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Abstract

A Haskell programmayfail at runtimewith apattern-matcherrorif theprogramhas
any incomplete(non-exhaustive)patternsin definitionsor casealternatives. This pa-
perdescribesastaticchecker that allowsnon-exhaustivepatternsto exist, yetensures
that apattern-matcherrordoesnot occur. It describesa constraintlanguagethat can
beusedto reasonabout patternmatches,alongwith mechanismsto propagatethese
constraintsbetweenprogram components.

1 INTRODUCTION

Programmingin Haskell is closerto amathematicalidealthanprogrammingin im-
perative languagessuchasC. But many functionsin Haskell arepartial,not total.
Turner [9] arguesconvincingly that what is neededis a functionalprogramming
languagein whicheveryprogramexecutesto completion,without raisinganerror.
In thedisciplineof total functionalprogramming thatTurnerproposesit is impos-
sible to write eitherprogramsthat generatecaseerrorsor that do not terminate.
Anotherway of describingthis is that⊥ is removedfrom thelanguage.Theques-
tion of non-exhaustive patternsis dealtwith usingthe rule thatall patternsmust
be exhaustive. Turnerarguesthat thissystemwill “force you to pay attentionto
exactly thosecornercaseswhicharelikely to causetrouble” [9].

But this approachrequiressacrifices– onenotablecasualtyis thehead func-
tion. Sincehead canraiseanerror if theargumentis anemptylist, thestandard
definitioncannotbeusedin Turner’s totalprogramminglanguage.It wouldbe nice
to obtainsomeof thebenefitsof a total programminglanguage,namelyits unfail-
ing nature,without losing the naturaldefinition of head. This papercontributes
thedesignof apattern-matchchecker for Haskell.

1.1 Moti vating Example

In orderto show whatthecheckingtool givesus,considerthefollowing example:

risers :: Ord a => [a] -> [[a]]
risers [] = []
risers [x] = [[x]]
risers (x:y:etc) = if x <= y then (x:s):ss else [x]:(s:ss)

where (s:ss) = risers (y:etc)
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A sampleexecutionof this functionwouldbe:

> risers [1,2,3,1,2]
[[1,2,3],[1,2]]

In the last line of the definition, (s:ss) is matchedagainst the output of
risers. If risers (y:etc) returnsanemptylist this would causea pattern
matcherror. It takesa few momentsto checkthis programmanually– anda few
more to be sureone hasnot madea mistake! Turning the programover to the
checkerdevelopedin thispaper, theoutputis:

> (risers (y:etc)){:}
> True

The checker first decides that for the code to be safe the recursive call to
risers mustalwaysyield anon-emptylist. It thennoticesthatif theargumentin
ariser applicationis non-empty, thensowill theresultbe. This satisfiesit, and
it returnsTrue,guaranteeingthatnopattern-matcherrorswill occur.

2 REDUCED HASKELL

Thefull Haskell languageis abit unwieldyfor analysis.In particularthesyntactic
sugar complicatesanalysisby introducingmore typesof expressionto consider.
Thecheckerworksinsteadonasimplifiedlanguage,acoreto whichotherHaskell
programscanbereduced.Thiscorelanguageis a functionallanguage,makinguse
of caseexpressions,functionapplicationsandalgebraicdatatypes.

In this reducedlanguagetypesand arities are not explicit. Also, thereare
no nameddatavariables– all variablesarereferredto by their relationshipto an
argument. For example,@1 refersto the first argumentof the function in whose
body it appears,and@1.Cons2 refersto the secondcomponentof the Cons-
constructedfirst argument.Cons2 is calleda selector.

Example 1

data List = Cons | Nil

head = case @1 of Cons -> @1.Cons1

map = case @2 of
Nil -> Nil
Cons -> Cons (@1 @2.Cons1) (map @1 @2.Cons2)

reverse = rev @1 Nil

rev = case @1 of
Nil -> @2
Cons -> rev @1.Cons2 (Cons @1.Cons1 @2) ♦
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E ::= arg m (written@m) | sel E C m (written E.Cm)
| makeC E1 · · ·En | func f
| apply E0 E1 · · ·En | case E0 of {C1 -> E1; · · · ;Cn -> En}

f is thenameof a function,C is thenameof aconstructor, m is apositive integer

FIGURE 1. Abstract Syntaxof expressionsin reducedHaskell

From now on Cons1 andCons2 will be written ashead andtail respec-
tively, this is purelyto aidunderstandingfor thehumanreader.

