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Abstract

The Hat systemprovidesa methodfor tracinga lazy functionalprogram.However
Hatworksby transforminghesourceprograminto amuchlargerself-tracingvariant
thatrunsbetweenl5 and100timesslower andusesseveraltimesasmuchmemory
We shav how equivalenttracescanbegeneratednuchmoreefficiently by modifying
theunderlyingabstractmachine Ourapproactshawvsthatit is only necessaryo add
afew extramachinenstructionsandchangeheinterpretatiorof afew othersin order
to generatdHattracesefficiently.
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1 INTRODUCTION

It is oftensaidthatan advantageof functionallanguagess thatthey make it more
likely that programmerswill write correctcode. However, even functional pro-
gramssometimesave bugs. In orderto correctthemit is oftennecessaryo know
why the programgave aparticularanswer It canalsobe usefulto understandvhy
aprogramgave aparticularanswerfor reason®therthandehugging,for example,
in orderto gain a betterunderstandingf the program. This can be particularly
importantfor peoplemodifying codethatthey did notwrite.

Onemethodto delug andunderstand programis to produceatraceof every-
thing thatthe programdid. Suchanapproachs usedin systemssuchasHat[10]
aswell asin algorithmicdehuggingsystemsuchasFreja[4] andBuddha[6]. This
paperwill look principally atthe Hat system.

Hat producedracesin way thatis portableacrossdifferentcompilers,but the
tracedcomputationusesmuch more memoryand typically runs betweenl5 and
100timesslower thanthe untracedcase.This paperdescribeshow the sametraces
canbe producedmuchmoreefficiently by modifying the underlyingabstracima-
chine.

1.1 Thedifficulties of tracing lazy functional languages

The methodtraditionally usedfor tracing and deliggingin strict functional and
imperative languagess to stepthroughthe executionsequentiallyandexaminethe
runtimestateof the system suchasthe contentsf theheapandvaluesof variables
onthestack[9]. Suchanapproachs lesseffective for lazy functionallanguages,
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however, astheorderof evaluationis demanddrivenandsois oftenun-intuitive to
the programmerlin alazy languagehe executionof a pieceof work is suspended
until its evaluationis necessaryn forming the outputof the program.

Producinga completetrace of the execution of the programmeansthat de-
bugging becomesa post-mortemactiity. The advantageof this approachis that
it allows the executionto be exploredindependentlyof evaluationorder It also
meansthat the runtime stateof the programcannotbe alteredduring the tracing
processwhichis in keepingwith the declaratve natureof functionalprograms.

Hat works by usingsourcelevel transformationthe original Haslell program
is translatednto a new Haslell program. Whenthis new programis evaluatedit
doesthe samecomputatiorasthe original but asa sideeffect alsoproducesatrace
of the evaluation. Suchan approachhasthe advantageof being portableacross
different compilersand platforms. However, it also makes the sourcecode sev-
eraltimeslarger, increasexompiletimes,cangreatlyincreasehe memoryusage
and cangreatly reducethe runtime performanceof the program. For somelarge
applicationssucha performancdossmalkestracingimpractical.

1.2 Tracing using a modified abstract machine

An alternatve approachto transformingthe programsourceis to usea modified
compilerandabstractmachine. The programis compiledwith additionaldelug-
ging informationandthenasexecutionproceedghe abstractmachinegenerates
traceof the computation.Suchan approachis not portableacrossdifferentcom-
pilers but it hasthe adwantagethat it hasmuch lessinterpretve overheadwhen
comparedvith tracingby programtransformation.

2 THE G-MACHINE

TheG-Machineis anabstracimachinefor implementingazy functionallanguages
by graphrewriting andis describedy AugustssorandJohnssorin [3]. Suspended
computationsare representedn the heapasgraphs. Whenthe value of the sus-
pendedcomputatiorbecomesecessaryhe function describedoy the graphis ex-
ecutedandthe graphis rewritten with its result. This processcontinuesuntil the
final resultof the computatiorhasbeenobtained.

