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Abstract

TheHat systemprovidesa methodfor tracinga lazy functionalprogram.However
Hatworksby transformingthesourceprograminto amuchlargerself-tracingvariant
thatrunsbetween15 and100timesslower andusesseveraltimesasmuchmemory.
Weshow how equivalenttracescanbegeneratedmuchmoreefficientlyby modifying
theunderlyingabstractmachine.Ourapproachshowsthatit is only necessaryto add
afew extramachineinstructionsandchangetheinterpretationof afew othersin order
to generateHat tracesefficiently.
Keywords: Tracing,Haskell, lazy functionalprogramming,abstractmachines.

1 INTRODUCTION

It is oftensaidthatanadvantageof functionallanguagesis that they make it more
likely that programmerswill write correctcode. However, even functional pro-
gramssometimeshave bugs.In orderto correctthemit is oftennecessaryto know
why theprogramgave aparticularanswer. It canalsobeusefulto understandwhy
aprogramgave aparticularanswerfor reasonsotherthandebugging,for example,
in order to gain a betterunderstandingof the program. This canbe particularly
importantfor peoplemodifying codethatthey did notwrite.

Onemethodto debug andunderstandaprogramis to producea traceof every-
thing that theprogramdid. Suchanapproachis usedin systemssuchasHat [10]
aswell asin algorithmicdebuggingsystemssuchasFreja[4] andBuddha[6]. This
paperwill look principally at theHatsystem.

Hat producestracesin way that is portableacrossdifferentcompilers,but the
tracedcomputationusesmuchmorememoryandtypically runsbetween15 and
100timesslower thantheuntracedcase.Thispaperdescribeshow thesametraces
canbeproducedmuchmoreefficiently by modifying theunderlyingabstractma-
chine.

1.1 The difficulties of tracing lazy functional languages

The methodtraditionally usedfor tracing and debugging in strict functional and
imperative languagesis to stepthroughtheexecutionsequentiallyandexaminethe
runtimestateof thesystem,suchasthecontentsof theheapandvaluesof variables
on thestack[9]. Suchanapproachis lesseffective for lazy functionallanguages,
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however, astheorderof evaluationis demanddrivenandsois oftenun-intuitive to
theprogrammer. In a lazy languagetheexecutionof a pieceof work is suspended
until its evaluationis necessaryin forming theoutputof theprogram.

Producinga completetraceof the executionof the programmeansthat de-
buggingbecomesa post-mortemactivity. The advantageof this approachis that
it allows the executionto be explored independentlyof evaluationorder. It also
meansthat the runtimestateof the programcannotbe alteredduring the tracing
process,which is in keepingwith thedeclarative natureof functionalprograms.

Hat worksby usingsourcelevel transformation:theoriginal Haskell program
is translatedinto a new Haskell program.Whenthis new programis evaluatedit
doesthesamecomputationastheoriginal but asasideeffect alsoproducesa trace
of the evaluation. Suchan approachhasthe advantageof being portableacross
different compilersandplatforms. However, it alsomakes the sourcecodesev-
eral timeslarger, increasescompiletimes,cangreatlyincreasethememoryusage
andcangreatly reducethe runtimeperformanceof the program. For somelarge
applicationssuchaperformancelossmakestracingimpractical.

1.2 Tracing using a modified abstract machine

An alternative approachto transformingthe programsourceis to usea modified
compilerandabstractmachine.The programis compiledwith additionaldebug-
ging informationandthenasexecutionproceedstheabstractmachinegeneratesa
traceof thecomputation.Suchan approachis not portableacrossdifferentcom-
pilers but it hasthe advantagethat it hasmuch lessinterpretive overheadwhen
comparedwith tracingby programtransformation.

2 THE G-MACHINE

TheG-Machineis anabstractmachinefor implementinglazyfunctionallanguages
by graphrewriting andis describedby AugustssonandJohnssonin [3]. Suspended
computationsarerepresentedin the heapasgraphs. Whenthe valueof the sus-
pendedcomputationbecomesnecessarythefunctiondescribedby thegraphis ex-
ecutedandthe graphis rewritten with its result. This processcontinuesuntil the
final resultof thecomputationhasbeenobtained.

