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Abstract

Thispaperoutlinestherecurringuseof continuationsA brief overview of continuations
is given. This s followed by several patternghat outline the useof continuationdeading
up to usingcontinuationgo implementcoroutinesgexplicit backtrackingandmultitasking.
Schemas usedfor the examplesasit supportdirst classcontinuations.

1 Intr oduction

We often find ourselesin a situationwhile researching selectedtopic (say the use of
continuationsn SchemeWwherewe have founda paperthatdealswith thetopic andreada
portionof thepaperonly to realizethatour knowledgeis notextensve enougho understand
all the material. So, we stopreadingthe paperandbegin readingthe papershatareused
asreferencesandothermaterialthat gives us somebackgrouncknowledgeof the subject.
After readingthe backgroundvork, we returnto readthe restof the original paper Well,
just as we packagedup our readingof the first paperand returnedto it at a later time,
continuationsallow for the sameability in programming.

Althoughthey do notfit into whatmostpeopleseeasstandargrogrammingprocedu-
ral) andthey areforeignto mostprogrammersgontinuationsllow for avarietyof complec
behaiours without modificationto the interpreteror compiler Pawerful controlstructures
can be implementedusing only continuationsincluding multitasking, backtracking,and
severalescapenechanisms.

Unfortunatelythe concepof first classcontinuationgcontinuationghatcanbe passed
asargumentsreturnedoy proceduresandstoredin a datastructureto bereturnedo later)
doesnot exist in mostlanguagesThis is why SchemdDyb96] wasusedasthe language
for our examplesof the usageof continuations.

We will begin by providing a brief introductionto continuationgor thosewho arenot
familiar with them.In the next sectionwe will describewo concepts contexts andescape
procedues thatwill allow usto understandontinuations.We will thenshov how con-
tinuationscanbe madefrom thesetwo concepts We will thengive several patternswhich
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demonstratéherecurringuseof continuationgndingwith theirusein coroutines|[HFW8H
explicit backtrackindFHK84] [SJ73 andmultitasking[DH89].

1.1 Continuations

We will begin our discussiorof continuationsy definingthe contet of an expressionas
well as escapeprocedures.Our examplesare taken from [SF89] and more information
aboutthesetwo conceptsanbe seerthere.

1.1.1 Contexts

In [SF89] the context is definedasa procedureof onevariable,0. To obtainthe context
of anexpressionwe follow two steps;1) replacethe expressiorwith O and;2) we form a
procedureby wrappingthe resultingexpressionn alambdaof theform (lambda(0d) ... ).
For example,we cantake the contet of (+ 56) in (+ 3 (* 4 (+ 56))) to be:

(lambda(0)
(+3(*40))

We canextendthis by extendingthefirst stepof contect creation.We canevaluatethe
expressiorwith O andwhenevaluationcannolongerproceedbecaus®f 0), we will have
finishedthefirst step.To demonstrate¢his we will look atfinding the context of (* 34)in:

(if (zero?5)
(+3(*4(+56))
(* (+(*34)5)2)

We begin by replacing(* 3 4), giving us:
(if (zero?5)
(+3(*4(+56))
(* (+05)2)
Continuingwith thefirst step,we evaluate(zero?5) to befalseandchooseto calculatethe
alternatve partof theif statementThis givesus (* (+ O 5) 2). No morecomputationcan

take placesowe continueto the secondstepandthe context becomes:

(lambda(0)
(*(+05)2)

1.1.2 EscapeProcedures

The escapeprocedue is a new type of procedure.Whenan escapegroceduras invoked,
its resultis theresultof the entirecomputatiorandanything awaiting the resultis ignored.
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Theerror proceduras anexampleof anescapg@roceduravhereeverythingthatis waiting
for the computationis discardecandanerrormessagés immediatelyreportedo the user

Now let usassumehatthereexists a procedureescaperwhich takesary procedureas
an amgumentandreturnsa similarly definedescapegrocedurgSF89]. An exampleof the
escapemroceduravould be:

(+ ((escaper) 52) 3)

Theexpressior(escaper) returnsanescaperocedurevhich acceptavariablenumberof
agumentsandmultipliestheseagumentsogether So,when((escaper) 5 2) is invoked,
thewaiting + is abandoneddueto the escapegrocedureand 10 is returned[the resultof
(* 52)].

