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Abstract

Implementing rst-class continuationscanposea challengeif the
targetmachinemakesno provisionsfor accessingndre-installing
the run-time stack. In this paper we presenta novel translation
that overcomesthis problem.In the rst half of the paper we
introduce a theoreticalmodel that shavs how to eliminate the
captureand the use of rst-class continuationsin the presence
of a generalizedstackinspectionmechanismThe secondhalf of
the paperexplains how to translatethis model into practicein
two differentcontexts. First, we reformulatethe servletinteraction
languagen the PLT Websener, which heavily relieson rst-class
continuationsUsing our technique servletprogramscan be run
directly underthe control of non-cooperatie web senerssuchas
Apache.Secondwe shav how to useour new techniqueto copy
andreconstitutehe stackon MSIL.Net usingexceptionhandlers.
ThisestablishethatSchemes rst-classcontinuationganexist on
non-cooperatie virtual machines.

Categoriesand Subject Descriptors F.3.3 [Logics and Mean-
ings of Programg: Studiesof ProgramConstructs—Contrgbrim-

itives; H.3.4 [Information Stolage and Retrieval]: Systemsand
Software—World Wide Web (WWW); 1.2.2 [Arti cial Intelli-

gencé: AutomaticProgramming—Prograrnansformation; F.3.2
[Logics and Meaningsof Programg: Semanticof Programming
Languages—Operationsémantics

GeneralTerms LanguagesTheory

Keywords A-normal form, continuation-passingtyle, stackin-
spection,Web programming,continuations,defunctionalization,
Scheme

1. Motivation: Continuations, VMs, and the Web

Whenaninteractize Webprogramissuesaquery anon-localtrans-
fer of controltakesplace.lt is now theuser(possiblyanintelligent
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agent)who is in chage. This usermay decideto respondto the
queryonce,twice or mary times(or not at all), thusre-launching
therestof the programs computationonce,twice, or mary times.
Marny peoplehave thereforeconcludecdthat a languagewith rst-
classcontinuations(such as Scheme[19]) is a strong matchfor
implementingthis kind of interactve program[11, 18,26, 33].

Over the pastseveral years,we have exploredthe continuation
model of Web programmingin two differentdirections.Initially,
we designedimplementedandevaluateda Web senerthatimple-
mentsthe run-time primitives for Web interactionsvia Schemes

rst-class continuationq14]. The investigation validatedthat this

approachis suitablefor a variety of situationsand evenled to a
commercialproduct[20]. Sadly only programsrunningon a cus-
tomWebsener canbene t from this approach.

To addresghis concern,we also experimentedwith a variant
of thecontinuation-passingansformatiof(CPS)for automatically
restructuringinteractive programsfor the Web [13, 21]. In prin-
ciple, this transformationcan be usedwith a wide rangeof pro-
gramminglanguagesndshouldthereforehelp Web programmers
in mary situations.The problem,hawever, is thatthe transforma-
tion affects the entire program. Since modernWeb applications
are often written in multiple languagesit is nearlyimpossibleto
performawhole-prograntransformatiorof them.Worse,CPSre-
quirestail-call optimizationor, in its absencetrampolinesa tech-
nigue dueto JonL. White [personalcommunicationJune2005],
which canbe much more expensve. It is thereforeeconomically
impossibleto usethis ideawith existing languagesand run-time
libraries.In short,we areleft with the challengeof equippingcon-
ventionalprogrammindanguagesvith the capabilitiesof grabbing
andreinstallinga continuationeven if theselanguagesfrun-time
organizationsido not supportsuchactions.

The very sameproblemcomesup in a different context: the
implementationof languageswith continuationson virtual ma-
chinessuchas Sun's JVM [34] or Microsoft's CLR [22]. Mirror-
ing traditionalprogramminganguagesthesemachineslo not pro-
vide instructionsfor installingandsaving the run-timestack.Usu-
ally, Scheme-on-VMmplementorggive up on rst-class continu-
ations[1, 2], or they allocatethe control stackin the heapof the
maching23]. As Bres,etal. [2, section2] pointout, however, with
this secondstratgy, “it might be expectedthat...JITsarefarless
ef cient oncodeghatmanagesheirown stack”[sic]. Furthermore,
allocatingthe stackon theheapeffectively disguiseghe stack;hid-
ing it from therich setof programmingools suchassteppers¢e-
buggersandpro lers, aswell ascontemporangecuritymanagers,
which expectto nd run-timeinformationonthe stack.

In this paper we presenta solutionto this dilemma, rst in the
contet of atheoreticaimodelandthenin the contet of two pro-



e g

beg_in
S isplay(c-c-m))
(fact é\)/v-c-mn( n (fact( n1))))))
7!

console output: (123)
computed value: 6

Figure 1. A factorialfunctionwith continuationmarks

de ne (fact-trna
( if :(no )

beg_in
(display(c-c-m))
a

(fact-g\r,vécl-)m n(fact-tr( n1)( na))
7!

console output: (1)
computed value: 6

Figure 2. A tail-calling factorialfunctionwith continuatiormarks

totypeimplementationsThe coreideais to translateSchemepro-
gramswith call/cc into alanguagewvith ageneralizedtackinspec-
tion mechanismFor our theoreticaimodelandfor oneof our pro-
totypes,we usePLT Schemes continuationmark mechanismfor
theotherprototypewe shav how exceptionhandlerandexception
throws cancollaborateto simulatecontinuationmarks.The result-
ing transformations lessradicalthanCPS,andit is thusnaturalto
runtheresultingprogramon the natively availablestack.

2. Continuation Marks

Most programmindanguages&nd programmingervironmentsin-
cludemechanism$or manipulatingthe stackin someform or an-
other Java, for example,implementsa form of securityvia stack
inspection[35]. ProgrammingenvironmentssuchasVisual Studio
have privilegedaccesgo thestackfor variousdetuggingtasks.The
mostubiquitousexamplesof suchmechanismshough,areexcep-
tion signalersandhandlersThey eraseportionsof thecontrolstack
andtransfercontrolto exceptionhandlersn anon-localmanner

MzSchemg9], theimplementatiorlanguageof the DrScheme
programmingervironment[7], providesa novel abstractiorof all
thesemechanismscontinuatiormarks[4]. Roughlyspeakingcon-
tinuation markssupporta powerful form of stackinspectiongen-
eralizingJava's mechanisnwith the samename.Using the w-c-m
languageform (shortfor “with continuationmarks”), a program-
mer canattachvaluesto the control stackduring the executionof
aprogram Later, the stack-walking primitive c-c-m (“currentcon-
tinuationmarks”) canretrieve thesevaluesfrom the stack.

To presere the spirit of Schemeattachingcontinuationmarks
to the stackdoesnot interferewith Schemes tail-calling require-
ment.FurthermoreMzSchemes marksareparameterizely keys.
By choosingreshkeys, programmersanensurghataddingmarks
to a computationdoesnot affect the result of the computation,
enablingthe use of marks for multiple purposes.n particular
MzSchememplementsexceptionsand a tracefacility with con-
tinuationmarks,while thetools of DrSchemerely on themto im-
plementa steppera delugger anda performancero ler.

Thetwo programsn gures 1 and2 illustratehow a program-
mermight usethew-c-m andc-c-m constructgo instrumentunc-
tions.Bothde nitions implementfactorial;bothmarkthecontinua-
tion attherecursve call site;andbothreportthe continuation-mark
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Figure 3. SL Syntax

list beforereturning.Theonein gure 1is properlyrecursve,while
theonein gure 2 is tail-recursve. For the properlyrecursve pro-
gram,theconsoleoutputshavs thatthe continuationcontainghree
mark frames.For the tail-recursve variant,only one continuation
markremainstheothershave beenoverwrittenduringevaluation.

3. Continuations from Continuation Marks

Equippedwith a basicunderstandingf MzSchemes continuation
marks,we cannow shav how to usethis generalizesgtackinspec-
tion mechanisnto eliminatecall/cc from Schemeprograms.We

presentheideain two steps.The rst stepis to translatgprograms
with call/cc into semanticallyequivalentprogramghatusecontin-

uationmarksto storefunctional representationsf continuations.
Thesecondstepreplaceghe markswith structuresusinga variant
of Reynolds' defunctionalizatiorj27].