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

Thedefinitionfor a functionis compiledinto a seriesof SG-Machinenstruc-
tions. Whena closureis evaluatedthe SG-codebuilds a graphrepresentinghe
body of thefunctionin the heapandthenreturnsandupdateghe closure.

For example,considerthefollowing definition of afunction:

unary :: Int -> [Int]
unary 0 =[]
unary n =1 : unary (n-1)
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FUNCTI ON unary(n):

PUSH_ARG n [ n]
EVAL [ n]
CASE [ 1]
0 ->PUSH GOBAL [] [ [1 1
RETURN
_ => PUSH_INT 1 [ 1]
PUSH_ARG n [ n, 1]
MKAP (-) 2 [ n-11]
MKAP unary 1 [ unary (n-1) ]
PUSH_I NT 1 [ 1, unary (n-1) ]
MKCON (:) [ 2 : unary (n-1) ]
RETURN

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

Figurel1 shaws the SG-Machineinstructionsfor theunar y functionwith the
valueson the stackduring evaluationareshowvn on theright.

The RETURNInstructionupdategheoriginalunary 2 closurewith theresult
1: unary (2-1). If thesameunary 2 closureis evaluatedagainthen
insteadof recomputinghe graph theresultis returnedmmediately

Furthercomputationmight causetheunary (2- 1) closureto be evaluated
leadingto more computationandgraphgeneration.A chainof suchapplications
andupdatess shavn in Figure?2.

3 THE HAT TRACE STRUCTURE

The Hat traceis a graphthat provides a detailedrecord of the graphreduction
processwhena programis executed. A tracecanbe viewed by the Hat tools to
examinewhatthe computationdid [2]. Thetraceprincipally recordsapplications
of functionsto particulararguments.Thetracealsorecordsthe parentapplication,
in whosebody this onewascreatedandwhatthe resultof this applicationis.

Figure 3 shawvs the completetraceof theunary 2 example. The dottedar
rows shawv the parenbof a nodeandthe dot-dashedarrons showv the updatingof
results.

TheHattraceis a graphstructurestoredasa seriesof nodesin afile. A refer
enceto a nodeis given by thefile positionof thatnode.Nodestorereferencego
othernodeshy storingtheirfile positions.Figure4 shows the basicstructureof an
Hattrace,formalisedasa setof concreteHaslell types:

Whena rede is createdits resultis Unevaluated. If thatrede is evaluated
thenthe rede is updatedto Entered, andwhenits resultis availableit is updated
with a Ref to theresult.
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FIGURE 3. TheHat tracefor theunary 2 example.

Ref adirectreferenceo afile position.

NoRef signifiesthatthereis no usefulreferencefor examplethe
parentof atop-level function.

Entered is usedastheresultreferenceor nodesthathave been

evaluatedout not updatedwith aresultyet.
Interrupted  shows computationghatwerestoppedoy the user
Unevaluated shaws nodesthathave notyet beenevaluated.

4 MODIFYING THE SG-MACHINE FOR TRACING

The correspondencdetweenthe Hat tracesand the graph rewriting semantics
strongly suggestdhat a Hat tracecould be generatedy a modified SG-Machine.
Thebasicideais thatwhennewn nodesarebuilt in the heapa correspondinghode

is built in thetrace. Similarly whenerer a heapnodesis updatedwith aresult,the

correspondindracenodeis updatedwith the correspondingesult.
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data Ref a = NoRef | Ref FilePos
| Entered | I'nterrupted
| Uneval uat ed
data Expr = Ap { fun 11 Ref Expr
args o [Ref Exprl],
parent :: Ref Expr,
src 1. Ref SrcPos,
result :: Ref Expr }
| Atom { atom :: Ref Atom
parent :: Ref Expr,
src ;. Ref SrcPos,
result :: Ref Expr }
| Case { cond 11 Ref Expr,
parent :: Ref Expr,
result :: Ref Expr }
| If { cond 11 Ref Expr,
parent :: Ref Expr,
result :: Ref Expr }
| Forward { result :: Ref Expr }
| Hidden { parent :: Ref Expr,
result :: Ref Expr }
data Atom = 1d String SrcPos | IntVal Int

| CharVal Char |

FIGURE 4. The basicAugmentedRedexTrail structure.

