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Abstract

Thispaperoutlinestherecurringuseof continuations.A briefoverview of continuations
is given. This is followed by severalpatternsthatoutline theuseof continuationsleading
up to usingcontinuationsto implementcoroutines,explicit backtracking,andmultitasking.
Schemeis usedfor theexamplesasit supportsfirst classcontinuations.

1 Intr oduction

We often find ourselves in a situationwhile researchinga selectedtopic (say the useof
continuationsin Scheme)wherewe have foundapaperthatdealswith thetopic andreada
portionof thepaperonly to realizethatourknowledgeisnotextensiveenoughtounderstand
all thematerial. So,we stopreadingthepaperandbegin readingthepapersthatareused
asreferencesandothermaterialthatgivesussomebackgroundknowledgeof thesubject.
After readingthebackgroundwork, we returnto readthe restof theoriginal paper. Well,
just as we packagedup our readingof the first paperand returnedto it at a later time,
continuationsallow for thesameability in programming.

Althoughthey donot fit into whatmostpeopleseeasstandardprogramming(procedu-
ral) andthey areforeignto mostprogrammers,continuationsallow for avarietyof complex
behaviourswithout modificationto theinterpreteror compiler. Powerful controlstructures
can be implementedusing only continuationsincluding multitasking,backtracking,and
severalescapemechanisms.

Unfortunatelytheconceptof first classcontinuations(continuationsthatcanbepassed
asarguments,returnedby procedures,andstoredin a datastructureto bereturnedto later)
doesnot exist in mostlanguages.This is why Scheme[Dyb96] wasusedasthe language
for ourexamplesof theusageof continuations.

We will begin by providing a brief introductionto continuationsfor thosewho arenot
familiarwith them.In thenext sectionwewill describetwo concepts- contextsandescape
procedures- that will allow us to understandcontinuations.We will thenshow how con-
tinuationscanbemadefrom thesetwo concepts.We will thengive severalpatternswhich
�
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demonstratetherecurringuseof continuationsendingwith theirusein coroutines[HFW86],
explicit backtracking[FHK84] [SJ75] andmultitasking[DH89].

1.1 Continuations

We will begin our discussionof continuationsby definingthecontext of anexpressionas
well as escapeprocedures.Our examplesare taken from [SF89] and more information
aboutthesetwo conceptscanbeseenthere.

1.1.1 Contexts

In [SF89] the context is definedasa procedureof onevariable, � . To obtainthe context
of anexpressionwe follow two steps;1) replacetheexpressionwith � and;2) we form a
procedureby wrappingtheresultingexpressionin a lambdaof theform (lambda( � ) ... ).
For example,we cantake thecontext of (+ 5 6) in (+ 3 (* 4 (+ 5 6))) to be:

(lambda( � )
(+3 (* 4 � )))

We canextendthis by extendingthefirst stepof context creation.We canevaluatethe
expressionwith � andwhenevaluationcanno longerproceed(becauseof � ), wewill have
finishedthefirst step.To demonstratethiswe will look at finding thecontext of (* 3 4) in:

(if (zero?5)
(+ 3 (* 4 (+ 5 6)))
(* (+ (* 3 4) 5) 2))

Webegin by replacing(* 3 4), giving us:

(if (zero?5)
(+ 3 (* 4 (+ 5 6)))
(* (+ � 5) 2))

Continuingwith thefirst step,we evaluate(zero?5) to befalseandchooseto calculatethe
alternative partof the if statement.This givesus(* (+ � 5) 2). No morecomputationcan
take placesowecontinueto thesecondstepandthecontext becomes:

(lambda( � )
(* (+ � 5) 2))

1.1.2 EscapeProcedures

Theescapeprocedure is a new typeof procedure.Whenan escapeprocedureis invoked,
its resultis theresultof theentirecomputationandanything awaiting theresultis ignored.
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Theerror procedureis anexampleof anescapeprocedurewhereeverythingthatis waiting
for thecomputationis discardedandanerrormessageis immediatelyreportedto theuser.

Now let usassumethat thereexistsa procedureescaperwhich takesany procedureas
an argumentandreturnsa similarly definedescapeprocedure[SF89]. An exampleof the
escaperprocedurewouldbe:

(+ ((escaper*) 5 2) 3)

Theexpression(escaper*) returnsanescapeprocedurewhichacceptsavariablenumberof
argumentsandmultiplies theseargumentstogether. So,when((escaper*) 5 2) is invoked,
thewaiting + is abandoned(dueto theescapeprocedure)and10 is returned[the resultof
(* 5 2)].

In Escapefrom and Reentryinto Recursion we will seea definition of the escaper
functionthatis madeusingcontinuations.

