
Final Shift for Call/cc:
Direct Implementation of Shift and Reset

Martin Gasbichler Michael Sperber
Universität Tübingen
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Abstract

We presenta direct implementationof the shift andreset con-
trol operatorsin the Scheme48 system.The new implementation
improvesupon the traditional techniqueof simulatingshift and
reset via call/cc . Typicalapplicationsof theseoperatorsexhibit
spacesavingsandasigni�cant overallperformancegain. Our tech-
niqueis baseduponthepopularincrementalstack/heapstrategy for
representingcontinuations.We presentimplementationdetailsas
well assomebenchmarkmeasurementsfor typicalapplications.

Categoriesand SubjectDescriptors

D.3.3[Programming Languages]: LanguageConstructsandFea-
tures—Control structures

GeneralTerms

Languages,Performance

Keywords

Continuations,Implementation,Scheme

1 Intr oduction

Call/cc (or call-with-current-continuation) [4] is becom-
ing an establishedpart of the vocabulary of the programming
languagecommunity. Call/cc captures or rei�es the current
continuation—thecontrolstateof theunderlyingmachine—intoan
escapeprocedureand passesit to its argument,which must be a
one-argumentprocedure.Theescapeprocedure,whencalled,dis-
cardsits currentcontinuationandthrowsor re�ectstheoriginalcon-
tinuationbackinto themachinestate.

The translationprovided by the Danvy/Filinski CPStransforma-
tion [9] givesade�nition of thesemanticsof call/cc . Themeatof
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Figure 1. Continuation semantics

this transformationhasadirectcounterpartasasemanticspeci�ca-
tion of thel calculus;Figure1 showssuchasemanticspeci�cation
for thebarel calculus:eachr is anenvironmentmappingvariables
to values,andeachk is a continuation—afunction from valuesto
values.An abstractiondenotesa functionfrom anenvironmentto a
functionacceptinganargumentanda continuation.

In thecontext of thesemantics,therule for call/cc is this:

Jcall=ccEKr = l k:JEKr (l f : f (l v:l k0:k v) k)

Call=ccE evaluatesE andcallstheresult f ; it thenappliesf to an
escapefunctionwhich discardsthecontinuationk0passedto it and
replacesit by thecontinuationk of thecall=ccexpression.

Theapplicationsof call/cc arenumerousandincludethe imple-
mentationof interpretersandcompilers,exceptionsystems,corou-
tines,multi-threading,andnon-deterministiccomputation.Because
of thecentralrole of call/cc in theseapplications,implementors
of functionallanguageshave developedrepresentationsfor contin-
uationsenablingfastimplementationsof call/cc [5].

Thecontrol , shift andreset operatorsareamorerecentinven-
tion [11, 8]. In contrastto call/cc thatalwayscapturestheentire
control state,control , shift and reset allow capturingonly a
portionof one—aso-calledcomposablecontinuation—thusallow-
ing for more�e xibility andexpressiveness.Wefocusonshift and
reset in thehigh-level presentation.We latershow how to imple-
mentshift in termsof theslightly moreprimitivecontrol .

Reset introducesa context delimiter; shift turnsthe context be-
tweenthe shift constructandthe enclosingdelimiter into a pro-
cedureandremovesthatpartof thecontext. Shift andreset are
bestunderstoodby someexamples:

A solereset hasnoeffect:

(+ 1 (reset 3)) ; 4

Shift deletesthecontext up to thenext enclosingreset :

(+ 1 (reset (* 2 (shift k 4)))) ; 5



Hereis ansingleinvocationof acomposablecontinuation:

(+ 1 (reset (* 2 (shift k (k 4))))) ; 9

Multiple invocationsarealsopossible:

(+ 1 (reset (* 2 (shift k (k (k 4)))))) ; 17

Semantically, shift and reset have the following de�nitions in
thecontext of thesemanticsin Figure1 [9]:

JresetEKr = l k:k(JEKr (l v:v))

Jshift c MKr = l k:JMK(r [c 7! l v:l k0:k0(k v)]) (l v:v)

Resetseedsthe evaluationof E with an emptycontinuation—the
identity function. It thenpassestheresultof evaluatingE to k. This
doesnot affect evaluationaslong asthereis no shift: after all, k
would beappliedto the�nal resultof evaluatingE anyway. How-
ever, call=ccandshift expressionsevaluatedaspartof E now seea
truncatedcontinuation,ask hasbeenmovedoutof theirview. Shift
rei�es this truncated(or delimited) continuationinto a functionthat
composesit with its own continuationandbindsthatfunctionto c.
It thenevaluatesthebodyexpressionM within theemptycontinua-
tion.

A numberof applicationsmake inherentuseof shift andreset ,
amongthemdirect-styleformulationsof monads[13, 14], continu-
ation-basedpartialevaluation[21, 22,26], andtype-directedpartial
evaluation[6]. However, implementationsof thesecontrol opera-
torsareusuallyformulatedin termsof call/cc . This is a reason-
ableandquite portableapproach.However, theseindirect imple-
mentationsof shift andreset exhibit suboptimalperformance.

Therefore,we have implementedshift andreset directly. As it
turnsout,thedirectimplementationprovidessigni�cant speedupof
applicationsusingthesecontroloperators.

Contributions

Herearethecontributionsof ourwork:

� We show how to implementcontrol , shift , andreset di-
rectly in the context of the popular incrementalstack/heap
strategy for implementationsof continuations,avoiding some
of the overheadassociatedwith indirect implementationsof
theseoperatorsvia call/cc .

� We show thatmosttypical applicationsof shift andreset
bene�t signi�cantly from the performanceimprovements
gainedby their direct implementations.We evaluatea num-
ber of standardbenchmarks. In particular, we show that
the direct implementationis an enabling technology for
shift /reset -basedthreadsystems,avoidingsomeof thepit-
fallsof call/cc -basedimplementations.

� We explain how the resultsof this paperapply to otherpro-
gramminglanguageimplementations.