4.1 Thetrace stack

Although the trace of a function closely matchesits representatiorin the heap
therearethingsrecordedn thetracewhich have norepresentatioin the heap for
examplecaseexpressions.In orderto accommodaté¢hesefeaturesan extra stack
is addedto the abstractmachinethetracestack.

Considerthemax function,which usesguards.

max :: Int ->1Int -> Int
mx x y

| x >y = X

| otherwise =y

The codefor tracing the max function is shavn in Figure 6 — the untraced
codeis the samewithout the ‘T’ sin front of theinstructions.

Figure5 compareshe heapgraphfor max 4 3 with the desiredtracegraph.
The SG-Machinebuilds a graphfor 4 > 3 and evaluatesit to Tr ue. It then
evaluatesthe guard,pushes4 on the stackand updateshe max closurewith the
resultonthetop of thestack,whichis 4. In thetrace ,however, thenax tracenode
is updatedwith a guardandthe guardis updatedwith the tracefor 4. Wheni f ,
guar d andcase areintroducedthetracestructureno longercorrespondsxactly
with the heapstructure.
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FIGURE 5. The graph reductionand Hat trace for max 4 3

FUNCTI ON max(x,y) [ ] < mx Xy >
TPUSH_ARG y A <y, max Xy >
TPUSH_ARG x [ x, ¥y 1] <X, Yy, max Xy >
TMKCAP (>) 2 [ x >y ] <x >y, max xy >
TEVAL [ x >y ] <x >y, mx xy >
TGUARD [ ] <| x>y >
TPUSH_ARG x [ x 1] <X, | x>y >
TEVAL [ x ] <X, | x>y >
TRETURN

ELSE ] <| x>y >
TPUSH ARGY [ vy ] <y, | x>y >
TEVAL [ v <y, | x>y >
TRETURN

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

Thesdssuesaresolvedby useof thetracestack.Instructionsin the G-Machine
changethe graphcorrespondingo the normal stackand changethe tracecorre-
spondingto thetracestack.In Figure6, thetracestackis shavn onthefar right of
thefigure.

4.2 Semantics

Adapting the SG-Machinefor tracing requiredsomemaodificationto existing in-
structionsaswell asthe addition of new instructions. The semanticdor the new
andmodifiedinstructionsare shavn in Figure 7. Only the rulesfor SG-Machine
instructionswhich have beenmodifiedfor tracingareshawn.

Weusex update y to notatethatthetracenodex shouldhaveits resultfield
updatedwith y.

4.3 Implementation

The backendof the nhc compilerhasto be modifiedto generataghe new instruc-
tions andto add extra information such as function namesand sourcecode po-

140



Thestateis an8 tuple:

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

theheapaddres®f the heapnodecurrentlybeingevaluated

afunctionfrom heapaddresseto pairsof heapnodesandtracereferences.

intrs list of instructionsleft to execute

node

parent thdracereferenceof thecurrentparent

stack theprogramstack,alist of heapaddresses
tstack thetracestack,alist of tracereferences

heap

trace afunctionfrom tracereferenceso tracenodes
dump

< TPUSHARGn: ¢s,v, p, as,ts,
h[v — (AP(f, X0 .. Xm),2), Xn — (-, D)],
tr,ds> =

< CS,V, P, Xp : as,t:ts,h,tr,ds>

< TPUSHnN:cs,v,p, & .. & : as,ts,
hlan — (1)), tr, ds> =
< CS,V,P,an:a.. & :as,t:ts h,tr,ds>