1.1.3 Defining Continuations

Theprocedurecall-with-curr ent-continuation (which is usuallyshortenedto call/cc) is a
procedureof oneargument(wewill referto thisargumentasa receiver). Thereceivermust
beaprocedureof oneargumentwhich is calledacontinuation.

Thecall/cc procedureformsa continuationby first determiningthecontext of (call/cc
receiver) in the expression.The escaperprocedureshown in the previous sectionis then
invoked with the context as an argumentand this forms the continuation. The receiver
procedureis theninvokedwith thiscontinuationasits argument.

Example

If we take for exampletheexpression:

(+ 3 (* 4 (call/ccr)))

Thecontext of (call/ccr) is theprocedure:

(lambda( � ) (+ 3 (* 4 � )))

Sotheoriginalexpressioncanbeexpandedto:

(+ 3 (* 4 (r (escaper(lambda( � ) (+ 3 (* 4 � )))))))

If weconsiderr to be(lambda (continuation) 6) theabove worksout to be:

(+ 3 (* 4 ((lambda(continuation)6)
(escaper(lambda( � ) (+ 3 (* 4 � )))))))
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Thecontinuation(andescapeprocedure)is never usedso:

((lambda(continuation)6) (escaper(lambda( � ) (+ 3 (* 4 � )))))

resultsin 6 andthe entireexpressionreturns27 (3 + 4 * 6). However if r was (lambda
(continuation) (continuation 6)), we wouldhave:

(+ 3 (* 4 ((lambda(continuation)(continuation6))
(escaper(lambda( � ) (+ 3 (* 4 � )))))))

Sincewe invoke continuationon6, we have:

((escaper(lambda( � ) (+ 3 (* 4 � )))) 6)

Rememberthattheescaperprocedurereturnsanescapeprocedurewhichabandonsits con-
text (sothe+ and* waiting for theresultof evaluatingtheescaperfunctionarediscarded).
Althoughthis still resultsin 27, the importantpoint is theprocessof gettingtheresulthas
beenchanged.
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2 The Patterns

Escapefr om a Loop

Thispatterndemonstratestheseparationof codeinto acontrolstructure(loopingmech-
anism)andaction(whatto performduringeachloop). Continuationsareusedfor breaking
out of thecontrolstructure.We usecall/ccanda receiver functionto gettheescapeproce-
durebeforeenteringtheloop. Now thebodyof theloophasaccessto afunctionwhichwill
escapeits context, breakingtheloop.

Context

We have a systemthatcanbelookedat asa combinationof two constructs,thecontrol
(loopingmechanism)andaction(whatto performduringeachloop).

Problem

How dowe breakfrom our loopingmechanism?

Forces

� Delegationof loopingto asinglereusablefunctionallows for codereusebut
stoppingcouldbecomplicated.

� Copying the looping mechanismandmerging it with eachactionresultsin
duplicatingcode.

� Attemptingto checkthe returnvalueinsidethe loop mechanismeachtime
theactionis performedlooking for a specialreturnvalueto signalstopping
the loop restrictswhat the function can return. If we changethis special
returnvaluewemustchangeevery functionthatis passedinto it.

� We want to keepknowledgeof how the looping mechanismworks away
from theactionto ensurethatthesepartsareindependentof eachother.

Solution

We canusea continuationto storethe context beforeenteringthe loop anduseit as
an escapeprocedurewhenthe exit conditionis met. We begin our procedureby creating
a receiver procedurefor a continuation(which we will useasour escapeprocedure).This
receiver procedurewill invoke theprocedurethatcontainstheloopingmechanismwith the
actionprocedureto beinvokedateachsteppassedin asanargument.Thisactionprocedure
will be definedwithin the receiver procedureto enableaccessto the exit-procedure(due
to the lexical scoping). Terminatingthe infinite loop can be accomplishedby invoking
the escapeprocedure(the continuation)insidethe singleactionprocedurewith whatever
exiting valueis wantedwhentheexiting condition(s)is/aremet.

SampleCode

An infinite loop can be madeby creatinga procedurethat takes a procedureas an
argument. This function would have a locally definedlooping function that 1) calls the
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original procedurepassedin; and2) recursively calls itself. We couldalsoplaceany code
thatshouldbeexecutedduringeachloop(beforeor aftertheaction)in thisprocedure.With
thesepartsshown in italics, theloopingprocedurewouldbe:

(defineinfinite-loop
(lambda(procedure)

(letrec((loop (lambda()
... codeto executebefore each action...
(procedure)
... codeto executeafter each action...
(loop))))

(loop))))

Wewill now look at thestructureof anactionprocedurewith thepartsof theprocedure
to befilled in shown in italics.

