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Abstract

We presenta directimplementatiorof the shift andreset con-

trol operatordn the Scheme48 system. The nev implementation
improves uponthe traditional techniqueof simulatingshift and
reset viacalllcc . Typical applicationsof theseoperatorsexhibit

spacesavingsanda signi cant overall performanceyain. Ourtech-
nigueis baseduponthe popularincrementaktack/heatrateyy for

representingontinuations.We presentmplementationdetailsas
well assomebenchmarkmeasurement®r typical applications.
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1 Intr oduction

Calllcc  (or call-with-current-continuation) [4] is becom-
ing an establishedpart of the vocalulary of the programming
languagecommunity Calllcc  captuies or rei es the current
continuation—theontrolstateof the underlyingmachine—intaan
escapeprocedureand passest to its agument,which mustbe a
one-agumentprocedure.The escaperocedurewhencalled, dis-
cardsts currentcontinuatiorandthrowsor re ectstheoriginalcon-
tinuationbackinto the machinestate.

The translationprovided by the Darvy/Filinski CPStransforma-
tion [9] givesade nition of thesemantic®f calllcc . Themeatof
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Figure 1. Continuation semantics

thistransformatiorhasa directcounterparasa semanticspeci ca-
tion of thel calculus;Figurel shavs sucha semanticspeci cation
for thebarel calculus:eachr is anenvironmentmappingvariables
to values,andeachk is a continuation—aunction from valuesto
values.An abstractiordenotes functionfrom anervironmentto a
functionacceptinganagumentanda continuation.

In the contet of thesemanticstherule for call/cc  is this:

Jeall=cCEK = | k:JEK (1 f:f (I vl K%k v) K)

Call=ccE evaluatesE andcallstheresultf; it thenappliesf to an
escapdunctionwhich discardshe continuatiork® passedo it and
replacest by the continuatiork of the call=cc expression.

The applicationsof calllcc  arenumerousandincludetheimple-
mentationof interpretersandcompilers exceptionsystemsgorou-
tines,multi-threadingandnon-deterministicomputation Because
of the centralrole of calllcc  in theseapplicationsjmplementors
of functionallanguage$iave developedrepresentationfor contin-
uationsenablingfastimplementationsf calllcc  [5].

Thecontrol , shift andreset operatoraareamorerecentinven-
tion [11, 8]. In contrastto calllcc  thatalwayscaptureghe entire
control state,control , shift andreset allow capturingonly a
portionof one—aso-calledcomposableontinuatior—thusallow-
ing for more e xibility andexpressienessWe focusonshift and
reset in the high-level presentationWe later shaw how to imple-
mentshift  in termsof theslightly moreprimitive control

Reset introducesa context delimiter; shift  turnsthe context be-
tweentheshift  constructandthe enclosingdelimiter into a pro-
cedureandremovesthatpartof the context. Shift andreset are
bestunderstoody someexamples:

A solereset hasno effect:
(+ 1 (reset 3) ; 4

Shift  deleteghe context up to the next enclosingeset :
(+ 1 (reset (* 2 (shift k 4)) ; 5



Hereis ansingleinvocationof a composabl&ontinuation:
(+ 1 (reset (* 2 (shit k (k 4)) . 9

Multiple invocationsarealsopossible:
(+ 1 (reset (* 2 (shit k (k (k 4)))) ;17

Semantically shift andreset have the following de nitions in
the context of the semanticsn Figurel [9]:

| KK(JEK (I viv))
| kIMKr [e 7! 1 vl K2KO(kv)]) (1 viv)

Resetseedghe evaluationof E with an empty continuation—the
identity function. It thenpassesheresultof evaluatingE to k. This
doesnot affect evaluationaslong asthereis no shift: afterall, k
would be appliedto the nal resultof evaluatingE arnyway. How-
ever, call=cc andshift expressiongvaluatedaspartof E now seea
truncateccontinuation ask hasbeenmovedoutof their view. Shift
rei es thistruncatedor delimited continuationinto afunctionthat
composesdt with its own continuationandbindsthatfunctionto c.
It thenevaluateghebodyexpressiorM within theemptycontinua-
tion.

JresetEKk =
Jshift c MK

A numberof applicationanake inherentuseof shift andreset ,

amongthemdirect-styleformulationsof monadq13, 14], continu-
ation-basegbartialevaluation[21, 22, 26], andtype-directecartial
evaluation[6]. However, implementation®f thesecontrol opera-
torsareusuallyformulatedin termsof call/cc . Thisis areason-
able and quite portableapproach.However, theseindirectimple-
mentationf shift andreset exhibit suboptimaberformance.

Therefore we have implementedshift  andreset directly. Asiit
turnsout, thedirectimplementatiorprovidessigni cant speedupof
applicationausingthesecontroloperators.

Contributions

Herearethe contributionsof our work:

We shav how to implementcontrol |, shift , andreset di-
rectly in the contet of the popularincrementalstack/heap
stratgy for implementation®f continuationsavoiding some
of the overheadassociatedvith indirectimplementationsof
theseoperatorsia call/cc

We shav that mosttypical applicationsof shift andreset
benet signi cantly from the performanceimprovements
gainedby their directimplementations We evaluatea num-
ber of standardbenchmarks. In particular we shav that
the direct implementationis an enabling technology for
shift /reset -basedhreadsystemsavoiding someof thepit-
fallsof calllcc -basedmplementations.

We explain how the resultsof this paperapply to other pro-
gramminglanguageémplementations.

