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Abstract

This papempresents systemfor searchindor desiredsmallfunctionalprogramsby
just generatinga sequencef type-correciprogramsin a systematicand exhaustive
mannerandevaluatingthem. The main goal of this line of researchs to easefunc-
tional programmingalongwith the subgoatto provide an axisto evaluateheuristic
approacheso programsynthesissuchas geneticprogrammingby telling the best
performanceossibleby exhaustve searchalgorithms.While our previousapproach
to thatgoalusedcombinatoryexpressionsn orderto simplify the synthesigrocess,
whichledto redundantombinatorexpressionsvith comple types thistime we use
deBruijn lambdaexpressionandenjoy improvedresults.

1 INTRODUCTION

Typesystemsareby naturetoolsfor soundprogramminghatconstrainprogramsto
help identifying errors. On the otherhand, by exploiting strongtyping, functional
programmingcan be donein a way like solving a jigsawv puzzle,by repetition of
combiningunifying functionsandtheir algumentsuntil the programmereventually
obtainsthe intendedprogram. Search-basedpproacho inductive programsynthe-
sis,or programsynthesisrom incompletespecificationcanbeviewedasautomation
of this process.
Thisresearctproposesnalgorithmthatsearchesor thetype-consistenémallfunc-
tional programsrom anincompletespecificatiorratherin a systematiandexhaus-
tive way, thatis, by generatingall the programsfrom small to infinitely large that
matchthe giventype andcheckingif they satisfythe specification.Note thatdueto
the incompletenes the specificationthe synthesized progranmaay not conform
theusers'’intentions like otherinductive programmingmethods.The correctnessf
the synthesized programmuld be assuredhroughtestsduring or afterthe synthe-
sis. Also, for the above reasorit is desirablethat synthesized progranmere easyto
understanéndpretty printed.
The proposedalgorithmimprovesthe efficiency of the previousalgorithm[3] by do-
ing thefollowing:

o it searche$or deBruijn lambdaexpressionswhile the old oneobtainscombi-

natoryexpressionsvhichis moreredundant;

o thefunctiontakingthe setof availableatomexpressionsandatype t andre-
turning prioritized setof synthesizedxpressions: whosetype and+t unify is
now memoized,

IMore exactlyit returnsprioritized setof tuplesof the synthesize@xpressionsndthe unifier
substitution.
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e moreequialentexpressionavhich causeredundanyg in the searchspaceand
multiple countingareexcluded,i.e., while the old algorithmexcludesfrom the
searchspacereducibleexpression®nly in the senseof combinatoreduction,
thenew oneknows somefusionrules.

Perspectie applications Oneobvious effect of this researchs to programming.
Readeranay have more concreteimagefrom Subsectior?2.1, thoughfurther rear
rangemenbf the obtainedexpressionsnaybedesired.

Anotherapplicationcanbe auto-completiorin functionalshells(e.g. Esther[9]).

Relatedwork GeneticProgrammingGP) alsosearchegor functionalprograms
underlikewise conditions,which is a kind of heuristicapproacho searchfor pro-
gramsby maintaininga setof “promising programs”andby exchangingandvarying
their subexpressionspasedon the assumptiorthat promising programsshouldin-
cludeusefulsubexpressions Although GP is heuristic,howvever, researchersf GP
tendsnot to comparetheir algorithmswith non-heuristicapproachedeaving it un-
clearwhetherthe heuristicworks or not, andhow muchit improvesthe efficiency.
This paperfocuseson efficientimplementatiorof exhaustve enumeratiorof expres-
sions,andprovidesa basison whichto build heuristicapproache future.

2 IMPLEMENTED SYSTEM

2.1 Overview

Userinterface Theimplementedystemhasauserinterfacethatlookslike Haslell
interpreters. Figure 1 shavs a sampleinteractionwith the implementedsystem,
whereeach> represents.commandine prompt.

Whentheusertypesin abooleantypedfunctionin Haslell asthe constaint, thesys-
temtriesto synthesizenexpressiorwhich satisfiest, i.e.,whichmakesthefunction
return True. Thenit prints the expressioncorverted intousuallambdaexpression
acceptabldoy Haslell interpretersand compilers. The line beginning with : | oad
loadsthelibrary file written in Haslell subsetwith the Hindley-Milner type system,
andduringthe synthesisfunctionsandconstantsn thelibrary file areusedassubex-
pression®f theresultingexpressionHereis anexamplelibrary file.

module Library where

zero :: Int

zero = 0

inc :: Int-Int

inc = Ax - x+1

nat_para :: Int + a = (Int - a > a) = a

nat_para = Ai x £ » if i then x else f (i-1) (nat_para (i-1) x f)

nil :: [a]

nil = []

cons :: a = [a] - [a]
cons = (:)
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list_para :: [b] »a~= (b~ [b] »~a~+a) ~ a
list_para = A1 x £ -+ case 1 of [] - x
a:m » f am (list_para m x f)

Although the abore specificationmay look natural, it is not commonamongGP
systemssolvingthe samekind of problems.Eachtime synthesizinga function, they
requireafile written, which describes:

which primitive functions/terminalso use,

whatconstraintgo satisfy
whatfitnessfunctionto useasheuristic,and

¢ whatvaluesof theparameterso use.