(defineaction-procedure
(lambda(args)

(let ((receiver (lambda(exit-procedure)
(infinite-loop

(lambda()
(if exit-condition-met

(exit-procedureexit-value)
action-to-be-performed)))))))

(call/ccreceiver))))

Example

Usingthedefinitionof infinite-loop with no codeaddedbeforeor after theaction,we
cancreatea procedurewhich countsto n (displayingeachnumberit counts). At n, the
functionwill escapetheloopandreturnn.

(definecount-to-n
(lambda(n)

(let ((receiver (lambda(exit-procedure)
(let ((count0))

(infinite-loop
(lambda()

(if (= countn)
(exit-procedurecount)
(begin

(write-line ”The countis: ”)
(write-linecount)
(set! count(+ count1))))))))))

(call/ccreceiver))))
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Rationale

Wehave now brokenupourprocedureinto two parts,thecontrol(loop)andtheaction.
Usingcall/cc,we have a way of stoppingthe infinite loop. Sinceour loopingmechanism
hasbeenseparatedfrom our actionwe areableto usethe samelooping mechanismwith
differentactionproceduresandwe canadddefault behaviour to beperformedduringeach
iterationof theloop withouthaving to modify eachactionprocedure.
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Escapefr om Recursion

This patternpresentsa solutionto escapingfrom a recursive computation.Similar to
theEscapefroma Loop , we createanescapeprocedurein thecontext beforeenteringthe
recursive computationandusethisprocedureif abreakconditionis met.

Context

We arewriting a recursive procedure.Our domainmakesit possiblethatwe will know
thefinal resultwithout completingthecomputation.

Problem

How dowe escapefrom a recursive computation?

Forces

� Exiting outof acomputation(discardingthecomputationthathasbeenbuilt
up) will make the procedureextremelyefficient for specialcases(possibly
avoiding all computation).

� Youmaylosereadabilityby addingcomplexity to theprocedure.

� Building a recursive computationwill alsotemporarilybuild up stackspace
whichcannormallybeavoidedwith a languagethatsupportstail-recursion.

Solution

Wecanusecall/ccandareceiver functionto createanescapefunctionwith thecontext
beforeany of the computationis recursively built up. We can then perform the normal
recursive function using a recursive helperfunction definedwithin the receiver function
(to provide accessto thecontinuation).If thespecialconditionis met, thecontinuationis
invokedwith thedesiredexit value.

SampleCode

We will now look at thestructureof a recursive procedureusingcall/cc to exit out of
therecursive computation.Theportionsof theprocedureto befilled in areshown in italics.

(definefunction
(lambda(args)

(let ((receiver
(lambda(exit-procedure)

(letrec((helper-function
(lambda(args)

(cond
(break-condition(exit-functionexit-value))
othercasesandrecursivecalls

(helper-functionargs)))))
(call/ccreceiver))))
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Examples

If we needto computetheproductof a non-emptylist of numbers,we know that if 0
occursin thelist theproductwill be0. So,we canwrite product-listas:

(defineproduct-list
(lambda(nums)

(let ((receiver
(lambda(exit-on-zero)

(letrec((product
(lambda(nums)

(cond
((null? nums)1)
((zero?(carnums))(exit-on-zero0))
(else(* (carnums)

(product(cdrnums))))))))
(productnums)))))

(call/ccreceiver))))

If we take (product-list’(1 2 3 0 4 5)) we get:

��� (product’(1 2 0 3 4))
��� (* 1 (product’(2 0 3 4)))
��� (* 1 (* 2 (product’(0 3 4))))
And at thispoint, theexiting conditionis metandwe exit from thecomputationandreturn
0. Noticethatthewaitingmultiplicationswerediscarded.

We canapply this to deeprecursion(tree recursion)as well. If we allow the list of
numbersto containlistsof numbersandsoon,we canrewrite product-listto be:

(defineproduct-list
(lambda(nums)

(let ((receiver
(lambda(exit-on-zero)

(letrec((product
(lambda(nums)

(cond
((null? nums)1)
((number?(carnums))

(if (zero?(carnums))
(exit-on-zero0)
(* (carnums)

(product(cdrnums)))))
(else(* (product(carnums))

(product(cdrnums))))))))
(productnums)))))

(call/ccreceiver))))
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Rationale

Usingcall/cc to escapefrom therecursive processaddslittle codeto theoriginal recur-
sive procedure.It alsoallows us to discardmuchof theunnecessarycomputation(some-
timesall of thecomputationcanbeavoided).

Consequences

A languagethatsupportstail-recursionwill allow you to write recursive functionsthat
do not build up thestack(tail-recursive procedures).A tail-recursive procedurewill keep
a running result of the computation. This meansthat this patternhaslittle effect when
escapingfrom a tail-recursive procedure.However, if the computationat eachrecursive
call is expensive andtheprocedurewill notbuild up a hugecomputationstack,thispattern
canbeusedasanalternative to tail-recursion.
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Loop via Continuations

This patternpresentsa solutionto creatinga loop usingcontinuations.We usecall/cc
to get an escapeprocedurewhich will return to the context of the beginning of the loop
body. Wecanthenusethisescapeprocedureto escapefrom thecurrentcontext backto the
beginningof thebodywhichwe wantto loopover.