This paperdescribesmodificationsto the nhc compiler [8], which is imple-
mentedbasedon theSpinelessG-Machine[1].

Thedefinition for a function is compiledinto a seriesof SG-Machineinstruc-
tions. Whena closureis evaluatedthe SG-codebuilds a graphrepresentingthe
bodyof thefunctionin theheapandthenreturnsandupdatestheclosure.

For example,considerthefollowing definitionof a function:

unary :: Int -> [Int]
unary 0 = []
unary n = 1 : unary (n-1)
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FUNCTION unary(n):
PUSH_ARG n [ n ]
EVAL [ n ]
CASE [ ]

0 -> PUSH_GLOBAL [] [ [] ]
RETURN

_ -> PUSH_INT 1 [ 1 ]
PUSH_ARG n [ n, 1 ]
MKAP (-) 2 [ n-1 ]
MKAP unary 1 [ unary (n-1) ]
PUSH_INT 1 [ 1, unary (n-1) ]
MKCON (:) [ 1 : unary (n-1) ]
RETURN

FIGURE 1. The SG-Machineinstructions for the unary function.

Figure1 shows theSG-Machineinstructionsfor theunary functionwith the
valueson thestackduringevaluationareshown on theright.

TheRETURN instructionupdatestheoriginalunary 2 closurewith theresult
1 : unary (2-1). If the sameunary 2 closureis evaluatedagainthen
insteadof recomputingthegraph,theresultis returnedimmediately.

Furthercomputationmight causetheunary (2-1) closureto beevaluated
leadingto morecomputationandgraphgeneration.A chainof suchapplications
andupdatesis shown in Figure2.

3 THE HAT TRACE STRUCTURE

The Hat trace is a graphthat provides a detailedrecordof the graphreduction
processwhena programis executed. A tracecanbe viewed by the Hat tools to
examinewhat thecomputationdid [2]. Thetraceprincipally recordsapplications
of functionsto particulararguments.Thetracealsorecordsthe parentapplication,
in whosebodythis onewascreated,andwhattheresultof this applicationis.

Figure3 shows the completetraceof theunary 2 example. Thedottedar-
rows show the parentof a nodeandthe dot-dashedarrows show the updatingof
results.

TheHat traceis a graphstructurestoredasa seriesof nodesin a file. A refer-
enceto a nodeis givenby thefile positionof thatnode.Nodesstorereferencesto
othernodesby storingtheir file positions.Figure4 shows thebasicstructureof an
Hat trace,formalisedasasetof concreteHaskell types:

Whena redex is createdits result is Unevaluated. If that redex is evaluated
thentheredex is updatedto Entered, andwhenits resultis availableit is updated
with a Ref to theresult.
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FIGURE 2. A sequenceof graph reductionsfor unary 2.

FIGURE 3. The Hat trace for the unary 2 example.

Ref adirectreferenceto afile position.
NoRef signifiesthatthereis nousefulreference,for examplethe

parentof a top-level function.
Entered is usedastheresultreferencefor nodesthathave been

evaluatedbut not updatedwith a resultyet.
Interrupted shows computationsthatwerestoppedby theuser.
Unevaluated shows nodesthathave not yet beenevaluated.

4 MODIFYING THE SG-MACHINE FOR TRACING

The correspondencebetweenthe Hat tracesand the graph rewriting semantics
stronglysuggeststhata Hat tracecouldbegeneratedby a modifiedSG-Machine.
Thebasicideais thatwhennew nodesarebuilt in theheapa correspondingnode
is built in thetrace.Similarly whenever a heapnodesis updatedwith a result,the
correspondingtracenodeis updatedwith thecorrespondingresult.
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data Ref a = NoRef | Ref FilePos
| Entered | Interrupted
| Unevaluated

data Expr = Ap { fun :: Ref Expr
args :: [Ref Expr],
parent :: Ref Expr,
src :: Ref SrcPos,
result :: Ref Expr }

| Atom { atom :: Ref Atom,
parent :: Ref Expr,
src :: Ref SrcPos,
result :: Ref Expr }

| Case { cond :: Ref Expr,
parent :: Ref Expr,
result :: Ref Expr }

| If { cond :: Ref Expr,
parent :: Ref Expr,
result :: Ref Expr }

| Forward { result :: Ref Expr }
| Hidden { parent :: Ref Expr,

result :: Ref Expr }
data Atom = Id String SrcPos | IntVal Int

| CharVal Char | ...