3.1 The SourcelLanguage

The languagein gure 3, dubbedSL for source languagejs a

modi ed versionof A-Normal form (ANF) [8]. It uses instead
of let. Furthermorewe allow applicationsof arbitrarylength.The

languages extendedwith call/cc, letrec andalgebraicdatatypes.
The latter are neededin the target languagefor the operational
semanticandare usedduring defunctionalizationthe last stepof

ourtranslationFor consisteng they arealsoincludedin thesource
language.

Instance®f algebraicdatatypesre constructedvith construc-
tors(K , K ™) anddestructureavith case We leave theactualsetof
constructorsinspeci ed thoughwe assumét containghestandard
list constructorgonsandnil. For corveniencewe usea shorthand
for lists,where(list e €1 :::) standdor theaggregateconstruction
(consey (list €1 :::)) and(list) standgor theemptylist.

The operationakemanticss speci ed via the rewriting system
in gure 4. The rst ruleis thestandard  -rewriting rule for call-
by-valuelanguageg$24]. The secondhandlesthe destructuringof
algebraicdatatypes.

Rules(3, 4, 5) specify the semanticdor letrec Bindings es-
tablishedby letrec are maintainedin a global store, . For sim-
plicity, storereferenceq ) are distinct from variablesboundin
lambdaexpressiongd6]. Rule 5 speci eshow bindingsare estab-
lishedby letrec. Furthermoreto simplify the syntaxfor evaluation
contets, storereferencesretreatedas values,anddereferencing
is performedonly whenastorereferenceappearsn applicationpo-
sition (rule 4) or in the testpositionof a caseexpression(rule 5).
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Figure6. TL Semantics
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Figure4. SL Semantics

Dereferencingstorelocationsand betasubstitutionare combined
in orderto simplify thetreatmenbf defunctionalization.

First-classcontinuationsare capturedusing call/cc (rule 6).
Capturinga continuationcreatesa continuationvalue, : E that
recordsthe contet, E, of the call/cc expressionThe argumentto
call/cc is then appliedto this value. When a continuationvalue
is eventuallyappliedto anothewalue(rule 7), the evaluationcon-
text containingthe applicationis discardedandreplacedwith the
contet containedin the continuationvalue. The hole in the nev
contet is lled with theamgumentpartof theapplication.

3.2 The TargetLanguage

The target languagein gure 5, dubbedTL for tamet language,
is alsoamodi ed A-Normal form muchlik e the sourcelanguage.
Insteadof call/cc, TL containsa simpleabort constructandtwo
new forms:w-c-m andc-c-m.

The operationakemanticss speci ed via the rewriting system
in gure 6. The rst ve rulesareidenticalto the corresponding
rulesfor the sourcelanguageln the sourcelanguagea continua-

tion replaceghe context whenit is invoked. In orderto simulate
suchcontinuationswe include the abort form in the tarmget lan-
guagewhich handleghetaskof abandonindghe context.

Continuationmarksimplementa mechanisnfor manipulating
contets, which we exploit for the elimination of call/cc. Intu-
itively, (w-c-mv e) installsthe valuev into the continuationof the
expressiorg, while (c-c-m) recoversalist of all continuatiormarks
embeddedn the currentcontinuation.To presere propertail-call
semanticsif a rewriting stepresultsin morethanonew-c-m, sur
roundingthe sameexpressionthe outermostmark is replacedby
theinnerone.This requirementemandshatanevaluationcontext
interleavesw-c-m constructawith otherkindsof expressions.

We translatethis interleaving requiremeninto a syntacticcon-
straintwith a grammarfor evaluationcontets that consistsof two
non-terminalsThe start symbol, E, enforcesthe interleaving re-
quirement,while F de nes the usual evaluation contets. Thus,
multiple adjacentw-c-m expressionanust be treatedas a rede.
When sucha redec is encounteredthe redundantmarks are re-
moved startingwith the outermost(rule 7). Marks surroundinga

e = a
(We)
(letrec([ V]) €)
(w-c-mae)
(c-c-m)

(abort €)
(casew 1)
(Kx)) e

= wj(Ka)

.. VX

= (e jKY)]

< 2 o
i

Figure5. TL Syntax



VariablesandValues:

CMT [x] = x (T1)
CMT [ ] = (T2)
CMT [( )&l = ( (x)CMT [e]) (T3)
CMT [:E] = ( (X (abort (resumeX (CMT [E]) X))) (T4)
CMT [(Ka)] = ((KaMmT [a]) (T5)
Redees:
CMT [(W)] = (CMT [wl) (T6)
OMT [(letrec([ w])e)] = (letrec( CMT [w]]) CMT [e]) (T7)
CMT [(calllccw)] = (CMT [w] (( (m) (T8)
( (¥ (abort (resumamx))))
(c-c-m)))
CMT [(casewD)] = (caseCMT [w] CMT [IT) (T9)
CMT [(KX)) el = (KX)) CMT [e] (T10)
Contets:
oMT [ = [ (T11)
CMT [WE)] = (( ((CMT [w] X)) (T12)
(w-c-m ( () (CMT [w] X))
CMT [ED)
Compositions:
CMT [E[r]l = CMT [EI[CMT [r]] (T13)
Figure 7. Translationfrom SLto TL
LEMMA 1 (UnigueDecomposition)Lete 2 SL.Eithere 2 w,
(Ietrec([Eezu\;)ne e2 aore= E[r] for someredecr.
(C?ﬁﬁl) v The translationrules for variables,values, and redexes are
(consv®19)  (v° (w-c-m v° (resuma® v))]) straightforvard with the exception of call/cc applicationsand
) continuationvalues. Continuationvalues are transformedusing

Figure 8. De nition of Resume

value are discardedafter the evaluationof a sub-termcompletes,
i.e., ary immediateenclosingw-c-m is removed from the result-
ing value(rule 8). Thesideconditionsfor rules(7,8) guarante¢he

uniguedecompositiorof a programinto anevaluationcontet and

arede (or a stuckterm),which impliesthatthe rewriting relation

de nes an evaluationfunction. Finally, c-c-m emplgys the func-

tion X () to extractthe marksfrom the evaluationcontext (rule 9).

Marksareextractedin order startingwith the oldest.

3.3 ReplacingCallcc

Figure7 speci esatranslationfrom SL to TL dubbedCMT , for
continuationmark transformthat eliminatescall/cc andcontinua-
tion invocations The non-structuratranslationrdecomposeaterm
into acontext andredex:

r o= (W) [redex
i (letrec w])e)
j  (calllcc w)
i (casewl)
E == [li(vE) [context]

Thefollowing lemmaguaranteethatthe decompositionis unique
andthusthetranslationis well-de ned:

rule T4. For call/cc, w-c-mis usedto gathertherequisiteinforma-
tion from the surroundingcontext to constructa functionthatalso
relies on resumeto reconstructhe evaluation context (rule T8).
Sincecontinuationvaluesdo not appearin the tametlanguagea
suitablefunctionmustbe supplied.Thefunctionusesabort to oust
the currentcontext, and then calls a top-level function, resume
which builds a new evaluationcontext.

Thetreatmenbf bothcall/cc andcontinuatiorvaluesrelieson
the systematidnsertionof continuationmarks.The stratgy relies
on the critical propertyof ANF termsthat makesthe continuation
of every expressiorobvious.More precisely evaluationcontetsin
the sourcelanguageare built entirely from function applications;
thusthe -expressionin thefunctionpositionis alwaysthe contin-
uation.Hence,the translationcan mark eachapplicationwith the
functionthatis aboutto beapplied.In turn, c-c-m collectsall these
functionsin alist for storageanduseatalatertime.

Theresumdunction( gure 8) faithfully reconstructsanevalu-
ation context from suchalist of functions.It traverseshelist and
recursvely appliesthe functionsfrom thelist. An instanceof w-c-
m is wrappedaroundeachfunctionapplicationsothattheresulting
evaluationcontet exactly matchesandthusfacilitatesary future
call/cc operations.

