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Abstract

Designingdehlugging tools for lazy functional programminglan-
guageds a comple taskwhich is often solved by expensve trac-
ing of lazy computationsWe presenta new approachn which the
informationcollectedasatraceis reducedconsiderablykilobytes
insteadof megabytes) Theideais to collecta kind of stepinfor-
mationfor a call-by-valueinterpreterwhich canthenef ciently re-
constructhecomputatiorfor dehugging/vieving tools,like declar
ative delugging.We shaw the correctnessf the approachdiscuss
a proof-of-concepitmplementatiorwith a declaratve detuggeras
back end and presentsomebenchmarksomparingour new ap-
proachwith the Haslell deluggerHat.

Categoriesand SubjectDescriptors D.1.1[ProgrammingTec-
nique$: Applicative (Functional)Programming; D.2.5[Softwae
Engineerings TestingandDehugging

GeneralTerms LanguagesTheory

Keywords Lazinessdehuggingtechniques.

1. Intr oduction

Thedemand-dsien natureof lazy evaluationis oneof the mostap-
pealingfeaturesof modernfunctionallanguagedik e Haslell (Pey-
ton Jones2003).Unfortunatelyit is alsooneof the mostcomple
featuresone shouldfacein orderto designa dehuggingtool for
theselanguageslin particular printing the step-by-stefraceof a
lazy computationis generallyuseles$rom aprogrammes point of
view, mainly becausargumentsof function calls are often shavn
unevaluatedandbecauséheorderof evaluationis counterintuitve.
Thereareseveralapproachethatimprove this situationby hid-
ing thedetailsof lazy evaluationto theprogrammerThemainsuch
approacheare:Freja(NilssonandSparudl997)andBuddha(Pope
and Naish 2003), which are basedon the declaratie detugging
techniguefrom logic programming(Shapiro1983), Hat (Sparud
andRunciman1997b),which enableghe explorationof a compu-
tation backwardsstartingat the programoutputor error message,
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andHood (Gill 2000),whichallowstheprogrammeto obsere the
datastructuresat given programpoints.

Mary of theseapproachearebaseddnrecordingatreeor graph
structurerepresentinghe whole computation ik e the Evaluation
Dependencdree (EDT) for declaratve dehugging or the rede
trail in Hat. For nding bugs,this recordedstructureis represented
in auserfriendly (usuallyinnermost-styleyvay to the programmer
in a separateviewing phase Unfortunately this structuredramati-
cally grows for largercomputationgndcancontainseveralmega-,
evengigabyteof information.

In thispaperwe introduceanalternatve approacho detugging
lazy functionalprogramsinsteadof storinga completerede trail
or EDT, we memorizeonly the information necessaryo guidea
call-by-valueinterpreterto producethe sameresults.To avoid un-
necessaryeductionssimilarly to the lazy semanticsthe call-by-
valueinterpreteiis controlledby alist of stepnumbersletermining
which redexesshouldnot be evaluated.If every rede is evaluated
even by alazy stratey, the list of stepnumbersreducedo a sin-
gle number- the total numberof reductionstepsin the complete
computatiorn— which demonstratethe compactnessf our repre-
sentationFurthermoreye areableto prove the correctnessf our
approachin contrasto the existing approachem which the com-
pressiorof storedinformationis only motivatedasanimplementa-
tion issue Weillustrateour approactwith a smallexample.

ExampLE 1.1. Consider the following simple (but erroneous)
Haslell program (whele the conceete codefor fib , which com-
putesthe correspondingribonaccinumberis omitted):

data Nat = Zero | S Nat

take Zero _ =]

take (S x) (yiys) =y : take x ys
length [] = Zero

length (_:xs) = length xs

fibs x =fib x : fibs (S x)

main = length (take (S (S Zero)) (fibs Zero))

Thelazyevaluationof main doesnotevaluatetheindividuallist el-
ementsThis behavioris representedy the steplist [2,1,0,14]
Thislist is interpretedby a call-by-valueinterpreterto perform(in
innermostorder) two stepsthendiscad the next innermostredex
(i.e., replaceit by somevaluerepresentingan unesaluatedthunk),
performonestep,discad thenext redex andthefollowing one and
nally performl4reductionstepsThethreediscadedredexescor-
respondto the partial evaluationof the expression(fibs  Zero)
to(_:_:) (whee_denotesa discadedrede).

This exampledemonstratethe compactnessf our representation
thatusuallyonly requiresafairly limited amountof memory(kilo-
bytesinsteadof megabytes)The steplist is usedin the subsequent
tracing/deligging sessiorto control the call-by-value interpreter
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x 2 Var In the examples,we uselets with multiple bindings.Sincethese
z 2 Value = xe j CxXm examplesdo not containmutually recursve de nitions, theselets
e 2 Exp = xe cansimply beinterpretecassyntacticsugarfor nestedets.
i cxr The lazy semanticds shawvn in Figure 2 (ignore the indices
i X1 @X2 labelingthe arrons andthe superscripts; r for the moment).Our
i X rulesobey thefollowing namingcorventions:
J
J

casex of fCp Xy, 7! eng

Figure 1. Syntaxof normalizedexpressions

thatshaws the original evaluationin amorecomprehensiblerder
In anutshell,we tradetime for spacen our approach.

This paperis organizedasfollows. The next sectionintroduces
aninstrumentedersionof Launchhury's naturalsemanticsor lazy
evaluationso that it producesa simple traceof the computation.
Then, Section 3 presentsa lazy call-by-value semanticsthat is
drivenby (a compresseébrm) of thetraceproducedy theinstru-
mentedazysemanticsA prototypemplementatiorof adehugging
tool for Haslell thatfollows theideaspresentedh this paperis de-
scribedin Sectiond. Section5 discussesomerelatedwork before
we concludein Section6. The proofsof sometechnicalresultsare
omittedbut canbefoundin atechnicalreport(BraR3eletal. 2007).

2. Instrumented Lazy Semantics

In this section,we considerthe naturalsemanticof Launchhury
(1993)for lazy evaluation.In this semantics|azinessis modeled
in two steps.First, the input expressionis normalizedsuchthat
all agumentsof applicationsand caseexpressionsare variables.
This caneasilybe achieved by introducingadditionallet bindings.
Then,a semanticdor normalizedexpressionss given, whereone
caneasilyde ne thesemantic®f sharing,.e.,laziness.

We do not go into detailsof normalizationanddirectly assume
normalizedambdaexpressionsextendedwith (recursve) lets and
constructorsas shawvn in Figure 1, for the syntaxof our expres-
sions.Hereandin the following the notationo, is usedto denote

normalizationof Launchhury (1993),we assuméhatthe rst argu-
mentof an applicationis a variableand we restrictto lets which
de ne only onevariable.With theserestrictionsjt will beeasietto
relatethe lazy andthe call-by-value evaluationorder The rst re-
quirementaneasilybeachieved by introducingadditionallets for
the rst argumentof @. The secondcanbe obtainedby construct-
ing atuplecontainingall mutuallyrecursve de nitions within alet
andselectinghecorrespondingmgumentsgf. (Braleletal. 2007).

A heapis a partial mappingfrom variablesto expressions(the
emptyheapis denotedby [] ). Thevalueassociatedb variablex in
heap isdenotedy [ x]. [ X 7! €] denotesheapwith [ Xx] = e,
i.e., we usethis notationeitherasa conditiononaheap orasa
modi cation of . In the examples,we will alsousethe notation
nx foraheapwith nx[y]= [y]ify 6 x and [ x] unde ned.
We use judgmentsof the form “  : e + z” which
areinterpretedas “the expressione in the contet of the heap
evaluatesto the value z with the (possibly modi ed) heap 7,
accordingto the rules of Figure 2. We briey explain the more
comple rulesof our semantics:

(App) This rule allows usto evaluatefunction applicationsof the
formx, @x.! Forthispurposex is rst evaluatedo alambda
abstractiorsothata -reductioncanbe performed.