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

1.1.3 Defining Continuations

The procedurecall-with-curr ent-continuation (whichis usuallyshortenedo call/cc) is a
procedureof oneargument(we will referto thisagumentasareceive}. Thereceivemust
bea procedureof oneargumentwhichis calleda continuation

The call/cc procedurdorms a continuationby first determiningthe context of (call/cc
recever) in the expression.The escapeprocedureshavn in the previous sectionis then
invoked with the context as an agumentand this forms the continuation. The recever
proceduras theninvoked with this continuationasits agument.

Example

If wetake for examplethe expression:
(+ 3 (* 4 (call/ccr)))
Thecontet of (call/ccr) is the procedure:
(lambda(C) (+ 3 (* 4 00)))
Sotheoriginal expressioncanbe expandedo:
(+3(* 4 (r (escape(lambda(D) (+ 3 (* 4 00)))))))
If we consider to be (lambda (continuation) 6) theabove worksoutto be:

(+ 3 (* 4 ((lambda(continuation)6)
(escapeflambda(d) (+ 3 (* 4 0)))))



Thecontinuation(andescapgrocedure)s never usedso:
((lambda(continuation)) (escapeflambda(0) (+ 3 (* 4 O)))))

resultsin 6 andthe entire expressionreturns27 (3 + 4 * 6). However if r was (lambda
(continuation) (continuation 6)), we would have:

(+ 3 (* 4 ((lambda(continuation)continuationg))
(escapeflambda(d) (+ 3 (* 4 0)))))

Sincewe invoke continuationon 6, we have:
((escapeflambda(0d) (+ 3 (* 4 O0)))) 6)

Remembethattheescapeprocedureeturnsanescapgrocedurevhich abandongs con-
text (sothe+ and* waiting for theresultof evaluatingthe escapefunctionarediscarded).
Althoughthis still resultsin 27, theimportantpointis the processf gettingthe resulthas
beenchanged.



2 The Patterns

Escapefrom a Loop

This patterndemonstratethe separatiorof codeinto a controlstructuregloopingmech-
anism)andaction(whatto performduringeachloop). Continuationsareusedfor breaking
outof the controlstructure.We usecall/ccandarecever functionto getthe escapgroce-
durebeforeenteringtheloop. Now thebodyof theloop hasaccesgo afunctionwhichwill
escapats contet, breakingtheloop.

Context

We have a systenthatcanbe looked atasa combinationof two constructsthe control
(loopingmechanismandaction(whatto performduringeachloop).

Problem
How dowe breakfrom our loopingmechanism?

Forces

¢ Delgyationof loopingto asinglereusabldunctionallows for codereusebut
stoppingcouldbe complicated.

e Copying the looping mechanisnandmeging it with eachactionresultsin
duplicatingcode.

e Attemptingto checkthe returnvalueinsidethe loop mechanisnmeachtime
theactionis performedooking for a specialreturnvalueto signalstopping
the loop restrictswhat the function canreturn. If we changethis special
returnvaluewe mustchangeevery functionthatis passednto it.

e We want to keepknowledge of how the looping mechanismworks avay
from theactionto ensurethatthesepartsareindependentf eachother

Solution

We canusea continuationto storethe context beforeenteringthe loop anduseit as
an escapegrocedurevhenthe exit conditionis met. We beagin our procedureby creating
arecever procedurdor a continuation(which we will useasour escapgrocedure).This
recever procedurawill invoke the procedurghatcontainsheloopingmechanisnwith the
actionprocedureo beinvoked ateachsteppassedn asanagument.Thisactionprocedure
will be definedwithin the recever procedureto enableaccesgo the exit-procedure(due
to the lexical scoping). Terminatingthe infinite loop can be accomplishedy invoking
the escapgrocedurgthe continuation)inside the single action procedurewith whateser
exiting valueis wantedwhenthe exiting 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 proceduregpassedn; and2) recursvely callsitself. We could alsoplaceary code
thatshouldbe executedduringeachloop (beforeor aftertheaction)in this procedureWith
thesepartsshawvn in italics, thelooping proceduravould be:

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

(loop))))
(loop))))

We will now look atthestructureof anactionprocedurewith the partsof theprocedure
to befilled in shavn in italics.