This usuallymeanghatsynthesizinga functionrequiresmoreskills andlaborsthan
thosefor implementingthe function by hand. Unlike thosesystemswe make only
realisticrequirementgimingto obtainausefulsystem.

2.2 The old algorithm

This sectiondescribeghe implementatiorusedin the previous work[3], whosede-
tails have beenunpublished Section2.2.1and?2.2.2aredevotedto definition of the
monadfor doing breadth-firstsearchandtype inferenceat the sametime. Section
2.2.3overviews thewholealgorithm

2.2.1 Monad for breadth-firstseart

Spivey [8] deviseda monadthatabstractandthuseasesmplementatiorof breadth-
first searchalgorithms.lts ideasare:

e the monadis definedas a streamof bags,representinga prioritized bag of
alternatves, wherethe n-th elementof the streamrepresentshe alternatves
thatresideat the depthn of the searchtreeandhave the n-th priority,

o thedepthn of the direct productof two of suchmonadscanbe definedusing
thei-th bagof thefirst monadandthe j-th of thesecondnonadfor all thei and
j combinationssuchthati + j = n, and

o thedirectsumof suchmonadscanbe definedasconcatenatiof bagsat the
samedepth.

Oncesuchmonadis defined onecaneasilydefinebreadth-firstalgorithmsusingthe
directsumandproduct,or just by replacingthe monadfor depth-firstsearchin the
sourcecodeof algorithmswith theabove one.

Preliminaryexperimentsshoved that usingthe Spivey’s monadwithout changefor
our algorithmcausesugeconsumptiorof the heapspace.Changingthe definition
of the monadto recomputeeverything asthe focus goesdeeperin the searchtree
solvedtheproblem:

newtype Recomp a = Rc {unRc :: Int -+ Bag a}
instance Monad Recomp where
return x = Rc f where f 0 = [x]

f_=10
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Rc £ >>=g=Rc On~+ [y | i « [0..n]
, x «— £ 1
, ¥ « unRc (g x) (n-1i) 1)
instance MonadPlus Recomp where
mzero = Rc (const [])
Rc £ ‘mplus® Rc g = Re (A1 = £ i ++ g 1)

2.2.2 Typeinferencemonad

Whenimplementingtype inference,it is usually corvenientto definea monadto
hide statessuchas the currentsubstitutionand fresh variable ID andto represent
errorstateqe.g.[2]). Oneof suchimplementationsn Haslell canbeasfollows:

newtype TI a = TI (Subst - Int - Maybe (a, Subst, Int))

whereSubstsrepresenthecurrentsubstitutiorand IntsrepresenthelD of thenext
freshvariable.

In orderto infer consistentypesduring search,we have to extendthe type infer-
encemonadto represenpossibilitiesalongwith their currentsubstitutionspecause
the substitutiondiffers dependingon eachpossiblenode of the searchtree. Such
extensionof thetypeinferencemonadcanbe definedas

newtype (Monad m) => TIm a = TI (Subst = Int » m (a, Subst, Int))

wherem representshe monadfor representinghe possibilities. This monadis usu-
ally usedin the form of TI Recomp a in our algorithm,but TT [] a is sometimes
moreefficient underuniform priorities. The corventionaltype inferencemonadcan
berepresentedsTI Maybe a.

2.2.3 The expressiorconstruction

The old algorithm enumeratesype-correctcombinatorexpressionghat matchthe
requestedype,andfor representingambdaabstraction® heavily depend®n prim-
itive SKIBC combinators.It works asfollows: let us assumexpressionghat have
thesametypeasor amoregeneratypethan,say vV ab. [a] — b — Intarerequested.
Firstly, type variables,which are assumedo be universally quantifiedunderthe
Hindley-Milner type system arereplacedwith non-&istenttype constructomames,
say GO and G1 for the above cases.Thena functionnamedunifyableExprs is
invokedto obtainthe prioritized bagsof expressionsvhosetypesandthe requested
type[GO] — G1— Int unify.