Overview

The paperis organizedas follows: The next sectionreviews the
traditional,indirect implementationtechniqueof shift /reset via
call/cc . Thefollowing Section3 explainsbrie�y thegeneralidea
of implementingshift /reset directly. Thetwo sectionsafterthat
explain a direct implementationin moredepth: Section4 givesa
brief overview of thearchitecturalelementsof Scheme48 involved
in the implementation.Section5 detailsthedirect implementation

of shift /reset in Scheme48. Section6 presentsresultsfrom a
numberof benchmarks.Section7 reviews alternative implementa-
tion strategiesfor continuations,andif andhow they may bene�t
from a direct implementationof shift /reset . Section8 surveys
somerelatedwork, andSection9 concludes.

2 Shift /Reset and Call/cc

Thetraditionalimplementationof shift /reset [13] involvesman-
aging a meta-continuation. Meta-continutationsarisefrom CPS-
transformingthecontinuationsemantics.Theresultthengivesrise
to an implementationof shift /reset in termsof call/cc . This
sectionreviews this indirectimplementationtechnique.

CPS-transformingthe continuationsemanticsis a naturalstepas
the rule for resetin the continuationsemanticsdoesnot conform
to CPS;it containsa non-tail call. Thus,with the rule for shift in
place,the semanticsmanagesboth the usualexplicit continuation
aswell asa new implicit continuation. Their compositionyields
theusualintuition of theentire futureof thecomputation.

JxKr = l k:l m:k (r x) m
Jl x:MKr = l k:l m:k (l v:l k0:l m0:JMK(r [x 7! v]) k0m0) m

JE1 E2Kr = l k:JE1Kr (l f :l m0:JE2Kr (l a:l m00: f a k m00) m0) m

Figure 2. Meta-continuation semantics

CPS-transformingthe semanticsmakesthis new implicit continu-
ation, now called the meta-continuation,explicit again. Figure2
shows the result—ameta-continuationsemanticsfor the l calcu-
lus [8]: thenew meta-continuationis calledm, andthe“old” con-
tinuation,k, acceptsa meta-continuationasanargument.For stan-
dard l terms, nothing fundamentalis changedcomparedto the
continuation-semantics—thenew semanticssimply threadsanad-
ditional continuationthroughtheevaluationprocess.

The meta-continuationdoesnot yet do anything—it is shift and
reset thatmanipulateit. Herearetherulesfor shift /reset :

JresetEKr = l k:l m:JEKr (l x:l m0:m0x) (l r:k r m)

Jshift c MKr = l k:l m:JMK(r [c 7! l v:l k0:l m00:k v (l w:k0w m00)])
(l w:l m0:m0w) m

Justlike in the continuationsemantics,resetseedsthe evaluation
of E with anemptycontinuation(l x:l m0:m0x) thatpassesits argu-
mentto the meta-continuation,ignoringk. Whereasthe continua-
tion semanticsappliesk “directly,” themeta-continuationsemantics
doesthis in themeta-continuation.Shift alsoseedswith anempty
continuation,and binds c to a function that appliesthe currently
delimitedcontinuationk to its parameterv, calls the resultw and
passesthatto its continuationk0.

Call=ccalsohasa placein thenew semantics:

Jcall=ccEKr = l k:l m:JEKr (l f :l m0: f (l v:l k0:l m00:k vm00) k m0) m

Notethat, just like shift, it only rei�es thek partof theentirecon-
tinuation.Thismeans,thatresetin�uencescall=cc.

The meta-continuationsemanticsis the key for implementing
shift /reset in termsof call/cc andassignment.Olivier Danvy
contributedan implementationof shift /reset to the Scheme48
distribution [20], which is closelybasedon the original SML for-
mulationby AndrzejFilinski [13].



First, macros for reset and shift packageup their expres-
sion operandsasproceduresandpassthemto proceduralcousins
*reset and*shift thatdo theactualwork:

(define-syntax reset
(syntax-rules ()

((reset ?e) (*reset (lambda () ?e)))))

(define-syntax shift
(syntax-rules ()

((shift ?k ?e) (*shift (lambda (?k) ?e)))))

The *meta-continuation* variable holds the current meta-
continuation:

(define (*meta-continuation* v)
(error "You forgot the top-level reset..."))

Note that *meta-continuation* will be assignedto procedures
which replacethecurrentcontinuation.Hence,the*abort proce-
durehastheeffect of discardingthecurrentcontinuation(k in the
semantics),leaving only themeta-continuation:

(define (*abort thunk)
(let ((v (thunk)))

(*meta-continuation* v)))

*Reset is next. In themeta-continuationsemantics,resetextends
themeta-continuationby thecurrentcontinuation.*Reset usesthe
escapeprocedurecreatedby call/cc asthe representationof the
currentcontinuation:

(define (*reset thunk)
(let ((mc *meta-continuation*))

(call-with-current-continuation
(lambda (k)

(begin
(set! *meta-continuation*

(lambda (v)
(set! *meta-continuation* mc)
(k v)))

*Reset replacesthemeta-continuationby onethatcallsthecurrent
continuationafterrestoringtheold meta-continuation.As themeta-
continuationis single-threadedthroughthesemantics[13], theas-
signmentshavethesameeffectasthecompositionin thesemantics.

Finally, *reset discardsthe currentcontinuation;this is exactly
what*abort does:

(*abort thunk))))))

*Shift mustcall its argumentwith a procedurethatcomposesthe
continuationof the*shift call with its own continuation:

(define (*shift f)
(call-with-current-continuation

(lambda (k)
(*abort (lambda ()

(f (lambda (v)
(reset (k v)))))))))

The call (k v) discards its own continuation. Therefore, it
is surroundedby a reset that moves this continuation into
*meta-continuation* , effectively protectingit. Again, *shift
mustdiscardits own currentcontinuationwith *abort .

Filiniski gives a rigorous derivation of this implementation
of shift /reset —it is extensionally equivalent to the meta-
continuationsemantics.However, intensionally, the implementa-

tion is differentfrom thesemantics:whereasthesemanticshasthe
continuationproperparameterizedover themeta-continuation,the
implementationusestheunderlyingcall/cc which alwaysrei�es
theentiremachine-level continuation.This is too large,sometimes
by a sizableamount,and,asSection6 demonstrates,causesa sig-
ni�cant performancepenalty.

It is possibleto reducethedeadstoragetakenupby therepresenta-
tionsof composablecontinuationsby having the*abort procedure
applythunk with anemptyor verysmallcontinuation,thuspoten-
tially reclaimingsomedeadstorageearly. (In fact, theScheme48
versiondoesjust that.) However, asit turnsout, this optimization
doesnot affect run-time performancein a signi�cant way. (See
Section6.5.)