(Var) Thisruleis usedto look up the bindingsof variablesin the
heap Whenthevariablex is boundto anexpressiore, thise is
evaluatedto a valuez sothatthe bindingx 7! z replaceghe
original bindingx 7! ein theheap.Thisis essentiato achieve
the effect of sharing,since subsequenattemptsto evaluatex
will usethe value z insteadof repeatingthe evaluationof e.
Note thate is evaluatedin a heapwhich doesnot includethe
bindingx 7! e. Thisis doneto detectblack holes,i.e., non-
terminatingcomputation$ecausehe evaluationof x requires
againthe evaluationof the samex.

(Let) In orderto reducealet expressionwe addthebindingsto the
heapandproceedvith theevaluationof thelet expressionNote
that we renamethe variablesintroducedby the let construct
with freshnamesn orderto avoid variablenameclashes.

(Casg Thisruleis usedto evaluatea caseexpressionFor this pur-
pose the caseagumentshould rst bereducedo aconstructor
call. Then,the evaluationcontinuesby selectingthe matching
branchof the caseexpressiorandby applyingthe correspond-
ing matchingsubstitution.

Theproofof ajudgmentis a prooftreeusingtherulesof Figure2.

1The reasonto write the applicationsymbol2@ explicitly will become
apparentaterwhenwe presentheinstrumentatiorof the semantics.
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Figure 3. Labelingandextractionof references

2.1 Collecting Events

The basicidea of collecting events representinga call-by-value
reductionis to keeptrack of atraceof the evaluatedredexesin the
correctleft-to-right innermostorder by meansof aninstrumented
versionof thelazy semantics.

Here, the evaluation of an expressione startswith an empty
heapandthe labeled expressionl (e) wherethe labeling function
| is shawvn in Figure 3. The labeling addsa refeencefrom some
domainRef with ? 2 Ref to every reduciblesymbolof a given
expression-i.e.,applicationsletsandcases. Referenceseedo be
identi able andthe distinguishedeference? is never considered
fresh.In theexampleswe usethe naturalnumbersaaugmentedvith
? . However, we do not needary order or arithmetic operations
on referencesAs shavn in Figure 3, we only label the topmost
evaluablesymbolin every expression.Thus,nothingis labeledin
avalueor avariable.Also casebranchesrenot labeleduntil they
aredemandedby the computation.

Duringevaluation theinstrumentegemanticsvill dynamically
generatenew referencedor eachnewly introducedexpression.
Thesereferencesrethenusedto extractthe history of the evalua-
tion in form of asequencef events Theseaventswill laterbecon-
sumedto computea steplist, cf. Examplel.1andDe nition 3.9.

We collect the referencesy meansof an extraction function
[i j] de nedin Figure3. Sinceouraimis acall-by-valueevaluation,
this functiontakesa labeledexpressionandextractsa sequencef
reference$ollowing aleft-to-rightinnermosiorder Aswewill see,
collectingreferencesn this orderwill enableusto replaythelazy
evaluationemploying a sortof call-by-valuestratayy.

Referencesarecollectedin theform of events Eacheventmaps
areference o to a (possiblyempty)sequencef referencesinfor-
mally, we collectaneventrg 7! r rn wheneer the ex-
pressionwhosetopmostreferencds ro reducedo the expression
labeledwith the references 1 rn. In thecall-by-valueeval-
uation,thereductioncorrespondingo ro will be performedbefore
thereductioncorrespondingo r 1, which will be performedbefore
the reductioncorrespondingdo r,, and so on. Becauseof the na-
ture of events,therecannotbe cyclesnor morethanonereference
mappingto the samereference.

DEFINITION 2.1 (Sequence,;jj; ; ; f @). LetM beaset.Then
M is the setof nite sequencesver M with the concatenation
opemtor“ ”. l.e,M = fa; ::: ayjfa;::i;;ang Mo
Furthermoe, we denotethe emptysequencédy anduseu;v;w

to denotesequencedsor a givensequence’ := ai an we
denoteby ff vg thesetfas;:::;angandbyjvj thelengthn of v.

DEFINITION 2.2 (Setof Events,Sequencef Events).

LetM : 2Refnf2a7t Ref \whee 2 2 Ref bea nite partial
mappingof refeencedifferentfrom? to sequencesf refeences.
Wewritero 7! 11 rn 2 M to denotethatin M, ro mapsto
ri ::: rn.Moreover wede neM asthesmallestsetsatisfying

[
M (r) = ( M (i) [ fTag

forallr 7! rq rn 2 M. WesaythatM is a setof eventsiff
there is norefeencer withr 2 M (r) and
ri7'u r vira 70u® r vP2 M implies
riuv=ry uvlor(r=2"u v u® V%= ).
Furthermoe, Wedenotebyref(M ) thesetof all refeencesn M ,

A sequencof refelencemapplngsf isa sequencof eventsiff
ff E @ is a setof events.

To understandsetsof eventsit is often useful to view them as
forestsj.e., setsof treesbecauseheir de nition requireshatthere
is no undirectedcycle in the structureof events.M (r) denotesall
referenceseachabldrom r by following the structureof events,
similarto atransitive closure.

Note that not every referenceoccurringin a setof eventsE is
mappedto a sequencelnformally, eventsare generatecbnly for
thosereferencesvhich label expressionghatwerereducedduring
the lazy evaluation.The specialreference? will later be usedto
generataneventr 7! ? for areferencevhichwasnotreducedIn
our framework thisis only possiblein the (non-deterministickall-
by-value semanticghat we will introducein the next section.In
the contet of lazy evaluationsuchan eventcanonly be produced
by a so-called” nalizer”, a side-efect triggeredby the garbage
collector We will notconsidemgarbagecollectionin this paper

Theinstrumentedemanticgor computingsequencesf events
is presentedn Figure2. Wheneer the evaluationof anew expres-
sion is startedin the rules performingrelevant steps(rules App,
Let, andCasg, we introducea new labelingfor this new expres-
sion. For instancejn rule App, we labelthe body of the function
(e) with freshreferencege'). Thisreductionhasto beperformedn
the call-by-value evaluationaswell, which will possiblyintroduce
furtherinnermostredeesrepresentetly thereferencesn [je'].

Following Launchhury (1993),we write judgmentssequentially
asfollows:if :e +g 1z, wewrite

‘e

asub-proof

anothersub-proof

1z
wheretheelementf the prooftreearedepictedo theright of the
correspondingtep.As anadditionalabbreiation, we omit copying
theresult : z, if it staysunchangedlike in therulesApp, Let,
and Case Furthermorejnsteadof writing the whole sequencef
eventsin eachproof stepwe only annotatehe new eventsaddedo
thesequenceo theright hand-sideof the proof step.Thefollowing
exampleillustratestheinstrumentedemanticaisingthis notation.

ExAMPLE 2.3. Considerthe datatypefor natural numbes intro-
ducedin Examplel.1andtheexpression

main letf const=letfw= a:b:cib ginw@w;
z = Zero,
id = XX ;
S =id @z;
f = const @z

ginf @s
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5.
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Figure 4. Exampleof instrumentedazy evaluation

The completelazy derivation of evaluatingl(main ) is shownin
Figure 4. Theexamplederivationincludesthe geneatedsequence
of eventson theright handsideof the gure. Consideringthat the
refelencesn theinitial expressionare 0 and 1 (remembethat no
further refelencesare createdsincetheouterlet is an abbreviation
for letconst = :::inletz = :::), the eventsin this sequence
canbeinterpretedasfollows: everyevaluableexpressionhasbeen
reducedbut theonelabeledwith refelenceb.