Given[G0] — G1 — Int asanargument,internallyunifyableExprs makesa pri-
oritized bagof pairsof the primitive expressionghatreturn[G0] — G1 — Int (cor
respondinghe head)andtheir agumenttypes(correspondinghe spine)alongwith
their substitutioninformation wrappedin Recomp; thenfor eachargumenttype of
eachpairit recursvely callsunifyableExprs with thatagumenttypeto obtainre-
sultingargumentexpressionsexprss in theabove codefinally it combineghehead
expressiorwith exprss to return.
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2.3

Impr ovements

2.3.1 deBruijn lambdacalculus

The old primitive combinatoryapproachis inefficient becausethe polymorphism
loosengherestrictionsover the searchdomain,thatis,

e expressiondecomeaedundantpolymorphicprimitive combinatorpermitcom-

binatory expressionsuchasB ¢ ¢ which canalsobe implementedby I, and
suchpolymorphiccombinatorscan appeareverywhereincluding placesthat
have nothingto do with the programstructure;

undecidedtype variablesmake the shallov nodesin the searchtree branch
mary times: becauseype variablesare replacedtoo late after being passed
throughcomputationsbranchings notrestrictedenoughwhile computingthe
programcandidatesgvenin thecasewhereeventuallyattheleafof thesearch
treethe algorithmfinds out that thereis no type-consistenéxpressionbelov
thatnode;

o thecompleity of therequestypebloatsrapidly asthe programsizeincreases.

A solutionto the above problemscould be useof directorstrings[4]. In this paper
we go furtherto searchover the de Bruijn lambdaexpressionequialentto the ex-

pressionaisingdirector strings. One of the simplestforms of this algorithmis the
following variedunifyableExprs function:

¢ thevariedunifyableExprs takesanadditionalargumentavails: : [Type]

which representshe typesof usablede Bruijn variableswherethen-th of the
avails representthetypeof the deBruijn variablexy;

if therequestedypeis a functiontype,

— its agumenttypesare piled at the beginning of avails in the reverse
order

— with the resultingavails andthe returntype of the requestedype as
amgumentsa functionnamedinifyableExprs’ whichhasthesameype
asunifyableExprs is invoked,and

— for eachof the expressionainifyableExprs’ returns,lambdaabstrac-
tion is mapped asary timesasthearity of therequestedype;

otherwiseunifyableExprs’ isinvokedwith the samearguments;

unifyableExprs’ makesa setof the expressiongrom the primitive setand
avails whosereturntypesand the requestedype reqtype unify, and as-
sumingthe set of the expressionsas the head,it forms the spineinvoking
unifyableExprs recursvely usingeachargumenttype asthe requestype;
thenit returnsthe combinationof the headwith the resultsof the recursie
calls.

Thus,aslong asthereturntypeof theheadis notatypevariable,unifyableExprs’
returnsn-reducibleexpressionsyherepartial applicationis not permitted. For ex-
ample,Axs - take 4 xs is electedover take 4. Thisis nota problem,becausave
areonly interestedn generatingpnly oneexpressiorfrom oneequialentclassin or-
derto avoid redundansearchspaceandthe electedprogramneednot be optimized
— optimizingtheresultingprogramcouldbe doneby compilersandis notthescope
of thisline of research.
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The actualimplementatiorof unifyableExprs’ hasto be morecomplicatedthan
onewould imaginefrom the above description becausdhe returntype of the head
canbe atype variable,in which casethe numberof its agumentscanbe ary large.
Our currentapproachto this problemis rathernaive, trying the infinite numberof
alternatve substitutions[X/a],[b — X/a],[b — ¢ — X/a],[b — ¢ — d — X/4],...
whereX is therequestedeturntype, a is thereturntype of thehead,andb,c, ... are
freshvariables.

Notethatthe above approachis quiteinefficientin someways, preventingthe algo-
rithm from being appliedto synthesisof larger programs. For example,whenthe
typevariablea is replacedwith an n-ary functiontype, by permutingthe alguments
therearen! equivalentexpressionsCurrentlywe arefixing this problem.

Also notethatthe agumentsenly introducedby the substitutionshave to be used.
Becausehis caneasilybetestedby seeingf all thefreshvariablesarereplacedthe
ideais alreadyimplementedn the proposed algorithm.

2.3.2 Memoization

Theproposedilgorithmoften triesto synthesizeheprioritized setof subexpressions
onrequest®f thesametype. In suchcasesnemoizatioroftenworks.