(defineaction-procedure
(lambda(args)
(let ((receiver (lambda(exit-procedure)
(infinite-loop
(lambda()
(if exit-condition-met
(exit-procedureexit-value)
action-to-be-pedrmed)))))))
(call/ccrecever))))

Example

Usingthe definition of infinite-loop with no codeaddedbeforeor afterthe action,we
cancreatea procedurewhich countsto n (displayingeachnumberit counts). At n, the
functionwill escapeheloop andreturnn.

(definecount-to-n

(lambda(n)
(let ((recever (lambda(exit-procedure)
(let ((count0))
(infinite-loop
(lambda()

(if (= countn)
(exit-procedurecount)
(begin
(write-line "The countis: ”)
(write-line count)
(set! count(+ count1)))))))))
(call/ccrecever))))



Rationale

We have now brokenup our procedurento two parts,the control (loop) andtheaction.
Using call/cc, we have a way of stoppingthe infinite loop. Sinceour looping mechanism
hasbeenseparatedrom our actionwe areableto usethe samelooping mechanisnmwith
differentactionproceduresndwe canadddefault behaiour to be performedduringeach
iterationof the loop without having to modify eachactionprocedure.



Escapefr om Recursion

This patternpresentsa solutionto escapingrom a recursve computation.Similar to
the Escaperoma Loop, we createan escapgroceduran the context beforeenteringthe
recursve computatiorandusethis procedurdf a breakconditionis met.

Context

We arewriting arecursve procedure Our domainmalesit possiblethatwe will know
thefinal resultwithout completingthe computation.

Problem
How dowe escapdrom arecursve computation?

Forces

e Exiting out of acomputationdiscardingthe computatiorthathasbeenbuilt
up) will malke the proceduresxtremely efficient for specialcasegpossibly
avoiding all computation).

e Youmaylosereadabilityby addingcomplexity to the procedure.

e Building arecursve computatiorwill alsotemporarilybuild up stackspace
which cannormally be avoidedwith alanguagehatsupportdail-recursion.

Solution

We canusecall/cc andarecever functionto createanescapdunctionwith the context
beforeary of the computationis recursvely built up. We canthen performthe normal
recursve function using a recursve helperfunction definedwithin the recever function
(to provide accesdo the continuation).If the specialconditionis met,the continuationis
invoked with the desiredexit value.

SampleCode

We will now look at the structureof a recursve procedureusingcall/cc to exit out of
therecursve computation.The portionsof theprocedureo befilled in areshavn in italics.

(definefunction
(lambda(args)
(let ((recever
(lambda(exit-procedure)
(letrec((helperfunction
(lambda(args)
(cond
(break-condition(exit-function exit-value))
othercasesandrecusivecalls
(helperfunctionargs)))))
(call/ccrecever))))



Examples

If we needto computethe productof a non-emptylist of numberswe know thatif O
occursin thelist the productwill be0. So,we canwrite product-listas:

(defineproduct-list
(lambda(nums)
(let ((recever
(lambda(exit-on-zero)
(letrec((product
(lambda(nums)
(cond
((null? nums)1)
((zero?(carnums))(exit-on-zero0))
(else(* (carnums)
(product(cdrnums))))))))
(productnums)))))
(call/ccrecever))))

If wetake (product-list'(1 2304 5)) weget:

= (product'(1 203 4))

= (* 1 (product'(2 0 34)))

= (* 1 (* 2 (product'(0 3 4))))

And atthis point, the exiting conditionis metandwe exit from the computatiorandreturn
0. Noticethatthewaiting multiplicationswerediscarded.

We can apply this to deeprecursion(tree recursion)aswell. If we allow the list of
numbergo containlists of numbersandsoon, we canrewrite product-listto be:

(defineproduct-list
(lambda(nums)
(let ((receiver
(lambda(exit-on-zero)
(letrec((product
(lambda(nhums)
(cond
((null? nums)1)
((number?carnums))
(if (zero?(carnums))
(exit-on-zero0)
(* (carnums)
(product(cdrnums)))))
(else(* (product(carnums))
(product(cdrnums))))))))
(productnums)))))
(call/ccrecever))))



Rationale

Usingcall/ccto escapdrom therecursve processaddslittle codeto theoriginal recur
sive procedure.lt alsoallows usto discardmuchof the unnecessargomputation(some-
timesall of thecomputatiorcanbe avoided).