< TPUSHINT n: cs,v, p, as,ts, h, tr, ds> =
<cs,v,p,a:ast:ts,

ha {a— (CON(n),t)},

tr & { t— INT(p, Unevaluatedn) }, ds>

< TIFxsys:cs,v,p,a:as,to:ty:ts,
h[a— (CON(True),.)], tr,ds> =
< XS+ Cs,v, p,as,u: ts,h,
tr & { u— IF(p, Entered}o),
t1 update Resultu }, ds>

< TIFxsys:cs,v,p,a:as,to:ty:ts,
h[a— (CON(Ralse),.)], tr,ds> =
<ys+cs,v, p,as,u:ts,h,
tr & { u— IF(p, Enteredto),
t; update Resultu }, ds>

<TMK_APfn:cs,v,p,& .. & :as,
t1..th: ts,h,tr,ds> =
<cs,v,p,a:as,t:ts,
he {a— (AP(f, a1 .. a).t) },
tr & { t— (AP(p,Unevaluatedf, t; .. t,) },
ds,>

< TMK_CONcn:cs,v,p,a .. 8, : as,
t1 ..ty ts,htr,ds> =

< CS,V, p,a:as;t:ts,
ho® {a— (CON(c,a .. an),t) },

tr & { t— (CON(p,Unevaluatedc, ty .. tn) },

ds,>

atupleof (code,node,parent,stack,tstack)for recursve calls

< TEVAL :cs,v,p,a: as;t: ts,

hla— (AP(f, & .. &), U)], tr, ds> =
< codef, a,t, [], [t],

ho {ar— (HOLE(f, & .. &), u) }

tr & { t update Entered}, ds,>

< TEVAL :cs,v, p,a: as,ts,
h[a— (CON(), J], tr, ds> =
< CS,V, p,a: as,ts, h,tr, ds>

< TRETURN: ¢s,v, p,a: as,tp: t: ts,h,
tr, (cs’, V', p’, as',ts’) : ds> =
<cs,Vv,p, aas,t:ts,
h& {v— (IND(a),.) },
tr & { tupdate Resulttp }, ds>

< TAPPLY n:cs,v,p,8: & .. & : as,
to:ty..tnh: ts,h[ag — (AP(f, X1 .. Xm), 1)],
tr,ds> =

< TAPPLY' (z-m): CS,V, P, @0 : &-m .- & : @S,
uts,
ha {a— (AP(f, X1 .. Xm +H a1 .. &-m), 1) },
tr® { u— AP(p,to, t1 .. tn) }, ds>
where
z=arity f

< TAPPLY' n: cs,v, p,as,ts,h,tr,ds> =
< €SV, p,as,ts, h,tr,ds>
whenn<0

< TAPPLY’ n:cs,v,p,a: b: as,ts,h,tr,ds> =
< TAPPLY’ (n-1): cs,v, p, C: as,ts,

h@ { c— (AP(apply [a,b]), NoRef) }

tr, ds>

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

¢ changingthe heapnodeformat: every heapnodegaines2 additionalfields.
Thefirst holdsinformationabouteachnodesuchasits nameandmodule,as
well asflagsaboutwhetherthis nodeis alreadytracedor not. The second
holds a referenceto sourceposition information for untracednodes,or a
tracereferenceo thetracenodefor tracednodes.

¢ addingatracestack: anadditionalstackis neededo accommodateertain
featuresof thetrace,seeSection4.1.

¢ addingcodefor the new instructionsandmodifying existing instructions see
Section4.2.

e introducingcodefor writing Hat tracesfrom the hat-trandibrary.