Overviev

The paperis organizedas follows: The next sectionreviews the
traditional,indirectimplementatiortechniqueof shift /reset via
calllcc . Thefollowing Section3 explainsbrie y thegeneralidea
of implementingshift /reset directly. Thetwo sectionsafterthat
explain a directimplementationin more depth: Section4 givesa
brief overview of thearchitecturaklementof Schemet8involved
in the implementation.Section5 detailsthe directimplementation

of shift /reset in Scheme48. Section6 presentgesultsfrom a
numberof benchmarksSection7 reviews alternatve implementa-
tion stratgjiesfor continuationsandif andhow they may bene t
from a directimplementatiorof shift /reset . Section8 suneys
somerelatedwork, andSection9 concludes.

2 Shift /Reset and Call/cc

Thetraditionalimplementatiorof shift /reset [13] involvesman-
aging a meta-continuation Meta-continutationsrisefrom CPS-
transformingthe continuationsemanticsTheresultthengivesrise
to animplementatiorof shift /reset in termsof calllcc . This
sectionreviews this indirectimplementatiortechnique.

CPS-transforminghe continuationsemanticds a naturalstepas
the rule for resetin the continuationsemanticsloesnot conform
to CPS;it containsa non-tail call. Thus,with therule for shift in
place,the semanticananagesoth the usualexplicit continuation
aswell asa new implicit continuation. Their compositionyields
theusualintuition of the entire future of the computation.
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Figure 2. Meta-continuation semantics

CPS-transforminghe semanticsmakesthis new implicit continu-
ation, now called the meta-continuationexplicit again. Figure 2
shows the result—ameta-continuatiosemanticsor thel calcu-
lus [8]: the new meta-continuatiotis calledm, andthe “old” con-
tinuation,k, accepts meta-continuatio@sanargument.For stan-
dard| terms, nothing fundamentalis changedcomparedto the
continuation-semantics—threaw semanticsimply threadsan ad-
ditional continuationthroughthe evaluationprocess.

The meta-continuatiomloesnot yet do arnything—it is shift and
reset thatmanipulatdt. Herearetherulesfor shift /reset :

JresetEK
Jshift c MK
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Justlike in the continuationsemanticsyesetseedshe evaluation

of E with anemptycontinuation(l x:I m®mPx) thatpassests amu-

mentto the meta-continuationignoring k. Whereaghe continua-
tion semanticappliesk “directly,” themeta-continuatiosemantics
doesthis in the meta-continuationShift alsoseedsvith anempty

continuation,and binds c to a function that appliesthe currently

delimited continuationk to its (Parametelv, calls the resultw and

passeshatto its continuationk®.

Call=ccalsohasa placein the newv semantics:
Jeall=ccEK = | kil mJEK (I f:1 m®f (I vil K2 mP%vm®Y km) m

Notethat,justlik e shift, it only rei es the k partof the entirecon-
tinuation. This meansthatresetin uencescall=cc.

The meta-continuationsemanticsis the key for implementing
shift /reset intermsofcallcc  andassignmentOlivier Darvy
contributed an implementatiorof shift /reset to the Scheme48
distribution [20], which is closelybasedon the original SML for-
mulationby AndrzejFilinski [13].



First, macrosfor reset and shit packageup their expres-
sion operandsas proceduresind passthemto proceduralcousins

*reset and*shift thatdotheactualwork:
(define-syntax reset
(syntax-rules 0

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

(define-syntax shift
(syntax-rules 0

(shift %k 7€) (shit  (ambda (2k) ?e))

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

continuation:

(define  (*meta-continuation* )]

(error  "You forgot the top-level reset..."))

Note that *meta-continuation* will be assignedo procedures
which replacethe currentcontinuation.Hence the *abort  proce-
durehasthe effect of discardingthe currentcontinuation(k in the
semantics)leaving only the meta-continuation:

(define  (*abort  thunk)
(et ((v (thunk)))
(*meta-continuation* v)))

*Reset is next. In the meta-continuatiosemanticsresetextends
themeta-continuatioby the currentcontinuation *Reset useshe
escapegrocedurecreatedby calllcc  asthe representationf 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 replaceghe meta-continuatioby onethatcallsthecurrent
continuatiomafterrestoringtheold meta-continuationAs themeta-
continuationis single-threadethroughthe semanticg§13], the as-
signmenthave thesameeffectasthecompositionin thesemantics.

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

(*abort  thunk))))))

*Shift  mustcall its agumentwith a procedurehatcomposeshe
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)N

The call (k v) discardsits own continuation. Therefore, it
is surroundedby a reset that moves this continuation into
*meta-continuation* , effectively protectingit. Again, *shift
mustdiscardits own currentcontinuatiorwith *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 the semanticswhereaghe semantichiasthe
continuationproperparameterizedver the meta-continuatiorthe
implementatiorusesthe underlyingcalllcc ~ which alwaysrei es
theentiremachine-lgel continuation.This is too large, sometimes
by a sizableamount,and,as Section6 demonstrateauses sig-
ni cant performanceenalty

It is possibleto reducethe deadstorageakenup by therepresenta-
tionsof composableontinuationsy having the*abort  procedure
applythunk with anemptyor very smallcontinuationthuspoten-

tially reclaimingsomedeadstorageearly (In fact,the Scheme48

versiondoesjust that.) However, asit turnsout, this optimization

doesnot affect run-time performancen a signi cant way. (See
Section6.5.)

3 Directimplementation of shift /reset
Considershift andreset in the contet of a representatiorfor
continuationsusinglinkedframes.Reset marksa placein thecon-
tinuation chainwhich delimits the context later rei ed by shift
Shift  rei es thecontinuatiorsectionupto theenclosingmarkcre-
atedby reset , andcreatesa procedurghatwill addthis sectionto
the chain. This proceduremustalsoseta markat the link pointin
thechainwhich correspondso the staticallymostrecentreset  for
therei ed section. Figure 3 displaysthe evaluationof (shift ~ k
e) in termsof linked continutionframes:It cutsoff the sectionof
thechainconsistingof framesTop andReset andbindstherei ed
procedureto k. The continuationfor the evaluationof the body e
startswith frameC2.