Consequences

A languagehatsupportdail-recursionwill allow you to write recursve functionsthat
do not build up the stack(tail-recursie procedures)A tail-recursve procedurewill keep
a running result of the computation. This meansthat this patternhaslittle effect when
escapingfrom a tail-recursve procedure.However, if the computationat eachrecursve
call is expensve andthe procedurewill notbuild up a hugecomputatiorstack,this pattern
canbeusedasanalternatve to tail-recursion.
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Loop via Continuations

This patternpresents solutionto creatinga loop using continuations.We usecall/cc
to get an escapeprocedurewhich will returnto the contect of the beginning of the loop
body We canthenusethis escapgrocedurgo escapdrom the currentcontet backto the
beginning of the bodywhich we wantto loop over.

Context

Althoughthe Escapdroma Loop patterndealswith escapingrom aninfinite looping
mechanismwe canalsofacethe situationwherewe wantthe ability to loop over a portion
of aprocedurer computationwhichmaybeseparatedver portionsof severalprocedures)
until someconditionis met.

Problem
How dowe loop until conditionis metusingcontinuations?

Forces

e Otherexisting looping mechanismsuchasthefor or while loopsaremore
commonandarewhatprogrammersreusedto.

e Theexisting for andwhile loopshave to be containedwithin oneprocedure.

e Separatinghemechanisnfior loopingover severalproceduresnaymake the
programmoredifficult to read.

¢ We maybeableto write our programquicker or moreeasilyby writing the
codeto performoneiterationwithoutworryingaboutloopingandaddingthe
loop mechanisniater.

e Looping canbe addedto portionsof existing codewith minimal effort and
changedo theexisting program.

Solution

We can createa loop by getting the continuationat the beginning of the portion of
the procedurdo beloopedover andstoringit in atemporaryariable.If we determinehat
loopingbecomesecessarywe simply invoke thecontinuation.Thiswill escapghecurrent
context andreturnto the beginning of theloop portion. Gettinga handleon a continuation
canbedoneeasilywith theidentity functionusingtheline (call/cc (lambda (proc) proc)).

For terminatingthe loop we will needsomeway of changingthe stateof the execution
from astatewhichwill continuetheloopto onethatwill not(ie. theloop-conditionbecomes
false). This canbe doneby the manipulationof variableswhich aredefinedoutsideof the
loop. We canthenuseassignmen(set!) to changethis value. Anotherapproachwould be
to addthe currentvaluesto the continuations argument.

Whenthe portion of codeto be loopedover is separatedmongstseveral procedures
wherewe wantto exit out of oneof theseproceduresndstarttheloop over, we cansimply
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passthe continuationalong as an agument. Inside thesefunctions, if the condition to
returnto the bgginning of the loop is met, we simply invoke the continuationwith itself as

aparameter

SampleCode

We will now look at the structureof theloop usingcall/cc. The portionsof the proce-
dureto befilled in areshavn in italics.

(definepartial-loop
(lambda(args)
... preliminary portion....
(let ((continue(call/cc (lambda(proc) proc))))
... loop portion...
(if loop-condition
(continuecontinue)
... final portion.... )))

Thereasorfor invoking (continue continue) to loop is tricky. If we remembehow call/cc
works,we first getthe contet of the call/cc call. Here,thatwould be:

(lambda()
(let ((continue))
... loop portion...
(if loop-condition
(continuecontinue)
... final portion.... )))

Examiningthis, when we invoke (continue *some argument**) , whatever argument
we apply will nov becomethe value of continue . Sincewe are attemptingto loop by

continuallyreturningto this point of executionit seemdogical thatwe do notwish for this

valueto changesowe pasghe previousvalueof continue (whichis our continuation}o be
reboundto continue allowing usto repeatedlyeturnto the samepoint of execution.

Example

Hereis an examplewherewe are given a non-emptylist of numbersandwe wantto
incrementeachelementof thelist by 1 until the first elementis greaterthan or equalto
100. We will separateuttheinitial constructiorof the continuationto a separatéunction
(labelledget-continuation-with-values) for readability
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(defineget-continuation-withralues
(lambda(values)
(let ((recever (lambda(proc) (consprocvalues))))
(call/ccrecever))))

(defineloop-with-current-alue
(lambda(values)
(let ((here-with-alues(get-continuation-witktvalues values)))
(let ((continue(car here-with-alues))
(current-alues(cdr here-with-walues)))

(write-line current-alues)

(if (< (carcurrent-alues100))
(continue(conscontinue

(map(lambda(x) (+ x 1))
current-alues)))

(write-line”"Done!)))))