It is easyto seethatthe sequenceproducedby the semanticsare
indeedsequencesf eventsin the senseof De nition 2.2.

LEMMA 2.4. Let
sequencefevents.

Proof. Cf. (Bral3eletal.2007).

:e+g :zbealazyderivation.ThenE isa

Now, we prove a basic property of the instrumentedsemantics:
the computedeventsare presered — up to renamingof references
— if closuresare evaluatedimmediately(in rule Let), aslong as
their evaluationwould have beeneventually requiredin the lazy
computationThis propertyis statedn two steps.

In thefollowing, we saythattwo setsof eventsareequalup to
renamingof referencesgdenotedM 1 ® My, if they have exactly
the sameshapeandonly differ in the namesof reference®f their
nodes.Formally, M1 B M, if thereexists a bijective mapping

cref(M1) 7! ref(M3z) suchthatr 7! ri::irp 2 My iff

(r)y 70 (r1)::: (rn) 2 M2. We alsowrite E;  E, for two
sequencesf eventsiff fE 1@ b fFE.@.

Our rst resultis thefollowing 2

THEOREM 2.5.
If tep g, ziand
then el teo 12y and
andE; E{H E; E?

L€ tg, 122
=) +Eg .22

Basicallythisresultstateghat,givenaheap andtwo expressions
e; andey, they canbeevaluatedin ary order producingthe same

21n thefollowing result+ andin Corollary 2.6 + we omit the detailsabout
renamingvariablesin the heap,which areaddressedéh the full versionof
this paper(BradGeletal. 2007).

values heapandevents.Graphically:

Ei1 o~ 2

e2 ._____.-el

ES  E?
Our secondesultstatesa key propertyfor our development:

COROLLARY 2.6.

If [y7'eliete, [YT7 2y]:2;e 6 2
and ey +e,, 12y

thenzy z)and[y7!z]:e+eo [ Y7 z]:2
andEe b Ee, EQ

Informally speakingt stateghat,givenalet expressiorof theform

lety = ey in e, we canevaluate rst the closureey andthene
in the resultingheapwith the updatedbinding for y, and we still

producethe samevalue, heapandeventsaswhenthe standardazy
evaluation order is followed, provided that the evaluation of ey

wasdemandedluring the evaluationof e. The following diagram
depictsthis property:

[y7!
e y
[y7z]
&
e
Ee X g
[y7z]
Proof. Applying rule Var, we have:
ey te., %

[y eliy+e, [y729]:2)
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Figure5. Non-deterministicCall-by-ValueRules

Sincee andy arereduciblewith the sameheap [y 7! /], we
can apply Theorem2.5 which yields the existenceof two dual
derivations.Oneof themis very simple:

tzy +
[y7zl:y+ [y7' z]:2)

This alreadyallows usto deducethatz,  z) andsimpli es the
conclusionof the otherderwvationasintended:

1 zy

[y7z]ie+teo [y T zy]:2z

Finally, wehaeE. b Ee, EJQ.

Corollary 2.6 implies that, for ary lazy computationwe can
constructan equivalentcomputatiorthatfollows the call-by-value
evaluationorderwith the exceptionthatexpressionsreonly eval-
uatedasmuchasneededn theoriginal lazy computatior(i.e., it is
basicallya reorderingof thelazy computation).

In the next section,we will introducea call-by-valuesemantics
thatis driven by the eventsof anassociatedazy computation.

3. Lazy Call-By-Value Evaluation

In this section,we introducea lazy call-by-value semanticslt is
call-by-value becausehe argumentsof a function are evaluated
beforethefunctionis called.lt is still lazy becaus@very agument
is only evaluatedas much as neededin the correspondindazy
evaluation.Our rst steptowardsthis goalis to presenasemantics
which discardsunevaluatedexpressionsion-deterministically

3.1 Non-deterministic Call-By-Value Evaluation

Assumethat we replacerule Let from Figure 2 with the rules of
Figure 5. A derivation obtainedby this new setof ruleswill be
called a non-deterministiccall-by-valuederivationin the follow-
ing. Thisis because¢he new versionof rule Let implementsa call-
by-value semanticavhere closuresare evaluatedas soonas they
areintroduced.On the otherhand,rule Discard allows usto non-
deterministicallydiscardthe evaluationof a closurewhenits value
is notneededn the consideredomputationin this casewe intro-
ducea freshvaluedenotedy _, i.e., _is aconstructomhich does
notappeain theinitial expression.

The rule Discad is only applicableto reducibleexpressions
whosetopmostsymbolis alet, acaseor anapplication@, i.e., it is
only applicablewherethe call-by-value reductionwould perform
super uousstepsfrom the perspectie of thelazy computation.

ExAamPLE 3.1. Consideragain the program of Example2.3. The

uniguenon-deterministicall-by-valuecomputatiorthat produces
an equivalensequencef eventsis shownin Figure 6. In this case

theassociatedequenceés:

1712 27 ) (0713) (3714) (4716 5) (67! ?)
G787 87 ) 779 (97 )
Apart from event (6 7! ?), it is equivalentto the sequenceof
Example2.3.

The following result statesthe equivalencebetweenthe original
lazy semanticeaandthe non-deterministicall-by-value version.In

thefollowing, givenaheap , we denoteby — ary heapthatcan
be obtainedfrom by replacingunevaluatedclosuresx 7! e by
x 7! _. Likewisewe denoteby E® asequencef eventsthatcan
beobtainedrom E by replacingall eventsr 7! ? by .

THEOREM 3.2.
If te+g :zisalazyderivation
then there is one and only one non-deterministicall-by-value
derivation :e+go —:zsuhthatE b E® .

Proof. By repeatedlyapplyingCorollary 2.6 to theinitial deriva-
tion e +g 1z, we know that there exists a derivation

De+g, : z suchthatE b E, andfor every let expression
let x = e in € the closuree was evaluatedbeforee® if needed.
Fromthis derivation we canconstructa non-deterministicall-by-
valuederivation :e+go :z.Weonly needto applyrule Dis-
card for every closurewhichis notevaluatedn . Becauseeither
rule Var nor rule Discad produceary eventsaddingto E®, we
hare E; = E® . Also, by de nition of Discad, and only
differin thevalue_ whichyields

Now, we shouldprove thatthereis no othernon-deterministic
call-by-valuedervation :e+go —:zsuchthatE $ E®

Theonly sourceof non-determinisnintroducedby the rulesof
Figure5 is the overlappingof rule Discard with therulesLet, App
andCase All threerulesproduceaneventaddingto E? whereas
rule Discad doesnot. As thelabelingfunction| alwaysintroduces
freshlabels,every referenceoccurringin -~ only occursonce.As
therule Discad eliminatesa labeledexpressionfrom the heapthe
remainingderivation cannotgeneratean event for the discarded
referencesThis meanghatapplyingary of thethreerulesinstead
of Discard necessarilyproducesa differentsequencef events.

A direct consequencef this theoremis that we can usethe
eventsproducedby a lazy evaluationand construct,usingthis in-
formation,the uniquecorrespondingall-by-valuederivation. The
orderin which the eventswere produceddoesnot matterfor this
theorem.However, this orderwill becomeimportantfor the con-
siderationsn thenext subsections.