3.4 Example

Letusillustratethetranslatiorwith asimpleexample We startwith
anexpressiorthatcaptures continuationfrom within anon-trivial



evaluationcontext:
CMT [(f y(call/cc ( (k) (k)]

Note,we ignorethe detailsof thebindingsfor f, y, andz
Applying thetranslatioryields:

(( (xo) (f yxo))
(w-c-m (- (Xo) (f yXo))
(( (K (k2)
(€ (m)
( (x1) (abort (resumeanxi))))

(c-c-m))))

The original expressioncan be decomposednto context and
red as:

(fyDi(callice ( () (k2))]

Obsere thatthe evaluationcontect correspondindo the continu-
ation of the call/cc is exactly (f y []), which canbe renderedas
thefunction( (xo) (f y Xo)). Thisfunctionrepresentghe rst part
of the continuationandis usedasthe continuationmark surround-
ing the call/cc-expressionWhenthe resultis evaluated,(c-c-m)
returnsalist of thecontinuatiormarks,whichin this cases (list (
(Xo) (f ¥y X0))). Thislist becomeghe rst agumentto resumei.e.,
theactualcontinuationpassedo ( (K) (k 2) is

( (x1)
(abort (resumglist ( (o) (f Y X0))) X1)))

After evaluationof resumewe get:

(( (xo) (f yxo))
(w-c-m ()) (Xo) (f y xo0))
z

Thus the evaluation context capturedby call/cc hasbeencom-
pletely reconstructedin the implementationthis correspondgo
afaithful stackreconstitution.

3.5 Correctness

Let

if ;=p!
eval (p) = \,; :f;:E! Y

THEOREM 1. CMT [evals (p)] = evalrL(CMT [p])

To prove Theoreml, we show thatif asourcetermadmitsare-
ductionsequencef lengthk, thenthetranslatiorof thesourceterm
admitsa sequencef lengthatleastk, suchthatresultof thetarmget
sequencés thetranslatiorof theresultof thesourcesequenceT his

is provedby inductiononthelength(k) of thereductionsequence.

Thebasecaseis trivial. To prove theinductionstep,we show that

if aSL con guration =etakesasinglestepof evaluationresulting
in %=, thenthetranslationCMT []]=CMT [e] admitsonly a

nite numberof evaluationstepsbeforeproducinga term that is

thetranslationof °=€”. This simulationamgumentis summarized
in Lemmaz2.

LEMMA 2 (Simulation).lIf =E[e]! s. C°=EYe" then
OMT []]=CMT [E[e]]! 7 OMT [ J=oMT [ETeT]

The simulationlemmais proved by caseanalysison the rela-
tion! g_. RecallthatCMT [ ] is de ned usinguniquedecompo-
sition. In proving this lemma,a patternemepges.|f thetranslation
of a SL con gurationtakesa stepof evaluation,thentheresulting
con guration may not be theimageof ary suitableSL con gura-
tion. Lemma3 guaranteeshat the target con guration ultimately
reaches desirablestate.

D[xl. = x
D[ I =
DI(K=a)]. = (KD[a].)

DI "®Mel = (K"y)

wherey = FV( ™ (X) €)
(applyD[wo]. (list D[w]L.))
(appD[vl. D[el)

(abort D[€e]L)

(letrec([ DIw]L.]) L[e])
(w-c-m D[[a]. D[e].)
(c-c-m)

(caseD[w]. D[IT.)

(Kx)) Dlel

D[wo W)l =
Dlvel. =

D[(abort &)J. =
Dl(letrec(( wl)e)]. =
D[(w-cc-mae)]. =
D(c-c-m]. =
D[(casew D]. =
DIKxX)) el =

Figure 9. Defunctionalization

LEMMA 3 (Compositionality).
CMT []]=CMT [E]J[CMT [e]]! t. CMT []]=CMT [E[e]l]

Two moretechnicalresultsare neededFirst, resumerestoreshe
evaluationcontext representedly its rst argument.

LEMMA 4 (Reconstitution).

CMT [] ]=(resumeX (CMT [E) CMT [v])
I 3L OMT []]=CMT [E[CMT [v]]

Secondsubstitutioncommuteswith translation.
LEMMA 5 (Substitution).

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

3.6 Defunctionalization

Defunctionalizatioh ( gure 9) replacesfunctions with records.
Every suchrecordbelongsto exactly one variantof an algebraic
datatypewhich containsonevariantfor each expressionin the
program.Thus, we canview  expressionsas constructorsfor
functions.We alsoneedto know whatto dowhenafunctionrecord
appearsn applicationposition.For this, we de ne a global apply
function that dispatcheson the type of the function record and
invokesthe appropriateexpression.

To defunctionalizeaprogramwe rst choosealabelingstratey
thatassignsuniquelabelto each expressiorin theprogramThis
amountgo addinga superscripto eachoccurrencef . Basedon
the labeling, we cande ne the algebraicdatatype We createone
variantfor each , with elds correspondindo the free-\ariables
of thecorresponding expression.

The correspondinapply function consumes recordanddis-
patchentherecords constructomusingcase Theotherargument
to applyis alist of valuesrepresentinghe original function's argu-
ments.Thereis a clausecorrespondindo each expressionand
theright-hand-sidés essentialljthe bodyof theoriginal expres-
sion.Oncethe appropriatede nitions have beenmade,we canre-
placeevery expressionn the programwith anapplicationof the

1 ourtreatmenbf defunctionalizationvasinspiredoy thework of Pottieret

al. [25], thoughwe departfrom their treatmentueto additionalconstructs
in our language suchas abort, continuationmarks and multi-agument
functions



(letrec([apply( (f vals) (casef tm)]) :::)
wherefor eachm,
tn = (K™y)
) (apply ( (xo):::( (Xn)( ODlem]L)):::)valy

(letrec([apply ( (f valg
(casevals

(nil)) (fg

(consval

1)

(|6Ff€)<3([app( (f v) (applyf (list v)))])

Figure 10. De nition of Apply, Apply , andApp

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

The de nition of apply is complicatedbecausewe support
multi-agumentfunctions.If every functionhadonly asingleargu-
ment, substitutionfor that algumentwould happenautomatically
via the secondargumentto apply. For multi-agumentfunctions,
this breaksdown, becausave arecon ned to a singlearity speci -
cationof apply. We thereforeseparat@applicationinto two stages.
The rst stagedispatche®n the functionrecordasdescribedThe
secondstagehandlesubstitutiorof valuesfor variablesn thebody
of theoriginal function.

Themulti-agumentversionof apply( gure 10)lumpsall of the
function algumentsinto a singlelist. In the clausecorresponding
to a particularfunction, we usea curried versionof the original
function. This curriedfunction is passedasthe rst agumentto
theauxiliary, apply . Thelist of agumentss passedsthesecond
argumentto apply . If the list agumentto apply is empty the
function agumentshouldbe a thunk, which is thusappliedto no
amgumentsOtherwiseapply appliesthefunctionto the rst value
in thelist, producinganotherfunction,andshorterargumentlist.

An applicationof afunctionto a singlearbitraryexpressioris a
specialcase Thesearetheapplicationghatmake up theevaluation
contet. For all other applications,the agumentsare syntactic
variablesor valuesandcanthusbecollectedn alist. For thespecial
casewe de ne anotherapply-like functionapp.

4. Pragmatics

Translatingthe theoryinto practiceposesdifferentchallengesn
differentcontets. Thusfar, we have gatheredexperiencein two
differentcontets: a languagefor servletsin the spirit of the PLT
Web sener[14] andanimplementatiorof Schemeon Microsoft's
.NetIL [22]. In this section,we brie y discusshow thetranslation
worksin thesecontets anda few obstacleshatwe encountered.

4.1 Schemeand the Web Server

The PLT Web sener [14] acts as an operatingsystemfor its
servlets.Most importantly the sener implementsl/O primitives
and,whenaservletis loadedJinks thoseprimitivesinto theservlet.
Theprimary1/O primitive is?

send/suspengd ((URL!