4.4 Dealingwith compiler intr oducedconstructs

Oneissuethatsubstantialljcomplicategracingattheabstracmachindevel isthat
the programtrace shouldcorrespondo the programsource. This issueis easily
solved in the Hat-transsystembecauseét operatesat a syntacticlevel. However
theissueis more complicatedin the Hat G-Machinecasebecausédhe translation
from Haslell sourceto SG-Machineinstructionsintroducesconstructswhich are
notin theoriginal source.Therearethreemaininstance®f this causedy pattern
matching Jambdalifting andprimitive functions.

Patternmatchingmight be compiledinto one or more casestatementsn the
SG-Machindnstructions.Thesecasestatementshviously have no corresponding
aspectin the sourcecode, and so they shouldnot be traced. The solutionis to
remembemwhich casestatementsverein the original sourceandwhich werein-
troducedby the compiler andthencompile‘real’ casestatementso betracedand
‘introduced’ statementsvithout tracing.

Lambdalifting introducesnew top-level definitions,which alsoshouldnot be
traced.Thesolutionis to usea TFORWARDInstruction,whichtracegheapplication
on the top of the programstackwith a simpleforward node. The forward nodeis
later updatedwith theresultof thelifted function.

Somefunctionsto manipulateprimitive types, suchas addition and subtrac-
tion, areimplementedusing primitive operations. For examplethe SG-Machine
instructionto addtwo integersis ADD_| . Thesenstructionscomplicatetracingbe-
causethey needto berecordedasfunction applicationsin the tracealthoughthey
arenotimplementedasfunction applicationsn the SG-Machine.This is resohed
by having anadditionalTPRI M TI VEinstructionthattracesa primitive asthough
it werefunctionapplication.
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FUNCTI ON sun{ys)

[
PUSH_ARG ys [ ys1]
EVAL [ ys1]
CASE [ ys1
[ ->
UNPACK [ ]
PUSH_ I NT 0 [ 0]
RETURN
() ->
UNPACK [ x, xs 1]
PUSH xs [ xs, X, xs]
MK AP sum [ sumxs, x, xs ]
EVAL [ sumxs, x, xs ]
PUSH x [ x, sumxs, x, xs ]
EVAL [ x, sumxs, X, Xxs ]
MCAP (+) 2 [ x + sumxs, x, xs ]
RETURN_EVAL

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

4.5 Trusting

A completetraceof a programcanbe very large, often runninginto hundredsof
megabytesln orderto reducethis problemHat hasthe concepiof trusting. Trusted
functionsarefunctionswhoseimplementationsareassumedo be correctandthus
their internalworkings do not needto be traced.For example,all the functionsin
the standardHaslell preludeareconsideredrusted.

The definition for the standardsum function is shovn belov and the SG-
Machineinstructionsareshovn in Figure8.

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

Figure 8 alsoshaws the trustedcomputationof sum [ 1, 2] . The initial ap-
plicationto sum,includingits agumentsjs traced.Theresultof this applicationis
‘Hidden’ shawing thatit wascomputatednsideatrustedapplication.Theinstruc-
tionsforsum [ 1, 2] callssum [ 1] , whichin turncallssum [ ], neitherof the
recursve applicationsis shawvn in the trace becausdhey are considerednternal
detailsof the sumfunction.

Thethreeapplicationssum [ 1, 2] ,sum [ 1] andsum [] all returnresults;
however, only the resultof the root of the trustedcomputation,sum [ 1, 2] is
showvn in the trace,becausesum [ 1, 2] hasa correspondingiodein the trace
whereaghe othergdo not.

In generale cansay:

e applicationsto trustedfunctionsfrom untrustedcomputationsarerecorded,
andwhenthe computatiorproducesa resultthatresultis recorded.
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e applicationgo trustedfunctionsfrom trustedcomputationsarenotrecorded,
andtheresultof thatapplicationis not berecorded.

e applicationsto untrusted functionérom trustedcomputationsarerecorded,
andtheir evaluationis tracedasdescribedn Section4.1.