If we attemptedloop-with-curr ent-value ’(1 2 3)), thefirst valueof here-with-values
would be thelist (*continuation*1 2 3). We thenseparatéhis into continue being*con-
tinuation* andcurr ent-valuesbeing’(1 2 3). Thefirst time we executetheline (continue
(conscontinue (map (lambda (x) (+ x 1)) curr ent-values))) wewould berebindinghere-
with-valuesto be (*continuation*2 3 4). We thenhit thatline againandgo backto rebind
here-with-valuesto (*continuation* 3 4 5). This continuesuntil we get the here-with-
valuesboundto (*continue* 100 101 102) at which point we write the string "Done!” to
thescreerandexit.

Rationale

The useof continuationsto createthe looping mechanismaddslittle codeto create
the loop and with a few commentsin the code sayinghow the continuationsare being
used(to returnto the beginning of the loop body) the programremainsreadable With the
codebrokenup into proceduresgodecanbereusedn differentloopsthatusethis looping
mechanisnf{passingn their own continuationto theseprocedures).

13



Escapefr om and Reentry into Recursion

This patternpresentsa solutionto the problemof escapingrom a recursve process
while allowing for the procesgto be reentered.We createa breakprocedurewhich will
first storethe currentcontinuationin a specifiedscopeandthenescapdrom therecursve
processlnvoking the storedcontinuationwill continuetherecursie process.

Context

We have a recursve computation(possiblydeepor tree recursion)which we wantto
escapdrom but keepthe ability to go backandcontinuethe execution. This will allow for
a programmeto dehlug his/hercodeby determiningwhenspecialconditionsaremet. We
canalsousethistool to changeaheinternalvaluesof thefunctionor possiblysomeexternal
variablesasthe computationis progressingso thatwe canchangethe computationon the
fly. For this patternthereenteringof the computatiorcanbeinstigatedby the user

Problem

How doyou escapdrom arecursve computatiorwhile allowing for theability to reen-
ter atthepoint of exit?

Forces

¢ Wewantto minimizetheamountof codemodifiedandaddedwhile keeping
the codereadable.This will allow for this featureto be removed easilyif it
is beingdonefor deluggingpurposes.

e We want to avoid modificationsto the interpreter/compilein addingthis
ability (we do notwantafull detuggingfacility).

Solution

We will usefor our solution,the escaperprocedurdrom [SF89]to escapehe current
computationand call/cc to storethe contect that we are breakingfrom so thatit 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 currentcontinuationand 2) stopthe currentcomputation. The break
procedurecanalsotake in a valuewhich will be passedn to the continuationwhenit is
resumedTheresume-computatiorprocedurewill, asthenamesaysresumehecurrently
escapedaomputation.lf we have thesefunctionsit shouldbe a simplematterof insterting
abreakwhenwe wish to halt execution.

In creatingthe break procedurewne will begin by looking at the secondrequirement.
We have alreadydiscusseescapegroceduresand[SF89] givesa definition of the escaper
procedureWe canusethis procedurdo escapéehe currentcomputation As for first partof
thebreakwe needto begin by gettingthecurrentcontinuationdonesimply throughtheuse
of call/ccwith arecever function). Looking aheadattheresume-computationprocedure,
we canseethatinvoking this procedureshouldinvoke the continuationthat break stored
with the agumentthat was passedn originally. So, we canhave break setthe resume-
computation procedureo be (lambda () (continuation arg)).
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SampleCode

Thebreakprocedurevould be:

(definebreak
(lambda(am)
(let ((exit-procedure
(lambda(continuation)
(set! resume-computatioffambda() (continuationarg)))
(write-line "Executionpaused Try (resume-computation)”)

((escape(lambda() am))))))
(call/ccexit-procedure))))

However, we will needto initialize resume-computationto sometemporaryprocedure
(which will be overwrittenthe first time that breakis invoked). Sowe will defineit to be
(lambda () "to beinitialized”) .