3 Dir ect Implementation of shift /reset

Considershift and reset in the context of a representationfor
continuationsusinglinkedframes.Reset marksaplacein thecon-
tinuationchainwhich delimits the context later rei�ed by shift .
Shift rei�es thecontinuationsectionupto theenclosingmarkcre-
atedby reset , andcreatesa procedurethatwill addthis sectionto
thechain. This proceduremustalsoseta markat the link point in
thechainwhichcorrespondsto thestaticallymostrecentreset for
the rei�ed section. Figure3 displaysthe evaluationof (shift k
e) in termsof linkedcontinutionframes:It cutsoff thesectionof
thechainconsistingof framesTop andReset andbindstherei�ed
procedureto k. The continuationfor the evaluationof the body e
startswith frameC2.

(shift k e)

Top

Reset

C2

C3

Base

)

k

e

C2

C3

Base

Top

Reset

Figure 3. Evaluation of a shift expression

If thecontinuationchainresidesin theheap,this strategy involves
copying of continuationframesboth during rei�cation andre�ec-
tion. However, most implementationsof Schemeusea represen-
tationfor continuationsinvolving a stackcache[5] which contains
themostrecentcontinuationframes.In theseimplementations,cap-
turing thecurrentcontinuationvia call/cc �ushesthestackcache
andmovesthecontinuationframesto theheap.

A direct implementationof shift /reset canexploit thepresence
of a stackcachein a simplemanner:Insteadof copying continu-
ation framesone-by-one,shift simply block-copiesa slice from
thestackinto theheapstartingat thecurrentcontinuationup to the
framemarkedby reset . During re�ection, thesliceis copiedback
on thestack.This strategy yieldsa fastandsimpleimplementation
of shift /reset .

Of course,shift andreset arenotalwaysthis lucky: Themarked
continuationframe might residein the heapinsteadof the stack
cache.Also, the rei�ed slice may be biggerthanthe stackcache.
An implementationhasto considerthesecomplications,alongwith
severalothers.



4 Ar chitecture of Scheme48

We considera direct implementationof shift /reset for a pre-
releaseof Scheme48 1.0 [20], a byte-codeimplementationof
Scheme.Scheme48 is attractive becauseits VM is written in Pre-
Scheme[19], a low-level dialectof Scheme;thissimpli�es present-
ing actualcode.Thissectiongivesashortoverview of thearchitec-
tureof Scheme48,highlightingthemostimportantaspects.

4.1 The Incr ementalStack/HeapStrategy

Scheme48 usesthe incrementalstack/heapstrategy for represent-
ing thecurrentcontinuation;it storesthemostrecentcontinuation
frameson thestack,which is thuseffectively a cache.Scheme48
pushesnew continuationframeson thestackuponprocedurecalls
andpopsthemuponreturn. If the continuationdoesnot �t com-
pletelyin thestackcache,theearlyframesresidein theheap.

The bottomframein the stackcacheis alwaysan under�ow con-
tinuationframe. Thecodeof this framecopiesits parentfrom the
heapinto the stackandinvokesthe parentafterwards. Hence,ev-
erycontinuationframecansafelyreturnto its parent:theunder�ow
framewill mediatebetweenstackandheap.

Top

Top1

Underflow

Heap2

Heap1

+

Heap1

Underflow

Heap2

Figure 4. Incrementalstack/heapstrategy

The top half of Figure4 shows a typical setupfor the incremental
stack/heapstrategy: Thetopmostframeof thecurrentcontinuation
Top is on thestackwith oneof its parentsTop1. Two framesHeap1
andHeap2 have beenmigratedto theheapandlinkedto theunder-
�o w continuationframe(Underflow ). Thebottomhalf of Figure4
shows thesituationafter Top andTop1 have returned:Theunder-
�o w framehascopiedHeap1 from theheapto thestack.

In Scheme48, stackcontinuationframesusuallyconsistof three
parts:

1. Optionalpointersto the currentenvironmentandthe current
template.Thetemplatecontainsdescriptorsfor constantsthe
codemayneed.

2. Theoperandsof thecurrentlyactive procedurecall.

3. A codepointer. Scheme48 maintainsthesizeof thecontinu-
ationframesin headersin thebytecode.

The topmostframe doesnot containan explicit codepointerbe-
causeit is currentlyexecutingin theVM. The framesneednot be
explicitly linkedon thestack,asthecompilercomputestheir sizes
statically, andplacesthesizesinsidethecode.

Scheme48 createsfresh,�attenedenvironmentsuponclosurecre-
ation. It maintainssharingof stateby creatingheap-allocatedcells
for sharedmutablevariables.

A heapcontinuationobjectconsistsof a copy of a stackcontinua-
tion frame,alongwith threeaddedvalues:

1. thecodeof thecontinuation—representedasa codevector,

2. anoffsetwithin thecodevector, and

3. a descriptorfor thenext continuationobject.

Heapcontinuationsoccuruponcall/cc or whenthe stackover-
�o ws. In thesecases,the VM walks down the stackandcreates
heapobjectsfor the continuationframes,computingcodevector
andoffsetalongtheway, andchainingtheframestogether.

Amongthevariousstrategiesfor implementingcontinuationsin the
presenceof call/cc , theincrementalstack/heapstrategy compares
quite favorably [5]. The compactstackframerepresentationused
by Scheme48makestheimplementationparticularlyfast.

4.2 The Virtual Machine

The VM is essentiallya stackmachine.The stackgrows towards
loweraddressesandholdsparametersfor procedurecallsaswell as
continuationframesandenvironmentframes.TheVM managesa
numberof registersin globalvariables:

� *code-pointer* pointsto thecurrentinstruction

� *cont* pointsto thecontinuationframeon thestackjust be-
neaththecurrentone

� *bottom-of-stack* pointsto theunder�ow continuation

� *heap-continuation* is thepartof thecurrentcontinuation
which residesin theheap

� *val* containsthe�rst parameteror a returnvalue

TheScheme48VM representsall dataobjectsas32-bitdescriptors.
Its lower 2 bits indicatethe type of the descriptor;the remaining
30 bits aredatawhich areeitheran immediaterepresentationof a
smallvalueor anencodedpointerinto theheap.