The mechanisnmusedfor tracinguntrusted functionsannoteasilybe extended
to dealwith trustedonesso a differentmechanisms used. Although the internal
detailsof a trustedfunction shouldnot be traced,the resultof an applicationto a
trustedfunctionmightbeneededn thetrace.Thebasicprincipleis to delaytracing
until it is deemedhbsolutelynecessaryimplementingthis principle involvesmodi-
ficationto threeSG-Machinanstructions:EVAL, RETURNandRETURN EVAL.

e The EVAL instructionevaluatesapplicationsto weakheadnormalform. It
is modified so that when an untrustedfunction is evaluatedfrom within a
trustedonethe untrustedapplicationis traced.

e The RETURNI nstructionis usedwhencomputationis returninga WHNF
result. It is modified so that when a trustedfunction that hasbeentraced
returnsaresultthatresultis partially traced.

e RETURNEVAL is usedto returnanon-WHNFresultfrom afunction. It is
modifiedsothatwhenatracedandtrustedfunctionreturnsandevaluatesan-
othertrustedfunction thentheresponsibilityfor updatingthetraceis passed
from thefirst functionto thenext.

451 TheEVAL instruction

The EVAL instructionis usedwhenan applicationshouldbe reducedto a weak
headnormal form (WHNF). When EVAL is calledinside a trustedcomputation
oneof threethingscanhappen:if the objectbeingevaluateds anapplicationto an
untrustedfunction, thenthe applicationis tracedrecursvely, asin Figure9; if the
objectbeingevaluateds anapplicationto atrustedfunctionin which casenotrace
is made;if the objectbeing evaluatedis alreadyin WHNF then no computation
occursandnothingis traced.

Forward nodesact like indirectionsin the trace. An untracedtrustedapplica-
tion is tracedwith a Forward becauséhe applicationmustbe aninternal detail of
atrustedfunction. Sincetrustedapplicationsareaninternaldetail thereis no need
to tracetheirapplicationshowever, their resultmayberequired.Sowhenatrusted
applicationds evaluatedthe Forward is updatedwith thetracefor its result.

452 TheRETURN instruction

Whenaresultis returnedusingaRETURNInstructioninsideatrustedcomputation
therearetwo possibilities.If the nodeunderevaluationis traced thenthereturned
heapnodeis tracedrecursvely andthetraceof the nodecurrentlyunderevaluated
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traceRec :: Node -> TraceRef
traceRec node
| isTraced node
| isUntrusted node
| isConstr node
| 1sTrusted node
wher e
args = map traceRec (argsOF node)

traced™ node

makeAppl i cati on node args
makeConstr node args
makeFor war d

FIGURE 9. Haskell pseudocoddor recursively tracing a heap node

is updatedwith thetracedof the result. If the nodeunderevaluationis not traced
thenno specialactionis taken.

453 TheRETURN_EVAL instruction

RETURNEVAL is usedto returnanon-WHNFresultfrom afunction. In common
with the RETURNInstructiontherearetwo possibilities.

If the heapnodeunderevaluationis not tracedthenthe heapnodeis updated
with theresultheapnode,andtheresultnodeis evaluatedasnormal. This evalu-
ation might causefurthertracing. For example,if theresultnodeis anapplication
to anuntrustedfunction.

If theheapnodeunderevaluationis tracedandtheresultheapnodeis nottraced
thenthetraceof theresultnodeis setto bethetraceof the nodeunderevaluation,
andtheresultnodeis evaluatedasnormal. Theresponsibilityof updatingthetrace
nodehasbeenpassedo theresultapplication.

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

5 RESULTS

The performance®f Untracednhc, Hat G-Machineand Hat-transare compared
usingthefollowing programsfrom the no-fib benchmariksuite?.
Queens TheN-Queengprogramwheren = 8.
Wheell A programto list thefirst n primes,wheren = 1000.
Primes A nadve implementatiorfor finding theri" prime usingthe sieve
of Eratosthenesyheren = 500.