2.1 Values

Thevaluesin this reducedlanguageconsistonly of algebraicdatatypes,andfunc-
tions.A valueis eithera function,or a constructoranda list of componentvalues.
Thetypeof a valuecanbededucedstatically– whetherit is a functionor analge-
braicvalue,andin thesecondcase,whatareits possibleconstructors.

2.2 Expressions

Expressionsin reducedHaskell aredefinedin Figure1. A convertorfrom a subset
of Haskell to this reducedlanguagehasbeenwritten, andall examplesfrom here
onwardsusethisconvertor.

2.3 Higher Order

Thecurrentchecker is not fully higherorder, but somehigher-orderprogramscan
becheckedsuccessfully.

Thecheckertriesto eliminatehigher-orderfunctionsby specialization.A func-
tion canbespecializedin its nth argumentif in all recursive calls this argumentis
invariant.(Thereareslightadditionalcomplications,dueto mutualrecursion).

Examplesof commonfunctionswhoseapplicationscanbespecializedin this
way includemap, filter, foldr andfoldl.

Whena functioncanbespecialized,theexpressionpassedasthenth argument
hasall its freevariablespassedasextra arguments,andis expandedin thespecial-
izedversion.All recursivecallswithin thenew functionarethenrenamed

Example 2

map f xs = case xs of
[] -> []
a:b -> f a : map f b

adds x n = map (add n) x

is transformedinto:
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FIGURE 2. Checker Overview

map_adds n xs = case xs of
[] -> []
a:b -> add n a : map_adds n b

adds x n = map_adds n x ♦

Althoughthis firstificationapproachis not completeby any means,it appears
to besufficient for a largerangeof examples.Alternativemethodsareavailablefor
full firstification,suchasthatdetailedby Hughes[4].

3 OVERVIEW

Thecheckingprocesshastwo mainingredients,aconstraintlanguagefor express-
ing propertiesondatastructuresandsomemechanismsfor generatingandmanipu-
latingconstraintsto reflectthedefinitionof functions.Bothareintroducedin detail
lateron,but first asketchoverview of thecheckingprocess isgiven.A diagramof
theprocess isgivenin Figure2

At eachstage,theinformationpassed“along thearrows” is a predicate,where
theatomsareconstraintsasintroducedin §4. Theseconstraintscaneitherreferto
any reducedHaskell expression,or in a specialcasecanreferonly to parameters
to functions.

The initial stageof finding all non-exhaustive caseexpressionsis donewith a
basicsyntacticcheck,at a very local level. Initial constraintsaregeneratedfrom
theseexpressions.

Finding all callers is relatively straightforward if all constraintsare only on
argumentsto functions.Theresultof this stageareconstraintsonexpressions.

Backwardanalysisandfixedpointingconvertbackfrom constraintsonexpres-
sionsinto constraintson arguments.Backward analysisperformsthe translation,
but without regardto recursive functioncalls. Fixedpointingmodifiesconstraints
to reflecttherecursivecalls.

This processcontinues,until the predicateis reducedto eitherTrue or False.
If theendresultis True,thenthesystemis freefrom pattern-matcherrors. If it is
False,thenthesystemmay give riseto patternerrors.Thechecker is conservative.

In practiceFalseis alwaysaccompaniedby a historyof derivations,endingin
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False. Thesederivationsallow the userto gain insight into a possiblecauseof
failure.

4 A CONSTRAINT LANGUAGE

In orderto implementa checker that canensureunfailing patterns,it is usefulto
have someway of expressingclassesof datavalues. Aconstraintis written as
α.r{c}, whereα is anexpression,r is a regularexpressionoverselectorsandc is a
setof constructors.Suchaconstraintassertsthatany well-definedapplicationto α
of apathof selectorsdescribedby r mustreachaconstructorin thesetc.

Theseconstraintsareusedasatomsin a predicatelanguagewith conjunction
anddisjunction, soconstraintscanbeaboutseveralexpressionsandrelationsbe-
tweenthem. The checker doesnot requirea negation operator. We alsousethe
termconstraintto referto logical formulaewith constraintsasatoms.

