfor any expressionin the core languageand re-
createits originaldenotation.

The call/cc-elimination transformationof this paperis to the
Cartwright-Felleisenframework what the CPS transformationis
to the Scott-Strachey framework of denotationalsemantics.In
other words, it is a syntacticanalogof the semanticmappingin
Cartwright-Felleisen.From this perspective, the soundnesstheo-
rem in this paper�nally con�rms that the call/cc expressedin
this framework is equivalentto theoriginalcall/cc, somethingthat
CartwrightandFelleisenfailedto con�rm.

Sekiguchietal.describeamethodfor implementingpartialcon-
tinuationsin Java andC++,with check-pointingandthreadmigra-
tion aspossibleapplications.Themethodusesexceptionhandling
to constructcontinuationvaluesas the stackunwinds.In lieu of
call/cc, Sekiguchiet al. useGunteret al.'s partial anddelimited
continuations[15]:

cupto p as x in e capturingthefunctionalcontinuation
set p in e delimiting theeffect of cupto

with thefollowing evaluationrule for cupto :

set p in E [cupto p as x in e] ! (�x:e )( �y :E [y])

Noticethatevaluationof cupto abandonsthesurroundingcontext,
which morecloselymodelsthesemanticsof stackunwindingthan
othercontrol-�ow operationssuchascall/cc.

Our translation is de�ned on program source code, while
Sekiguchi et al. de�ne their translation on byte-codes.Their
translationalso performsa fragmentationstep analogousto A-
Normalization.During resumptionan extra parametercarriesthe
controlstateandextra logic is addedto eachfunctionto distinguish
betweennormalfunctioncallsandresumption.Thisamountsto an
in-lining of resume.

Sekiguchiet al., like us, are concernedwith faithfully recon-
structing the stack. More critical to their choice of languages,
Sekiguchiet al. are concernedabout“preservingthe call-graph”
of the original program.The authorsdismissa potentialsolution
basedon CPStransformation,becauseCPStransformedcodecre-
atesanunboundedsequenceof tail calls.

Sekiguchiet al. do not go into muchdepthwith regardsto how
to combinetranslatedand untranslatedcode.For example, they
do not discussthe problemsassociatedwith changingthe calling
signatureof eachmethod.They do recognizethe problemwhere
the call stackcontainsstackframesof non-transformedmethods.
We introducesafetymarksasa partial solutionto this case,while
they havenosolutionandidentify it asa limitation of theirscheme.
Finally, Sekiguchi et al. offer no theoreticaltreatmentof their
technique.

Like Sekiguchiet al., Taodescribesa methodfor threadpersis-
tenceandmigration,leveragingJava's exceptionmechanism.Tao
de�nesthetranslationfor sourcecodeandbyte-codes.

Taogivesa minimal theoreticaltreatmentof themethodbased
onadenotationalsemanticsfor asmallwhile-looplanguage.There
is no theoremstatingtheequivalenceof theoriginal andtranslated
formsof theprogram,i.e., thereis no correctnessresult.Taodoes
attemptto prove that evaluatinga programin the presenceof any
number of shutdown operationsis equivalent to evaluating the
programwithout interruptions.The proof is skeletalandrelieson
anunspeci�edextensionto thedenotationalsemantics.

Tao doesnot employ any kind of fragmentationbeforeanno-
tating the sourcecode.For example,statementsequencesarenot
broken.Instead,herwork maintainsan index andaddsextra logic
to the codeso that the resumptionpoint canbe relocatedwhena

continuationis reinstated.A furthercomplicationis thatTaoessen-
tially makestwoversionsof theprogram:a“shutdown” versionand
a“restart”version.Extralogic needsto besprinkledthroughoutthe
codeto distinguishbetweennormalfunctioncallsandresumption.
As with Sekiguchietal., this is analogousto in-lining of resume.

For the sourcecodeversionof the transformation,Tao makes
the restriction that continuationscannotbe capturedduring the
evaluationof an expression.This restrictionis neededbecauseit
is supposedlydif�cult to “save temporaryvariablesat the source
�le level” [31, section3.2.7].Thiscanbeseenasaconsequenceof
not fragmentingtheoriginal program.Becausethereis no explicit
closureidenti�ed with the continuationof eachexpression,it is
dif�cult to reasonaboutthefreevariablesof thatclosure.