(shit  k e)

Top

)

k
e

Figure 3. Evaluation of a shift

expression

If the continuationchainresidesn the heap,this stratgy involves
copying of continuationframesboth during rei cation andre ec-
tion. However, mostimplementationf Schemeusea represen-
tationfor continuationsnvolving a stackcache[5] which contains
themostrecentcontinuatiorframes.In theseémplementations;ap-
turing the currentcontinuatiorvia calllcc ~ ushesthestackcache
andmovesthe continuationframesto the heap.

A directimplementatiorof shift /reset canexploit the presence
of a stackcachein a simple manner:Insteadof copying continu-
ation framesone-by-oneshift ~ simply block-copiesa slice from
the stackinto the heapstartingat the currentcontinuationup to the
framemarkedby reset . Duringre ection, thesliceis copiedback
onthestack.This stratgy yieldsa fastandsimpleimplementation
of shift /reset .

Of courseshift andreset arenotalwaysthislucky: Themarked
continuationframe might residein the heapinsteadof the stack
cache.Also, therei ed slice may be biggerthanthe stackcache.
An implementatiorhasto considetthesecomplicationsalongwith

severalothers.



4 Architecture of Scheme48

We considera direct implementationof shift /reset for a pre-

releaseof Scheme48 1.0 [20], a byte-codeimplementationof

Scheme.Schemet8is attractve becauséts VM is writtenin Pre-
Schemd19], alow-level dialectof Schemethis simpli es present-
ing actualcode.This sectiongivesa shortoverview of thearchitec-
tureof Schemet8, highlightingthe mostimportantaspects.

4.1 The Incremental Stack/HeapStrategy

Scheme48 usesthe incrementalstadk/heapstrategy for represent-
ing the currentcontinuation;it storesthe mostrecentcontinuation
frameson the stack,which is thuseffectively a cache.Scheme48
pushesewn continuationframeson the stackuponprocedurecalls
andpopsthemuponreturn. If the continuationdoesnot t com-
pletelyin thestackcachetheearlyframesresidein the heap.

The bottomframein the stackcacheis alwaysan under ow con-
tinuationframe. The codeof this frame copiesits parentfrom the
heapinto the stackandinvokesthe parentafterwards. Hence,ev-
ery continuatiorframecansafelyreturnto its parent:theunder ow
framewill mediatebetweerstackandheap.

Top

o
Underflow |<—

_Heap2
/_
Underflow |<-

Figure 4. Incremental stack/heapstrategy

Thetop half of Figure4 shaws a typical setupfor the incremental
stack/heastratgy: Thetopmostframeof the currentcontinuation
Top is onthestackwith oneof its parentsTopl. Two framesHeapl
andHeap2 have beenmigratedto the heapandlinkedto theunder
o w continuationframe(Underflow ). Thebottomhalf of Figure4
shaws the situationafter Top andTopl have returned:The under
o w framehascopiedHeapl from the heapto the stack.

In Scheme48, stackcontinuationframesusually consistof three
parts:

1. Optionalpointersto the currentervironmentandthe current
template. The templatecontainsdescriptordor constantghe
codemayneed.

2. Theoperand®f thecurrentlyactive procedurecall.

3. A codepointer Schemed8 maintainsthe sizeof the continu-
ationframesin headersn the byte code.

The topmostframe doesnot containan explicit code pointer be-
causeit is currentlyexecutingin the VM. The framesneednot be
explicitly linkedon the stack,asthe compilercomputegheir sizes
statically andplacesthessizesinsidethecode.

Scheme48 createdresh, attened environmentsuponclosurecre-
ation. It maintainssharingof stateby creatingheap-allocatedells
for sharednutablevariables.

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

1. thecodeof the continuation—representetsa codevector,
2. anoffsetwithin the codevector and
3. adescriptoifor the next continuationobject.

Heapcontinuationsoccuruponcall/cc ~ or whenthe stackover-
ows. In thesecasesthe VM walks down the stackand creates
heapobjectsfor the continuationframes,computingcode vector
andoffsetalongtheway, andchainingthe framestogether

Amongthevariousstrategjiesfor implementingcontinuationsn the

presencef calllcc , theincrementaktack/heagtrategy compares
quite favorably [5]. The compactstackframerepresentatiomsed
by Schemet8 makestheimplementatiorparticularlyfast.

4.2 The Virtual Machine

The VM is essentiallya stackmachine. The stackgrows towards
loweraddresseandholdsparameterfor procedurecallsaswell as
continuationframesandervironmentframes. The VM manages
numberof registersin globalvariables:

*code-pointer* pointsto the currentinstruction

*cont*  pointsto the continuationframeon the stackjust be-
neaththe currentone

*bottom-of-stack* pointsto theunder ow continuation

*heap-continuation* is the partof thecurrentcontinuation
whichresidesn theheap

*val* containghe rst parameteor areturnvalue

TheScheme&l8VM representall dataobjectsas32-bitdescriptos.

Its lower 2 bits indicatethe type of the descriptor;the remaining
30 bits aredatawhich are eitheranimmediaterepresentationf a
smallvalueor anencodedointerinto the heap.

5 Implementation

This sectiondescribeur directimplementatiorof shift  /reset .

All code examplesare taken verbatimfrom our implementation
atop the Scheme48 1.0 Virtual Machine. Our implementation
builds straightforvardly uponthe stack/heaystrateyy. However, a

few technicalcomplicationsarise,andthereforeour presentatioiis

fairly detailed.

We startwith accountsof reset andshift ~ for the stack-bound
caseandthenshav how to extendthe approachor continuations
residingin theheap.