FIGURE 4. The basicAugmentedRedexTrail structur e.

4.1 The trace stack

Although the traceof a function closely matchesits representationin the heap
therearethingsrecordedin thetracewhich have no representationin theheap,for
examplecaseexpressions.In orderto accommodatethesefeaturesanextra stack
is addedto theabstractmachine,thetracestack.

Considerthemax function,which usesguards.

max :: Int -> Int -> Int
max x y

| x > y = x
| otherwise = y

The codefor tracing themax function is shown in Figure6 — the untraced
codeis thesamewithout the‘T’ s in front of theinstructions.

Figure5 comparestheheapgraphfor max 4 3 with thedesiredtracegraph.
The SG-Machinebuilds a graphfor 4 > 3 and evaluatesit to True. It then
evaluatesthe guard,pushes4 on the stackandupdatesthemax closurewith the
resulton thetopof thestack,which is 4. In thetrace,however, themax tracenode
is updatedwith a guardandtheguardis updatedwith the tracefor 4. Whenif,
guard andcase areintroducedthetracestructureno longercorrespondsexactly
with theheapstructure.
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FIGURE 5. The graph reductionand Hat trace for max 4 3

FUNCTION max(x,y) [ ] < max x y >
TPUSH_ARG y [ y ] < y, max x y >
TPUSH_ARG x [ x, y ] < x, y, max x y >
TMK_AP (>) 2 [ x > y ] < x > y, max x y >
TEVAL [ x > y ] < x > y, max x y >
TGUARD [ ] < | x > y >

TPUSH_ARG x [ x ] < x, | x > y >
TEVAL [ x ] < x, | x > y >
TRETURN

ELSE [ ] < | x > y >
TPUSH_ARG y [ y ] < y, | x > y >
TEVAL [ y ] < y, | x > y >
TRETURN

FIGURE 6. The Hat SG-Machineinstructions for the max function.

Theseissuesaresolvedby useof thetracestack.Instructionsin theG-Machine
changethe graphcorrespondingto the normalstackandchangethe tracecorre-
spondingto thetracestack.In Figure6, thetracestackis shown on thefar right of
thefigure.

4.2 Semantics

Adapting the SG-Machinefor tracing requiredsomemodificationto existing in-
structionsaswell asthe additionof new instructions.The semanticsfor the new
andmodified instructionsareshown in Figure7. Only the rulesfor SG-Machine
instructionswhich have beenmodifiedfor tracingareshown.

Weusex update y to notatethatthetracenodex shouldhave its resultfield
updatedwith y.

4.3 Implementation

Thebackendof thenhccompilerhasto bemodifiedto generatethenew instruc-
tions and to add extra information suchas function namesand sourcecodepo-



141

Thestateis an8 tuple:

< instrs,node,parent,stack,tstack,heap,dump,trace>

intrs list of instructionsleft to execute
node theheapaddressof theheapnodecurrentlybeingevaluated
parent thetracereferenceof thecurrentparent
stack theprogramstack,a list of heapaddresses
tstack thetracestack,a list of tracereferences
heap a functionfrom heapaddressesto pairsof heapnodesandtracereferences.
trace a functionfrom tracereferencesto tracenodes
dump a tupleof (code,node,parent,stack,tstack)for recursive calls

< TPUSHARG n : cs,v, p, as,ts,
h[v 7→ (AP(f, x0 .. xm), ), xn 7→ ( , t)],
tr, ds> ⇒

< cs,v, p, xn : as,t : ts,h, tr, ds>

< TPUSHn : cs,v, p, a1 .. an : as,ts,
h[an 7→ ( ,t)], tr, ds> ⇒

< cs,v, p, an : a1 .. an : as,t : ts,h, tr, ds>

< TPUSHINT n : cs,v, p, as,ts,h, tr, ds> ⇒

< cs,v, p, a : as,t : ts,
h ⊕ { a 7→ (CON(n),t)},
tr ⊕ { t 7→ INT(p, Unevaluated,n) }, ds>