Although lazy memoizationthat hasheghe pointersof objectsis quite commonly
known in functionalprogrammingthis time it is not a goodoption, becausgointer
equalitymaleslittle sensehere,andthereis no needof lazy memoization.We im-
plementeda trie-basednemoizatiorby

o definingthedatatypeof lazyinfinite trie indexedby theargumentof thememo
function,

e puttingthereturnvalueof thememofunctionat eachleaf nodeof thetrie, and

e lookingupthetrie insteadof computingthefunctionvaluewheneerthereturn
valuefor arny agumentis required.

How to implementthe generalizedrie indexed by ary datatypeis detailedin [1]. ?
WhenmemoizingunifyableExprs’, thetrie is indexed by avails andreqtype,
andhasa Spiey’s monadinsteadof Recomp ateachleafnode.Thetypevariablesn
avails andreqtype shouldbe normalizedbeforethelook up, or e.g. V a. [a] and
v b. [b] would be regardedasdifferenttypes.

Oneproblemis thatalthoughthe sametypesareoftenrequestedthe setof available
functionschangdrom time to time. Especiallybecause¢he setof availablefunctions
increasesnonotonicallyas the position of the spinein questiongoesdeeperit is
quite likely thatthe memoizatiorwhoseargumentis the simple combinationof the
requestedeturntype andthe setof the availableexpressionsarely hits.

A hint on this problemis: “when constructinga type-consistenéxpressionwe are
only interestedin the typesof the available functions, not thosefunctionsthem-
seles”, or in otherwords, “available expressionf the sametype are alternatve
in the senseof type-consistenc” Thus,insteadof justlooking up thememotrie one

2Notethata lazy infinite trie insteadof a resizabldinite trie hasto be usedhere,andthusunlike
theimplementationin [1] Patriciatreeimplementations notfitted for theintegerindexedtries.
However, becauseheonly integersusedasindexesaretheidentificationnumberdor typevariables
andtype constructorswhich areusuallysmallbelow ten,usuallazy lists canbe usedinsteadof
Patriciatreewithout outstandingossof efficiengy.
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shoulddo thefollowing to make memotrie hit moreoftenandto save theheapspace
for memoization:

e reoiganizethe setof available expressiondy sortingthemanddividing them
into the equivalenceclasshaving the sametype,andassignew variablenum-
berfor eachclass,

¢ look upthereturnvaluefrom thetrie usingthereoiganizedilist, and

e replaceall the variablenumbersntroducedabore in the obtainedexpressions
with the availableexpressions.

Becausememoizationcoststhe heapspace,the valuesthat are rarely looked up
shouldratherberecomputedhanmemoizedin thecaseof memoizingunifyableExprs’,
it is effective to look up from the memoonly small expressiondecausehey arere-
guestednary times.

2.3.3 Excluding unoptimizedexpressions

Every known optimizationrule suggestsvhen equivalentprogramscanbe synthe-
sized,andhelpsto avoid suchredundansynthesisTaking a caseof functionfusion
as an example, from the foldr/nil rule we know that foldr opx[] = x, andthus
we shouldalwaysavoid synthesisf expressionsncluding foldr ? ?[] patternasa
subepressionFailureto exploit suchrulescancauseatremendousossto our algo-
rithm becausevithoutdoingso foldr ? ?[] patterncanappeaeverywheresvenwhen
therequestedype hasnothingto do with lists atall. Thoughsuchfusion pointscan
beidentifiedby a generakule[7], currentlywe usethe following heuristicto capture
them:

¢ identify thelibrary functionsthatconsumesomedatatypebeforehandwhether
a functionis a consumer notis currentlyjustguessedrom its type;

e prohibituseof constructorsvheninvoking unifyableExprs for the parame-
ter of consumediatatype.

2.3.4 Interpreter

The improved systemusesan interpreterbasedon cateorical combinatorylogic
(CCL) [5], while that usedby the old systemusedthe Turners algorithm. This is
a naturalchangebecauseéCCL hasa strongtie with the de Bruijn style lambdaex-
pressions.

3 EFFICIENCY EVALUATION

Honestlyspeaking the currentsystemrequiresfurtherimprovementsin efficiengy

to becomevery useful. Although synthesif simplefunctionsconsistecf several
primitive expressionsequiresonly afew secondssynthesi®f functionsconsistef
morethantwelve primitive expressionsisuallyrequiresmorethanaminute,andmay
notfinishthe synthesisithin anhour Still, thereis largeroomfor improvementdy
suppressingedundangexpressiondeforetrying heuristicapproaches.

In addition to the old system,this researchis relatedto GP algorithmssuchas
PolyGP[11],[10}thatis GPundemolymorphichigherordertypesystemandADATE[6]
that usesmonomorphidfirst-ordertype system. Although it is usually desirableto
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comparethe proposedmethodwith suchalgorithms,herewe do not compareeffi-
ciengy with themfor thereasondelow.