Context

AlthoughtheEscapefroma Looppatterndealswith escapingfrom aninfinite looping
mechanism,we canalsofacethesituationwherewe wanttheability to loopover a portion
of aprocedureor computation(whichmaybeseparatedoverportionsof severalprocedures)
until someconditionis met.

Problem

How dowe loopuntil conditionis metusingcontinuations?

Forces

� Otherexisting loopingmechanismssuchasthe for or while loopsaremore
commonandarewhatprogrammersareusedto.

� Theexisting for andwhile loopshave to becontainedwithin oneprocedure.

� Separatingthemechanismfor loopingoverseveralproceduresmaymakethe
programmoredifficult to read.

� We maybeableto write our programquicker or moreeasilyby writing the
codeto performoneiterationwithoutworryingaboutloopingandaddingthe
loopmechanismlater.

� Loopingcanbeaddedto portionsof existing codewith minimal effort and
changesto theexisting program.

Solution

We can createa loop by getting the continuationat the beginning of the portion of
theprocedureto beloopedoverandstoringit in a temporaryvariable.If wedeterminethat
loopingbecomesnecessary, wesimply invoke thecontinuation.Thiswill escapethecurrent
context andreturnto thebeginningof theloop portion. Gettinga handleon a continuation
canbedoneeasilywith theidentity functionusingtheline (call/cc (lambda (proc) proc)).

For terminatingtheloop we will needsomeway of changingthestateof theexecution
fromastatewhichwill continuethelooptoonethatwill not(ie. theloop-conditionbecomes
false).This canbedoneby themanipulationof variableswhich aredefinedoutsideof the
loop. We canthenuseassignment(set!) to changethis value.Anotherapproachwould be
to addthecurrentvaluesto thecontinuation’s argument.

Whenthe portion of codeto be loopedover is separatedamongstseveral procedures
wherewewantto exit outof oneof theseproceduresandstarttheloopover, wecansimply
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passthe continuationalong as an argument. Inside thesefunctions, if the condition to
returnto thebeginningof theloop is met,we simply invoke thecontinuationwith itself as
aparameter.

SampleCode

We will now look at thestructureof theloop usingcall/cc . Theportionsof theproce-
dureto befilled in areshown in italics.

(definepartial-loop
(lambda(args)

... preliminaryportion ...
(let ((continue(call/cc(lambda(proc)proc))))

... loop portion ...
(if loop-condition

(continuecontinue)
... final portion ... )))

Thereasonfor invoking (continuecontinue) to loop is tricky. If we rememberhow call/cc
works,we first getthecontext of thecall/cccall. Here,thatwouldbe:

(lambda( � )
(let ((continue� ))

... loop portion ...
(if loop-condition

(continuecontinue)
... final portion ... )))

Examiningthis, when we invoke (continue **some argument**) , whatever argument
we apply will now becomethe valueof continue . Sincewe areattemptingto loop by
continuallyreturningto thispointof executionit seemslogical thatwedo notwish for this
valueto changesowepassthepreviousvalueof continue (which is ourcontinuation)to be
reboundto continueallowing usto repeatedlyreturnto thesamepoint of execution.

Example

Hereis an examplewherewe aregiven a non-emptylist of numbersandwe want to
incrementeachelementof the list by 1 until the first elementis greaterthanor equalto
100. Wewill separateout theinitial constructionof thecontinuationto a separatefunction
(labelledget-continuation-with-values) for readability.
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(defineget-continuation-with-values
(lambda(values)

(let ((receiver (lambda(proc)(consprocvalues))))
(call/ccreceiver))))

(defineloop-with-current-value
(lambda(values)

(let ((here-with-values(get-continuation-with-values values)))
(let ((continue(carhere-with-values))

(current-values(cdrhere-with-values)))
(write-linecurrent-values)
(if ( 	 (carcurrent-values100))

(continue(conscontinue
(map(lambda(x) (+ x 1))

current-values)))
(write-line ”Done!”))))))

If weattempted(loop-with-curr ent-value ’(1 2 3)), thefirst valueof here-with-values
would be the list (*continuation*1 2 3). We thenseparatethis into continue being*con-
tinuation* andcurrent-valuesbeing’(1 2 3). Thefirst time we executetheline (continue
(conscontinue(map (lambda (x) (+ x 1)) current-values))), wewouldberebindinghere-
with-valuesto be(*continuation*2 3 4). We thenhit that line againandgo backto rebind
here-with-values to (*continuation* 3 4 5). This continuesuntil we get the here-with-
valuesboundto (*continue* 100101 102) at which point we write thestring ”Done!” to
thescreenandexit.