< TIF xs ys: cs,v, p, a : as,t0 : t1 : ts,
h[a 7→ (CON(True), )], tr, ds> ⇒

< xs++ cs,v, p, as,u : ts,h,
tr ⊕ { u 7→ IF(p, Entered,t0),

t1 update Resultu }, ds>

< TIF xs ys: cs,v, p, a : as,t0 : t1 : ts,
h[a 7→ (CON(False), )], tr, ds> ⇒

< ys++ cs,v, p, as,u : ts,h,
tr ⊕ { u 7→ IF(p, Entered,t0),

t1 update Resultu }, ds>

< TMK AP f n : cs,v, p, a1 .. an : as,
t1 .. tn : ts,h, tr, ds> ⇒

< cs,v, p, a : as,t : ts,
h ⊕ { a 7→ (AP(f, a1 .. an),t) },
tr ⊕ { t 7→ (AP(p,Unevaluated,f, t1 .. tn) },
ds,>

< TMK CONc n : cs,v, p, a1 .. an : as,
t1 .. tn : ts,h, tr, ds> ⇒

< cs,v, p, a : as,t : ts,
h ⊕ { a 7→ (CON(c,a1 .. an),t) },
tr ⊕ { t 7→ (CON(p,Unevaluated,c, t1 .. tn) },
ds,>

< TEVAL : cs,v, p, a : as,t : ts,
h[a 7→ (AP(f, a0 .. an), u)], tr, ds> ⇒

< codef, a, t, [], [t],
h ⊕ { a 7→ (HOLE(f, a0 .. an), u) }
tr ⊕ { t update Entered}, ds,>

< TEVAL : cs,v, p, a : as,ts,
h[a 7→ (CON( ), )], tr, ds> ⇒

< cs,v, p, a : as,ts,h, tr, ds>

< TRETURN: cs,v, p, a : as,t0 : t : ts,h,
tr, (cs’, v’, p’, as’, ts’) : ds> ⇒

< cs’, v’, p’, a :as’, t : ts’,
h ⊕ { v 7→ (IND(a), ) },
tr ⊕ { t update Resultt0 }, ds>

< TAPPLY n : cs,v, p, a0 : a1 .. an : as,
t0 : t1 .. tn : ts,h[a0 7→ (AP(f, x1 .. xm), t)],
tr, ds> ⇒

< TAPPLY’ (z-m) : cs,v, p, a0 : az−m .. an : as,
u:ts,
h ⊕ { a0 7→ (AP(f, x1 .. xm ++ a1 .. az−m), t) },
tr ⊕ { u 7→ AP(p,t0, t1 .. tn) }, ds>

where
z = arity f

< TAPPLY’ n : cs,v, p, as,ts,h, tr, ds> ⇒

< cs,v, p, as,ts,h, tr, ds>

when n ≤ 0

< TAPPLY’ n : cs,v, p, a : b : as,ts,h, tr, ds> ⇒

< TAPPLY’ (n-1) : cs,v, p, c : as,ts,
h ⊕ { c 7→ (AP(apply, [a,b]), NoRef)}
tr, ds>

FIGURE 7. Semanticsfor the modified SG-Machineinstructions.
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sitions. The most extensive modificationsare in the nhc interpreter. Necessary
modificationsare:

• changingtheheapnodeformat: every heapnodegaines2 additionalfields.
Thefirst holdsinformationabouteachnodesuchasits nameandmodule,as
well asflagsaboutwhetherthis nodeis alreadytracedor not. The second
holds a referenceto sourceposition information for untracednodes,or a
tracereferenceto thetracenodefor tracednodes.

• addinga tracestack: anadditionalstackis neededto accommodatecertain
featuresof thetrace,seeSection4.1.

• addingcodefor thenew instructionsandmodifyingexisting instructions,see
Section4.2.

• introducingcodefor writing Hat tracesfrom thehat-translibrary.