5 Implementation

This sectiondescribesour direct implementationof shift /reset .
All codeexamplesare taken verbatim from our implementation
atop the Scheme48 1.0 Virtual Machine. Our implementation
builds straightforwardly uponthe stack/heapstrategy. However, a
few technicalcomplicationsarise,andthereforeourpresentationis
fairly detailed.

We start with accountsof reset and shift for the stack-bound
caseandthenshow how to extendthe approachfor continuations
residingin theheap.

5.1 Reset

Reset delimitsthesectionof thecontinuationthatshift maycap-
turelater. Reset evaluatesits argumentundertheemptycontinua-
tion, andappliesits currentcontinuationto theresult.Thus,reset
effectively erectsa barrierin thecontinuationframechain.

An easywayto erectthebarrieris to seta �ag in thecurrentcontin-
uationframe,andensurethat subsequentcalls to shift will only
reify thepartof thecontinuationchainup to themostrecentmark.
Thecompilermergesthecontinuationsof differnetcalls into a sin-
gle frameon the stackwhenever possible. Therefore,reset has



to make surethat the lastcontinuationframeto berei�ed is repre-
sentedby a separateframeby creatinga thunk andevaluatingan
unknown call to it.

As a placefor themark,continuationobjectsreceive a further�eld
which is setto zeroin normalcontinuations.A new VM operation
mark-reset-cont setsthemarkin thetopmostframeof thecurrent
continuation.The mark-reset-cont operatoris implementedby
theadd-reset-marker! procedure:

(define (add-reset-marker!)
(if (address= *cont* *bottom-of-stack*)

(if (not (= *heap-continuation* false))
(set-heap-continuation-marker! *heap-continuation* 1))

(set-stack-continuation-marker! *cont* 1)))

Add-reset-marker! checkswhetherthecurrentcontinuationis an
ordinaryframeon thestackor if it is *bottom-of-stack* which
meansthat thethecurrentcontinuationresidesin theheap.Dueto
thedifferentrepresentationof stackandheapcontinuations,differ-
entproceduresto marktheframesmustbeused.

Hereis thede�nition of reset :

(define-syntax reset
(syntax-rules ()

((reset body ...)
(call-thunk (lambda () (mark-reset-cont) body ...)))))

5.2 Shift

Shift mustdo two things: First, it must reify the sectionof the
continuationupto thelastreset into aheapobject.Second,shift
mustconstructa procedurethatcomposesthecurrentcontinuation
with thesavedsectionandappliestheresultto its argument.Shift
mustensurethat thecontext of therei�ed continuationis itself de-
limited. Making this explicit correspondsto implementingshift
via Felleisen's control [11] and is also known as the F- calcu-
lus [8].

Control is a macrowhich calls theprocedurecontrol* with the
bodywrappedin procedure.Control* takestheone-argumentpro-
cedureas its argumentand passesit the compositionprocedure.
Create-stack-slice is responsiblefor turningthesectionof the
continuationinto a value. Copy-slice-to-stack composesthe
savedsectionwith thecurrentcontinuation:

(define (control* proc)
(let ((slice (create-stack-slice)))

(proc
(lambda (val)

(copy-slice-to-stack slice)
val))))

Control implementsthe (control v e) binding form which
bindsthecontinuationto v andevaluatese underthatbinding:

(define-syntax control
(syntax-rules ()

((control c body)
(control* (lambda (c) (reset body))))))

The macrofor shift reliesuponcontrol andinsertsthe needed
reset to getF-:

(define-syntax shift
(syntax-rules ()

((shift c body)

(control cc (let ((c (lambda (x) (reset (cc x)))))
body)))))))

In ouractualimplementationwedepartfrom theF- approachfor ef-
�ciency reasons:Properlysupportingmultiple-valuereturnswould
incur toomuchoverheadconvertingreifying multiple returnvalues
into listsandvice versa.We inline control into shift :

(define-syntax shift
(syntax-rules ()

((shift c body)
(shift* (lambda (c) body)))))

This de�nition omits the reset becausecreate-stack-slice
will leave themarkedcontinuationon thestack.

Hereis thede�nition of shift* :

(define (shift* proc)
(let* ((slice (create-stack-slice))

(c (lambda vs
(copy-slice-to-stack slice)
(apply values vs))))

(proc c)))

Theresetomittedhereis performedby copy-slice-to-stack .

5.2.1 Rei�cation

The following code implementsthe primitive create-stack-
slice within theVM:

(define-primitive create-stack-slice ()
(lambda ()

(let ((v (copy-slice-to-heap)))
(set! *val* v)
(goto continue 0))))

It calls copy-slice-to-heap which returnsthe slice, loads the
valueregisterwith it andjumpsbackinto themaininterpreterloop
via continue .

Here is the �rst part of the relevant procedure,copy-slice-to-
heap :

(define (copy-slice-to-heap)
(ensure-*cont*-in-stack!)
(receive (cont is-reset-cont?)

(find-next-stack-reset-cont)
(if (address= cont (integer->address 0))

(create-empty-slice)
(if is-reset-cont?

(create-slice-from-stack cont)
hcontinuedin next sectioni

To avoid excessive specialcasingin the rest of the code,copy-
slice-to-heap �rst calls ensure-*cont*-in-stack to make
surethereis at leastonecontinuationframeon the stack. Then,
it calls find-next-stack-reset-cont to obtainthelastcontinu-
ation frameto be rei�ed.1 If the sectionof the continuationto be
rei�ed is empty, copy-slice-to-heap simply createsa heapob-
ject representinganemptyslicevia thecreate-empty-slice pro-
cedure.Otherwise,the codedetermineswhetherthe sectionto be
rei�ed indeedresidesentirelywithin thestack.For thissection,the

1Receive is syntacticsugar for call-with-values , as de-
scribedin SRFI 8 (http://srfi.schemers.org/srfi- 8/ ). In
this example, it binds cont and is-reset-cont? to the return
valuesof find-next-stack-reset-cont .



presentationassumesthat it doesindeed�t; Section5.3 discusses
thesituationwhenthis is not thecase.