Concludingthe section,we make a simple but usefulobsera-
tion aboutthe heapsoccurringin non-deterministiccall-by-value
derivations,

DEFINITION 3.3 (Call-by-ValueHeap).A call-by-value heapis a
partial mappingfrom variablesto valuesrather than expressions.
Thenotationfor heapscarriesoverto call-by-valueheaps.

PROPOSITION 3.4. Let[] : e +& : z be a non-deterministic
call-by-valuederivation.Thenead heapoccurringin that deriva-
tion is a call-by-valueheap.

Proof.  The only rules manipulatingthe heapare the rule Let
of Figure5 andrule Var of Figure 2. Both rules introduceonly
bindingsto values.

3.2 From Eventsto StepList

In theintroductionan exampleof usinga steplist wasgiven. This
sectiondescribefiow to obtainasteplist from asequencef events
andhow to usethis steplist to drive alazy call-by-valuesemantics.
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Figure 6. Exampleof non-deterministicall-by-valuecomputation

Themainideais that,by consideringonly agivensetof events,
onecanseein which sequenceeferencesvould be mappeddy the
lazy call-by-valuesemanticandwherein this orderreferencesre
discardedA sequencef reducedreferencesneansthat ordinary
rules,i.e., not Discard, wereapplied.Simply countingthe reduced
referencedbetweerthe discardednestells ushowv mary ordinary
rulescanbe appliedin the call-by-valuederiation.

According to this main idea, we rst de ne an orderingon
referencedor a given setof events. The additional condition on
the setof eventsE is equivalentto requiringthatthe mappingsn
E form atree(ratherthanaforest). The de ned orderingis thena
standarcpre x ordering.

DEFINITION 3.5 (Root,Rooted ReferenceOrdering< v ). LetM
be a setof eventscontaininga refeencer sud thatref(M) =
frg[ M(r). Thenwecall M rootedandr the root of M and
de nethereferenceordering<m as:

p<wm g (g2 M(p)_
(9s;u;sp;V;Sq;Ww:is7lu sp V.sq w2 M

"p2 M(Sp)[ fspg™ g2 M(Sq)[ fsq0))
LEMMA 3.6. For arootedsetof eventsM , ordering< v is linear.

Proof. <\ isirre exive andantisymmetricdoecauséV contains
nocycles.<y istransitveasM is atransitveclosure<y istotal
because¢hereexistsareferenceg 2 M suchthatref(M) = frg[
M (r), yieldingthatary two referenceg, g mustbecomparabldy
choosing for the existentialproposition.

We will shaw thatthis “pre x order” onthereferencesn (special)
setsof eventsis exactly the orderin which eventsaregeneratedn
thenon-deterministicall-by-valuederiation,i.e.,if thegenerated
sequences of theformu (r 7! :::) v (q 7! :::) wthen
r <geq 0. Beforeshawving this, we needto extendthe generated

events by a root, accordingto De nition 3.5. This is done by
bringingtogethertthereferencesabelingtheinitial expression.

LEMMA 3.7. Let : e +¢ :zandr 62ref(fE@) a fresh
refeence Thenfor M° := fi(r 7! [jej]) Eg holdsref(M9 =

frg[ Mr).

Proof.  Sinceall references rn createddynamically
during the derivation : e +g : z areimmediatelymapped
to otherreferencesy a§eventr 7 rq rn uponcreation,
we haveref (fE@) = a2 [ieil ff ég;(q) [ fgg. Thus,addingthe
eventr 7! [jef] yieldsthedesiredproperty

Lemmag3.7 essentiallyneansthat we canusethe ordering< e g
on the eventsgeneratedy our instrumentedsemanticsThis en-
ablesus to formulateour theoremthat the non-deterministiccall-
by-valuederivation generateshe eventsin exactly thatorder

THEOREM 3.8. Let : e +g : z bea non-deterministicall-
by-valuederivation, arefeencewith 62ref(fEg) andM ° =
ff( 7! [jei) Eg. Thenr <y o qholdsforall u; r;u®v;q; v%w
withE =u (r 71 u% v (7! v9 w.

Proof. By inductionon thestructureof the derivation:
ThebasecasestulesLamandVal, areimmediateas[jej] = E =
Thebasecasefor rule Discad holds,sincethegeneratedequence
(rs 70 ?) (rn 7! ?) is constructedn correspondenct®
iefl=r1 ::: rn.
Inductive cases:
Var: Theclaim directly stemsfrom theinductionhypothesissince
the sequencef eventsis unchangedh thisrule.
App: By Propositior3.4,theeventsequencef theleft antecedence
for applicationsof thisrule is always . By theinductionhypothe-
sis,theclaimholdsfor theevaluationof thebody  : €' [x2=y] +&,

: z. Sincethis expressionis freshly labeled,addingthe event



Discad O:ns; :e# ;

wheree 62Value [ Var ande 6 letx = e; ine;

Lam ns; :y:we# :y:wens
Con ns; :CXp # :CXpn;ns
A n:ns; [x17!' y:el:exo=y] # :z; ms
PP n+1:ns; [X17! y:el:x1@xx # :z;ms

Var ns, X #

ns; c:efy=x]# :z;m+ 1:ms

[ x];ns

0.

m:ms; [ y7!z]:ely=x]# :2° ks

Letl ns; :letx=eine # :z% ks wherey fresh
ns; cefy=x]# :z;0:ms
Let2 - wherey fresh
ns, :letx=eine # [y7!'z]:_; ms y
: : 1 Ci X 1: =V, 1z
Case n:ns; [ xX7!Ci Xk ]:eXk =] # Z; ms

n+1l:ns; [ x7! CiX]:casex of fCh Vi, 7! eng #

1z, ms

Figure 7. Lazy call-by-valuesemantics

r 7! [ie'[x2=yli] meansthatr <yo r°forall r® 2 ref(fE.g).
Sincer isreducedn thisapplicationi.e., beforethebodye' [x1=y],
thisis thedesiredproperty

Case As Proposition3.4 alsoholdsfor caseexpressionsthis case
is analogougo the previous caseApp.

Let: An applicationof thisruleis of thefollowing form:

[y 7! esly=x]l:y +e, :z [y 7! z]:e&ly=x]+e, :2°
‘et x = ejine +

- 20
Ei (r7t[jebj) E2  * 2

wherey freshande, = I(e2). Analogousto the previous cases,
addingtheeventr 7! [jej] yieldsthedesiredpropertywith respect
to the evaluationof the body 5. Moreover, by de nition of func-
tion[j jJtheevent 7! [jlet x = e; in ezj]isequalto 7! [jesj] r

which meansthatr® <o r for all r° 2 ref(fE;1q@). As the ex-

pressione; is indeedevaluatedbeforereducinglet’ x = e; in ey,

this concludegheproof.

Theorem3.8directlyjusti es how to de ne thesteplist. Following
the linear sequenceprovided by <\ 0, we count the length of
referencesequencesvhich do not containa discardedreference,
i.e.,onethatis mappedo ? .

DEFINITION 3.9 (StepList). LetE bea sequencef events.Then
thesteplist st(E) isde nedas

st(v (r 7! ?) w)= jvj:stw)ifv=v’
st(v) =jvj:[]  ifv=v?
ExAamPLE 3.10. ConsidertheeventsfromExample3.1.With

E,=(17'2) (27! ) (07!'3) (37'4) (47! 6 5)
E,=(57'87) (87 ) (7719) (97! )

we producethefollowing steplist:
St(E) = st(E1 (67! ?) Ez) = 5:st(Ez) = [5;4]

Thessteplist can be interpretedas follows: apply the rules of the
call-by-valuesemanticsothatthe r st ve pre-redexesshouldbe
evaluated,the next one should be discaded, and the remaining
ones(four) shouldbe evaluated.