4.4 Dealing with compiler intr oducedconstructs

Oneissuethatsubstantiallycomplicatestracingat theabstractmachinelevel is that
the programtraceshouldcorrespondto the programsource. This issueis easily
solved in the Hat-transsystembecauseit operatesat a syntacticlevel. However
the issueis morecomplicatedin the Hat G-Machinecasebecausethe translation
from Haskell sourceto SG-Machineinstructionsintroducesconstructswhich are
not in theoriginal source.Therearethreemaininstancesof this causedby pattern
matching,lambdalifting andprimitive functions.

Patternmatchingmight be compiledinto oneor morecasestatementsin the
SG-Machineinstructions.Thesecasestatementsobviously have nocorresponding
aspectin the sourcecode,and so they shouldnot be traced. The solution is to
rememberwhich casestatementswerein the original sourceandwhich werein-
troducedby thecompiler, andthencompile‘real’ casestatementsto betracedand
‘introduced’statementswithout tracing.

Lambdalifting introducesnew top-level definitions,which alsoshouldnot be
traced.Thesolutionis to useaTFORWARD instruction,whichtracestheapplication
on the top of theprogramstackwith a simpleforwardnode.Theforwardnodeis
laterupdatedwith theresultof thelifted function.

Somefunctionsto manipulateprimitive types,suchasaddition andsubtrac-
tion, are implementedusingprimitive operations.For examplethe SG-Machine
instructionto addtwo integersisADD I. Theseinstructionscomplicatetracingbe-
causethey needto berecordedasfunctionapplicationsin the tracealthoughthey
arenot implementedasfunctionapplicationsin theSG-Machine.This is resolved
by having anadditionalTPRIMITIVE instructionthattracesaprimitiveasthough
it werefunctionapplication.



143

FUNCTION sum(ys) []
PUSH_ARG ys [ ys ]
EVAL [ ys ]
CASE [ ys ]
[] ->

UNPACK [ ]
PUSH_INT 0 [ 0 ]
RETURN

(:) ->
UNPACK [ x, xs ]
PUSH xs [ xs, x, xs ]
MK_AP sum [ sum xs, x, xs ]
EVAL [ sum xs, x, xs ]
PUSH x [ x, sum xs, x, xs ]
EVAL [ x, sum xs, x, xs ]
MK_AP (+) 2 [ x + sum xs, x, xs ]
RETURN_EVAL

FIGURE 8. The SG-Machineinstructions and trace for the trusted sum function.

4.5 Trusting

A completetraceof a programcanbe very large, often running into hundredsof
megabytes.In orderto reducethisproblemHathastheconceptof trusting.Trusted
functionsarefunctionswhoseimplementationsareassumedto becorrectandthus
their internalworkingsdo not needto betraced.For example,all the functionsin
thestandardHaskell preludeareconsideredtrusted.

The definition for the standardsum function is shown below and the SG-
Machineinstructionsareshown in Figure8.

sum :: [Int] -> Int
sum [] = 0
sum (x:xs) = x + sum xs

Figure8 alsoshows the trustedcomputationof sum [1,2]. The initial ap-
plicationto sum,includingits arguments,is traced.Theresultof thisapplicationis
‘Hidden’ showing thatit wascomputatedinsidea trustedapplication.Theinstruc-
tionsfor sum [1,2] callssum [1], which in turncallssum [], neitherof the
recursive applicationsis shown in the tracebecausethey areconsideredinternal
detailsof thesum function.

Thethreeapplicationssum [1,2],sum [1] andsum [] all returnresults;
however, only the result of the root of the trustedcomputation,sum [1,2] is
shown in the trace,becausesum [1,2] hasa correspondingnodein the trace
whereasthe othersdo not.

In generalwecansay:

• applicationsto trustedfunctionsfrom untrustedcomputationsarerecorded,
andwhenthecomputationproducesa resultthatresultis recorded.
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• applicationsto trustedfunctionsfrom trustedcomputationsarenot recorded,
andtheresultof thatapplicationis not berecorded.

• applicationsto untrusted functionsfrom trustedcomputationsarerecorded,
andtheir evaluationis tracedasdescribedin Section4.1.