The find-next-reset-cont procedurewalks down the continu-
ation frameson the stackuntil it encountersa resetmark. It then
returnstheparentframeor 0 if thecurrentcontinuationis marked.
If find-next-reset-cont doesnot �nd amarkedcontinuationon
thestack,it returnsthelastcontinuationframeonthestack(thepar-
entof *bottom-of-stack* ). Thesecondreturnvalueindicatesthe
casewhichoccurredby a boolean�ag:

(define (find-next-stack-reset-cont)
(let lp ((cont *cont*) (prev (integer->address 0)) (i 0))

(if (address= cont *bottom-of-stack*)
(values prev

(not (heap-continuation-marker-zero?
*heap-continuation*)))

(if (not (= (stack-continuation-marker cont) 0))
(values prev #t)
(lp (stack-cont-continuation cont) cont (+ i 1))))))

Create-slice-from-stack performstheactualwork by copying
thestackslicerepresentionthesectionof thecontinuationto aheap
objectenbloc.

Top

...

Reset

...

Underflow

Top
...

Reset

Figure 5. Representingcontinuation chainswith offsets

Scheme48 usesrelative offsetsratherthanabsoluteaddressesfor
the intra-stackreferencesasshown in Figure5. Offsetsarerepre-
sentedby arrows with angles.Thecontinuationreset in theheap
hasnoparentin thecopiedslice.

Stack slices presenta challengeto the garbagecollector; the
Scheme48 GC ordinarily only handlesheapobjectsconsistingen-
tirely of descriptorsor entirelyof bitmapdata;stackslicescontain
both. Accordingly, we have extendedthe garbagecollectorby a
customtraceprocedure. The �rst continuationframe of a stack
sliceis therootof theslice.

Hereis thecodefor create-slice-from-stack :

(define (create-slice-from-stack reset-cont)
(let* ((len (stack-slice-size reset-cont))

(key (ensure-space (needed-bytes-for-stack-slice len)))
(slice (make-stack-slice len key)))

(copy-slice! slice len)
(set! *cont* (stack-cont-continuation reset-cont))
slice))

Create-slice-from-stack allocates a slice object and calls
copy-slice! to copy the stacksectioninto it. After this, it sets
thecurrentcontinuationto theparentof reset-cont , alsosetting
the resetmark. This correspondsto the deletionof the sectionof
thecontinuationrei�ed by shift . Create-slice-from-stack re-
turnsthecreatedslice.

Copy-slice! calls the Pre-Schemeprimitive copy-memory!
which is translatedinto C's memcpy:

(define (copy-slice! slice len)
(let ((to-address (address-after-header slice))

(start *cont*))
(copy-memory! start to-address len)))

5.2.2 Re�ection

Copy-slice-to-stack is comparatively simple:

(define (copy-slice-to-stack! slice)
(add-reset-marker!)
(if (double-slice? slice)

(install-double-slice! slice)
(if (not (empty-slice? slice))

(set! *cont* (really-copy-slice-to-stack slice)))))

This �rst addsa resetmarker to the currentcontinuationframeas
describedin Section5.2. The �rst conditionaldeterminesif the
slice aboutto be re�ected will not �t within the stackcache;this
exceptionalcaseis describedin thenext section.For emptyslices,
nothingneedsto bedone.For normalslices,thework is relegated
to thereally-copy-slice-to-stack procedure:

(define (really-copy-slice-to-stack slice)
(save-temp0! slice)
(let* ((len (b-vector-length slice)))

(ensure-stack-space! (bytes->cells len))
(let ((slice (recover-temp0!))

(new-cont (address-
(address+ *stack*

(cells->a-units
(operands-on-stack)))

(bytes->a-units len))))
(copy-args-above-incoming-cont! new-cont

(operands-on-stack))
(copy-slice-bytes slice new-cont)
new-cont)))

Ensure-stack-space! ensuresthereis enoughplaceonthestack,
�ushing thestackcacheto theheapif necessary. If this triggersa
garbagecollection,save-temp0! tells the collectorthat slice is
live, andrecover-temp0! recoversit if the collectorhasmoved
the slice. Next, the codecomputesthe target addressfor the top-
mostcontinuationframeof the slice: This is len bytesbelow the
currenttop of the stackplus the operandsthat arecurrently lying
on thestack.Theseoperandsmustbemovedfrom their currentlo-
cationto the new top of the stackwhich is just above new-cont .
Copy-args-above-incoming-cont! is responsiblefor this. Now
thereis roomonthestack,andthecontinuationcurrentprior re�ec-
tion startslen bytesaway from new-cont . Copy-slice-bytes
thencopiestheactualdata.

The copy-slice-bytes computesthe source addressand the
number of bytes to be copied from the slice and simply calls
copy-memory! to performthecopying.

(define (copy-slice-bytes slice to-start)
(let* ((from-start (address-after-header slice))

(len (b-vector-length slice)))
(copy-memory! from-start to-start len)))

5.3 Reifying HeapContinuation Frames

Thepreviousdiscussionassumedthatthecontinuationsectionto be
rei�ed residesentirelywithin thestack.As describedin Section4.1,
continuationframesaremigratedto the heapuponcall/cc or in
the caseof a stackover�ow. The direct implementationof shift
mustcopewith two problemsin thissituation:



1. The block-copy strategy is no longersuf�cient. Instead,the
VM needsto to copy heapcontinuationframessequentially
into theslice.

2. Theresultingslicemaybe larger thanthestackcachewhich
meansasimpleblockcopy is notenoughto implementre�ec-
tion.2

Theremainingcodeof thecopy-slice-to-heap proceduredeals
with thesecases;it �rst searchesfor the resetcontinuationin the
heapandthenbrancheson theconditionof thesecondproblem:

(receive (reset-cont
required-size-on-stack
required-size-on-heap)

(find-next-heap-reset-cont)
(if (< (+ (current-stack-size)

required-size-on-stack) ; approximation
(maximum-stack-size))

(create-slice-in-two-steps cont
reset-cont
required-size-on-stack)

(create-double-slice cont
reset-cont
required-size-on-heap)))))))

Find-next-heap-reset-cont returnsthecontinuationalongwith
the amountof spacerequiredto copy thesecontinuationsto the
stackor to the heap,respectively. Due to the different represen-
tationsof continuationsthesenumbersdiffer.

Top
...

Cont

Underflow

Reset
...

Heap1

+

. .

Top
...

Cont

Heap1
...