Finally, Schinzand Odersky [28] usea small portion of our
transformationto implementtail-call optimizationsfor the JVM.
Speci�cally, they install a handler(a.k.a.,trampoline)at eachtran-
sitionfrom aproperlynestedcall to achainof tail-calls;if thedepth
of tail-callsgetstoodeep,they erasethemwith ajumpto theclosest
handler, which thenreconstitutestheonestackframefor theprop-
erly nestedcall. SchinzandOdersky did not recognizethat their
transformationcouldbegeneralizedto dealwith �rst-classcontin-
uations.

6. Perspectiveand Conclusion
We have presenteda novel formal transformationfor explicating
the continuationof a computation.Our transformationis de�ned
usingcontinuationmarks,which we regardasa generalizedform
of stackinspection.We have alsodemonstratedthat the transfor-
mationcanbe implementedusingexceptions—astackinspection
mechanism—whichcanberegardedasstandardonmodernvirtual
machines(andin a growing setof languages).By exploiting stack
inspection,weshow how to captureandreconstructthestackwith-
outtheneedfor CPS,whichdependsontail calls(thatmany virtual
machinesdon't provide)and“hides” thestack(which is necessary
notonly for many debuggingandprogramunderstandingtools,but
alsofor contemporarysecuritymechanisms).

Our transformationhastwo immediateapplications.First, it is
valuablefor continuation-basedWebapplicationsthatneedto run
in astatelessmannerfor greaterscalability. Second,it helpsimple-
mentlanguageswith continuations,suchasScheme,on traditional
virtual machineswithout emasculatingthe languageor makingits
codeincompatiblewith the VM' s assumptions(sincevirtual ma-
chinesarenotdesignedto assumethecodethey runwill bein CPS).

Weconjecturethattherearedeeperapplications,whichwehave
notyetexploredin detail:

� Thetransformationcouldimprovetheusabilityof continuation-
basedWebapplications.Currently, thePLT Webserver gener-
atesa noncefor eachcapturedcontinuationand embedsthis
in the URL. Thesenoncesbecomeinvalid whentheserver re-
boots,makingit uselessto bookmarkor distributetheseURLs.
In contrast,liketheCPSsolution,ourtransformationcangener-
atemoredurableURLsby referringto (named)codefragments
andplacingthefreevariablevaluesin anargumentlist, creating
a form of “Webcommandline”.

� The transformationmakes it possibleto employ a variety of
techniquesfor implementing�rst-class continuations.For in-
stance,theschemeby Dybvig, etal. [16] enablesconstant-time
continuationcaptureandapplication,by makingstackcopy and
restorationlazy. Our representationof the stackmakesit easy
to similarly reconstituteonly a constantnumberof stackseg-
ments,leaving apointerto a functionclosedover therestof the
stackthat reconstitutesmoreof it on demand.Implementinga
similar schemeatop CPSwould requirecustomizationof the



functionchargedwith marshallingandunmarshallingclosures
to recognizethespecialcaseof thecontinuationargument.

� Thetransformationhasimplicationsfor virtual machinedesign-
ersalso.TheParrotvirtual machine,which is intendedto pro-
vide a commonplatform for scriptinglanguagessuchasPerl,
PythonandRuby, hasconsideredusingCPSjustto supportcon-
tinuations;its developershavebeenevaluatingthetrade-off be-
tweenthe bene�ts of continuationsandthe (user)costof pro-
grammingtheentiresystemin CPS.7 Our transformationoffers
thema potentialwayoutof this quandary.

� Current implementationsof Schemetargeted at virtual ma-
chinesdo not interactwith or exploit the underlyingsecurity
mechanisms.Indeed,it would be dif�cult for thosethat use
CPSto doso,dueto the(unfortunate)explicit relianceof these
mechanismsonthestack.Ourtechniquerestorestheprimacy of
thestack,makingit possibleto provide thesesecurityfeatures
as languageextensions.Furthermore,even Web applications
runningon thesevirtual machinesmaybeableto usethesese-
curity extensions,becauseour transformationreconstitutesthe
stack.

Our immediategoal is to extendthis transformationto handlethe
full Schemelanguage,andto applyit to bothourcompilerandWeb
server. In particular, wehopeto usethisto improvetheperformance
of ourconferencemanagementapplication.
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