Themechanismusedfor tracinguntrusted functionscannoteasilybeextended
to dealwith trustedonessoa differentmechanismis used.Although the internal
detailsof a trustedfunction shouldnot be traced,the resultof anapplicationto a
trustedfunctionmightbeneededin thetrace.Thebasicprincipleis to delaytracing
until it is deemedabsolutelynecessary. Implementingthisprincipleinvolvesmodi-
ficationto threeSG-Machineinstructions:EVAL, RETURNandRETURN EVAL.

• TheEVAL instructionevaluatesapplicationsto weakheadnormalform. It
is modified so that whenan untrustedfunction is evaluatedfrom within a
trustedonetheuntrustedapplicationis traced.

• The RETURNinstructionis usedwhencomputationis returninga WHNF
result. It is modified so that whena trustedfunction that hasbeentraced
returnsa resultthatresultis partially traced.

• RETURN EVAL is usedto returnanon-WHNFresultfrom a function. It is
modifiedsothatwhenatracedandtrustedfunctionreturnsandevaluatesan-
othertrustedfunctionthentheresponsibilityfor updatingthetraceis passed
from thefirst functionto thenext.

4.5.1 The EVAL instruction

The EVAL instructionis usedwhenan applicationshouldbe reducedto a weak
headnormal form (WHNF). WhenEVAL is called inside a trustedcomputation
oneof threethingscanhappen:if the objectbeingevaluatedis anapplicationto an
untrustedfunction, thentheapplicationis tracedrecursively, asin Figure9; if the
objectbeingevaluatedis anapplicationto atrustedfunctionin whichcasenotrace
is made;if the objectbeingevaluatedis alreadyin WHNF thenno computation
occursandnothingis traced.

Forward nodesact like indirectionsin the trace. An untracedtrustedapplica-
tion is tracedwith a Forward becausetheapplicationmustbe aninternaldetailof
a trustedfunction. Sincetrustedapplicationsareaninternaldetail thereis no need
to tracetheirapplications;however, their resultmayberequired.Sowhenatrusted
applicationsis evaluatedtheForward is updatedwith thetracefor its result.

4.5.2 The RETURN instruction

Whenaresultis returnedusingaRETURNinstructioninsideatrustedcomputation
therearetwo possibilities.If thenodeunderevaluationis traced,thenthereturned
heapnodeis tracedrecursively andthetraceof thenodecurrentlyunderevaluated
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traceRec :: Node -> TraceRef
traceRec node

| isTraced node = traceOf node
| isUntrusted node = makeApplication node args
| isConstr node = makeConstr node args
| isTrusted node = makeForward
where
args = map traceRec (argsOf node)

FIGURE 9. Haskell pseudocodefor recursively tracing a heap node

is updatedwith the tracedof theresult. If thenodeunderevaluationis not traced
thenno specialactionis taken.

4.5.3 The RETURN EVAL instruction

RETURN EVAL is usedto returnanon-WHNFresultfrom afunction. In common
with theRETURNinstructiontherearetwo possibilities.

If theheapnodeunderevaluationis not tracedthenthe heapnodeis updated
with theresultheapnode,andtheresultnodeis evaluatedasnormal. This evalu-
ationmight causefurther tracing.For example,if theresultnodeis anapplication
to anuntrustedfunction.

If theheapnodeunderevaluationis tracedandtheresultheapnodeisnot traced
thenthetraceof theresultnodeis setto bethetraceof thenodeunderevaluation,
andtheresultnodeis evaluatedasnormal.Theresponsibilityof updatingthetrace
nodehasbeenpassedto theresultapplication.

If the heapnodeunderevaluation is tracedand the result heapnodeis also
tracedthenthe tracenodeof the heapnodeunderevaluationis updatedwith the
tracenodeof theresultheapnode.

5 RESULTS

The performancesof Untracednhc, Hat G-MachineandHat-transarecompared
usingthefollowing programsfrom theno-fib benchmarksuite1.

Queens TheN-Queensprogram,wheren = 8.
Wheel1 A programto list thefirst n primes,wheren = 1000.
Primes A näıve implementationfor finding thenth primeusingthesieve

of Eratosthenes,wheren = 500.