Reset

Figure 6. Creatinga doubleslice

If a partof thesectionresidesin theheapbut the entiresectionis
not largerthanthemaximumsizeof thestack,create-slice-in-
two-steps createsa slice big enoughto hold the chainand �lls
it. If the sectionis larger thanthe stack,create-double-slice
createsa specialobject(a doubleslice) that holdstwo slices: one
for the stack, the other for the continuationframesthat must go
to theheap.Figure6 shows thecreationof a doubleslice. During
re�ection of adoubleslice,only the�rst sliceis copiedonthestack,
while a copy of thesecondis linkedto thebottomframe.Notethat
copying theheapframes(andthusbreakingsharing)is necessaryto
modify thelastcontinuation'sparentduringre�ection.

Thecodefor handlingheapcontinuationframesis mostlyasin the
originalScheme48. We have thereforeomittedit here.

2Note that this issuedoesnot occurwith call/cc : Theunder-
�o w framesimply copiescontinuationframesresidingin theheap
into thestackcacheone-by-one.

6 Benchmarks

Thissectiondescribesanumberof benchmarksof thedirectimple-
mentationof shift /reset , notably:

� Filinski's representationof monads

� combinator-basedpartialevaluation

� type-directedpartialevaluation

Wehavealsousedshift /reset to implementathreadsystem.The
�rst setof benchmarksshows thatall of theseapplicationsexhibit
absoluteperformancegainsunderthe direct implementation.The
direct implementationof shift /reset is an enablingtechnology
for implementingef�cient threadsystemsvia shift /reset .

It is dif�cult to preciselyaccountfor thespeedupin eachseparate
case,as the indirect and direct implementationsof shift /reset
leadto very differentaccesspatternsto the stackandto the heap:
The indirect implementationtends to �ush the stack cacheof-
ten, keepingonly the (non-meta-)continuationwithin the cache.
Each �ush is accompaniedby a representationchange. In con-
trast, many rei�cations in the direct implementationdo not �ush
the stackcache,anddo not involve a representationchange.The
directimplementationpotentiallyperformslesssharingthanthein-
direct implementation.Moreover, speed-upsnecessarilyvary with
theamountof computationperformedbetweenrei�cations andre-
�ections of continuations. However, acrossthe benchmarks,the
direct implementationperformsuniformly betterthanthe indirect
one.

Note that all performancegainswere obtainedundera compara-
tively slow evaluator. Theseapplications,whenrun undera native-
codeimplementationof Schemeshouldbene�t signi�cantly more,
asthereis almostno interpretive overheadin executingshift and
reset . Weexpectto obtaintimingsfrom theupcomingnative-code
versionof Scheme48soon.

All timings wereobtainedon a PentiumIII systemwith 666 Mhz
and128 MB RAM, runningFreeBSD4.3. We usedour modi�ed
versionof a prereleaseof Scheme48 1.0 with an initial heapsize
of 80 MB andthe standardstacksizeof 10 Kb; noneof the tests
triggereda garbagecollection.

6.1 Monads

Theessenceof Filinski's work on representingmonads[13] is the
introductionof twocombinatorsfor conversionbetweenvalue-level
expressionsandmeta-level computations.Reify usesthemonadic
constructoreta to turn a computationinto anexpression.Eta uses
reset to limit the extent of the computation. Its dual operation,
reflect , callsthemonadiccombinationfunctionextend to apply
a computation(which correspondsto a sectionof thecontinuation
obtainedby shift ) to anexpression:

(define (reflect meaning)
(shift k (extend k meaning)))

(define (reify thunk)
(reset (eta (thunk)))))))

We haverunapplicationsusingtheparsingmonadandtheambiva-
lencemonad.For benchmarkingmonadicparsing,we constructed
a parserfor arithmeticexpressionssimilar to Hutton's [18] andap-
plied it to a termwith about450operators.



The ambivalencemonadandthe testexpressionswe usedarede-
�ned as:

(define (eta x) (list x))
(define (extend f l) (apply append (map f l)))

(define-syntax amb (syntax-rules ()
((amb x ...) (amb* (lambda () x) ...))))

(define (amb* . t)
(reflect (apply append (map reify t))))))

(define (www)
(let ((f (lambda (x) (+ x (amb 6 4 2 8) (amb 2 4 5 4 1)))))

(reify (lambda () (f (f (amb 0 2 3 4 5 32)))))))
(define (wwww)

(let ((f (lambda (x) (+ x (amb 6 4 2 8) (amb 2 4 5 4 1)))))
(reify (lambda () (f (f (f (amb 0 2 3 4 5 32))))))))
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Figure 7. Timings for monads(in seconds)

Figure7 shows the timings for the monadexamples.Thebarsla-
beled“Indirect” list theresultsfor thecall/cc -basedimplementa-
tion of shift /reset , whereasthecolumnlabeled“Direct” contains
the timings for our direct implementationof shift /reset . The
speedupsfor thesevery shift /reset -intensive benchmarksarein
the rangeof a factorof three. To seewherethe direct implemen-
tation improves the performanceconsiderFigure 8 which shows
the numberof bytescopiedfrom the stackto the heapand vice
versa.Our direct implementationcopiessigni�cantly fewer bytes.
Anotherimprovementshown in Figure9 is thenumberof copy op-
erations.It dropsby a factorof threeto � ve from theindirectto the
directimplementation,whereastheaveragenumberof bytesmoved
by a singlecopy-memory! increasesfrom 12 to 20bytes.
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Figure 9. Copy operationsfor monads

6.2 Combinator-BasedPartial Evaluation
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Figure 10. Timings for combinator-basedpartial evaluation (in
seconds)

A partialevaluatortakesa programasinput andspecializesit with
regard to someof the argumentsof the program. Continuation-
basedapproachesto partial evaluationusecomposablecontinua-
tions to representdynamiccontext accumulatedduringspecializa-
tion [21]. Thiemann's PGGsystem[27] usesa direct-styleversion
of this transformationimplementedvia shift /reset .

We have usedbenchmarksfrom Helsen's and Thiemann's paper
on comparingcombinator-basedand type-directedpartial evalua-
tion [16]. Thesebenchmarksare interpreters;partial evaluation
yieldscompiledversionsof theinput programs.Thesearethepro-
gramminglanguagesacceptedby theinterpreters:

Mixwell is a �rst-order purelyfunctionallanguage.

Tiny is asmallimperative languagewith expressions,assignment,
if , while andsequencing.