Wewill now createheescapeprocedurenentionedn Sectionl.1.2.To begin, wewill
needto storea continuation(which we will call escape-thunR with the context (lambda
(0) (O)). This canbedoneby first assigningt to someprocedure:

(defineescape-thunkambda() "escape-thunknitialized”))

We thenneedto createa recever functionfor a continuationwhich will assignthe contin-
uationto beour escape-thunk

(defineescape-thunk-init
(lambda(continue)
(set! escape-thunkontinue)))

And we simply needto createthe continuationusingcall/cc with this recever function.
((call/ccescape-thunk-init))
Theescaperprocedurecanthenbe definedas:

(defineescaper
(lambda(procedure)
(lambdaargs
(escape-thunkambda() (applyprocedureags))))))

Example

An exampleof this patternwould be the flatten-listprocedurebelov which will escape
every time anon-listagumentis passedo thefunction.
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(defineflatten-list
(lambda(am)
(cond
((null? amg) ()
((not(list? am)) (list (breakam)))
(else
(appendflatten-list(caram))
(flatten-list(cdram)))))))

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

11=> (flatten-list’(1 2 3))
"ExecutionpausedTry (resume-computation)”
;Value:3

1]=> (resume-computation)
"ExecutionpausedTry (resume-computation)”
:‘Value: 2

1]=> (resume-computation)
"ExecutionpausedTry (resume-computation)”
;Value:1

1]=> (resume-computation)

;Value3: (123)
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Coroutines

Coroutinesallow for sequentiatontrol betweenproceduresUsing call/cc, we obtain
the currentcontext of a procedureandstoreit soit canlaterbeinvoked.

Context

The processof mary programscan be viewed as the passingof control sequentially
amongseveral entities. A goodanalogyis to comparethis to mary traditionalcardgames
whereeachplayertakeshis/herturn andthenpassegontrolto the next person.

Problem
How dowe allow sequentiatontrolamongsereral entities?

Forces

e Having eachentity’s processn oneprocedurallows usto view eachprocess
in oneplace.

e Breakingeachentity’s processip into mary small procedureshatforcethe
sequentiatontrolbecomedlifficult to tracethroughfor theprogrammeand
difficult to changethe procesof control.

e Usingamechanisnsuchasthreadsandsemaphoremay have a high over
heador may not beavailable.

e Theswitchingof threadss traditionally doneat a lower level andto design
the threadsto wait until calleduponto actwould be complex andhardto
follow.

Solution

We canusecontinuationgo implementcoroutines.Coroutinesallow for interruption
of a procedureaswell asresumingan interruptedprocedure.We will begin by creating
a coroutinefor eachentity that will sharecontrol. The coroutine-maker (as definedin
[SF89) will take asits agumenta procedurethat representshe body or actionsof the
entity. Thisbody-pocedue will take two agumentsaresumemprocedurahatwill beused
to resumehe next coroutinein orderandaninitial value.

Thecoroutine-maker will createa privateupdate-continuationfunctionto be usedto
storethe currentcontinuationof the procedure Eachtime the coroutineis invoked with a
value,it passeghatvalueto its continuation.Whena coroutinepassegontrol to another
coroutinejt updatests currentstateto its currentcontinuatiorandthenresumeshesecond
coroutine.
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SampleCode

Thecoroutine-maker from [SF8Y is:

(definecoroutine-makr
(lambda(proc)
(let ((saved-continuatiori()))
(let ((update-continuan! (lambda(v)
(write-line "updating”)
(set! saved-continuatiorv))))
(let ((resumerresume-madr update-continuatid))
(first-time#t))
(lambda(value)
(if first-time
(begin
(set! first-time #f)
(procresumewalue))
(saved-continuatia value))))))))

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

(defineresume-madr
(lambda(update-proc!)
(lambda(next-coroutinevalue)
(let ((recever (lambda(continuation)
(update-prockontinuation)
(next-coroutinevalue))))
(call-with-current-catinuation recever)))))

Example

A simpleexampleof coroutineghatmake useof continuationsanbefoundin [SF89].
A moreadvancedmnechanisnandseveralextensiongo coroutinesanbefoundin [HFW86].

Using the coroutine-maker from [SF89]we cancreatetwo proceduresabelledping
andpong which will switch control backandforth threetimes. The ping-procedure and
pong-procedure will bethe body-pocedues (usedby the coroutine-maker to createthe
coroutines¥or ping andpong respectiely.