Thefunctionconsumes functionthatmapsa URL to a Response
its resultis the next Requestrom the client (if ary). When the
servletcalls send/suspendith a functionf, the PLT sener grabs

Responge! Request

2With send/suspenane canimplementa variety of multi-dispatchinter-
actionfunctions[17].

vals®) (apply (f val® vals%)))])

(module add" persistent-web-interaction.ss'
(require (lib "url.ss' "net"))

;;add2:!  Number
;; obtaintwo numberdrom clientandcomputethe sum
i (+ (get-number” rst ") (get-number’ second'))
(de®ne(add?
(let ((one(get-number” rst "))
(two (get-number' second')))
(+ onetwo)))

;; get-number:String!  Number
;; asktheuserfor anumber
(de®ne(get-numbemsg
(de®ne(generte-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"1))))))
(let ([req(send/suspend/udenerte-htm)])
(string=> number
(extract-binding/singlé number (request-bindingseq)))))

;; run, servlet,run
(let ([initial-reques{start-servie}])
“(html (head (title " Final Page'))
(body
(h1"Final Page")
(p ,(format" The answer is ~a" (add2))))))

Figure11. 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 Responseés shippedto the client and the servlet
is suspendedlf the client visits the generatedJRL, the sener
resumeshe continuationfrom the hash-tablendinvokesit on the
client'sdata.

The major adwantageof this approachs that programmersio
not have to understandhe CGI protocolto get interactionswith
clients correct. Insteadthe programmermay act as if she were
implementingan ordinary interactve program.For an example,
considertheadd2[26] functionin gure 11. It readstwo numbers
from someinput mediumandaddsthem.Theprogramis organized
like a naive console-stylgorogram,andyet it works properlyeven
in the face of Web interactionssuch as back buttons and clone
functions.

An ordinary CGl scriptor Java servletcould not usethis stan-
dard, 1960-ish organization. Becauseof the nesteduse of get-
number(andits input action),the programwould have to be con-
torted® to matchthe Web interactionprotocol.More precisely the
scriptor servletwould consistof threedistinct programs(roughly
callbacks)the rst two for theinputsandthelastonefor theoutput.

Naturally, the continuation-basedpproachcomesat a price.
Every interactionallocatesspacefor a continuationon the sener.
Since the dynamic extent of this interactionis inde nite, it is
impossibleto garbage-collecthis spacein an ordinary manner
Keepingwith the garbagecollection analogy somemethodmust

3The acontortedSstructureroughly correspondgo GUI callbacks.This
analogyis misleadinghowever, becaus¢hecontrol o w actionsof ordinary
GUI programsnever include capabilitiessuchas going back, cloning the
GUI and exploring actionson the modelin parallel, or bookmarkingan
interactionstep.In contrastthe developerof a Web programmustbe aware
of thesekinds of actions,becausehey are an ordinary part of ary Web
browser For detailsseeour prior work [12].



be employedto determinethe livenessof a URL. One possibility
is to group interactionstemporally into somekind of “session”
constructand cleanup at the closeof the sessionThis approach
precludeghe bookmarkingand emailing of URLs. Alternatively,
continuationganbe givenatimeoutsothataftera periodof time,
the URL expiresandcanbe cleanedup. Onceagain, bookmarking
andemailingcauseproblems—insomecasestimeoutswould have
to be setto very large values. The timeout model degradesto
the casewherecontinuationsare simply not cleanedup at all. In
general the approachdoesnt scalewell becauset placesclient-
orientedspaceonthesener.

Basedon our framework of call/cc elimination, we canover
comethis obstacle Speci cally, we have prototypeda new imple-
mentationof our servletinteractionlanguagedubbed’ persistent-
web-interaction.s$. This prototypeenablesus to usea standard
Websener suchasApache[32] to executetheservlets®

Theservletlanguagés providedasa PLT modulelanguagg10].
To createa programfragmentin this languagea programmecre-
atesamodule specifyingthenameof themoduleandthelanguage:
seethe rst line in gure 11. Our languagecomprisesa subsetof
PLT Schemeplus the send/suspengrimitive. Furthermoreijt is
possibleto import standardibrariesand othermoduleswritten in
plain PLT Schemento aservlet.In gure 11,(require (lib " url.ss'
"net")) importsthe standardPLT librariesfor manipulatingURLs.

A modulelanguagesuch as " persistent-web-interaction.s$
consistsof a setof macrosand library functions,also known as
a “run-time library” The macrostranslatethe codein the subject
module.Thegeneratedodetypically refersto thelibrary functions
from thelanguagemodule.

PLT Schemes macrosystemsufces to implementthe trans-
lation from section3 in an almost literal mannerbecausePLT
Schemeprovides continuationmarks. The run-time ernvironment
for " persistent-web-interaction.s$ consistof two functions,one
usedby thesenerandoneusedwhenwriting servlets:

1. send/suspendvhich builds on call/cc. This function collects
the continuationmarksandserializeshem. Of course,t must
also terminatethe servletso that the sener can sendthe re-
sponseto the client. In short, this new implementationof
send/suspend completelyconsistentwith the standardCGl
protocol,to ensurecompliancewith traditionalseners.

Sinceit is not obvious wherean interactve Web program
should store the serializedcontinuation,our prototype actu-
ally providestwo send/suspengrimitives: send/suspend/yrl
which createsa URL from the serialized continuation,and
send/suspend/hiddenvhich storesit in a hidden eld on
the generatedpage. The URL-basedversion accommodates
the bookmarkingfacility of browsers;the Web-basedsersion
overcomessystemslimitations, which sometimesrestrict the
amountof informationthat canbe storedin URLs. We intend
to experimentwith both primitivesuntil we have de niti ve ex-
perimentadata.

2. dispatd, usedby the sener, which usesa URL to reconstitute
the embeddeatontinuation thusre-launchinga servlets com-
putationfrom the last interruptionpoint. The functionis like
resumedrom section3, but alsodealswith the decodingof the
URL andsomeotherbook-keepingdetails.

The rest of the section presentsthree speci ¢ problemsand
obstacleshow we have solved themfor now, andwhat a general
solutionmaylook like.

4To simplify the prototyping effort, we actually implementedour own
standardcontinuation-freeVWebsener; in principle, however, our servlets
couldrunonary standardsener.

1. The rst problemis dueto the defunctionalizatiorphaseof the
translation Recallthatthe defunctionalizatiorphaseattaches
labelto each expressiorin theprogram.Thesdabelsbecome
the structuretagsfor the function valuesthat are publishedas
part of the continuation.The theoreticaltreatmentof defunc-
tionalizationignoresthedetailsof how thelabelsaregenerated.
Furthermoreit assumethatthelabelingis x edthroughouthe
programs execution.

A Web-serer may suspendand resumethe sameservlet
severaltimesduring a singleinteractionwith a particularuser
Thusif a continuationis publishedduring the executionof a
particulartranslatedversionof a servletthenthe sametrans-
lated versionmustbe usedat the time whenthe continuation
is invoked. Otherwise,the labeling chosenduring the latter's
defunctionalizatiorwould lik ely beinconsistentvith thelabels
that were generatediuring the earlier defunctionalizatiorand
thatarenow embeddedh the URL.

An obvious but naive solution is to simply compile the
servlet,i.e., translateheservietonce, storingtheresultin a le,
andthen arrangefor the sener to load the compiledversion
for all requestdo the servlets URL. Considerthe case,how-
ever, wherethe servletis modi ed andthenrecompiled.lt is
critical thatthe setof labelschosenduring defunctionalization
of the new versionbe disjoint from the previous setof labels.
Otherwise,outstandingcontinuationscould be misinterpreted
underthe new version.The oppositeproblemariseswhenthe
programs compiledcodeis keptin memory ratherthanthe le
systemlIf anidenticalversionof a servletis compiledthenthe
samelabelingshouldbe used.