5.1 Reset

Reset delimitsthesectionof thecontinuatiorthatshift maycap-
turelater Reset evaluatests agumentunderthe emptycontinua-
tion, andappliesits currentcontinuatiorto theresult. Thus,reset
effectively erectsa barrierin the continuationframechain.

An easywayto erectthebarrieris to seta ag in thecurrentcontin-
uationframe, and ensurethat subsequentalls to shit ~ will only
reify the partof the continuationchainup to the mostrecentmark.
The compilermegesthe continuationf differnetcallsinto asin-
gle frame on the stackwheneer possible. Therefore,reset has



to make surethatthelastcontinuationframeto berei ed is repre-
sentedby a separatdrame by creatinga thunk and evaluatingan
unknown call to it.

As aplacefor the mark,continuationobjectsreceve afurther eld
which s setto zeroin normalcontinuationsA nev VM operation
mark-reset-cont setghemarkin thetopmostrameof thecurrent
continuation. The mark-reset-cont operatoris implementecby
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! checkswvhetherthecurrentcontinuatioris an

ordinaryframeon the stackor if it is *bottom-of-stack* which
meanghatthethe currentcontinuationresidesn thehheap.Dueto
thedifferentrepresentatioof stackandheapcontinuationsdiffer-
entprocedureso marktheframesmustbeused.

Hereis thede nition of reset :

(define-syntax reset
(syntax-rules 0

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

Shift  mustdo two things: First, it mustreify the sectionof the
continuatiorupto thelastreset into aheapobject. Secondshift
mustconstructa procedurghatcomposeshe currentcontinuation
with thesavedsectionandappliestheresultto its agument.Shift
mustensurethatthe context of therei ed continuationis itself de-
limited. Making this explicit corresponds$o implementingshift
via Felleisens control  [11] andis also known asthe F- calcu-
lus[8].

Control is amacrowhich callsthe procedurecontrol*  with the

bodywrappedn procedureControl* takestheone-agumentpro-

cedureas its agumentand passest the compositionprocedure.
Create-stack-slice is responsibldor turning the sectionof the

continuationinto a value. Copy-slice-to-stack composeghe

savedsectionwith the currentcontinuation:

(define  (control* proc)
(let  ((slice (create-stack-slice)))
(proc
(lambda  (val)
(copy-slice-to-stack slice)
val))))
Control  implementsthe (control v € binding form which

bindsthe continuatiorto v andevaluatese underthatbinding:

(define-syntax control
(syntax-rules 0
((control ¢ body)
(control* (lambda (c) (reset body))))))

The macrofor shift andinsertsthe needed

reset togetF-:

reliesuponcontrol

(define-syntax shift
(syntax-rules 0
((shift ¢ body)

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

body)))))

In ouractualimplementatiorwe departfrom the F- approacHor ef-
ciency reasonsProperlysupportingmultiple-valuereturnswould
incurtoo muchoverheacconvertingreifying multiple returnvalues

(reset

(cc X))

into lists andvice versa.Weinline control  into shift
(define-syntax shift
(syntax-rules 0
((shift ¢ body)
(shift* (lambda (c) body)))))

This de nition omits the reset becausecreate-stack-slice
will leave the marked continuationonthe stack.

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 Reication

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

(define-primitive
(lambda ()
(let  ((v (copy-slice-to-heap)))
(set!  *val* v)
)

(goto  continue
It calls copy-slice-to-heap which returnsthe slice, loadsthe
valueregisterwith it andjumpsbackinto the maininterpretedoop
via continue

create-stack-slice 0

Hereis 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
hcontinuedn next section

cont)

To avoid excessie specialcasingin the restof the code, copy-

slice-to-heap rst calls ensure-*cont*-in-stack to make
surethereis at leastone continuationframe on the stack. Then,
it callsfind-next-stack-reset-cont to obtainthelastcontinu-
ationframeto berei ed.! If the sectionof the continuationto be
rei ed is empty copy-slice-to-heap simply createsa heapob-
jectrepresentinginemptyslicevia the create-empty-slice pro-
cedure.Otherwise the codedeterminesvhetherthe sectionto be
rei ed indeedresidesentirelywithin the stack.For this sectionthe

, as de-
8/). In
to the return

1Receive is syntacticsugpr for call-with-values
scribedin SRFI 8 (http:/srfi.schemers.org/srfi-
this example, it binds cont and is-reset-cont?
valuesof find-next-stack-reset-cont



presentatiorassumeshatit doesindeed t; Section5.3 discusses
thesituationwhenthisis notthecase.

The find-next-reset-cont procedurewalks down the continu-
ation frameson the stackuntil it encounters resetmark. It then
returnsthe parentframeor 0 if the currentcontinuationis marked.
If find-next-reset-cont doesnot nd amarkedcontinuationon
thestackiit returnsthelastcontinuatiorframeonthestack(thepar
entof *bottom-of-stack* ). Thesecondeturnvalueindicateshe
casewhich occurredby abooleanag:

(define  (find-next-stack-reset-cont)
(let Ip ((cont *cont*) (prev (integer->address 0) ( 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)
(Ilp  (stack-cont-continuation cont) cont (+ i 1))

Create-slice-from-stack performsthe actualwork by copying
thestackslicerepresentiothesectionof thecontinuatiorto aheap
objectenbloc.

Top

[ndeton]|

Figure 5. Representingcontinuation chainswith offsets
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| A A
N W W

Schemel8 usesrelative offsetsratherthanabsoluteaddressefor

the intra-stackreferencessshavn in Figure5. Offsetsarerepre-
sentedby arravs with angles.The continuatiorreset in the heap
hasno parentin the copiedslice.