Rationale

The useof continuationsto createthe looping mechanismaddslittle codeto create
the loop and with a few commentsin the codesayinghow the continuationsare being
used(to returnto thebeginningof theloop body)theprogramremainsreadable.With the
codebrokenup into procedures,codecanbereusedin differentloopsthatusethis looping
mechanism(passingin their own continuationto theseprocedures).
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Escapefr om and Reentry into Recursion

This patternpresentsa solution to the problemof escapingfrom a recursive process
while allowing for the processto be reentered.We createa breakprocedurewhich will
first storethecurrentcontinuationin a specifiedscopeandthenescapefrom therecursive
process.Invoking thestoredcontinuationwill continuetherecursive process.

Context

We have a recursive computation(possiblydeepor treerecursion)which we want to
escapefrom but keeptheability to go backandcontinuetheexecution.This will allow for
a programmerto debug his/hercodeby determiningwhenspecialconditionsaremet. We
canalsousethis tool to changetheinternalvaluesof thefunctionor possiblysomeexternal
variablesasthecomputationis progressingso thatwe canchangethecomputationon the
fly. For thispattern,thereenteringof thecomputationcanbeinstigatedby theuser.

Problem

How doyouescapefrom arecursive computationwhile allowing for theability to reen-
ter at thepoint of exit?

Forces

� Wewantto minimizetheamountof codemodifiedandaddedwhile keeping
thecodereadable.This will allow for this featureto beremovedeasilyif it
is beingdonefor debuggingpurposes.

� We want to avoid modificationsto the interpreter/compilerin addingthis
ability (wedonotwanta full debuggingfacility).

Solution

We will usefor our solution,theescaperprocedurefrom [SF89] to escapethecurrent
computationandcall/cc to storethe context that we arebreakingfrom so that it canbe
reentered.We will needa break procedureaswell asa resume-computationprocedure,
both of which will needto be globally accessible.The break procedureshoulddo two
things; 1) storethe currentcontinuationand2) stopthe currentcomputation.The break
procedurecanalsotake in a valuewhich will be passedin to the continuationwhenit is
resumed.Theresume-computationprocedurewill, asthenamesays,resumethecurrently
escapedcomputation.If we have thesefunctionsit shouldbea simplematterof insterting
abreakwhenwewish to halt execution.

In creatingthe break procedurewe will begin by looking at the secondrequirement.
We have alreadydiscussedescapeproceduresand[SF89]givesa definitionof theescaper
procedure.Wecanusethisprocedureto escapethecurrentcomputation.As for first partof
thebreak,weneedto begin by gettingthecurrentcontinuation(donesimplythroughtheuse
of call/ccwith a receiver function).Lookingaheadat theresume-computationprocedure,
we canseethat invoking this procedureshouldinvoke thecontinuationthat break stored
with the argumentthat waspassedin originally. So, we canhave break setthe resume-
computation procedureto be(lambda () (continuation arg)).
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SampleCode

Thebreakprocedurewouldbe:

(definebreak
(lambda(arg)

(let ((exit-procedure
(lambda(continuation)

(set! resume-computation(lambda() (continuationarg)))
(write-line ”Executionpaused.Try (resume-computation)”)
((escaper(lambda() arg))))))

(call/ccexit-procedure))))

However, we will needto initialize resume-computationto sometemporaryprocedure
(which will beoverwrittenthefirst time thatbreakis invoked). Sowe will defineit to be
(lambda () ”to be initialized”) .

Wewill now createtheescaperprocedurementionedin Section1.1.2.Tobegin,wewill
needto storea continuation(which we will call escape-thunk) with thecontext (lambda
( � ) ( � )). This canbedoneby first assigningit to someprocedure:

(defineescape-thunk(lambda() ”escape-thunkInitialized”))

We thenneedto createa receiver functionfor a continuationwhich will assignthecontin-
uationto beourescape-thunk.

(defineescape-thunk-init
(lambda(continue)

(set! escape-thunkcontinue)))

And wesimply needto createthecontinuationusingcall/ccwith this receiver function.