Example 3

Considerthefunctionminimum, definedas:

minimum [x] = x
minimum (a:b:xs) = minimum ((if a < b then a else b) : xs)

Now considertheexpressionminimum α. Theconstraintthatmusthold for
this expressionto besafeis α{:}. This saysthat theexpressionα mustreduceto
anapplicationof :, i.e. anon-emptylist. ♦

Example 4

Considertheexpressionmap minimum α. In this casetheconstraintgenerated
is α.*tail.head{:}. Thepartfollowing theα is a regularexpression,with the

* operatorbeingappliedprefix. If weapplyany number(possiblyzero)of tails
to α, thenapplyhead, we reacha:. Valuessatisfyingthis constraintinclude[]
and[[1],[2],[3]], but not[[1],[]]. ♦

Constraintsdivide up into three parts– the subject, the path and the condi-
tion. Theseareusuallywrittenasα.r{c}, but for certainequationswriting themas
〈α,r,c〉 is easier.

The subject in theabove two exampleswasjust α, representingany expression–
includingacall, aconstructionor evenacase.

The path is a regularexpressionoverselectors.

A regularexpressionis definedas:
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s+ t unionof regularexpressionss andt
s.t concatenationof regularexpressionss thent
∗s any number(possiblyzero)occurrencesof s
Cn aconstructorC andanintegern, beingaselector
λ thelanguageis thesetcontainingtheemptystring
φ thelanguageis theemptyset

The condition is asetof constructorswhich,dueto statictypechecking,mustall
beof thesametype.

So thefirst example,α{:}, couldhave beenwritten morefully asα.λ{:} –
whereλ is theregularexpressionwhich describesthelanguageconsistingonly of
theemptystring.

Themeaningof aconstraintis definedby:

α.r{c}⇔ (∀l ∈ L(r)•exists(α, l)⇒ constructor(α.l) ∈ c)

exists(_,Λ) = True
exists(Ca1 . . .an,C′i .ω) = C ≡C′∧ exists(ai,ω)

HereL(r) is the languagerepresentedby the regular expressionr; exists returns
trueif avaluehasagivenpath;andconstructorgivestheconstructorusedto create
the data. Of course,sinceL(r) is potentially infinite, this cannotbe checked by
enumeration.

If thereareno expressionswhich canbe found following any instanceof the
path,thentheconstraintis vacuouslytrue.

4.1 Simplifying the Constraints

Fromthe formaldefinitionof theconstraintsit is possibleto constructanumberof
identitieswhichcanbeusedfor simplification.

Path doesnot exist: in the constraint[].head{:} the expression[] doesnot
have ahead path,sothis constraintsimplifiesto true.

Detectingfailur e: theconstraint[]{:} simplifiesto falsebecausethe[] value
is not theconstructor:.

Empty path: in theconstraintα.φ{c}, theregularexpressionis φ, theemptylan-
guage,sotheconstraintis alwaystrue.

Exhaustiveconditions: in theconstraintα{:,[]} theconditionlistsall thepos-
sibleconstructors,andbecauseof statictypingα mustbeoneof these,there-
fore thisconstraintsimplifiesto true.
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Algebraic conditions: finally a few algebraicequivalences:

α.r1{c}∨α.r2{c} = α.(r1 + r2){c}
α.r{c1}∨α.r{c2} = α.r{c1∪ c2}
α.r{c1}∧α.r{c2} = α.r{c1∩ c2}

5 DETERMINING THE CONSTRAINTS

Thissectionconcernsthederivationof theconstraints,andtheoperationsinvolved
in this task.An overview of thestagespresentedhere,andhow they relateto each
other, is givenin §3.

5.1 The Initial Constraints

In general,acase expression:

case α of Sel1 -> val1; ...; Seln -> valn

producesthe initial constraintα{Sel1,...,Seln}. If the casealternativesare
exhaustive,thenthiscanbesimplifiedto true.All case expressionsin theprogram
are found, their initial constraintsare found, and theseare joined togetherwith
conjunction.

5.2 Transforming the constraints

For eachconstraintin turn, if the subjectis f@n, the checker searchesfor every
functioncall of f, andgetstheexpressioncorrespondingto its nth argument.On
this expression,it setstheexisting constraint.This argumentis thentransformed
usingabackwardanalysis(see§5.3),until a constraintonargumentsis found.