Noticethatnoneof theseproblemsariseif whengiveniden-
tical input, elaborationyields identical output,i.e., if elabora-
tion is afunction. This requiresgeneratingdenticallabelseach
time the servletis defunctionalizedTo achieve a consistenta-
beling, the translatorcomputesa messageligestbasedon the
syntacticstructureof the program.The translatorstoresthe di-
gestsin adatabasandassociatea uniquesmallkey with each
digest.Thekey is thenusedasthe pre x for eachlabelin the
programlf theservletis changedn somenon-trivial way (com-
mentsandwhitespacaretrivial), thecomputednessage-digest
changesandanew key is generatedValuespublishedwith the
old key becomeobsoleteandthesener canfail gracefully Note
that the digestsare associatedvith program source versions
notwith servletinvocations sothe spacecostsarenegligible.

Oneof the goalsof this researctwasto allow interoperability
betweertranslateccodeandexisting untranslatedibraries.Unlike
CPS ourtranslationdoesnot changethe calling signatureof trans-
latedfunctions,soin theory it shouldbe possiblefor translatecand
untranslatednodulesto call eachother's functions.Theremaining
two problemsillustrate the problemsencounteredvhen a servlet
interoperatesvith untranslatedode.Most of theseproblemsarise
whentrying to usehigherorderfunctions,sowe will usetheexam-
plein gure 12for illustrative explanations.

The programin gure 12 consistsof two modules:onein our
new Webprogrammindanguageandonein ordinaryPLT Scheme.
The purposeof the programis to aska seriesof multiple choice
questionsWhen the servletis loaded,it usesmapto poseeach
guestionandto accumulatethe answersin a list. Afterwards, it
tallies the resultsand presentgshemto the student.The questions
arerepresentedsinstancef the mc-questiorstructure;the quiz
itself is alist of instance®f this structure Thefunctionget-answer
retrievestheanswerfor a singlequestionfrom theclient.

2. The secondproblemconcernghe interoperabilitybetweenor-
dinary Schemefunctionsand function applicationin our new
Web programmindanguageThe mostintricateexampleis the



(module quiz-libmzsbeme
(require (lib " serialize.s8)
(lib "url.ss" "net"))

(module quiz" persistent-web-interaction.ss’
(require" quiz-lib.ss’
(lib "url.ss' "net")
(lib " servlet-helpers.s$ " web-servet'))
(provide ;; type:MC-Question
. ;= (male-mc-questioistring (Listof String) Numbe)
s get-answerMC-Questionl  Number (struct me-questior{cueanswes correct-answey)
;; getanansweifor amultiple choicequestion male-cue-pae
(de®ne(get-answemmc-g qui2)
(let ([req(send/suspend/hiddémale-cue-pae mc-g)]
[bdgs(request-bindingseq)])
(if (exists-binding? answsbdgg
(string=> number(extract-binding' answsbdgg)
) ;; male-cue-pge: MC-Question URLHiddenReld! HtmlPage
;; generatehe pagefor the question
; tally: (Listof MC-Questio (Listof Numbe) ! Number (de®ne(male-cue-pgeme-g
: countthe numberof correctanswers ( (ses-urlk-hidder)

(de®ne(tally mc-gsansw$ ) “(hmtl Egezd(tiﬂe " Question"))
ody
(form ([action ,ses-ur]) k-hidden )))))

(de®ne-structmc-questioricueanswes correct-answey)

;;run, servlet,run:
(let ([initial-requesi(start-servle}])

*(html (head(title " Final Page')) ;» thequiz: (Listof MC-Question

(body (de®nequiz
(h1 " Quiz Results") (list
(p ,(format (male-mc-questiotiWhere do babies come from?"
"You got ~a correct out of ~a questions' (list The Cabbflgepatch"
(tally quiz(mapget-answerquiz) The stork
(lengthqui?)) " A watermelon seed
"Wal-Mart") 1)

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

)

Figure 12. A multi-moduleservlet

underlineduseof mapon get-answer Sinceget-answeris de-
ned in the servletmodule,it is subjectto elaborationln the
resultingcode,get-answeliis a structurethat send/suspendan
serializeinto aURL if it is foundonthestack.In contrastmap
is astandardibrary functionandis thereforenot translated.

Fortunately PLT Schemeprovidesstructsthatactasfunc-
tions. If a structurede nition speci esits instancesas proce-
dural, it mustprovide an additionalslot in which it storesthe
functionto be usedin function applicationsUsing suchstruc-
tures,ourtranslatiorcanactuallyrepresenthedefunctionalized
functionsin away thatrepresentontinuationsasfunctionsand
serializablestructssimultaneously

The call to map posesanotherproblemdue to calling its
amumentsn ahigherordercontet. Recallmaps corventional
de nition:

map:( ! ) (Listof )! (Listof )
(de ne (mapf I)
(cond[(empty?) empty
[else(cons(f (r stl)) (mapf (restl)))])

Thede nition remindsusthatthe“callback”to f takesplacein

anon-trivial evaluationcontet. Sincenative mapis not subject
to translationa call to send/suspenduringthe dynamicextent
of the callbackwould missthe context fragment(cons[] (mapf

(restl))). Theresultwould beacontinuationwith partsmissing,
resultingin unde nedbehaior.

Fortunately we can emplgy stack-inspectiorio detectthe
specialcircumstanceshat would otherwiselead to unde ned
behaior andinsteadsignala runtimeerrorwith aninformative
error messageTo detectthe specialcase we mustusea prop-
erty of PLT Schemes continuationmarksthatis not a part of
thetheoreticamodelfrom section3. In particular PLT Scheme
supportghe de nition of multiple disjoint setsof continuation
marksby allowing programsgo associatenarkswith a key that
uniquelyidenti es thesetto whichthemarksbelong.Usingthis
mechanismwe createa setof marksfor the solepurposeof an-

notatingpossiblyunsafecalls to higherorderfunctions;when
a continuationis to be capturedand serialized,send/suspend
inspectsthis setfor unsafemarks.If any suchmarksare en-
counteredthefunctionsignalsanerror.

For clari cation, we illustrate the details of using such
“safety” marksvia our runningexample.For useasakey, asso-
ciatedwith booleanvalues,we createa uniquevalueandbind
it to theidenti er, safe? The translatormarksthe body of ev-
ery translatedfunction using true and whenit encountersan
applicationof a possiblyuntranslatedunctionit usesfalse Af-
ter safetyannotationsare added the underlinedcall to mapin

gure 12becomes:

(w-c-m safe?false(mapget-answeiquiz))
Thetranslatedrersionof get-answeliis

(de ne (get-answemc-g
(w-c-m safe?true

(let )

And nally, the following fragmentof code resultsfrom
reducingthe now annotatectall to map

(w-c-m safe?false
(cons(w-c-m safe?true
(let ([req(send/suspend/hidden )])

(mapgei-.énswer(restquiz))))

Theinnerw-c-m s notin tail positionwith respecto the outer
w-c-m, sobothmarksappeain thelist associatewith thesafe?
key. Thepresencef thefalsevaluein thislist resultsin anerror
whensend/suspend/hiddéminvoked.

Now our servletalwayssignalsan errorat the rst interac-
tion with the user To overcomethis error, the servletwriter is
forcedto move thede nition of mapinto the servletmoduleso
thatit becomesubjectto translationIn thetranslatedsersion,
the outermarkis canceledy the markaroundthe body of the



int fact (int x) f int fact (int x) f
if (x <2) if (x <2)
return 1, return 1,
else else f
return int temp0
x * fact (x - 1); = fact (x - 1);
g return x * tempO;
9
9

int fact (int x) f
if (x <2)
return 1;
else f
int tempO;
try f
temp0 = fact
g
catch (SaveContinuation sce) f
sce.Extend (new fact_frameO (x));
throw;

(x - 1)

9
return x * tempO;

Figure 13. ContinuationandMSIL

programmeide ned map due to the tail-call optimizationfor
continuatiormarks.

Despitethesecomplications,our translationis superiorto
CPS.In particular our translateccodecanalwaysinteroperate
with untranslatedcodewhereasCPSbreaksdown in the pres-
enceof higherorderfunctions.Furthermoreywe have ageneral
techniguehatdiscorersthemismatchandsignalsanerror. Ide-
ally, therewould be no sucherror casesso in this regard we
claimonly a partialsolution.