((call/ccescape-thunk-init))

Theescaperprocedurecanthenbedefinedas:

(defineescaper
(lambda(procedure)

(lambdaargs
(escape-thunk(lambda() (applyprocedureargs))))))

Example

An exampleof this patternwould betheflatten-listprocedurebelow whichwill escape
every time anon-listargumentis passedto thefunction.
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(defineflatten-list
(lambda(arg)

(cond
((null? arg) ’())
((not (list? arg)) (list (breakarg)))
(else

(append(flatten-list(cararg))
(flatten-list(cdrarg)))))))

And theoutputof running(flatten-list ’(1 2 3)) will be:

1 ]= 
 (flatten-list’(1 2 3))
”Executionpaused.Try (resume-computation)”
;Value:3
1 ]= 
 (resume-computation)
”Executionpaused.Try (resume-computation)”
;Value:2
1 ]= 
 (resume-computation)
”Executionpaused.Try (resume-computation)”
;Value:1
1 ]= 
 (resume-computation)
;Value3: (1 2 3)
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Coroutines

Coroutinesallow for sequentialcontrol betweenprocedures.Usingcall/cc,we obtain
thecurrentcontext of aprocedureandstoreit soit canlaterbeinvoked.

Context

The processof many programscanbe viewed as the passingof control sequentially
amongseveralentities.A goodanalogyis to comparethis to many traditionalcardgames
whereeachplayertakeshis/herturnandthenpassescontrolto thenext person.

Problem

How dowe allow sequentialcontrolamongseveralentities?

Forces

� Having eachentity’sprocessin oneprocedureallowsusto view eachprocess
in oneplace.

� Breakingeachentity’s processup into many smallproceduresthatforcethe
sequentialcontrolbecomesdifficult to tracethroughfor theprogrammerand
difficult to changetheprocessof control.

� Usinga mechanismsuchasthreadsandsemaphoresmayhave a high over-
heador maynotbeavailable.

� Theswitchingof threadsis traditionallydoneat a lower level andto design
the threadsto wait until calleduponto act would be complex andhardto
follow.

Solution

We canusecontinuationsto implementcoroutines.Coroutinesallow for interruption
of a procedureaswell as resumingan interruptedprocedure.We will begin by creating
a coroutinefor eachentity that will sharecontrol. The coroutine-maker (as definedin
[SF89]) will take as its argumenta procedurethat representsthe body or actionsof the
entity. Thisbody-procedure will take two arguments,a resumerprocedurethatwill beused
to resumethenext coroutinein orderandaninitial value.

Thecoroutine-maker will createaprivateupdate-continuation functionto beusedto
storethecurrentcontinuationof theprocedure.Eachtime thecoroutineis invoked with a
value,it passesthat valueto its continuation.Whena coroutinepassescontrol to another
coroutine,it updatesits currentstateto its currentcontinuationandthenresumesthesecond
coroutine.
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SampleCode

Thecoroutine-maker from [SF89] is:

(definecoroutine-maker
(lambda(proc)

(let ((saved-continuation’()))
(let ((update-continuation! (lambda(v)

(write-line ”updating”)
(set! saved-continuationv))))

(let ((resumer(resume-maker update-continuation!))
(first-time#t))

(lambda(value)
(if first-time

(begin
(set! first-time#f)
(procresumervalue))

(saved-continuation value))))))))

As you cansee,coroutine-maker makesuseof a helperfunction resume-maker. Again
from [SF89],resume-maker will bedefinedas:

(defineresume-maker
(lambda(update-proc!)

(lambda(next-coroutinevalue)
(let ((receiver (lambda(continuation)

(update-proc!continuation)
(next-coroutinevalue))))

(call-with-current-continuation receiver)))))

Example

A simpleexampleof coroutinesthatmakeuseof continuationscanbefoundin [SF89].
A moreadvancedmechanismandseveralextensionstocoroutinescanbefoundin [HFW86].

Using thecoroutine-maker from [SF89]we cancreatetwo procedureslabelledping
andpong which will switchcontrolbackandforth threetimes. Theping-procedure and
pong-procedure will be thebody-procedures (usedby thecoroutine-maker to createthe
coroutines)for ping andpong respectively.

(defineping
(let ((ping-procedure(lambda(resumevalue)

(write-line ”Pinging1”)
(resumepongvalue)
(write-line ”Pinging2”)
(resumepongvalue)
(write-line ”Pinging3”)
(resumepongvalue))))
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(coroutine-maker ping-procedure)))

(definepong
(let ((pong-procedure(lambda(resumevalue)

(write-line ”Ponging1”)
(resumepingvalue)
(write-line ”Ponging2”)
(resumepingvalue)
(write-line ”Ponging3”)
(resumepingvalue))))

(coroutine-maker pong-procedure)))

And theoutputof running(ping 1) will be:
1 ]= 
 (ping 1)

”Pinging1”
”Ponging1”
”Pinging2”
”Ponging2”
”Pinging3”
”Ponging3”
;Value:1

Rationale

The useof continuationsto createcoroutinesallow us to write the processfor each
entity in oneprocedurewhichmakestheprogrammorereadableandeasierto modify. The
useof continuationsenableusto achieve thesameresultasthreadswithoutmodificationto
theprogramminglanguageor interpreter.
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Non-blind Backtracking

This patternaddressestheissueof allowing usto move to a previousor ”future” point
of execution. Continuationsarestoredfor pastandfuture pointsand”angel” and”devil”
proceduresaregivenwhich allow usto move to a futurepoint of executionor a pastpoint
respectively.