Stack slices presenta challengeto the garbagecollector; the
Schemet8 GC ordinarily only handlesheapobjectsconsistingen-
tirely of descriptoror entirely of bitmapdata;stackslicescontain
both. Accordingly, we have extendedthe garbagecollectorby a
customtrace procedure. The rst continuationframe of a stack
sliceis theroot of theslice.

Hereis the codefor 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 allocatesa slice object and calls
copy-slice! to copy the stacksectioninto it. After this, it sets
the currentcontinuationto the parentof reset-cont , alsosetting
the resetmark. This correspondso the deletionof the sectionof
thecontinuatiorrei ed by shift . Create-slice-from-stack re-
turnsthe createdslice.

Copy-slice! calls the Pre-Schemeprimitive copy-memory!
whichis translatednto C's memcpy:

(define  (copy-slice! slice len)
(let  ((to-address (address-after-header
(start  *cont¥))
(copy-memory!  start

slice))
to-address  len)))
5.2.2 Re ection

Copy-slice-to-stack is comparatrely 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 resetmarler to the currentcontinuationframeas
describedin Section5.2. The rst conditionaldeterminesf the
slice aboutto bere ected will not t within the stackcache;this
exceptionalcaseis describedn the next section.For emptyslices,
nothingneedso be done. For normalslices,the work is relegated
to thereally-copy-slice-to-stack procedure:

(define
(save-temp0!
(let* ((len  (b-vector-length slice)))
(ensure-stack-space! (bytes->cells len))
(let  ((slice (recover-temp0Q?))

(new-cont  (address-
(address+

(really-copy-slice-to-stack slice)
slice)

*stack*
(cells->a-units
(operands-on-stack)))
len))))
new-cont
(operands-on-stack))
new-cont)

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

(copy-slice-bytes slice
new-cont)))

Ensure-stack-space! ensureshereis enougtplaceonthestack,
ushing the stackcacheto the heapif necessarylf this triggersa
garbagecollection,save-temp0!  tells the collectorthatslice is
live, andrecover-temp0! recoversit if the collectorhasmoved
the slice. Next, the codecomputeghe target addresgor the top-
mostcontinuationframe of the slice: Thisis len bytesbelow the
currenttop of the stackplus the operandghat are currently lying
onthestack.Theseoperandsnustbe movedfrom their currentlo-
cationto the new top of the stackwhich is just above new-cont .
Copy-args-above-incoming-cont! is responsibldor this. Now
thereis roomonthestack,andthe continuationcurrentprior re ec-
tion startslen bytesaway from new-cont . Copy-slice-bytes
thencopiestheactualdata.

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

(define  (copy-slice-bytes slice  to-start)

(let*  ((from-start (address-after-header

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

slice))

5.3 Reifying Heap Continuation Frames

Thepreviousdiscussiorassumedhatthe continuatiorsectionto be
rei ed residesntirelywithin thestack.As describedn Sectiord.1,
continuationframesare migratedto the heapuponcall/cc  or in
the caseof a stackover ow. The directimplementatiorof shift
mustcopewith two problemsin this situation:



1. The block-copy strateyy is no longersufcient. Insteadthe
VM needsto to copy heapcontinuationframessequentially
into theslice.

2. Theresultingslice may be larger thanthe stackcachewhich
mea;sasimpleblockcow is notenougho implementre ec-
tion.

Theremainingcodeof the copy-slice-to-heap proceduredeals
with thesecases;t rst searchedor the resetcontinuationin the
heapandthenbranche®n the conditionof the secondoroblem:

(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 returnsthecontinuatioralongwith

the amountof spacerequiredto copy thesecontinuationsto the
stackor to the heap,respectiely. Due to the differentrepresen-
tationsof continuationghesenumberdiffer.

[T |

i
T

|-

Top b Heapl b

- = -

Figure 6. Creating a doubleslice

If a partof the sectionresidesin the heapbut the entire sectionis
notlargerthanthemaximumsizeof the stack create-slice-in-
two-steps  createsa slice big enoughto hold the chainand lis
it. If the sectionis larger thanthe stack, create-double-slice
createsa specialobject(a doubleslice) thatholdstwo slices: one
for the stack, the otherfor the continuationframesthat must go
to the heap.Figure6 shaws the creationof a doubleslice. During
re ection of adoubleslice,only the rst sliceis copiedonthestack,
while a copy of theseconds linkedto the bottomframe. Notethat
copying theheapframes(andthusbreakingsharing)is necessaryo
modify thelastcontinuations parentduringre ection.

The codefor handlingheapcontinuationframesis mostlyasin the
original Schemel8. We have thereforeomittedit here.

2Notethatthis issuedoesnot occurwith callicc  : Theunder
o w framesimply copiescontinuationframesresidingin the heap
into the stackcacheone-by-one.

6 Benchmarks

This sectiondescribes numberof benchmarkef thedirectimple-
mentationof shift /reset , notably:

Filinski'srepresentatioof monads
combinatotbasedartialevaluation
type-directedartialevaluation

Wehavealsousedshift /reset toimplementathreadsystem.The
rst setof benchmarkshawvs thatall of theseapplicationsexhibit
absoluteperformancegainsunderthe directimplementation.The
directimplementationof shift /reset is an enablingtechnology
for implementingef cient threadsystemsvia shift /reset .

It is dif cult to preciselyaccountfor the speedupn eachseparate
case,asthe indirect and direct implementationof shift /reset
leadto very differentaccesgatternsto the stackandto the heap:
The indirect implementationtendsto ush the stack cacheof-
ten, keepingonly the (non-meta-)continuatiomvithin the cache.
Each ush is accompaniedy a representatiorthange. In con-
trast, mary rei cations in the directimplementationdo not ush
the stackcache,and do not involve a representatiohange. The
directimplementatiorpotentiallyperformslesssharingthanthein-
directimplementation.Moreover, speed-upsiecessarilyary with
theamountof computatiorperformedbetweerrei cations andre-
ections of continuations. However, acrossthe benchmarksthe
directimplementatiorperformsuniformly betterthanthe indirect
one.