3.3 Step-driven Call-by-Value Evaluation
A simpleobserationwill beusefulin thefollowing.

PrROPOSITION 3.11. Letr bearefeencev 6 ? a sequencef
refeencesand E a sequenc®f events.Thenthere exist a natural
numbem anda list of numbes ns sud thatst(E) = n : ns and
st((r7'v) E)=n+ 1:ns.

Proof. Immediateconsequencef De nition 3.9.

We now introduceour lazy call-by-value semanticghatis driven
by the computedsteplist. Therulesof the semanticareshavn in
Figure7. Thejudgmentsareextendedwith steplists denotedasns.
Webrie y explainthe mostrelevantrules:

RuleDiscad canonly beappliedwhenthesteplist beginswith
0. Thismeanghatanumberin thelist hasbeenconsumedind,
thus,noinnermostreductionshouldbe performed.

In therulesApp, Var andCaseobsere thatwe assumehatthe
variablesarealreadyboundin the currentheapto avalue.This
is justi ed by Proposition3.4.

Rule Let is split into rules Letl and Let2. This is motivated
by the factthat an expressionmay containnestedet bindings
labeledwith differentreferencesThen,if the outermostlet is
to bediscardedpneshould rst alsodiscardtheinnerlets,and
thisis preciselythereasorto introducethe new rule Let2. The
choicebetweerthetwo rulesis determinedy theoutgoingstep
list of the rst premise.

Thereis one main differencebetweenthe non-deterministiccall-
by-valuesemanticandthelazy call-by-valuesemanticsThe non-
deterministicdiscardrule canreplacea comple expressionj.e.,
onewith morethanonelabel,by _, whereaghelazy call-by-value
semanticsieeddo discardevery labeledsub-expressiorseparately
In thefollowing lemmawe shav thatwe canconstructa lazy call-
by-valuederwation consistingof applicationsof Let2 andDiscad
to discardcomplex expressions.

LeEMMA 3.12 (Discardingcomplex expressions)Letn > 0 bea
natural numbere an expressionwith j[jl(e)j]j = n, a call-by-
valueheapandns anarbitrary sequencef natural numbes. Then



there existsa lazy call-by-valuederivation

P::{'Z:: :ns; :e# :_;nssudthat
n

Proof. Cf. (BraReletal.2007)

Now we canprovethecorrespondendeetweerthenon-determinis-
tic andthelazy call-by-valuesemanticsTo comparéneapsetween

thedifferentderivationswe denoteby 'theheap withoutlabels.

THEOREM 3.13. Lete bean expressionge' := I(e), acall-by-
valueheapand : € +g :z anon-deterministicall-by-value
derivation. Thenfor all sequencesf eventsE ° there existsa step-

drivenderivationst(E E%; ':e# °:z;st(E®with ' 0

Proof. We inductively constructthe step-drven derivation from
thenon-deterministicerivation.

Basecases:

Lam: Thederivationis
Sincefor all E® st( E9% = st(EY9, we can constructthe
derivationst(E%; ': x:e °# ': xe %st(EY.

Con: This caseis analogougo the previouscase.

Discad: An applicationof therule Discard looksasfollows:

cxe%+  :xe?®

L .
€ty (a2 )

wherer rn = [i€'j]. Now we have

st((ry 70 ?) @i (rn 7' ?) E9= P:_:{'ZLS):St(EO)

Therefore anapplicationof Lemma3.12yieldsthe existenceof

P:_:{'Z:;?:st(Eo); Te# °: st(E9)where I ©

Inductive cases:

Var: Both variantsof this rule obviously neitherchangethe setof

eventsnor the steplists. Dueto Proposition3.4 the heapalsostays

unchangedTherefore we canomit evaluatingthe binding of x in
andthe claim directly stemsfrom theinductive hypothesis.

App: By Proposition3.4 thederivation hastheform

cxe%+  :xe?
O:x;+ 0:xe0 0. ¢ +¢ 4
0:x1 @X2 e E 4

where °= [ x1 7! x:e Jande = [(e”x2=x]).
By inductionhypothesisve canconstrucia derivationfor all E®

st(E EY; Y:e’xo=x]# °:z;st(EY

where " © By Proposition3.11,st((r 7! [j€j) E E9is
of theformn + 1: ns. Hencewe canconstructhederivation
n:ns; 9:ehxo=x]# ©:z;st(EY

n+1:ns; T:x;@x2# ©:z;st(E9)

Case As Proposition3.4 alsoholdsfor caseexpressionsthis case
is analogoudo the previous caseApp.
Let: Thenon-deterministiclerivation hastheform
celly=x]+e, :z [y7' z]:efy=x]+e, :z
et x=ejine *e, (npelipe, - 2°

0

wherey is afreshvariableande, = I(ey).
Wehave[jei[y=x]i] r = [jelj] r = [jlef x = €| in eyj]. Further
more,by inductionhypothesisve canconstructhe derivationsfor

alE%E®

st(Ex E®; "ey=x]# °:z;st(E%9and
st(Ex EY; qQy 7! z]:e]y=x]# ©:z;st(EY

where ' %and ' % WechooseE ®= (r 7! [jehj]) E:
E ° and concludethat by Proposition3.11 st(E®) is of the form
m + 1: ms. Thereforewe canconstructhederivation

st(E1 EY; "rey=x]# °:z;m+ 1:ms
m:ms; 9y 7! z]:ely=x]# °:z;st(EY
st(E1 E9; :letx=einex# 0:z;st(EQ

This completeghe proof.

ExAMPLE 3.14. Consideragain the expressionof Example2.3
andthe steplist computedn Example3.10:[5; 4]. Theassociated
lazy call-by-valuecomputationaccoding to the rules of Figure 7
is shownin Figure 8.

3.4 ConsumingEventsin Arbitrary Top-Down Order

Thealgorithmto computethe steplist givenin De nition 3.9 con-
sumeseventsgeneratedy a call-by-value derivation. We already
know that the sameset of eventsis also computedby the lazy
derivation. Furthermoreywe know how to ordertheseeventsto ob-
tain the call-by-value sequencecf. Lemma3.6. A nave way to

implementthe approachwould thereforecollectall events gen-
eratedby the lazy semanticshenorderthemaccordingto < g g

and nally computethe steplist. However, we cando betterand
processeacheventassoonasits exact structureis known but be-
fore we know its exactpositionin the completesequenceThis last
stepsubstantiallyincreasesheef ciency with whichthesteplist is
generatedn our approachThis algorithmis alsostraightforward
to implementasdescribedn thenext section.

In this section,we rst give analternatve de nition of how to
computethe steplist thatis lessdependenbn the orderin which
the eventsare generatedAfter thatwe shawv thatthe sequencef
eventsgeneratedy the lazy semanticsneetsthe requirementof
this alternatve de nition.

The eventsgeneratedy both our semanticdave animportant
property Each referenceoccurring during the evaluation of an
expressiore waseithercontainedn e or is introducedon theright
handsideof aneventbefoe beingreducedon the left handsideof
an event. We denotethis propertyof “introduction beforeusage”
as“top-donn” becauseén theview of eventsastreesit meanghat
parentalwayscomebeforeall of their children.Formally, thetop-
down propertyis de ned asfollows.

DEFINITION 3.15 (Top-Donvn Sequence)LetE bea sequencef
events.\e call E top-dawn iff for all sequencesi; v;w and all
refeencesr holdslif E = u (r 7! v) wandu 6 then
there exist a refeenceq and sequencesis; uz; vi; vz sud that
u=us (qQ7!'vi r v2) uz.