5.1 Compile-time results

The compile-timeresultsareshavn in thefirst partof Table1l. Resultsareshovn
for two indicators: the size of the final binary in Kb andthe time to compilethe

Lhttp://mww.dcs.gla.ac.uk/fp/softare/ghc/nofithtml
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programin seconds.

Tablel shavs thatthe objectcodesizefor the Hat G-Machineis alwayswithin
a factor of 3 of the untracedcase,which is substantiallysmallerthan the code
generatedy Hat-trans.

The compileraddsinformationto eachfunction suchasthe nameof the func-
tion andthe sourcecodepositionsfor eachapplication,which expandsthe binary
size considerably However the sizeis still muchbetterthan Hat-trans,which as
well asaddingthe sameinformationalsoaddsspacefor all the combinatorghatit
uses.

Thecompiletime for theHat G-Machineis alsovery muchimprovedcompared
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 comparisorHat-transhasthe overheadsf a translation
phaseandmustcompilea muchlarger Haslell program.

5.2 Run-time results

Run-timeresultsare showvn in the secondpart of Table 1. The resultsare shovn
for anumberof key performancendicators.

Mem peaklive heapmemoryafteragarbagecollectionin Kb

Time completeprogramruntimein seconds

GCs numberof garbagecollections

The memoryusageof Hat G-Machineprogramsis alWwayswithin a factor of
two of the untracedprogram;in comparisorprogramsgeneratedy Hat-transuse
between3 and12 timesthe memoryneededn the untracedcase.ln termsof run-
time performancehe Hat G-Machineis betweena factorof two andfour slowver
thantheuntracedorogram;programsggeneratedby Hat-trangypically beingaround
afactorof 50 slower.

The extra memoryusedby the Hat G-Machineis two extra wordsfor every
heapcell. Hat-transworks by wrappingevery constructorandfunction application
in adatastructurejt alsowrapsevery functioncall in varioustracingcombinators,
which addsa lot of extra overhead.

The principal additionaloverheadsn the Hat G-Machineare the overheadof
file 10 andthe additionalinstructionsmanagingthe tracestack. Hat-transhasthe
overhead®f thetracingcombinatorsandthe wrappingandunwrappingfunctions.

5.3 Trace-timeresults

Are thetracesproducedby Hat-transandthe Hat G-Machinethe same”No, there
aredifferencesn thetracesof trustedfunctions,indeedthe Hat G-Machines han-
dling of trustingis moreaccurate Sowe cannofjust testtraces forequality but are
they in somesensezquivalent?
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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 6 191 220
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
WheelSige-NT 283 0.54 7 0.16 22
WheelSiee-HGM 713 0.66 13 0.47 41
WheelSiee-HT 1764 11.20 23 9.30 1234

TABLE 2. Significantvariations in hat-obsewe application countsfor N-Queens

Function CountHGM CountHT

+ 279 58933
— 8 29335
/= 0 87981
== 360 369
frominteger 0 41768
unlines 1 0

Application Counts

The hat-obsere tool provides a way to test a looserequivalenceabouta trace
suchasthe numbersof applicationsof functions. If we do this for the N-Queens
program,the applicationcountsare indeedidentical for all functionsdefinedin
the Main module. But the countsfor somePreludefunctionsdiffer as shovn in

Table2.

e Theslightdiscrepang betweerthe numbersof applicationsof the == func-
tion is becausdHat-transtranslatessomecaseexpressionover integersinto
guardedpatterns.

e Applicationstof r onl nt eger don't appeain thesourceprogram but they
areintroducedby the Hat-transtranslation.

e Themissingapplicationto unl i nes in theHat-transtracecomesfrom tak-
ing adifferentdesigndecisionon the handlingof constantapplicative forms
(CAFs).
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Theunl i nes functionis definedasa partial applicationof f ol dr . Soin-
ternallyunl i nes isn't appliedto theargumentgiven,insteadt is evaluated,
returninga partial applicationandthatis appliedto the algument.Hat-trans
doesnotrecord thereductionof suchtrustedCAFsastheresultis a trusted
internaldetail.