Note that all performancegains were obtainedundera compara-
tively slow evaluator Theseapplicationsywhenrun undera native-
codeimplementatiorof Schemeshouldbene t signi cantly more,
asthereis almostno interpretive overheadn executingshift and
reset . Weexpectto obtaintimingsfrom theupcomingnative-code
versionof Schemet8 soon.

All timings wereobtainedon a Pentiumlll systemwith 666 Mhz

and128 MB RAM, running FreeBSD4.3. We usedour modi ed

versionof a prereleas®f Scheme48 1.0 with aninitial heapsize
of 80 MB andthe standardstacksize of 10 Kb; noneof the tests
triggereda garbagecollection.

6.1 Monads

The essencef Filinski's work on representingnonadq13] is the

introductionof two combinatordor corversionbetweervalue-level

expressionandmeta-lerel computationsReify usesthe monadic
constructoeta to turnacomputatiorinto anexpressionEta uses
reset to limit the extent of the computation. Its dual operation,
reflect , callsthemonadiccombinationfunctionextend to apply
a computation(which correspondso a sectionof the continuation
obtainedby shift ) to anexpression:

(define  (reflect meaning)
(shift ~ k (extend k meaning)))
(define  (reify  thunk)

(reset  (eta (thunk)))))))

We have run applicationausingthe parsingmonadandtheambia-
lencemonad. For benchmarkingnonadicparsing,we constructed
aparserfor arithmeticexpressionsimilar to Hutton's [18] andap-
pliedit to atermwith about4500perators.



The ambialencemonadandthe testexpressionsve usedare de-
ned as:

(define  (eta x) (list  x))
(define  (extend f 1) (apply append (map f 1))
amb (syntax-rules 0

(amb* (lambda () x) ..)))

(define-syntax
(@mb x ..)
(define  (amb* . t)
(reflect (apply append (map reify t))))))
(define  (www)
(et ((f (ambda (x) (+ x (amb 6 4 2
(reify  (lambda () (f (f (@amb 0 2 3
(define  (wwww)
(let  (f (ambda (x) (+ x (amb 6 4 2 8) (amb 2 4 5 4 1))))
(

8) (amb 2 4 5 4 1))
45 32))))

(reify  (ambda () (f ( (f (amb 0 2 3 4 5 32))))
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Figure 7. Timings for monads(in seconds)

Monadic parser

Figure 7 shavs the timings for the monadexamples.The barsla-

beled“Indirect” list theresultsfor thecall/cc  -basedmplementa-
tion of shift /reset , whereashecolumnlabeled'Direct” contains
the timings for our directimplementationof shift /reset . The

speedupgor thesevery shift /reset -intensve benchmarksrein

the rangeof a factorof three. To seewherethe directimplemen-
tation improves the performanceconsiderFigure 8 which shavs

the numberof bytescopiedfrom the stackto the heapand vice

versa.Our directimplementatiorcopiessigni cantly fewer bytes.
Anotherimprovementshavn in Figure9 is the numberof copy op-

erations.It dropsby afactorof threeto vefrom theindirectto the
directimplementationwhereasheaveragenumberof bytesmoved
by a singlecopy-memory! increase$rom 12to 20 bytes.
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Figure 8. Continuation frames copiedfor monads(in Kbytes)
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Figure 9. Copy operationsfor monads
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6.2 Combinator-BasedPartial Evaluation
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mini-scheme: app mini-scheme: boyer mixwell tiny

mini-scheme: matrix
Figure 10. Timings for combinator-basedpartial evaluation (in
seconds)

mini-scheme: gpscheme

A partial evaluatortakesa programasinput andspecializest with

regard to someof the agumentsof the program. Continuation-
basedapproacheso partial evaluation use composablecontinua-
tionsto representlynamiccontet accumulatedluring specializa-
tion [21]. Thiemanns PGGsystem[27] usesa direct-styleversion
of thistransformatiorimplementedria shift  /reset .

We have usedbenchmarksdrom Helsens and Thiemann$ paper
on comparingcombinatofbasedand type-directedpartial evalua-
tion [16]. Thesebenchmarksre interpreters;partial evaluation
yields compiledversionsof theinput programs.Thesearethe pro-
gramminglanguagesicceptedy theinterpreters:

Mixwell is a rst-order purelyfunctionallanguage.

Tiny is asmallimperatve languagewith expressionsassignment,
if , while andsequencing.

Mini-Scheme is alarge subsetf Schemelackingonly call/cc
andsupportfor multiple returnvalues.

We usedastandardestprogramfor theMixwell interpreterandthe
factorialprocedurdor theTiny interpreter TheMini-Schementer
preterwasspecializedo several programsfrom Andrew Wright's
benchmarksuite for Scheme:app, the append procedurepoyer ,
a term-ravriting systemmatrix thattestsa randommatrix to be
maximalunderpermutatiorandnegationof rows andcolumns.and
gpscheme , animplementatiorof geneticprogramming.
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Figure 12. Copy operationsfor combinator-basedpartial eval-
uation

Figure 10 containgthe specializatiortimings. Here,the speedups
quiteuniformly betweerl0%and20%. Again, Figurel1lshavsthe
summarizedsize of the moved continuationframes. It is interest-
ing to notethatindirectapproachcopiesexactly the sameamount
of memoryfrom the stackasvice versawhereasour directimple-
mentationmoves more memoryfrom the heapto the stack. Fig-
ure 12 shavs the numberof memorycopy operationsduring the
benchmarks Our directapproachypically cutsdown the number
of operationgo athird.