Thechallengenow is to computethe uniquecall-by-value steplist
from a differentsequencef eventsandin the presencef missing
information of the form r 7! ?. The algorithm that meetsthis
challenges de ned asfollows.

DEFINITION 3.16. LetE = (r 7! v) w beatop-downsequence
of eventsand 62refff E g a freshrefeence Then,theassociated
steplist is computedrom

as(E) := list (count(E” ; (0;r) (0; )));



[5:4]; pl:letfconst = letfw= arb:cb ginw @w;z= Zerojid = xx ;s=id @z;f = const @zgin f @s

[5:4]; []1:letfw= ab:cb ginw@w
[5:4]; []: arb:chb
[4; 4]; 1 [w7! ab:icb ]:w@w
2 [3; 4]; 1: brcb
[2; 4]; 2 1[const 7! b:cib ]:letfz = Zero; id = x:x ;s=id @z;f = const @zgin f @s
2 [2; 4]; 2:Zero
[1;4]; 3 2[z 7! Zero]:letfid = xx ;s=id @z;f = const @zgin f @s
5 [1; 4]; 3 XX
[0; 4]; 4 afid 7! xx ]J:letfs=id @z;f = const @zgin f @s
[0; 4]; 4:id @z
5 [4];  4:
[3]; 5 a[s7! ]:letff = const @zgin f @s
[31; 5 :const @z
E 2 [2]; 5. Cz
[1]; 6 s[f 71 cz]:f @s
4 0 6:2

[0]; 6:2ero

[0]; 6:2ero

Figure 8. Exampleof lazy call-by-valuecomputatiorwith the steplist [5,4]

whetee thefunctionscount andlist are de nedasfollows:
count((r 7! ) E;v (n;r) (o;s) w) =
count(E;v (n+ 1+ 0;s) w)

count((r 7' ro ri1 rn) E;v (n;r) w)=

count(E;v (n+ 1;ro) (0;r1) ::: (O;rn) w)
count( ; w) =w
list((n;r) w) = n: list(w)
list (") =1

LEMMA 3.17 (Soundnessf count). LetE = (r 7! v) w bea
top-downsequencef eventsand E ° thesequencevher theevents
in E are sortedaccodingto <y g g. Thenst(E% = as(E).

Proof.  First, obsere that E° is indeedunique as < s g isa
linearorderingby Lemma3.6. FurthermoresinceE is atop-davn
sequencandsincecount processethissequencéeft toright,each
ri inagiveneventr 7! rq :::
As neithertherootr northefresh appearn theright handside
of anevent, this propertyalsoholdsfor theinitial agument.

We extend< ¢ 4 Suchthat is the largestreferenceand ob-
sene thatin the initial agumentthe referencesn the secondse-
quenceareorderedw.r.t. < ¢ g 4. Thisorderingis maintainedy the
algorithm.In the rst rule of count thisis obviousasno new refer
encesareintroducedo thesecondsequencedn thesecondule the
introducedeferencesregreateithanthosein v asr is greaterthan
thereferenced$n v andsmallerthaneachr;. Theintroducedrefer
ences; arealsosmallerthanthereferencein w becaus¢hoseare
notcontainedn E (r) becausé is atop-davn sequence.

Furthermoregachnumbern in (m; g) (n; r) within the sec-
ondsequencexactly countsall references whichhave beenrelim-
inatedandfor whichq < e g S <feg I holds.Thisisimmediate,
sincethe secondsequencés orderedandthe eliminationof a ref-

erencex is addedo thecounterdirectly behindx in thatsequence.

Finally, by de nition of E?, count eliminatesand countsall
referencesxceptthoser for which E containedaneventr 7! ?.
All in all, count computeghe numberof eventsbetweerr 7! ?
events,asst() does.

Theonly thing left to shaw is thatthe sequencef eventsgenerated
by thelazy semanticss indeedtop-dawvn.

rn cannotyethave beenprocessed.

LEMMA 3.18. Let[] : e +¢ : z bealazyderivationandr be
a refeencenot occuringin ref (f E@). Then(r 7! [je]]) E isa
sequencef eventswhich is top down.

Proof. Cf. (BraBReletal. 2007).

We arereadyto prove our maintheorem.

THEOREM 3.19. Lete beanexpressione' := I(e) and[] : € +&
: z bealazyderivation,and1+ m : ms = as(E). Thenthere
existsa lazycall-by-valuederivationm : ms; [ : e# °: z;[0].

Proof. By Theorem3.2 thereexists a non-deterministiccall by
valuederivation[] : € +go :zwith E % E° Sincest( ) =
[0], by Theorem3.13 thereexists a lazy call by value derivation
st(EY;[] : e# ©°: z[0]. Let r be a referencenot occuring
in ref(FE@). Thenby Lemma3.18,E”:= (r 7! [igj]) E°is
top-dawn andthereforeLemma3.17 yields st(E®) = as(E%.
Finally, by Proposition3.11st(E% is of theform 1+ m : ms
withm : ms = st(E9.

4. Implementation

We have implementedh dehuggingtool for akernellazy functional
language(basically Haslell without the IO monadj. The tool
consistof two maincomponents:

1. A programtransformation(cf. Section4.1) that associateso
eachsourceprogramaninstrumentecgrogramthatbehaesas
thesourceprogrambut additionallystoresthe steplist from the
sequencef eventsduringits execution.

2. A combinedracer/declaratie detuggerthatexecuteshesource
programin acall-by-valuemannem.r.t. the steplist. To ensure
an efcient executionof the programduring dehuggingtime,
thesourceprogramis compiledinto a strictlanguagevherethe
functionshave additionalamgumentgo passthe steplist.

4.1 Trace Generation

In this sectionwe describethe generatiorof the steplist represent-
ing the informationaboutlazinessWe call this generatiortracing
becaus¢hesteplist is producedy sideeffectsduringtheexecution
of aprogramn this sensethesteplist is asigni cantly condensed

3 At themomentwe alsodo notprovide classesHowever, in contrasto the
10 monad supportingclassesvill notdemanda conceptuaéxtension.



versionof theinformationretrieved by deluggingapproachegke
the ART of Hat (SparudandRuncimanl997b)or the EDT of Freja
(Nilsson and Sparud1997) and Buddha(Popeand Naish 2003).
Tracinga given programis implementedoy transformingthe pro-
graminto aninstrumentedrersion.Executingthis new versionwill
generatea le containingthelist of steps.

Oneof themaingoalsof the presente@pproachs the ef cient
generationof the trace.To achieve this, we will not generatethe
whole sequencef eventsproducedby the instrumentedazy se-
mantics Ratherwe collapsetherecordeddataasmuchaspossible
duringthe executionof the program.The structurewe keepat run
timeis atall timesonly thelist of numbes whichis built according
to the operationcount (De nition 3.16)and,thereforeatary time
reducedasmuchaspossible We representhesteplist asadoubly-
linked list wherepointersaremodeledas|ORefs in orderto allow
ef cient destructve updatef thelist structure The datatypesfor
list nodesandreferenceso themarede ned asfollows:

type Ref = IORef Node
data Node = Empty | Node Ref StepCnt Ref
type StepCnt = Int

Emptyis a specialconstructousedto mark the beginning andthe
endof alinkedlist.