5.1 Compile-time results

Thecompile-timeresultsareshown in thefirst partof Table1. Resultsareshown
for two indicators: the sizeof the final binary in Kb andthe time to compile the

1http://www.dcs.gla.ac.uk/fp/software/ghc/nofib.html
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programin seconds.
Table1 shows thatthe objectcodesizefor theHatG-Machineis alwayswithin

a factor of 3 of the untracedcase,which is substantiallysmaller than the code
generatedby Hat-trans.

Thecompileraddsinformationto eachfunctionsuchasthenameof thefunc-
tion andthesourcecodepositionsfor eachapplication,which expandsthebinary
sizeconsiderably. However the sizeis still muchbetterthanHat-trans,which as
well asaddingthesameinformationalsoaddsspacefor all thecombinatorsthatit
uses.

Thecompiletimefor theHatG-Machineis alsoverymuchimprovedcompared
to Hat-trans. Compile time resultsfor the Hat G-Machineare not substantially
different to the untracedcase,with the slight extra cost coming from having to
write a bigger binary. In comparisonHat-transhasthe overheadsof a translation
phaseandmustcompileamuchlargerHaskell program.

5.2 Run-time results

Run-timeresultsareshown in the secondpart of Table1. The resultsareshown
for anumberof key performanceindicators.

Mem peakliveheapmemoryafteragarbagecollectionin Kb
Time completeprogramruntimein seconds
GCs numberof garbagecollections

The memoryusageof Hat G-Machineprogramsis alwayswithin a factorof
two of theuntracedprogram;in comparisonprogramsgeneratedby Hat-transuse
between3 and12 timesthememoryneededin theuntracedcase.In termsof run-
time performancethe Hat G-Machineis betweena factorof two andfour slower
thantheuntracedprogram;programsgeneratedbyHat-transtypically beingaround
a factorof 50 slower.

The extra memoryusedby the Hat G-Machineis two extra words for every
heapcell. Hat-transworksby wrappingeveryconstructorandfunctionapplication
in adatastructure,it alsowrapsevery functioncall in varioustracingcombinators,
which addsa lot of extra overhead.

Theprincipal additionaloverheadsin the Hat G-Machinearetheoverheadof
file IO andtheadditionalinstructionsmanagingthe tracestack.Hat-transhasthe
overheadsof thetracingcombinatorsandthewrappingandunwrappingfunctions.

5.3 Trace-time results

Are thetracesproducedby Hat-transandtheHat G-Machinethesame?No, there
aredifferencesin thetracesof trustedfunctions,indeedtheHatG-Machine’s han-
dling of trustingis moreaccurate.Sowecannotjust testtraces forequality, but are
they in somesenseequivalent?
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TABLE 1. Performanceresults

Program Compiletime Runtime
ObjectCode(Kb) Time(s) Mem(Kb) Time(s) GCs

Primes-NT 282 0.47 3 0.88 121
Primes-HGM 709 0.53 6 1.91 220
Primes-HT 1753 10.43 20 66.92 9065

Queens-NT 207 0.49 8 0.17 27
Queens-HGM 488 0.55 14 0.61 48
Queens-HT 1755 10.80 103 8.86 1147

WheelSieve-NT 283 0.54 7 0.16 22
WheelSieve-HGM 713 0.66 13 0.47 41
WheelSieve-HT 1764 11.20 23 9.30 1234

TABLE 2. Significant variations in hat-observeapplication countsfor N-Queens

Function CountHGM CountHT
+ 279 58933
− 8 29335
/ = 0 87981
== 360 369
fromInteger 0 41768
unlines 1 0

Application Counts

The hat-observe tool provides a way to test a looserequivalenceabouta trace
suchasthenumbersof applicationsof functions. If we do this for theN-Queens
program,the applicationcountsare indeedidentical for all functionsdefinedin
the Main module. But the countsfor somePreludefunctionsdiffer asshown in
Table2.

• Theslight discrepancy betweenthenumbersof applicationsof the== func-
tion is becauseHat-transtranslatessomecaseexpressionsover integersinto
guardedpatterns.

• ApplicationstofromIntegerdon’t appearin thesourceprogram,but they
areintroducedby theHat-transtranslation.

• Themissingapplicationto unlines in theHat-transtracecomesfrom tak-
ing adifferentdesigndecisionon thehandlingof constantapplicative forms
(CAFs).