(defineping
(let ((ping-procedurdglambda(resumevalue)
(write-line "Pinging 1”)
(resumepongvalue)
(write-line "Pinging 2”)
(resumepongvalue)
(write-line "Pinging 3”)
(resumepongvalue))))
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(coroutine-maékr ping-procedure)))

(definepong
(let ((pong-procedurdambda(resumevalue)
(write-line "Pongingl1”)
(resumeping value)
(write-line "Ponging2”)
(resumeping value)
(write-line "Ponging3”)
(resumeping value))))
(coroutine-makr pong-procedure)))

And theoutputof running(ping 1) will be:
1]=> (ping1)

"Pinging 1”
"Pongingl”
"Pinging 2”
"Ponging2”
"Pinging 3”
"Ponging3”
;Value:1

Rationale

The useof continuationsto createcoroutinesallow us to write the processfor each
entity in oneproceduravhich makesthe programmorereadableandeasierto modify. The
useof continuationenableusto achieze the sameresultasthreadsvithout modificationto
the programmindanguageor interpreter
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Non-blind Backtracking

This patternaddressetheissueof allowing usto move to a previous or "future” point
of execution. Continuationsare storedfor pastandfuture pointsand”angel” and”devil”
proceduresregivenwhich allow usto move to afuture point of executionor a pastpoint
respectely.

Context

We have reacheda point in the computationwhere we wish to stop or suspendhe
currentprocessandjumpto a previous pointin thecomputation.

Problem

How do we constructa mechanisnmwhich will allow usto getbackto a pastpointin
executionandfollow anothempathto determinghe solution?

Forces

¢ We needa simple mechanisnfor moving backandforth in a computation
that is robust enoughto handlesituationswhereit may not be enoughto
simply go backandforth.

e Modifying or redesigninga programto incorporatethe mechanisnshould
be simpleandnot addtoo muchcomplity to the existing codethatwould
male it unreadable.

e Designingthesystemnto achiere aform of backtrackinghroughbreakingthe
processnto recursve procesghatachieve backtrackingoy returningbackto
thecalling procedurevould beinefficientif we wantto returnto a pointthat
wasreachedrery earlyin thecomputation.Thiswould alsobe very difficult
to follow for the programmefor complex backtrackingprograms.

Solution

We canimplementnon-blind backtrackingusing call/cc to get escapeprocedureso
variouscontets. We storethesecontinuationsin a global structureso that they canbe
invoked andthe processwill returnto thesecontexts in thecomputation.

In [FHK84] the conceptof devils, angels and milestoneds presented.A devil will
returnus to the context in which the last milestonewas created. The devil will passto
the continuationthe value that was passedo it. Now this valueis usedasif it werethe
resultof the original milestoneexpressionpossiblyallowing usto follow a differentpath.
An angelwill sendthe computatiorforwardto the lastencountemwith a devil. Again,the
value passedo theangelwill be givento the devil’ s continuationallowing usto returnto
the context of the devil with this valuereplacingthe valuereturnedby the devil. This will
allow usto moveto moreadwancedstates A milestonewill recordthecurrentcontet to be
usedby ary encounteredievils.

As a metaphagrwe cantake the examplegiven in the introductionof this patternlan-
guage. We bgyin by readingthe first paperand we reacha point wherewe realizethat
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we needfurtherknowledge. We seta milestone(rememberingvherewe werein this first
paper)and bagin readingthe referencesand other material. Whenwe feel that we have
sufiicientknowledgeto continuewith theoriginal papeywe returnto thatpaperequivalent
to invoking a devil). Possibly we didn't readall the referencesand otherrelatedmaterial
beforewe went backto this original paper If this is the case after finishing the original
paperwe decideto go backto readingthe remainingreferencesndothermaterial. This is
equvalentto invoking anangel.

We alsoneedtwo datastructure$or storing pastmilestonesand future points (where
devils wereinvoked). A simple approachwould be to keeptwo stacks(pastand future)
sincein thesimplestcaseve will only bereturningto thepreviousmilestoneor theprevious
invocationof a devil. Other datastructuresare possibleand are often usedin artificial
intelligenceapplicationdFHK84].

SampleCode

An implementatiorof milestone angelsanddevils canbe seenin [FHK84]. The mile-
stoneprocedureshouldsimply storethecurrentstatein the pastentriesandreturntheinitial
value.

(definemilestone
(lambda(x)
(call/cc(lambda(k)
(begin (pushpastk)
X))

Theimplementatiorof a devil will storethe currentcontinuationasa future andreturnto
thelastmilestonewith anew value.