Pragmaticallyin the contet of Webinteractionsthe cases
involving unsafecontinuationcapturearepreciselythosecases
thatrequirespeciatreatmentvith regardto managingprogram
stateacrossinteractions.Obtaining ner control over servlet
staterequiresmaving higher order code into the domain of
the translation.This can be problematic,as the next example
illustrates.

3. The third problem becomesvisible when we eliminate the
useof map by supplyingour own de nition (herecalled get-
answes) andsubjectingt to translation:

;) get-answes:
" (Listof MC-Question! (Listof Numbej
;; gettheanswergo all thequestionsn mc-gs
(de ne (get-answes mc-q9
(cond
[(empty?mc-g9 empty
[else(cons(get-answer( r stmc-q3)
(get-answes (restmc-g9))]))

Thus,in placeof (map get-answermc-qg we canwrite (get-
answes qui2).

Sinceget-answelusessend/suspendt captureghe contin-
uationof (get-answel r stmc-q9), whichis closedovermc-qs
thelist of questionsThisinformationis serializednto the URL
transmittedto the user which canleadto a signi cant growth
in the size of this URL. Furthermorean implementatiormay
evenleaksensitve informationin this URL.®

Our partial solution would be completebut for the ques-
tion of whatto do whena Web-interactioris encounteredrom
within theacall to ahigherorderfunction.In asystenthatpro-
vides native continuationswe can extend the partial solution
to a full solutionby falling backto native continuationsvhen
“unsafe” marksarediscoseredon the stack.This proposalau-
tomaticallyplacesprogramstateon the senerin thecasewhen

5The continuationalso includesthe users answersto the questionsthat
have alreadybeencompleted;n this instancethis is lessproblematicbe-
causetheinformationis beingtransmittedo its very author but in general
thisrequiresa cryptographicsolution.

it is not explicitly handledby the Web programmerThe useof
native continuationds still subjectto the limitations discussed
previously andthusthe Webprogrammemuststill be awareof
theimplicationsof usinghigherorderlibraries.

To overcomehelimitationsof native continuationstheWeb
programmemwill have to explicitly codecertainhigherorder
functionssothatthey will besubjectto translationln thiscase,
continuationsreclosedover programdatawhich caneitherbe
storedon the sener or encodedn the outgoingresponseWe
arecurrentlyconsideringa memoizatiormechanisnthatkeeps
immutabledata,suchasthelist of questionsn our example,on
the sener andthenencodesn opaquereferencein the URL.
Whenthe servletis re-launchedthe mechanisn{re)computes
thenecessaryaluebasednthereferencé.

4.2 Schemeand MSIL

The useof virtual machinelanguagessintermediaterepresenta-
tions hasbecomethe normin recentcompilerdevelopments Mi-
crosofts CommonLanguageRuntime [22] and Sun's JVM [34]
are prominentexamples.Compiling a languageto either of these
VMs almostimmediatelyequipsthe languagewith rich run-time
libraries and with accessto programmingernvironmenttools, in-
cluding deluggersandpro lers. Dueto variousreasonshowever,
thesemachineglo notgrantprogramsull accesgo their stacks.

Compiling SchemeSmalltalk,Rubyor ary otherlanguagehat
uses rst-class continuationsto suchan architecturethus posesa
dilemma.At leastat rst glance,the compilerwriter musteither
forego the implementationof continuationsor managea stack-
away-from-the-VMstack.The rst choicelimits the programmers
of thesdlanguagesandthe secondgivesup on mary of theadvan-
tageshatthesemachinesupposedlyffer.

Ourdiscoverythatcontinuatiormarkscanimplementrst-class
continuationgesolhesthis dilemma.Eventhoughthe widely used
VMs don't implementcontinuationmarking mechanismsn the
spirit of PLT Schemethey do implementmeansfor installing ex-
ceptionhandlersandthosearesuitablefor mimicking continuation
marks.It is in this regard thatwe considercontinuationmarksasa
generalizatiorof otherstackinspectionmechanisms.

In this sectionwe illustratehow generalizedgtackinspections
adaptedo therestrictedvirtual machineervironmentof the Com-
mon LanguageRuntime[22]. Roughly speakingmarkinga con-
tinuation (w-c-m) correspondgo the installationof an exception
handler;the inspectionof the continuationmarks(c-c-m) canbe
accomplishedy raisingan exception,thustransferringcontrol to
codethat writes a representatiorof the mark to the heapasthe

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



stackunwinds.To avoid the complexities of themachindanguage,
we presenbur discussiorin termsof C#. The useof C# malesit
easierto convey theideasbehindthe implementatiorwithout hid-
ing ary of theengineeringroblemshatwe encounter

The choserexampleis thefact program,shovn ontheleft of
gure 13. As describedthe rst stepis to corvert the programto
ANF. This requiresthe introductionof local variablesto hold the
intermediateesultsof compoundxpressionsThenormalizedoro-
gramhasthepropertythatall compoundexpressiongrecomposed
only of primitive subexpressiongndappeakeitherontheright hand
sideof anew variablebindingor asthe expressiorin areturnstate-
ment. For fact , this conversionis neattrivial andits resultis the
functionin the centerof gure 13.

Oncetheprogramis in ANF, wewrapeachfunctioncall with an
exceptionhandler:seethe right-mostcodefragmentin gure 13.
This use of the try -catch constructionis equivalentto w-c-m
in the theoreticalmodel. In the model, the continuationmarks
introducedby w-c-m are closuresand are eagerlycreatedwhen
the functionis entered.In the C#-implementationthe analogous
closuresare only createdas the stackis unwound by the special
exception.In effect, therepresentatiors createdazily.

Next considertwo scenariosFirst, if the programmust cap-
ture a continuationduring the dynamicextent of the try block,
it throws an exception. Speci cally, it throws an exception—
SaveContinuation —thatonly the newly insertechandlersknow
aboutand catch.Secondthe 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 establishmenbf exceptionhandlers
around(non-tail) function calls. Fortunately the implementorsof
thevirtual machineassumehatexceptionhandlersareestablished
with somefrequeng and have thereforemadethis a reasonably
inexpensve operation.

Following our model, a C#-implementationof call/cc must
implementa searchof all continuationmarks.A tamgetedthrow
of anexceptiontakescontrolto the handlersaroundfunctioncalls.
Thehandlerthenconstructghe closure—representeasobjects—
thatrepresenttherespectie markin the continuation:

try f
temp0O = fact (x - 1);

g

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

g

Oncethe currentframe hasbeenaddedto the list of continuation
marks, the programre-raisesthe exceptionso that it eventually
stopsthe program.

Naturally we cant let the throw of a SaveContinuation ex-
ceptionstop the program.Instead,our implementationsurrounds
the entireprogramwith a handlerthat, accordingto the semantics
of call/cc immediatelyresume the programwith the currentcon-
tinuationandhandsthe continuationto the algumentof call/cc.

The implementationof resumeposesan additionalcomplica-
tion. The raising of a SaveContinuation exception(andits re-
raising)collectsthe continuatiormarksin most-recento theleast-
recentorder Becausewe reconstructthe context from the least-
recentrst, thenaturalorderingis corvenientlycorrect.If asecond
continuationis capturedwithin this restoredcontet, however, we
mustensurethatthe markscommonto both continuationsare not
duplicated Duplicatingthesemarkswould duplicateclosurespoth
causingproblemswith synchronizatiorand changingthe order of

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.lnvoke (returnValue);
catch (SaveContinuation sce) f
sce.AppendSharedContext (
frame.OlderContext);
throw;

Figure 14. Theimplementatiorof resumeor MS IL

spaceaisageOhviouslytheformermightaffectcorrectnessandthe
latterwould signi cantly hurtthe performancef our strateyy.