We provide aninterfacethatre ects the structureof the events
that are releasedduring the computation.In orderto modify the
original programaslittle aspossible we usea projectionfunction
with sideeffectsto releaseavents.Thefunction

Ref -> [Ref]

canbe usedto releasean eventof theformr 7! ry ro::: ry
beforethe evaluationof someexpressiore usingthecall

event :: -=> a->a

event r [ri,r2,..., rn] €

Correspondingo the de nition of the operationcount (De ni-
tion 3.16),we canconsumeeacheventdirectly whenit is released
anddonothaveto considem@speci c orderin whichthey aregener
ated.The rst two rulesof De nition 3.16canbedirectlytranslated
into Haslell code.The rst de ning rule of thefunctionevent cor
respondgo theeventr 7! soit removesr fromthelinkedlist and
addsits increasedtepcountto its successor

event r [| x = unsafePerformlO (do
Nodev n w <- readlORef r
updSucc v w
Node o0 s <- readlORef w
writelORef w (Node v (n+1+0) s)
return Xx)

We emplgy theimpurefunctionunsafePerformlO to modify the
list structureas a side effect. The secondrule releasesan event
r 7! s T, with anon-emptyist of references:

event r (sirs) x = unsafePerformlO (do
Nodev n w <- readlORef r
updSucc v s
link v (n+l1) (sirs) w
return x)

Here,we employ theaction
link :: Ref -> StepCnt -> [Ref] -> Ref -> IO Ref

to replacethe referencegiven as rst amgumentto event by the
given list of referenceslink is only de ned for non-emptylists
andthegivenstepcountis addedto the headof this list.

link vni[] w=do
writelORef r (Node v n w)
updPred w r

link v n(rsrrs) w=do
writelORef r (Node v n s)
link r 0 (sirs) w

The auxiliary functionsupdPred and updSucc updatethe prede-
cessomwr the successoof areferencen alinkedlist respectrely:

updPred, updSucc:: Ref -> Ref -> 10 ()
updPred r p = do
Node n s <- readlORef r

writelORef r (Node p n s)

updSuccr s = do
Nodep n _ <- readlORef r
writelORef r (Node p n s)

To computealist of stepnumbersrom alinkedlist representetly
pointers,we de ne anactionlist , which is the directtranslation
of list in De nition 3.16:

list : Ref -> 10 [Int]
list r = do node <- readlORef r
case node of
Empty -> return ]
Node _ns -> dons <- list s
return (n:ns)

Thefunctionlist is calledafterthe executionof the transformed
programandtheresultinglist of stepnumberds thenwritteninto a
le. Duringtheexecution,thelinkedlist representedly references
is held in main memory This list is small comparedto traces
generatedby otherdehuggingapproachediecausé is compressed
onthe y whene&erasubcomputatioiis executedcompletely The
computatioris startedwith areferencehatpointsto distinguished
startandendnoded(cf. Theorem3.19).TheconstaninitialRef
returnsthe never collapsedstart referencelts successois later
suppliedto theinstrumentegrogram:
initialRef @ Ref
initialRef = unsafePerformlO (do
[start,hd,end,empty]
<- sequenceM(replicate 4 (newlORef Empty))
writelORef start (Node empty 0 hd)
writelORef hd (Node start 0 end)
writelORef end (Node hd 0 empty)
return start)

Our de nition of the function event canbeimproved. Wheneer
areferencds replacedby a non-emptylist of referencesthe orig-
inal referenceis deletedfrom the list by updatingthe successor
of its predecessoVe canmodify our approacho reusereferences
wheneer suchaneventoccurstheoriginalreferenceanbereused
for the rst referencen thelist of replacementsAs aconsequence,
thepredecessarf thisreferenceanbeleft unchangeéndwe gen-
eratelessfreshreferencesluringthe executionof theinstrumented
programIn ourimplementationye usethreespecializedunctions
insteadof thesinglefunctionevent to releasesvents:

collapse Ref -> a -=> a
onlylnc Ref -> a -> a
extend Ref -> [Ref] -> a -> a

Thesefunctionsbehae asfollows:

collapse deletesthe givenreferencearom the linked list and
addsits incrementedstep count to its successorlt releases
eventsof theformr 7!

onlylnc only incrementsthe step count storedin the given
referencelt releasesventsof the form r 7! r%in orderto
reusethelORef of r for r°



extend incrementsthe step countin the rst referenceand
insertsthe list of referencesfterthis referencelt implements
eventsr 7! T, wheren > 1 andreuseghelORef of r forr.

Notethatthecall onlylnc r needgo modify only asinglelORef,
whileevent r [r'] accessefour.

The speci ¢ function to be appliedis statically known during
the programtransformationThus,thereis no additionaloverhead
for dispatchingo oneof thesefunctionsat run time. The reuseof
referencedelpsto save both memoryand run time becausdess
referencesieedto be createdand lessreferencesre accessedh
orderto procesgheevents.

4.2 Program Debugging

In this section,we shav a concreteexamplefor a delhuggingses-
sionby consideringhe programof Examplel.1.Whenwe runour
dehuggingtool with this example,the programis transformedso
thatthesteplist [2,1,0,14] is generatediuringthe evaluationof
the initial expressionmain. As alreadydiscussedn Examplel.1,
this steplist pointsout thattherearethreeexpressionghat should
be discardedduring the evaluationof main dueto the partial eval-
uationof theexpression(fibs  Zero) to(_:_:_ ).

The tracer/debgger usesthe steplist to control the call-by-
valueevaluation.It startswith theresultof theinitial expression:

main --> Zero

Theresultis computediuringdehuggingtime accordingo ourlazy
call-by-valueevaluation.Althoughwe tradeherecomputatiortime
duringthedeluggingsessioragainstmemoryfor storingthetrace,
the evaluationtime requiredduring dehuggingis acceptablelueto
theef cient innermostexecutionandthetime requiredby the user
to decidethe next interaction.

After printing an expressiorandits value,the userhasthe op-
tionto proceedik ea(call-by-value)traceri.e.,atypicalprocedural
dehugger or like a declaratve dehugger For the latter, he hasthe
optionsc (statingthattheresultis correctw.r.t. hisintendedmean-
ing) or w (indicatingawrongresult).For tracing,theusercanmove
to the next reductionstepor skip the entire computation.Tracing
is usefulwhenthe useris undecidedabouta computationw.r.t. the
intendedsemanticsA dehuggingsessioris nished whenthe bug
hasbeenlocated,i.e., whenthereis anapplicationof arule where
the evaluationsof all functionsoccurringin theright-handsideare
correct.If the endof a computationis reachedwithout locatinga
bug (e.g.,whenthe userhasskippedover somepotentiallywrong
subcomputationthe sessioris restartedrom the beginning.

In our example theentirecomputatioris buggy sothatwe type
w. Sincethe expression(fibs  Zero) is innermostin the right-

handsideof therulefor main, its (partial)evaluationis shovn next:
fibs Zero -->

Herewe type s in orderto skip over this computation(which has
notenoughinformationfor ade niti ve decisionatthispoint). Thus,
we seethe next subexpressiorin innermosibrder:

take (S (S Zero)) () > [,
Althoughthislooks ne, wetypes to seethe next subepression:
length [, ] --> Zero
Sincethisis de nitely awronglength,we typew andobtain:
length [] --> Zero
We typew againandobtain
length ]

whichis intendedsothatwe typec. Inmediatelywe getthereport
that the bug is in the rule that reducesthe redec length [ _].

--> Zero

Looking at the sourcecodefor this rule, we cannow seethatan
applicationof the constructolS is missingin theright-handside.