Example 5

Giventheconstraintminimum@1{:}, if theprogramcontainstheexpression:

f = minimum (g @1)

then the derived constraintis (g f@1){:}. That is, the expressionpassed as
minimum’s first argumentmustevaluateto anon-emptylist. ♦

5.3 Backward Analysis

Backward analysisis the processwhich takes a constraintin which the subject
is a compoundexpression,and changesit to a combinationof constraintsover
argumentsonly. This process isdenotedby a function ϕ(α,r,c) whereα is the
expression,r is thepathandc is thecondition.Thisfunction is detailedin Figure3.
In orderto denote theevaluationof anexpressioninto a value,thereis a relation
D, which is notdefinedin thispaper.
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ϕ(arg n,r,c)→ 〈qual(n),r,c〉

ϕ(E,r,c)→ 〈E ′,r′,c′〉
ϕ(sel E C m,r,c)→ 〈E ′,Cm.r′,c′〉

ϕ(E1,
∂r

∂C1
,c)→ E ′1, · · · ,ϕ(En,

∂r
∂Cn

,c)→ E ′n
ϕ(make C E1 · · ·En)→ (λ ∈ L(r)⇒C ∈ c)∧E ′1∧·· ·∧E ′n

ϕ(D(E0),r,c)→ P
P[〈arg 1,r1,c1〉/ϕ(E1,r1,c1), · · · ,〈arg n,rn,cn〉/ϕ(En,rn,cn)]→ P′

ϕ(apply E0 E1 · · ·En,r,c)→ P′

C = {x|type(x) = type(C1)}
P = (ϕ(E,λ,C\C1)∨ϕ(E1,r,c))∧·· ·∧ (ϕ(E,λ,C\Cn)∨ϕ(En,r,c))

ϕ(case E of {C1->E1; · · ·;Cn->En},r,c)→ P

FIGURE 3. Specificationof backward analysis,ϕ

The arg rule qualifiesthe argumentbeforeputting it in the condition. In every
expression,all the arg referencescan be qualified with the nameof the
functionthey appearin. For example,in thebodyof thefunctionf, arg n
is qualifiedto f@n.

The sel rule saysthat if a constraintis satisfiedon theexpressionusedbeforea
selector, thenfollowing this selectorobtainsthenew constraint.

The make rule saysthattheconditionmustbetrueon theconstructorusedin the
make expressionif λ is in the languagerepresentedby the regular expres-
sion. This correspondspreciselyto theempty word property [3], which can
be calculatedstructurallyon the regular expression.For eachof the argu-
mentsto thedatastructure,it mustbetrue thattheconditionholdswhenthe
derivative of the regular expressionwith respectto that constructorandar-
gumentpositionis taken. This is denotedby the∂r/∂Ci. Thedifferentiation
methodis basedon thatdescribedin [3].

The apply rule usesthe resultof backward analysisappliedto the function to
find preconditionson the arguments.While this is fine in theory, it is not
necessarilyterminating– in fact the naive applicationof this rule to any
functionwith a recursivecall will loop forever. To combatthis, if a function
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is alreadyin the processof being evaluatedwith the sameconstraint,its
resultis givenastrue,andtherecursiveargumentsareput into aspecialpile
to beexaminedlateron.

The case rule generatesaconjunctfor eachalternative. Thegeneratedcondition
sayseitherthesubjectof thecaseanalysishasadifferentconstructor(sothis
particularalternative is not executedin this circumstance),or theright hand
sideof the alternative is safegiven the conditionsfor this expression. So
if the checker can prove a given alternative in a caseis not taken in this
situation,it canignorethatalternative.

5.4 Obtaining a Fixed Point

Wehavenotedthatif afunctionis in theprocessof beingevaluated,andits valueis
askedfor againwith thesameconstraints,thenthecall isdeferred.After backwards
analysishasbeenperformedon theresultof a function, therewill bea constraint
in termsof the arguments,alongwith a setof recursive calls. If theserecursive
calls had beenanalyzedfurther, then the checkingcomputationwould not have
terminated.

Example 6

mapHead xs = case xs of
[] -> []
a:b -> head a : mapHead b

The function mapHead is exactly equivalent to map head. Running the
checker over this function, the constraintgeneratedis mapHead@1.head{:},
andtheonly recursive call notedis mapHead @1.tail. Observe that thecon-
straintonly mentionsthefirst elementin thelist, while thedesiredconstraintwould
mentionthemall. In effectmapHead hasbeenanalyzedwithout consideringany
recursiveapplications.