For thesereasonsye implementresumesuchthatit avoidsdu-
plicating the sharedpartsof the continuationmarksthat represent
the evaluationcontet: see gure 14. More precisely eachframe
in the contet recursvely reloadsthe more recentframes.Note
that the recursve call returnsto a try-catch  block like the one
in fact . The recursionterminatesvhenthe mostrecentframeis
reloaded.Pendingchainsof calls to resumeare not protectedby
an exception handlerso that they arent duplicatedby the cap-
ture. The exceptionhandleris only establishedvhen a frame is
aboutto continueexecution(theremaindeiof Resumg Theexcep-
tion handleris differentfrom the onewe wrap aroundthe original
code.lt useghealreadycomputedepresentatioof the evaluation
context. Whenthe SaveContinuation exceptionis thrown again,
eachnenly createdevaluationcontext savesits state,but the top-
mostrestoredramearrangesor theseto belinkedto thepreviously
saved context.

5. RelatedWork

Threepiecesof pastresearchbeara strongresemblancéo ours:
CartwrightandFelleisens work on extensibledenotationakeman-
tics[3], SekiguchiSakamot@ndYonezava'swork oncheckpoint-
ing and transparenmigration [29], and Tao's work on migrating
Javathreadq31].

Cartwright and FelleisenadaptFelleisens work [5, 6] on an
imperatie extensionof the lambdacalculusto a denotationaket-
ting. In the traditional Scott-Strache framavork for denotational
semantic$30], alanguagextensiondeeplyaffectsthe structureof
the mappingfrom syntaxto semanticsFor example,if alanguage
designerwishesto add continuationsto a functionallanguagea
revision of the semantianappingmustintroducea parametethat
abstractoover the continuationof an expression(statementde -
nition). Worse,the changeto the denotationaimappingradically
changeshe denotatiorof anexpressiorin theoriginal language.

In the Cartwright-Felleiserframeavork, the denotationof an
expressionmay return either a value or an effect. Returningan
effect is analogougo throwing an exception. Eachdenotationis
equippedwith a handlerlik e function that augmentghe effect in
an appropriatemannerand passest to the contect. Ultimately, an
effect reachesa handlerfunction, dubbedadmin, at the root of
the denotationatree.Giventhis arrangementa languagelesigner
caneasily extenda languageby injecting new effectsandadding



correspondinglausesn the admin function. A universaltheorem
governssuchlanguageextensionsSpeci cally, for eachlanguage
extension thereis a projectionthatcaneliminatetherelevantparts
of a denotationfor ary expressionin the core languageand re-

creatdits original denotation.

The call/cc-elimination transformationof this paperis to the
Cartwright-Felleiserframevork what the CPS transformationis
to the Scott-Strache framevork of denotationalsemantics.In
otherwords, it is a syntacticanalogof the semanticmappingin
Cartwright-FelleisenFrom this perspectie, the soundnessheo-
rem in this paper nally con rms that the call/cc expressedn
this framework is equivalentto theoriginal call/cc, somethinghat
CartwrightandFelleiserfailedto con rm.

Sekiguchietal. describeamethodfor implementingpartialcon-
tinuationsin JavaandC++, with check-pointingandthreadmigra-
tion aspossibleapplicationsThe methodusesexceptionhandling
to constructcontinuationvaluesas the stackunwinds.In lieu of
call/cc, Sekiguchiet al. useGunteret al's partial and delimited
continuationg§15]:

cupto p as x in e capturingthefunctionalcontinuation
set pin e delimiting the effect of cupto

with thefollowing evaluationrule for cupto :

set pin Efcupto p as x in e! (xe)(y:E[y])

Noticethatevaluationof cupto abandonshesurroundingcontext,
which morecloselymodelsthe semantic®f stackunwindingthan
othercontrol- ow operationsuchascall/cc.

Our translationis 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 parameteicarriesthe
controlstateandextralogic is addedo eachfunctionto distinguish
betweemormalfunctioncallsandresumptionThis amountgo 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 CPStransformationpbecause€CPStransformedtodecre-
atesanunboundedequencef tail calls.

Sekiguchietal. do not go into muchdepthwith regardsto how
to combinetranslatedand untranslateccode. For example, they
do not discussthe problemsassociatedvith changingthe calling
signatureof eachmethod.They do recognizethe problemwhere
the call stackcontainsstackframesof non-transformednethods.
We introducesafetymarksasa partial solutionto this case while
they have no solutionandidentify it asalimitation of their scheme.
Finally, Sekiguchiet al. offer no theoreticaltreatmentof their
technique.

Like Sekiguchiet al., Taodescribesa methodfor threadpersis-
tenceand migration, leveragingJasa's exceptionmechanismTao
de nesthetranslationfor sourcecodeandbyte-codes.

Tao givesa minimal theoreticaltreatmeniof the methodbased
onadenotationasemanticgor asmallwhile-looplanguageThere
is no theoremstatingthe equivalenceof the original andtranslated
formsof the program,i.e., thereis no correctnessesult. Tao does
attemptto prove that evaluatinga programin the presencef ary
numberof shutdavn operationsis equialent to evaluating the
programwithout interruptions.The proof is skeletalandrelieson
anunspeci edextensionto thedenotationasemantics.

Tao doesnot employ ary kind of fragmentationbeforeanno-
tating the sourcecode.For example,statemensequencesre not
broken. Instead herwork maintainsanindex andaddsextra logic
to the codeso that the resumptionpoint can be relocatedwhena

continuations reinstatedA furthercomplicationis thatTaoessen-
tially makestwo versionof theprogram:a“shutdovn” versionand
a‘“restart”version.Extralogic needgo besprinkledthroughouthe
codeto distinguishbetweemormalfunction callsandresumption.
As with Sekiguchietal., thisis analogougo in-lining of resume

For the sourcecodeversionof the transformation,Tao makes

the restriction that continuationscannotbe capturedduring the
evaluationof an expression.This restrictionis neededbecauset
is supposediydif cult to “save temporaryvariablesat the source
le level” [31, section3.2.7].This canbe seenasa consequencef
not fragmentingthe original program.Becausehereis no explicit
closureidenti ed with the continuationof eachexpressioniit is
dif cult to reasoraboutthefreevariablesof thatclosure.

Finally, Schinzand Odersly [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 aproperlynestectall to achainof tail-calls;if thedepth
of tail-callsgetstoodeepthey erasehemwith ajumpto theclosest
handlerwhich thenreconstituteshe onestackframefor the prop-
erly nestedcall. Schinzand Odersly did not recognizethat their
transformatiorcould be generalizedo dealwith rst-class contin-
uations.

6. Perspective and Conclusion

We have presentedh novel formal transformatiornfor explicating
the continuationof a computation.Our transformationis de ned
usingcontinuationmarks,which we regard asa generalizedorm
of stackinspection.We have also demonstratedhat the transfor
mation canbe implementedusing exceptions—astackinspection
mechanism—whicleanberegardedasstandarcdn modernvirtual
machinegandin a growing setof languages)By exploiting stack
inspectionwe shav haw to captureandreconstructhe stackwith-
outtheneedfor CPS whichdepend®ntail calls(thatmary virtual
machineglon't provide) and“hides” the stack(which is necessary
notonly for mary dehuggingandprogramunderstandingpols,but
alsofor contemporangecuritymechanisms).

Our transformatiorhastwo immediateapplications First, it is
valuablefor continuation-basetVeb applicationsthat needto run
in astatelesgnannerfor greaterscalability Secondijt helpsimple-
mentlanguagesvith continuationssuchasSchemegpn traditional
virtual machineswithout emasculatinghe languageor makingits
codeincompatiblewith the VM's assumptiongsincevirtual ma-
chinesarenotdesignedo assuméehecodethey runwill bein CPS).

We conjecturehattherearedeepempplicationswhichwe have
notyetexploredin detail:

Thetransformatiorcouldimprove theusabilityof continuation-
basedWeb applications Currently the PLT Web sener gener
atesa noncefor eachcapturedcontinuationand embedsthis
in the URL. Thesenonceshecomeinvalid whenthe sener re-
boots,makingit uselesso bookmarkor distributetheseURLSs.
In contrast)ikethe CPSsolution,ourtransformatiorcangener
atemoredurableURLs by referringto (hamed)codefragments
andplacingthefreevariablevaluesin anargumentist, creating
aform of “Webcommandine”.