6.3 Type-DirectedPartial Evaluation

Darvy's type-diectedpartial evaluation(TDPE) [6] is analterna-
tive approacthto partial evaluationwhich operatesn the compiled
versionof the subjectprogram. TDPE alsousesshift /reset to

capturecontext. We have applied TDPE to the sameexamplesas
PGG.Figurel3shavstheresult. Thespeedupsbtainedwveresim-

ilar to thoseobtainedwith PGG.Figure14 shavs a peculiarity: For

the specializationof the Mixwell interpreter our implementation
copiesan orderof magnitudemorethanthe implementatiorbased
oncalllcc  butis still faster Thespeeduganbe explainedby the

numberof copying operations:Figure 15 shaws thatthis number
dropby afactorof three.This alsodramaticallyincreaseshe bytes
percopy operationfrom 12in theindirectimplementatiorio 354in

ourimplementation.
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Figure 13. Timings for type-directedpartial evaluation (in sec-
onds)
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Figure 14. Continuation framescopiedfor type-directedpartial
evaluation (in Kbytes)

6.4 Threads

Theuseof rst-classcontinuationdor ef cient implementationsf

threadsystemsis not new: On a context switch, the systemrei-

es the continuationof the runningthreadandstoresit within the

schedulerNext, the schedulereplaceshe currentcontinuationby

the storedcontinuationof anothetthread thusinvoking thatthread.
However, call/cc  rei es notjustthecontinuatiorof thethreadbut

alsothecontinuationof theschedulerThis alsocanleadto aspace
leak[2]. In athreadsystemusingshift andreset , it is possible
to delimit the continuationof thethreadwith areset .

To measurethe effects of this approach,we have modi ed the
threadsystemof Scheme48to useshift /reset . Asthecontinua-
tion of athreadmayreceve multiple valuesit wasnecessaryo ex-
tendtheimplementationlnsteadof usingvariable-arityprocedures
in the implementatiordescribedn Section5, we built directly on
the slice-coying operationgrovided by the VM just asthe stock
Schemel8 systemusesVM-level continuationprimitives.

If theuserhasaccesdo shift /reset , areset would preventthe
threadsystems shift  from nding the resetmark delimiting the
continuatiorof thethread[2]. This couldeasilyberemediedn our
implementatiorby changingtheresetmarkto bethe threaduid of
thethreadwhich setthemark. As thescheduleis athreadby itself,
it doesnotinterferewith the otherthreads.
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Figure 16. Timings for the threadbenchmark (in seconds)

For theactualmeasurementse adoptthe benchmarkdy Brugge-
man et al. who use one-shotcontinuationsfor implementing
threadq3]. Eachthreadcomputeghe 20th Fibonaccinumber We
vary the numberof procedurecalls betweentwo context switches
for a x ed numberof 100 threads. Figure 16 shavs the resulting
timings. Justlike Bruggemanret. al. we obsere a speedupnly
for very frequentcontext switcheswhereasthe timings are equal
whenthecontet switcheshapperatalowerratethanevery 64 pro-
cedurecalls. Figure17 shavs thatthe numberof copiedbytesis
muchlargerin the shift /reset casethanin thecalllcc imple-
mentation.Thenumberof copy operationshowever, is linearto the
numberof context switchesin theshift /reset caseasFigurel8
reveals.This gure alsoshawvsthatthestandardall/cc  approach
cannothold this limit whencontext switchesbecomdessfrequent
asthe runningthreadis morelikely to returnto a continuationon
theheapthelongerit runs.As thecontet-switchratedecreaseshe
pureexecutiontime of the threadsdominatesyielding similar per
formancewith bothapproachesTheseobsenationscoincidewith
thoseof Bruggemaratal.

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 continuationbefore calling the meta-
continuation. This enableshe garbagecollectorto reclaimmore
unreachableontinuationframes.However, this optimizationdoes
not affect the run-time performanceof the benchmarksThe dead
framegjustresidein theheap,andthe programnevertoucheghem.
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Figure 17. Continuation frames copied for the thread bench-

mark (in Kbytes)
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Figure 18. Number of copy operations for the thread bench-
mark

7 Other Implementation Strategies

The incrementalstack/heapstratgy emplo/ed by Scheme48 is

notthe only commonimplementatiorstrateyy for continuationsn

the presencedf control operators. The main attractive alternatve
implementationsrethe gc strategy, the Hieb-Dybvig-Brugieman
strategy, and the stad/heapstrategy, along with the simple-to-
implementstad strategy [5]. This sectionbrie y reviews how the
resultsobtainedfor this papercarryoverto thesealternatves.

7.1 The GC Strategy

Implementationsisingthe gc stratgyy keepall continuationsn the
heap,relying on a fast garbagecollector and compile-time opti-
mizationsfor a fastimplementation. The stratgy is not a zero-
overheadstratgy in the senseof Clingeretal. [5], meaningthatit
incursoverheador all programsover stack-basedtratgies.

In thegc strata@y, calllcc  aswell asre ecting a continuationare
especiallyfastandincur only small constantun time. In particu-
lar, calllcc  involvesnocopying. In contrastadirectimplementa-
tion of shift /reset wouldneedto copy continuatiorframescorre-
spondingo acomposableontinuationwhichlikely makesadirect
implementatiormoreexpensve in termsof run time thantheindi-

rectimplementation.The only potentialsavings are spacesavings
dueto notretainingdeadmeta-continuationgseeSection?2).