Comparisorwith PolyGPwould be unnecessanbecausehe comparisorbetween
PolyGPandthe old systemis donein [3], wherethe latter shoved betterresultson
all problemsthere,andthusif the currentsystemshavs improvementsfrom the old
systemon thoseproblemsthatwould be enough.

The ADATE systemhastwo releasesversion0.3and0.41,but unfortunatelyin our
modernernvironmentboth of themcould not reproducehe interestingresultsfrom
the literature. The version0.3 is releasednly in the binary form, compiledin an
outdatedspecificervironment,andthusis notrunnablein ourrecentLinux systems.
Althoughthe version0.41seemgunnable,it doesnot shown the reportedefficiency
even from the samplespecificationghat comewith the release— for example,the
list sorting problem,which canreportedlybe solved in 1529 secondson 200MHz
Pentiumlll, cannotbe solvedin five dayson our 3GHz Pentium4 machine 3
Onepossiblereasorof the above discouragingesultmight be asfollows: although
in usualGP somedescendantef parentindividualswho are stuckat local minima
are droppedto minima at someinterpolatingpositionsby the cross@er operatoy
sinceADATE lacksin ary crosseerit is likely thatwithout goodluck in therandom
numberseedt is difficult for any individual programto getout of local minima.

It is unknawvn how often ADATE fails, whenit shouldberestartedf it seemdo have
failed, and how long it takesin averageto obtaina desiredresultfinally after the
failures.

Improvementsfrom the old algorithm Table 1 shavs the executiontime of
synthesizinghe samefunctionsin the sameervironmentasin [3], i.e. on Pentium4
2.00GHzmachinewith theGlasgav Haslell Compilerver. 6.2onLinux 2.4.22 with
the- Ooptimizationflag.

For thenew algorithmanadaptedrersionof theoriginallibrary file excluding SKIBC
combinatorsandspecializedsariantsof paramorphismghatareno longernecessary
isused,.e.:

module Library where

zero :: Int

zero = 0

inc :: Int-Int

inc = Ax - x+1

nat_para :: Int + a = (Int - a » a) = a

nat_para = Ai x £ + if i then x else f (i-1) (nat_para (i-1) x f)
dec :: Int - Int
dec = Ax = 1f x = 0 then O else x-1

nil :: [a]

nil = []

cons :: a = [a] = [a]

cons = (:)

list_para :: [b] »a = (b~ [b] »a+a) = a

3In addition,whengivenotherproblemsthanthe samplesit abortsbecausef lackin error
handling.
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TABLE 1. Computation time (sec.)of the old and the new algorithms.

nth map length

computatiortime for theold system(real) 5.3 2.2 0.03
(user) 5.1 2.2 0.02

nth map length

computatiortime for thenew system(real) 0.8 1.9 0.03
(user) 0.6 1.2 0.02

list_para = Al x f + case 1 of [] - x
axm + f am (list_para m x f)
hd :: [a] = a
hd = head
tl :: [a] = [a]
tl = tail

In all theexperimentgerformancémprovementsareobsered.

4 CONCLUSIONS

An algorithmthat searchegor the type-consistentunctional programsfrom anin-
completesetof constraintsn a systematicand exhaustve way is proposed.It im-
provestheefficiengy of the previousalgorithmby usingde Bruijn lambdacalculusat
thebackend,memoizationandsomeknown fusionrulesto avoid multiple counting
of theequialentexpressions.
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> :set --quiet

>\f ->f ["sldkfj", "", "3240j", "wekljr3","43sld"] == "s3w4"
The inferred type is: (([] ([] Char)) -> ([] Char)).

Looki ng for the correct expression.

current program size
current program size
current program size
current program size
current program size
current program size
current program size
current program size
current program size
Found!

(\ a->list_paraanl (\ bcd->1list_parabd (\ ef g->cons e d)))
1 sec in real,

0. 83 seconds in CPU tine spent.

> :|oad LibList

>\f ->f "sldkjf" == "fjkdls"

The inferred type is: (([] Char) -> ([] Char)).

Looki ng for the correct expression.

current program size
current program size
current program size
current program size
current program size
current program size
current program size
current program size
Found!

(\ a->list_paraa (\ b->b) (\ bcde->d¢(consbe)) nil)
1 sec in real,

0. 35 seconds in CPU tine spent.

>

L1 T 1 T 1 T 1 A A A 1|
O©CoO~NOUDWDNEPE

O~NO O WN PR

FIGURE 1. Sampleuserinteraction.
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