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

((poppast)x))))))

And theangelprocedureanbe written as:

(defineangel
(lambda(x)
((popfuture)x)))

And for eachof theseproceduresf the correspondingstackis emptyit is setup to return
theidentity function(andtheangelor devil procedureeturnsx).
Rationale

We cannow usetheseprocedurego storeimportantpointsin the executionto be re-
turnedto, returnto storedstatesto continuecomputationandreturnto computationghat
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wereonly partially complete With theseproceduresywe have a simpleisolatedmechanism
which canbe reusedn variousprograms.We canalsoexpandthe behaiour by changing
the datastructureusedby the backtrackingmechanisnirom a stackto anotherstructure.
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Multitasking

Multitaskingallows usto enforcetheamountof time thata computatiorcanrun. Using
enginesand a timer mechanismwe allow for processeso be interrupted(and possibly
restarted) Enginesusecall/ccto getthecurrentcontext of acomputatiorwhichis invoking
the engine(so thatwe may returnto it after executionis complete)andto getthe current
continuationof a procedurenvhenit is beinginterruptedsothatit canbecontinued.

Context

It is oftenbeneficialto performdistinctcomputationsn a parallelfashionevenif they
are not exactly in parallel. Thereare alsotimes whenwe wish to limit the amountof
time a computatiorcantake. An exampleof thesewould bethe or of several expressions.
Computingthe expressionsn parallel,if a simpleexpressionquickly evaluatesto betrue,
the computatiorof the otherexpressioncanbeterminated.

Problem

How do we performthis multitasking? This would includeallowing for computations
to runfor alimited periodof time, interruptedf they do notcomplete andlaterrestarted.

Forces

¢ Modificationsto the interpreter/compileior languageshouldbe keptto a
minimum.

¢ Usingamechanisnsuchasthreadsandsemaphoremay have a high over
heador may not beavailable.

e Performingthe schedulingandstatemechanismin the languagewill allow
for flexibility butis lessefficientthanalower level mechanism.

Solution

We canwrapaprocedurén anenging(onecanthink of anengineassimilarto athread).
Theenginemplementatiorwill usecall/ccto: 1) obtainthecontinuatiorof thecomputation
thatinvokesthe enginesoit canbereturnedto whenthe engineis complete, and?2) obtain
the continuationof the enginewhenthetimer expiressothatit is possibleto returnto the
computationf calledupon[DH89].

The make-engineproceduremusttake a procedurgof no aguments)ywhich specifies
the computationto be performedby the engine. The enginereturnedwill be a procedure
of threeaiguments: 1) the amountof time the enginewill be allowed to run, 2) areturn
procedurewhich specifiesvhatto do if the engineis donebeforethe time allotted,and3)
an expire procedurewhich specifieswhatto do if thetime allottedhasrun out beforethe
computation.

We will notdiscusghetiming mechanismasa methodis givenin [DH89] for creating
a timer mechanismby overwriting the lambda function or by creatinga timed-lambda
functionandusingit to defineall asynchronougunctions. We will assumehatthis timer
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givenin [DH89] is used.With thistimer, atick is consumedy anengineon every function
call.

Example

We canmale useof extend-syntax(Schemes macrofacility), to createaparallel-or which
usesenginesas(takenfrom [DH89]):

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

(definefirst-true
(lambdaproc-list
(letrec((engineqqueue))
(run (lambda()
(and(not (empty-queue®ngines))
((dequeuengine)

1

(lambda(v t) (or v (run)))

(lambda(e) (enqueues engines)run)))))))

(for-each(lambda(proc) (enqueudmale-simple-engin@roc) engines))
proc-list)

(run))))

Rationale

With continuationsno modificationsareneededo theinterpreteror compiler(although
we do needto make useof the macrofacility). Thereis alsoa small overheadof timer
updateshut we canavoid someof theseby makingsomeof the codesynchronousWe do
not needthreadnor semaphorebuilt into thelanguage.
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3 Summary

We have presentedn this patternlanguagdhe ideaof first classcontinuationsandsereral

repetitive usesof continuationsfrom non-localexits (with the Escapefrom a Loop and
Escapefrom Recusion patterns),to control structures(the Looping with Continuations
and Escapefrom and Reentryinto Recusion patterns)to the more complex behaiours

(Coroutines Badtradking, and Multitasking patterns). Although continuationsare often

confusingandhardto understandandshouldnormally be avoidedfor simplerprograms),
they presentus with the ability to add complex behaiours that would otherwiserequire
modificationto the languagejnterpretorand/orcompiler (provided we have the meanso

addto thelanguage).
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