148

Theunlines function is definedasa partialapplicationof foldr. Soin-
ternallyunlines isn’t appliedto theargumentgiven,insteadit isevaluated,
returninga partialapplicationandthat is appliedto theargument.Hat-trans
doesnot record thereductionof suchtrustedCAFsastheresultis a trusted
internaldetail.

However this could be confusingto the user, who might expect to seean
applicationof theunlines function. So the Hat G-Machinerecordsthe
applicationto unlines.

• Thelargedifferencesin thenumbersof applicationsof +, - and/= aredue
to the fact that the Hat G-Machinecurrently doesnot handledictionaries.
Thereis a questionof whetherhaving to generatetheseapplicationswould
underminetheperformancefigures:thisdoesnotappearto bethecaseasthe
N-Queensprogramwith theoverloadingremoved,hasidenticalperformance
figuresto theonesshown in Table1.

6 RELATED WORK

Themostcloselyrelatedwork is thatof Henrik Nilssonin his Frejasystem[4, 5].
Like theHat G-Machine,Frejageneratesa traceof a lazy functionallanguageby
modifying the abstractmachine.However therearea numberof key differences:
FrejageneratessimplerEDT structuresratherthanthe richer Hat tracestructure;
Frejageneratesthetraces‘piecemeal’in memoryratherthanin a file asHat does;
Frejais basedon thestandardG-MachineratherthanthespinelessG-Machineof
nhc.

Many of the sameideasarepresent.For exampleNilssonalsoaugmentsthe
heapnodeswith additionalinformation, althoughthe information Frejastoresis
quitedifferent.Frejaalsohasequivalentsto instructionssuchasTMK AP.

Freja,however, doesnot generatetraces forIf, Caseor Guardnodesandas
such doesnot have any conceptof a tracestack. Frejadoes have the conceptof
trusting;however, it is achievedby simplydisablingtracingtemporarily. It doesn’t
dealwith the issueof wantingto know theresultof a trustedcomputationbut not
wantingto see theinternaldetails,asin thecontext of algorithmicdebuggingthe
resultof a trustedfunctionprovidesnonew information.

Theotherwork mostsimilar is Pope’sBuddhasystem[7] which,likeHat-trans,
is basedprincipallyonprogramtransformation.LikeFreja,BuddhageneratesEDT
structures.Buddhausesasingleun-portablefunctionto get theinternalrepresenta-
tion of aHaskell value,enablingit to look atavaluewithout evaluatingit. Buddha
is not basedon modifying anabstractmachine.
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7 CONCLUSIONS AND FURTHER WORK

7.1 Conclusions

Thework on theHat G-Machinehasshown thatby makingminor changesto the
SG-Machinecodegenerated,andby extendingthe interpretationof SG-Machine
code,it is indeedpossibleto generateHat traces.With someadditionaleffort this
schemecanbeextendedto dealwith thecomputationsover trustedfunctions.

The expectedefficiency gainsfrom tracing at the abstractmachinelevel are
indeedrealised.TheHat G-Machineproducestracesmorethananorderof mag-
nitude fasterthancorrespondingprogramsgeneratedby Hat-trans,with only a 2
to 4 fold increasein executiontime comparedto untracedcode. It alsosubstan-
tially reducesthememoryconsumption,compiletime andobjectcodesizewhen
comparedto theHat-transapproach.

TheHatG-MachineandHat-transhandletrustingdifferentlyandin generalthe
tracesgeneratedby theHatG-Machinearemoreaccuratein this respect.Thework
mayalsoleadto certaindesigndecisionstakenin Hat-transbeingre-evaluated.

7.2 Further work

Theunwanteddifferencesbetweenthetracesproducedby Hat-transandthosepro-
ducedby theHat G-Machineneedto be resolved. It will benecessaryto charac-
terisemorepreciselytheexpectedcorrespondencebetweenthetracesgeneratedby
the two methods.The tracesgeneratedby the Hat G-Machinehave not yet been
checkedextensively againstthefull rangeof viewing tools.

In duecourseit is our aim to mergetheHatG-Machinework into thereleased
nhc98system.
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