However this could be confusingto the user who might expectto seean
applicationof the unl i nes function. Sothe Hat G-Machinerecordsthe
applicationtounl i nes.

e Thelarge differencedn the numbersof applicationsof +, - and/ = aredue
to the fact that the Hat G-Machinecurrently doesnot handledictionaries.
Thereis a questionof whetherhaving to generataheseapplicationswould
underminehe performancdigures:this doesnotappeato bethe caseasthe
N-Queengrogramwith the overloadingremoved, hasidenticalperformance
figuresto theonesshavn in Tablel.

6 RELATED WORK

Themostcloselyrelatedwork is thatof Henrik Nilssonin his Frejasystem[4, 5].
Like the Hat G-Machine, Frejagenerates traceof a lazy functionallanguageby
modifying the abstractmachine.However thereare a numberof key differences:
FrejageneratesimplerEDT structuresratherthanthe richer Hat tracestructure;
Frejagenerateshe tracespiecemeal’in memoryratherthanin afile asHat does;
Frejais basedon the standardG-Machineratherthanthe spinelessG-Machineof
nhc.

Many of the sameideasare present. For exampleNilsson alsoaugmentghe
heapnodeswith additionalinformation, althoughthe information Freja storesis
guite different. Frejaalsohasequivalentsto instructionssuchas TMK_AP.

Freja, however, doesnot generateraces forlf, Caseor Guardnodesand as
such doesiot have ary conceptof a tracestack. Frejadoes hae the conceptof
trusting; however, it is achiezed by simply disablingtracingtemporarily It doesnt
dealwith the issueof wantingto know the resultof a trustedcomputationbut not
wantingto see thanternaldetails,asin the contet of algorithmic deluggingthe
resultof atrustedfunction providesno new information.

Theotherwork mostsimilaris Popes Buddhasysten(7] which, like Hat-trans,
is basedprincipally on programtransformationLik e Freja,BuddhagenerateEDT
structuresBuddhausesa singleun-portablefunctionto get theinternalrepresenta-
tion of aHaslell value,enablingit to look ata valuewithout evaluatingit. Buddha
is not basedon modifying anabstracimachine.
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7 CONCLUSIONS AND FURTHER WORK

7.1 Conclusions

Thework on the Hat G-Machinehasshown that by makingminor changedo the
SG-Machinecodegeneratedand by extendingthe interpretationof SG-Machine
code,it is indeedpossibleto generateHat traces.With someadditionaleffort this
schemecanbe extendedto dealwith the computationover trustedfunctions.

The expectedefficiency gainsfrom tracing at the abstractmachinelevel are
indeedrealised. The Hat G-Machineproducegracesmorethanan orderof mag-
nitude fasterthan correspondingorogramsgeneratedy Hat-trans,with only a 2
to 4 fold increasein executiontime comparedo untracedcode. It also substan-
tially reduceghe memoryconsumptioncompiletime andobjectcodesize when
comparedo the Hat-transapproach.

TheHat G-MachineandHat-transhandletrustingdifferentlyandin generathe
tracesgeneratedby the Hat G-Machinearemoreaccuraten thisrespect.Thework
may alsoleadto certaindesigndecisiongakenin Hat-transbeingre-evaluated.

7.2 Further work

Theunwanteddifferencesetweerthetracegproducedoy Hat-transandthosepro-
ducedby the Hat G-Machineneedto be resohed. It will be necessaryo charac-
terisemorepreciselythe expectedcorrespondencketweerthetracesgeneratedby
the two methods. The tracesgeneratedy the Hat G-Machinehave not yet been
checled extensiely againsthefull rangeof viewing tools.

In duecourseit is our aimto meige the Hat G-Machinework into thereleased
nhc98system.
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