Context

We have reacheda point in the computationwherewe wish to stop or suspendthe
currentprocessandjumpto apreviouspoint in thecomputation.

Problem

How do we constructa mechanismwhich will allow us to getbackto a pastpoint in
executionandfollow anotherpathto determinethesolution?

Forces

� We needa simplemechanismfor moving backandforth in a computation
that is robust enoughto handlesituationswhereit may not be enoughto
simplygobackandforth.

� Modifying or redesigninga programto incorporatethe mechanismshould
besimpleandnot addtoo muchcomplexity to theexisting codethatwould
make it unreadable.

� Designingthesystemto achieveaform of backtrackingthroughbreakingthe
processinto recursiveprocessthatachievebacktrackingby returningbackto
thecallingprocedurewouldbeinefficient if wewantto returnto apoint that
wasreachedveryearlyin thecomputation.Thiswouldalsobeverydifficult
to follow for theprogrammerfor complex backtrackingprograms.

Solution

We can implementnon-blind backtrackingusing call/cc to get escapeproceduresto
variouscontexts. We storethesecontinuationsin a global structureso that they can be
invokedandtheprocesswill returnto thesecontexts in thecomputation.

In [FHK84] the conceptof devils, angels and milestonesis presented.A devil will
returnus to the context in which the last milestonewascreated. The devil will passto
the continuationthe valuethat waspassedto it. Now this value is usedasif it werethe
resultof theoriginal milestoneexpression,possiblyallowing usto follow a differentpath.
An angelwill sendthecomputationforward to the lastencounterwith a devil. Again, the
valuepassedto theangelwill begiven to thedevil’ s continuationallowing us to returnto
thecontext of thedevil with this valuereplacingthevaluereturnedby thedevil. This will
allow usto move to moreadvancedstates.A milestonewill recordthecurrentcontext to be
usedby any encountereddevils.

As a metaphor, we cantake the examplegiven in the introductionof this patternlan-
guage. We begin by readingthe first paperandwe reacha point wherewe realizethat
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we needfurtherknowledge.We seta milestone(rememberingwherewe werein this first
paper)andbegin readingthe referencesandothermaterial. Whenwe feel that we have
sufficientknowledgeto continuewith theoriginalpaper, wereturnto thatpaper(equivalent
to invoking a devil). Possibly, we didn’t readall the referencesandotherrelatedmaterial
beforewe went backto this original paper. If this is the case,after finishing the original
paperwe decideto go backto readingtheremainingreferencesandothermaterial.This is
equivalentto invoking anangel.

We alsoneedtwo datastructuresfor storingpastmilestonesandfuture points(where
devils were invoked). A simpleapproachwould be to keeptwo stacks(pastand future)
sincein thesimplestcasewewill only bereturningto thepreviousmilestoneor theprevious
invocationof a devil. Other datastructuresare possibleand are often usedin artificial
intelligenceapplications[FHK84].

SampleCode

An implementationof milestone,angelsanddevils canbeseenin [FHK84]. Themile-
stoneprocedureshouldsimplystorethecurrentstatein thepastentriesandreturntheinitial
value.

(definemilestone
(lambda(x)

(call/cc(lambda(k)
(begin (pushpastk)

x)))))

The implementationof a devil will storethecurrentcontinuationasa futureandreturnto
thelastmilestonewith anew value.

(definedevil
(lambda(x)

(call/cc(lambda(k)
(begin (pushfuturek)

((poppast)x))))))

And theangelprocedurecanbewrittenas:

(defineangel
(lambda(x)

((popfuture)x)))

And for eachof theseproceduresif thecorrespondingstackis emptyit is setup to return
theidentity function(andtheangelor devil procedurereturnsx).

Rationale

We cannow usetheseproceduresto storeimportantpoints in the executionto be re-
turnedto, returnto storedstatesto continuecomputationandreturnto computationsthat
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wereonly partiallycomplete.With theseprocedures,wehaveasimpleisolatedmechanism
which canbereusedin variousprograms.We canalsoexpandthebehaviour by changing
thedatastructureusedby thebacktrackingmechanismfrom a stackto anotherstructure.
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Multitasking

Multitaskingallowsusto enforcetheamountof timethatacomputationcanrun. Using
enginesand a timer mechanismwe allow for processesto be interrupted(and possibly
restarted).Enginesusecall/ccto getthecurrentcontext of acomputationwhichis invoking
theengine(so thatwe may returnto it afterexecutionis complete)andto get thecurrent
continuationof aprocedurewhenit is beinginterruptedsothatit canbecontinued.