Mini-Scheme is a largesubsetof Scheme,lackingonly call/cc
andsupportfor multiple returnvalues.

Weusedastandardtestprogramfor theMixwell interpreter, andthe
factorialprocedurefor theTiny interpreter. TheMini-Schemeinter-
preterwasspecializedto several programsfrom Andrew Wright's
benchmarksuitefor Scheme:app, the append procedure,boyer ,
a term-rewriting system,matrix that testsa randommatrix to be
maximalunderpermutationandnegationof rowsandcolumns,and
gpscheme , animplementationof geneticprogramming.
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Figure 11. Continuation frames copied for combinator-based
partial evaluation (in Kbytes)
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Figure 12. Copy operationsfor combinator-basedpartial eval-
uation

Figure10 containsthespecializationtimings. Here,thespeedupis
quiteuniformlybetween10%and20%.Again,Figure11showsthe
summarizedsizeof the moved continuationframes. It is interest-
ing to notethat indirectapproachcopiesexactly the sameamount
of memoryfrom thestackasvice versawhereasour direct imple-
mentationmovesmorememoryfrom the heapto the stack. Fig-
ure 12 shows the numberof memorycopy operationsduring the
benchmarks.Our directapproachtypically cutsdown thenumber
of operationsto a third.

6.3 Type-DirectedPartial Evaluation

Danvy's type-directedpartial evaluation(TDPE) [6] is analterna-
tive approachto partialevaluationwhich operateson thecompiled
versionof the subjectprogram. TDPE alsousesshift /reset to
capturecontext. We have appliedTDPE to the sameexamplesas
PGG.Figure13showstheresult.Thespeedupsobtainedweresim-
ilar to thoseobtainedwith PGG.Figure14showsapeculiarity:For
the specializationof the Mixwell interpreter, our implementation
copiesanorderof magnitudemorethanthe implementationbased
on call/cc but is still faster. Thespeedupcanbeexplainedby the
numberof copying operations:Figure 15 shows that this number
dropby a factorof three.Thisalsodramaticallyincreasesthebytes
percopy operationfrom 12in theindirectimplementationto 354in
our implementation.
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6.4 Thr eads

Theuseof �rst-classcontinuationsfor ef�cient implementationsof
threadsystemsis not new: On a context switch, the systemrei-
�es thecontinuationof the runningthreadandstoresit within the
scheduler. Next, theschedulerreplacesthecurrentcontinuationby
thestoredcontinuationof anotherthread,thusinvokingthatthread.
However, call/cc rei�es not just thecontinuationof thethreadbut
alsothecontinuationof thescheduler. Thisalsocanleadto aspace
leak [2]. In a threadsystemusingshift andreset , it is possible
to delimit thecontinuationof thethreadwith a reset .

To measurethe effects of this approach,we have modi�ed the
threadsystemof Scheme48 to useshift /reset . As thecontinua-
tion of a threadmayreceive multiplevaluesit wasnecessaryto ex-
tendtheimplementation.Insteadof usingvariable-arityprocedures
in the implementationdescribedin Section5, we built directly on
theslice-copying operationsprovidedby theVM just asthestock
Scheme48systemusesVM-level continuationprimitives.

If theuserhasaccessto shift /reset , a reset would prevent the
threadsystem's shift from �nding the resetmark delimiting the
continuationof thethread[2]. Thiscouldeasilyberemediedin our
implementationby changingtheresetmarkto bethethreaduid of
thethreadwhichsetthemark.As thescheduleris athreadby itself,
it doesnot interferewith theotherthreads.
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For theactualmeasurementswe adoptthebenchmarksby Brugge-
man et al. who use one-shot continuationsfor implementing
threads[3]. Eachthreadcomputesthe20thFibonaccinumber. We
vary the numberof procedurecalls betweentwo context switches
for a �x ed numberof 100 threads.Figure16 shows the resulting
timings. Justlike Bruggemannet. al. we observe a speeduponly
for very frequentcontext switcheswhereasthe timings areequal
whenthecontext switcheshappenatalowerratethanevery64pro-
cedurecalls. Figure17 shows that the numberof copiedbytesis
muchlarger in the shift /reset casethanin the call/cc imple-
mentation.Thenumberof copy operations,however, is linearto the
numberof context switchesin theshift /reset caseasFigure18
reveals.This �gure alsoshowsthatthestandardcall/cc approach
cannothold this limit whencontext switchesbecomelessfrequent
asthe runningthreadis morelikely to returnto a continuationon
theheapthelongerit runs.As thecontext-switchratedecreases,the
pureexecutiontime of thethreadsdominates,yielding similar per-
formancewith bothapproaches.Theseobservationscoincidewith
thoseof Bruggemanat al.

6.5 Optimizing *Abort

As mentioned in Section 2, the indirect implementation of
shift /reset in Scheme48 usesa versionof the *abort primi-
tive that discardsits entire continuationbeforecalling the meta-
continuation. This enablesthe garbagecollector to reclaimmore
unreachablecontinuationframes.However, this optimizationdoes
not affect the run-timeperformanceof the benchmarks:The dead
framesjust residein theheap,andtheprogramnever touchesthem.
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7 Other Implementation Strategies

The incrementalstack/heapstrategy employed by Scheme48 is
not theonly commonimplementationstrategy for continuationsin
the presenceof control operators.The main attractive alternative
implementationsarethe gc strategy, the Hieb-Dybvig-Bruggeman
strategy, and the stack/heapstrategy, along with the simple-to-
implementstack strategy [5]. This sectionbrie�y reviews how the
resultsobtainedfor thispapercarryover to thesealternatives.

7.1 The GC Strategy

Implementationsusingthegc strategy keepall continuationsin the
heap,relying on a fast garbagecollector and compile-timeopti-
mizationsfor a fast implementation. The strategy is not a zero-
overheadstrategy in thesenseof Clingeret al. [5], meaningthat it
incursoverheadfor all programsoverstack-basedstrategies.

In thegc strategy, call/cc aswell asre�ecting a continuationare
especiallyfastandincur only small constantrun time. In particu-
lar, call/cc involvesnocopying. In contrast,adirectimplementa-
tion of shift /reset wouldneedto copy continuationframescorre-
spondingto acomposablecontinuation,whichlikely makesadirect
implementationmoreexpensive in termsof run time thantheindi-
rect implementation.Theonly potentialsavingsarespacesavings
dueto not retainingdeadmeta-continuations(seeSection2).