7.2 The Hieb-Dybvig-Bruggeman Strategy

The Hieb-Dybvig-Bruggemanstrategy [17] representontinua-
tionsaslinkedlists of stacksegments.Whenthe currentstackseg-
mentover ows, the systemsimply allocatesa freshone,linking it
to the previous segment. Calllicc  createsa small objectpointing
to the currentframewithin a stacksegment. It thensplitsthe seg-
mentby installing an under ow continuationframe, similar to the
incrementalstack/heapstratgly. Re ecting the continuationalso
works asin the incrementaktack/heastratey, by copying a por-
tion of the capturectontinuationinto the currentstacksegment.As
in thegc strat@y, calllcc  itself is a constant-timeoperation.On
the otherhand,re ecting a rei ed continuationinvolvesoverhead
similarto theincrementabtack/heastrateyy.

A directimplementatiorof shift /reset would createa stackseg-

mentcorrespondingo therei ed composableontinuation termi-

natingthelink atthe bottom. The systemwould re ect the contin-

uationby makinga copy of the stacksegmentand settingits link

pointer It is hardto assesghetradeofs of adirectimplementation
of shift /reset in thiscasethiswarrantfurtherresearch.

7.3 The Stack/HeapStrategy

The stack/heapstratayy differs from the incrementalstack/heap
stratgy in thatit canreturnto a continuationresidingin the heap
directly, insteadof rst copying portionsbackinto the stackcache.
This meansthat a continuationresideseither entirely within the
stackor entirelywithin theheap.Thestack/heagtratey is alsonot
azero-o/erheadstrately becauseachreturnneedgo checkwhere
the continuatiorresides.A directimplementatiorof shift /reset

in this context would besimilarto theonepresentedhere with sim-
ilar performancéradeofs asfor theimplementatiorof call/cc

Thestack/heapgtratgy incursanadditionaloverheador procedure
call returns,asit needsto checkwhetherthe currentcontinuation
residesin the stackor in theheap.Hence,it is nota zero-werhead
strat@y. Thestack/heastratgly seemsomparatiely rarein con-

temporaryprogramminganguageémplementations.

7.4 The Stack Strategy

In implementation®f programminganguagesvhich do not sup-
port rst-class continuations,the most common stratgy is the
stad strategy thatkeepsall continuationframeson a global stack.
The stack strategyy is even usedin somesystemswith call/cc
(MzScheme Bigloo and scm, for example.) This strategy effec-
tively discourageshe useof calllcc . However, a directimple-
mentationof shift /reset for the stackstrateyy is quite simpleas
it canusea contiguousrepresentatioffior rei ed continuations.In
particular it doesnot have to dealwith the stack-wer ow situa-
tion. Hence we expecttherelative performancéene tsof adirect
implementatiorwith this stratgy to be signi cantly greaterthan
with strategjies allowing an ef cient implementationof call/cc
This in turn might make shift /reset attractve for programming
languagesvhich do not supportcall/cc  at all, suchasObjective
Caml.

8 RelatedWork

Felleisenet al. originally cameup with ideasfor control operators
for composableontinuationg12, 11]. Darvy andFilinski discov-
eredshift andreset in the courseof their investigation of the

CPStransformatiorf8]. Theseminalwork onthe CPStransforma-
tion andonshift /reset is Darvy's andFilinski's 1992paper9].
Filinski shavs how to implementshift /reset viacallcc anda
mutablereferencd13]. Danvy andFilinski notethatshift /reset
coincideswith Sitarams and Felleisens F- operationally[24, 8].
Moreauand Queinnecalso employ markson the stackto de ne
marker /calll/pc , anotherpair of control operatorsfor compos-
ablecontinuationg23]. Gunter Remy, andRiecke investigatean-
otheralternatve approacho composableontinuationsvia named
prompts[15]. They alsomentionthe possibility of a directimple-
mentation.To our knowledge this hasnotbeenpursuedo date.

Clinger, HartheimerandOstoffer a comprehensi accouniof ef -
cientimplementatiorstratgjiesfor rst-classcontinuationg5] and
presendetailedcomparatre measurement®anvy formalizestwo
stack-basedmplementatiorstratgjiesfor rst-class continuations
by constructingspecialabstracimachineswvhich are provenequi-
alentto a standardabstracmachinefor CPSprogramg7].

The performance problems of indirect implementations of
shift /reset have beennotedfor a while [1]. In particular im-
plementorf partialevaluatorshave beentrying to replacetheuse
of shift /reset for performanceeasons—thiss possiblefor some
but not all applicationsof shift /reset in thatcontet [25]. Oper
ating systemsresearchalso hasa long history of trying to over
comethe inef ciencies stemmingfrom capturingand reinstating
completecontinuations. Draves allows kernelfunctionsto spec-
ify a composablecontinuationexplicitly for a context switch in-
steadof forcing the kernelsubstrateto capturethe completecon-
tinuation[10]. This correspondso usingshift /reset insteadof
calllcc  for contet switching.

9 Conclusion

Shift andreset have long gaineda critical massof applications
to warrant rst-class supportin modernfunctional programming
languagesHowever, researcton the pragmaticf supplyingand
efciently implementingshift /reset hasonly just begun. Our
workis a rst indicatorthatdirectimplementationsf shift /reset
asopposedo indirectonesusingcall/cc  areindeedworthwhile:
theef ciency gainsfor applicationf shift /reset aresigni cant.
However, moreresearchs neededjn particularinto the pragmat-
icsof having call/cc , shift /reset , andthreadsn the samesys-
tem,aswell asin alternatveimplementatiorstrateyies,possiblyin-
volving moreadvancedjarbage-collectiotechnologyor exploiting
representationderived from extendedcontinuation-passingtyle.
Anotherareafor future work is relatingour directimplementation
formally to the semanticspeci cation of shift /reset . Darvy's
work [7] shouldprovide a goodstartingpointfor this.
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