Context

It is oftenbeneficialto performdistinctcomputationsin a parallelfashionevenif they
are not exactly in parallel. Thereare also times when we wish to limit the amountof
time a computationcantake. An exampleof thesewould betheor of severalexpressions.
Computingtheexpressionsin parallel,if a simpleexpressionquickly evaluatesto betrue,
thecomputationof theotherexpressionscanbeterminated.

Problem

How do we performthis multitasking?This would includeallowing for computations
to run for a limited periodof time, interruptedif they do not complete,andlaterrestarted.

Forces

� Modificationsto the interpreter/compileror languageshouldbe kept to a
minimum.

� Usinga mechanismsuchasthreadsandsemaphoresmayhave a high over-
heador maynotbeavailable.

� Performingtheschedulingandstatemechanismsin thelanguagewill allow
for flexibility but is lessefficient thana lower level mechanism.

Solution

Wecanwrapaprocedurein anengine(onecanthink of anengineassimilarto athread).
Theengineimplementationwill usecall/ccto: 1) obtainthecontinuationof thecomputation
that invokestheenginesoit canbereturnedto whentheengineis complete,and2) obtain
thecontinuationof theenginewhenthe timer expiresso that it is possibleto returnto the
computationif calledupon[DH89].

Themake-engineproceduremusttake a procedure(of no arguments)which specifies
the computationto be performedby the engine.The enginereturnedwill be a procedure
of threearguments:1) the amountof time the enginewill be allowed to run, 2) a return
procedurewhich specifieswhat to do if theengineis donebeforethetime allotted,and3)
an expire procedurewhich specifieswhat to do if the time allottedhasrun out beforethe
computation.

We will not discussthetiming mechanismasa methodis givenin [DH89] for creating
a timer mechanismby overwriting the lambda function or by creatinga timed-lambda
functionandusingit to defineall asynchronousfunctions.We will assumethat this timer
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givenin [DH89] is used.With this timer, a tick is consumedby anengineonevery function
call.

Example

Wecanmakeuseof extend-syntax(Scheme’smacrofacility), to createaparallel-or which
usesenginesas(takenfrom [DH89]):

(extend-syntax(parallel-or)
((parallel-ore ...)
(first-true(lambda() e) ...)))

(definefirst-true
(lambdaproc-list

(letrec((engines(queue))
(run (lambda()

(and(not (empty-queue?engines))
((dequeueengine)

1
(lambda(v t) (or v (run)))
(lambda(e) (enqueueeengines)(run)))))))

(for-each(lambda(proc)(enqueue(make-simple-engineproc)engines))
proc-list)

(run))))

Rationale

With continuations,nomodificationsareneededto theinterpreteror compiler(although
we do needto make useof the macrofacility). Thereis alsoa small overheadof timer
updatesbut we canavoid someof theseby makingsomeof thecodesynchronous.We do
notneedthreadnorsemaphoresbuilt into thelanguage.
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3 Summary

We have presentedin this patternlanguagetheideaof first classcontinuationsandseveral
repetitive usesof continuationsfrom non-localexits (with the Escapefrom a Loop and
Escapefrom Recursion patterns),to control structures(the Looping with Continuations
and Escapefrom and Reentryinto Recursion patterns)to the more complex behaviours
(Coroutines, Backtracking, andMultitaskingpatterns).Although continuationsareoften
confusingandhardto understand(andshouldnormallybeavoidedfor simplerprograms),
they presentus with the ability to addcomplex behaviours that would otherwiserequire
modificationto the language,interpretorand/orcompiler(provided we have themeansto
addto thelanguage).

25



4 Bibliography

References

[DH89] R. K. Dybvig and R. Hieb. Enginesfrom Continuations. Computer
Languages, pages109–123,1989.

[Dyb96] R. K. Dybvig. The SchemeProgrammingLanguage. PrenticeHall,
1996.

[FHK84] D. P. Friedman,D. T. Haynes,and E. E. Kohlbecker. Programming
with Continuations.In P. Pepper, editor, Program Transformationand
ProgrammingEnvironments, pages263–274,1984.

[HFW86] C.T. Haynes,D. P. Friedman,andM. Wand.ObtainingCoroutineswith
Continuations.ComputerLanguages, pages143–153,1986.

[SF89] G. SpringerandD. P. Friedman.SchemeandtheArt of Programming.
MIT PressandMcGraw-Hill, 1989.

[SJ75] G. J.SussmanandG. L. SteeleJr. Scheme:An Interpreterfor Extended
LambdaCalculus.MIT AI Memo349,MassachusettsInstituteof Tech-
nology, May 1975.

26