7.2 The Hieb-Dybvig-BruggemanStrategy

The Hieb-Dybvig-Bruggemanstrategy [17] representscontinua-
tionsaslinkedlists of stacksegments.Whenthecurrentstackseg-
mentover�ows, thesystemsimply allocatesa freshone,linking it
to the previous segment. Call/cc createsa small objectpointing
to thecurrentframewithin a stacksegment. It thensplits theseg-
mentby installinganunder�ow continuationframe,similar to the
incrementalstack/heapstrategy. Re�ecting the continuationalso
worksasin the incrementalstack/heapstrategy, by copying a por-
tion of thecapturedcontinuationinto thecurrentstacksegment.As
in thegc strategy, call/cc itself is a constant-timeoperation.On
the otherhand,re�ecting a rei�ed continuationinvolvesoverhead
similar to theincrementalstack/heapstrategy.

A directimplementationof shift /reset wouldcreatea stackseg-
mentcorrespondingto therei�ed composablecontinuation,termi-
natingthelink at thebottom.Thesystemwould re�ect thecontin-
uationby makinga copy of the stacksegmentandsettingits link
pointer. It is hardto assessthetradeoffs of a directimplementation
of shift /reset in thiscase;thiswarrantsfurtherresearch.

7.3 The Stack/HeapStrategy

The stack/heapstrategy differs from the incrementalstack/heap
strategy in that it canreturnto a continuationresidingin the heap
directly, insteadof �rst copying portionsbackinto thestackcache.
This meansthat a continuationresideseither entirely within the
stackor entirelywithin theheap.Thestack/heapstrategy is alsonot
a zero-overheadstrategy becauseeachreturnneedsto checkwhere
thecontinuationresides.A direct implementationof shift /reset
in thiscontext wouldbesimilar to theonepresentedhere,with sim-
ilar performancetradeoffs asfor theimplementationof call/cc .

Thestack/heapstrategy incursanadditionaloverheadfor procedure
call returns,asit needsto checkwhetherthe currentcontinuation
residesin thestackor in theheap.Hence,it is not a zero-overhead
strategy. Thestack/heapstrategy seemscomparatively rarein con-
temporaryprogramminglanguageimplementations.

7.4 The StackStrategy

In implementationsof programminglanguageswhich do not sup-
port �rst-class continuations,the most common strategy is the
stack strategy thatkeepsall continuationframeson a globalstack.
The stack strategy is even usedin somesystemswith call/cc
(MzScheme,Bigloo and scm, for example.) This strategy effec-
tively discouragesthe useof call/cc . However, a direct imple-
mentationof shift /reset for thestackstrategy is quitesimpleas
it canusea contiguousrepresentationfor rei�ed continuations.In
particular, it doesnot have to deal with the stack-over�ow situa-
tion. Hence,weexpecttherelativeperformancebene�tsof adirect
implementationwith this strategy to be signi�cantly greaterthan
with strategies allowing an ef�cient implementationof call/cc .
This in turn might make shift /reset attractive for programming
languageswhich do not supportcall/cc at all, suchasObjective
Caml.

8 RelatedWork

Felleisenet al. originally cameup with ideasfor controloperators
for composablecontinuations[12, 11]. Danvy andFilinski discov-
eredshift and reset in the courseof their investigation of the

CPStransformation[8]. Theseminalwork on theCPStransforma-
tion andon shift /reset is Danvy's andFilinski's1992paper[9].
Filinski shows how to implementshift /reset via call/cc anda
mutablereference[13]. Danvy andFilinski notethatshift /reset
coincideswith Sitaram's andFelleisen's F- operationally[24, 8].
Moreauand Queinnecalso employ markson the stackto de�ne
marker /call/pc , anotherpair of control operatorsfor compos-
ablecontinuations[23]. Gunter, Rémy, andRiecke investigatean-
otheralternative approachto composablecontinuationsvia named
prompts[15]. They alsomentionthepossibilityof a direct imple-
mentation.To ourknowledge,thishasnotbeenpursuedto date.

Clinger, HartheimerandOstoffer acomprehensiveaccountof ef�-
cientimplementationstrategiesfor �rst-classcontinuations[5] and
presentdetailedcomparativemeasurements.Danvy formalizestwo
stack-basedimplementationstrategiesfor �rst-class continuations
by constructingspecialabstractmachineswhich areprovenequiv-
alentto a standardabstractmachinefor CPSprograms[7].

The performance problems of indirect implementations of
shift /reset have beennotedfor a while [1]. In particular, im-
plementorsof partialevaluatorshave beentrying to replacetheuse
of shift /reset for performancereasons—thisis possiblefor some
but not all applicationsof shift /reset in thatcontext [25]. Oper-
ating systemsresearchalso hasa long history of trying to over-
comethe inef�ciencies stemmingfrom capturingand reinstating
completecontinuations. Draves allows kernel functionsto spec-
ify a composablecontinuationexplicitly for a context switch in-
steadof forcing the kernelsubstrateto capturethe completecon-
tinuation[10]. This correspondsto usingshift /reset insteadof
call/cc for context switching.

9 Conclusion

Shift andreset have long gaineda critical massof applications
to warrant �rst-class supportin modernfunctional programming
languages.However, researchon thepragmaticsof supplyingand
ef�ciently implementingshift /reset hasonly just begun. Our
work is a�rst indicatorthatdirectimplementationsof shift /reset
asopposedto indirectonesusingcall/cc areindeedworthwhile:
theef�ciency gainsfor applicationsof shift /reset aresigni�cant.
However, moreresearchis needed,in particularinto the pragmat-
ics of having call/cc , shift /reset , andthreadsin thesamesys-
tem,aswell asin alternativeimplementationstrategies,possiblyin-
volvingmoreadvancedgarbage-collectiontechnologyor exploiting
representationsderived from extendedcontinuation-passingstyle.
Anotherareafor futurework is relatingour direct implementation
formally to the semanticspeci�cation of shift /reset . Danvy's
work [7] shouldprovidea goodstartingpoint for this.
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versiẗat Freiburg, Freiburg, Germany, March 2000. Avail-
able from http://www.informatik.uni- freiburg.de/
proglang/software/pgg/ .