The transformationmakes it possibleto employ a variety of
techniquedor implementing rst-class continuations For in-
stancetheschemeby Dybvig, etal. [16] enablesonstant-time
continuatiorcaptureandapplication by makingstackcopy and
restorationlazy. Our representationf the stackmalesit easy
to similarly reconstituteonly a constantnumberof stackseg-
ments Jeaving apointerto afunctionclosedovertherestof the
stackthatreconstitutesnoreof it on demandImplementinga
similar schemeatop CPSwould require customizationof the



function chagedwith marshallingandunmarshallingzlosures
to recognizethe specialcaseof the continuatiorargument.

Thetransformatiorhasimplicationsfor virtual machinedesign-
ersalso.The Parrotvirtual machinewhich is intendedto pro-

vide a commonplatformfor scriptinglanguagesuchasPerl,

PythonandRuby, hasconsideredisingCP Sjustto supportcon-

tinuations;its developershave beenevaluatingthetrade-of be-

tweenthe bene ts of continuationsandthe (user)costof pro-

grammingtheentiresystemin CPS’ Ourtransformatioroffers
thema potentialway out of this quandary

Current implementationsof Schemetameted at virtual ma-

chinesdo not interactwith or exploit the underlyingsecurity
mechanismsindeed, it would be dif cult for thosethat use
CPSto do so,dueto the (unfortunateexplicit relianceof these
mechanismenthestack.Ourtechniqueestoresheprimag of

the stack,makingit possibleto provide thesesecurityfeatures
as languageextensions.Furthermore even Web applications
runningon thesevirtual machinegnay be ableto usethesese-
curity extensionspecauseur transformatiorreconstituteshe

stack.

Ourimmediategoalis to extendthis transformatiorto handlethe
full Schemdanguageandto applyit to bothour compilerandWeb
sener. In particularwe hopeto usethisto improvetheperformance
of our conferencananagemerapplication.

References

[1] Anderson,K., T. Hickey and P. Norvig. JScheme. http:
/lIwww.norvig.com/jschem e. ht ml.

[2] Bres,Y., B. Serpetteand M. Serrano. Bigloo .NET: compiling
Schemeto .NET CLR. Journal of Object Technolagy, 3, October
2004.

[3] Cartwright,R. andM. Felleisen. Extensibledenotationalanguage
speci®cations.In Theoetical Aspectsof ComputerSoftwae, pages
244-2721994.

[4] ClementsJ., M. Flatt and M. Felleisen. Modeling an algebraic
stepper In EuropeanSymposiunon Programming pages22—37,
2001.

[5] FelleisenM. andD. Friedman A syntactictheoryof sequentiastate.
In Theoetical ComputerSciencepages243-287,1989.

[6] Felleisen,M. andR. Hieb. The revised report on the syntactic
theoriesof sequentiatontrol and state. In Theoetical Computer
Sciencepages235-2711992.

[7] Findler, R. B., J.ClementsC. Flanagn, M. Flatt, S. Krishnamurthi,
P. StecklerandM. FelleisenDrSchemeA programmingervironment
for Scheme.Journal of Functional Programming 12(2):159-182,
March2002.

[8] Flana@n,C., A. Sabry B. F. DubaandM. Felleisen. The essence
of compilingwith continuations.In ACM SIGPLANConfeenceon
ProgrammingLanguaye DesignandImplementationpage237-247.
1993.

[9] Flatt, M. PLT MzScheme:Languagemanual. http://www.
plt- scheme.org/software /,1996-2005.

[10] Flatt, M. Composableand compilable macros: You want it
when? In ACM SIGPLANInternational Confeenceon Functional
Programming 2002.

[11] GrahamP. Beatingthe averages http://www.paulgraham.c  oni
avg.html , April 2001.

[12] Graunle, P, R. Findler, S.KrishnamurthiandM. Felleisen Modeling
webinteractions.In EuropeanSymposiunon Programming pages
238-252April 2003.

[13] Graunle, P. T., R. B. Findler, S. Krishnamurthiand M. Felleisen.
Automatically restructuringprogramsfor the Weh In IEEE

7 DanSuglski, messagé#o the LightweightLanguagesnailing list, May 7,
2003.

InternationalSymposiunon AutomatedSoftwae Engineering pages
211-222November2001.

[14] Graunle,P. T., S.Krishnamurthi,S.vanderHoevenandM. Felleisen.
Programminghe Web with high-level programminganguages.n
EuropeanSymposiunon Programming pagesl22-136 April 2001.

[15] Gunter C. A., D. Rémy and J. G. Riecke. A generalizatiorof
exceptionsandcontrolin ML. In Proc. ACM Conf on Functional
Programmingand ComputerArchitecture, Junel995.

[16] Hieb, R., R. K. Dyhvig and C. Bruggeman. Representingontrol
in the presenceof ®rst-classcontinuations. In ACM SIGPLAN
Confeenceon ProgrammingLanguae Designand Implementation
1990.

[17] Hopkins,P. W. Enablingcomplex Ul in Web applicationswith
send/suspend/dispatcim ShemeWbrkshop 2003.

[18] Hughes,J. Generalisingnonadsto arrovs. Scienceof Computer
Programming 37(1-3):67—-111May 2000.

[19] Kelsgy, R., W. Clinger andJ. Rees(Eds.). Revised® reportof the
algorithmiclanguageScheme ACM SIGPLANNotices 33(9):26—76,
1998.

[20] Krishnamurthi,S. The CONTINUE sener. In Symposiunon the
Practical Aspectsof Declarative Languaes pages2—16,January
2003.

[21] Matthews, J., R. B. Findler, P. Graunle, S. Krishnamurthiand
M. Felleisen. Automatically restructuringprogramsfor the Weh
AutomatedSoftwae Engineering 11(4):337-3642004.

[22] Microsoft Corporation. The .NET commonlanguageruntime.
http://msdn.microsoft. com/net/ .

[23] Miller, S. SISC. http://sisc.sourceforge .net.

[24] Plotkin, G. D. Call-by-namecall-by-value, andthe -calculus.
Theoetical ComputerSciencepagesl25-159,1975.

[25] Pottier F. andN. Gauthier Polymorphictypeddefunctionalization
and concretization. To appearin HigherOrder and Symbolic
ComputationMay 2005.

[26] QueinnecC. Thein uence of browvserson evaluatorsor, contin-
uationsto programweb seners. In ACM SIGPLANInternational
Confeenceon FunctionalProgramming pages23-33,2000.

[27] Reynolds,J. C. De®nitionalinterpretersfor higherorderprogram-
ming languages.In Proceedingof the ACM Annual Confeence
pages/17-740ACM Press1972.

[28] Schinz,M. and M. Odersk. Tail call elimination on the java
virtual machine. In Proc. ACM SIGPLANBABEL01 Workshop
on Multi-Language Infrastructue and Interopembility., volume 59
of Electonic Notesin Theoketical ComputerScience pagesl55—
168.Elsevier, 2001. http://www.elsevier.nl/ loc ate/entcs/
volume59.html .

[29] Sekiguchi,T., T. SakamotandA. Yonezava. Portableimplementa-
tion of continuationopemtors in impemtive languagesby exception
handling volumeAdvancesn ExceptiorHandlingTechniquespages
217-233.SpringerVerlag,2001.

[30] Stoy, J.E. DenotationalSemanticsThe Scott-Stachey Approad to
ProgrammingLanguaye Theory MIT Press1977.

[31] Tao,W. A portablemedanismfor threadpersistenceand migration.
PhDthesis,University of Utah,2001.

[32] The ApacheSoftware Foundation. ApacheHTTP Sener Project.
http://httpd.apache.or g.

[33] ThiemannP. WASH/CGI: Sener-sideweb scriptingwith sessions
and typed, compositionalforms. In Practical Applicationsof
Declarative Languayes 2002.

[34] Tim Lindholm and Frank Yellin. The Java Virtual Machine
Speci®catior(Secondedition). SunMicrosystems;1999.

[35] Wallach, D., E. Feltenand A. Appel. The securityarchitecture
formerly known as stackinspection:A security mechanisnfor
language-basesi/stemsACM Transaction®n Softwae Engineering
andMethodolay, 9(4), October2000.