Similar to otherdeluggingtools,our tool is alsoequippedvith
a sourcecodeviewer that always shavs the currentrule applied
to the outermostfunction of the expressionunderconsideration.
Thealgorithmfor bug locationis similarto thatin otherdeclaratie
dehugging tools (Shapiro1983). However, note that the call-by-
valueview is importantto obtainthe questionsandtraceorderin a
comprehensiblenanner

Althoughthe examplewassimpledueto lack of spacethe de-
buggingtool alsocovershigherorderfeatureqasalreadyshavn in
the semanticsind primitive functionslike arithmeticoperations.
Currently thetool doesnothandlel/O actions However, thisis not
aprinciplelimitation: /O actionscanbetreatedby storingtheirre-
sultin the steplist thatis thenusedduring the dehugging session
(insteadof executingthem again). The detailsabouttheir repre-
sentatiorarenon-triial (e.g.,the effect of getChar andputChar
shouldbevisualizedin someconsolewindow) sothatwe leave this
partof theimplementatiorfor futurework.

4.3 Practical Experience

In this sectionwe compareour detuggerwith the Haslell Tracer
Hat (Wallaceet al. 2001). Thetime thatis neededo generateour
traceis comparableto the time neededto generateHat's ART.
Obviously, our trace le is muchsmallerthanthe ART. The call-
by-valueevaluationstepsareperformedreasonablyast.

We achieve this performancavith a modestimplementatioref-
fort. We neitherusehighly optimizedexternalfunctioné to gen-
eratethe trace,nor do we needsophisticatedandomaccessle
operationsn orderto navigate our trace le. Although our trace
generationis alreadyacceptablyef cient, we plan to optimizeit
usingHaslell's foreignfunctioninterfaceto access C implemen-
tation. Firstexperimentsshav thatsuchanimplementatiorwill be
about vetimesfasterthanthe currentimplementation.

As we only prototypicallyimplementedour approachwe can
not make signi cant comparisonsawith Hat. We expect that the
main performanceverheadof our approachs the re-computation
in call-by-valueorder We chooseanexamplewith alot of compu-
tationstepsin orderto comparethetime spentin re-computinghe
resultswith thetime necessaryo look themupin atrace le.

ExampLE 4.1. The following example program would print the
16thprime numberif wewould nothaveintroduceda bug:

main = print

primes :: [Int]
primes = sieve [2..]

-> [Int]

(primes ! 15)

sieve : [Int]
sieve (x:xs) =
x : sieve (filter ((==0) . (modx)) xs)
If we runthis programit printsthe surprisinglybig number65536
which is de nitely not a prime number We useHat and our de-
buggerin orderto delug the evaluation of the main expression
(primes !! 15). Wemeasurehetimethatis usedfor generating
thetracesandalsocompareheir size.Ourbenchmarksvererunon
anApple™ PaverBookwith an1.33GHz PaverPCG4 processor
and768MB DDR SDRAM mainmemory Hat's ART is generated
within 7 secondsandis 4.7 MB big. Our traceis generatedvithin
about5 secondsandis about100 bytesbig. So, our tracegener
ationis asefcient asthe generatiorof Hat's ART althoughit is
completelyimplementedn Haslell. Hat'strace le is about50000
timesbiggerthanourswhich canbe printedon a few lines:

4We only useunboyedInt sto representhestepcount.



[327673,0,1179615,589791,29 4879,147423,
73695,36831,18399,9183,4575,227 1,1119,
543,255,111,39,2,0,0,184]

We canseethatupto amillion stepscanbeperformedn innermost
orderandonly 20 suspensionareneedediuringthe computation.
We usedthedeclaratve detuggerhat-detecandour stepdelug-
ger andcomparedheir responsdimes. Unfortunately dehugging
the programin Example4.1wasnot feasiblein bothdetuggersso
we replacedhe numberl5 by 10 for this test.
Hat-detecposeghefollowing questioralmostimmediately:

primes = 2:4:8:16:32:64:128:256:512:  1024:2048:_

We canseethatwe computepowversof 2 insteadof primes.Stating

thatthis is wrong, it takesmorethan10 secuntil the next question
appearsSubsequemjuestionsaregeneratedvithin afew seconds.
Our tool shaws every computationstepin lessthana secondThe

timeto shav eachstepdepend®nhow longit takesto computethe

amgumentsandthe resultof the displayedcall. Recomputinghese
valuesseemdo beasfeasibleaslooking themupin arede trail.

5. RelatedWork

As alreadymentionedn theintroduction,mary of theapproaches
to dehug lazy functionalprogramsarebasecdn recordingthecom-
putationin arede trail (SparudandRunciman1997b)or anEDT
(Nilssonand Sparud1997). The size of thesestructurescrucially
grows with thelengthof thecomputatiorto bedehugged As a so-
lution to this problem,somedifferentapproachesvereproposed.

Sparudand Runciman (1997a) presentone of the rst ap-
proacheso reducethesizeof rede trails. It is basedn notrecord-
ing trustedcomputationge.g.,theevaluationof Preludefunctions)
andon pruningtrails. Unfortunately consideringrustedfunctions
doesnot reducememory consumptionas expected,sincetrusted
functionsare appliedto expressiongor which detug information
hasto berecordedcf. PopeandNaish(2003).Pruningtrails was
notconsideredurthersincetheresultingtrail is incompleteandthe
buggy computatiorcanbe cut from therecordednformation.

In the further developmentof Hat (Wallaceet al. 2001), the
problemof recordinglarge rede trails wasnot really tackled.All
informationis written to a large le which resultsin a slovdowvn
whengeneratinghis le andanalyzingit in viewer components.

The piecemealtracing approachof Nilsson (1999,2001) and
PopeandNaish (2003)was de ned for declaratve dehugging by
meansof an Evaluation Dependencélree (EDT) usedin Freja
(Nilsson and Sparud1997) or Buddha(Pope 2005). In this ap-
proach,only a pieceof the entire EDT is initially generatedand
new piecesarecomputedonly if they are needecby re-executing
theentireprogram.Hence the saving of spacds purchasedby ad-
ditional run-time during detugging. In contrast,our approachis
directly spaceef cient andonly storesa minimal amountof infor-
mationat executiontime. Furthermoretheir approactis basically
orientedto declaratve delhuggingin contrasto steplists.

Popeand Naish (2003) proposean optimizationof the piece-
meal EDT constructionin which it is not necessaryo restartthe
whole computationto computenewn piecesof the EDT. Instead
computationsare storedwhich allow the generationof the miss-
ing partsof the EDT. However, thereexists no evaluationon how
muchmemoryis neededor storingthesecomputationsyet (Pope
andNaish2003).Furthermoretheimplementatiorhighly depends
on the internal structureof the Glasgev Haslell Compiler (ghc)
andthe underlyingC heapin which structuresare storedto pre-
ventthemfrom garbagecollection. This malesit non-portableo
otherHaslell systemsThewhole approachs motivatedfrom the
implementatiorperspectie, withoutary correctnesproofs.

6. Conclusions

We have presentec novel approactto dehug lazy functionalpro-
gramsby re-executingthemin the context of call-by-value evalu-
ation. To avoid unnecessargomputationsteps,we have designed
aninstrumentedazy semanticghatproducesheinformationnec-
essarnyto drive the call-by-value evaluatorsothatit discardshose
expressionsvhoseevaluationis not neededFurthermorewe have
shavn thatthis information canbe obtainedby programtransfor
mation.We have formally de ned the resultinglazy call-by-value
semanticsand have proved its correctnessOur rst experiments
with aprototypicalimplementatiorof adehuggerareencouraging.
The approachis a completelynew techniqueof relating lazy
and call-by-value computationsAlthough we developedit in the
contet of deluggingit shouldbeapplicableo arbitraryanalyzeof
therun-timebehaior of lazy functionallanguageAs future work,
we expectmary fruitful applicationsof this techniqgueandwantto
improve theimplementatioraswell asthe availablebackends.
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