Having obtainedthis constraintandrecursivecall, thecheckerattemptsto find
a fixedpoint. It doesthis by noting that thefirst argumentin the recursive call is
@1.tail. Thenotationusedfor thisis@1 ←↩ @1.tail. Whatpredicatewould
have to besatisfiedif n recursive calls to thefunctionwereperformed?Denoting
thispredicateasPn, whereP0 is theinitial constraint:

Pn+1 = Pn∧Pn[@1/@1.tail]

Sofor themapHead function:
P0 = @1{:}
P1 = @1{:} ∧ @1.tail{:}
P2 = @1{:} ∧ @1.tail{:} ∧ @1.tail.tail{:}

Thecheckerattemptsto find afixedpoint P∞ suchthat
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Pn = Pn+1⇒ P∞ = Pn

but in thisexamplethereis nofixedpoint. If afixedpointcannotbeestablished,the
systemhasspecialrulesfor dealingwith a limited setof commoncircumstances.

FormapHead wehave@1 ←↩ @1.tail, so@1∞ = @1.*tail. With this
knowledgetheconstraintcanbewrittenby replacing@1 with @1∞. Wethenobtain
thedesiredconstraint,thatmapHead@1.*tail.head{:}. ♦

In generalif anexpression existsof theform @i ←↩ @i.path then@i∞ =
@i.*(path). A specialcaseis wherepath is λ. In this case@i∞ = @i.

While thesespecial-caseruleshandlemany directly recursive functions,they
donotwork for all.

Example 7

Considerthefunctionreverse writtenusinganaccumulator:

reverse x = reverse2 x []

reverse2 x y = case x of
a:b -> reverse2 b (a:y)
[] -> y

Argument@1 follows thepattern@1 ←↩ @1.tail, but wealso have@2 ←↩
(@1.head : @2). If theprogrambeinganalyzedcontainedmain x = map
head (reverse x), the part of the condition that appliesto reverse2@2
beforethefixedpointingis reverse2@2.*tail.head{:}.

In this casea secondrule for obtaininga fixed point is needed.This second
rulehandlesrecursivecallsof theform

@i ←↩ C x1 · · · xn @i

(Wherethepositionsof @i andx within C canbereordered,with R(x) giving
thepositionof any variable.)Theconstraintmustbe〈@i,r,c〉, with ∂r/∂CR(@i) = r.
In this case,P∞ is definedto be:

(λ ∈ L(r)⇒ C ∈ c)∧
n�

i=1

〈xi,CR(xi).
∂r

∂CR(xi)
,c〉

In thereverse examplethefinal conditionis, asexpected:

reverse2@1.*tail.head{:} ∧ reverse2@2.*tail.head{:} ♦
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6 SOME SMALL EXAMPLES AND A CASE STUDY

Example 8

head x = case x of
a:b -> a

main x = head x
> head@1{:}
> False[main@1{:}]

Thisexamplerequiresonly initial constraintgeneration,andasimplepropagation.
♦

Example 9

main x = map head x
> head@1{:}
> map_head@1.*tail.head{:}
> False[main@1.*tail.head{:}]

This exampleshows specializationgeneratinga new function map_head, fixed
pointing beingappliedto map, andthe constraintsbeingpropagatedthroughthe
system. ♦

Example 10

main x = map head (reverse x)
-- reverse x is defined with an accumulator
> head@1{:}
> map_head@1.*tail.head{:}
> False[main@1.*tail{:} ∨ main@1.*tail.head{:}]

This resultmay atfirst seemsurprising. The first disjunctof the constraintsays
thatapplyingtail any numberof timesto main@1 (alsoknown asx) theresult
mustalwaysbea:, in otherwordsx mustbeinfinite. This guaranteescasesafety
becausereverse is tail strict, so if its argumentis an infinite list, no resultwill
ever be produced,anda caseerror will not occur. Theseconddisjunctsays,less
surprisingly, thatthelist beforeit is reversedmustbea list in whicheveryelement
is anon-emptylist. ♦

Example 11

main x = tails x
tails x = foldr tails2 [[]] x
tails2 x y = (x:head y) : y
> head@1{:}
> tails2@2{:}
> fold_tails2@2.*tail.tail{:} ∨ fold_tails2@1{:}
> True
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This finalexampleusesafold to calculatethetails function.But astheauxiliary
tails2 makesuseof head – it is not (at first glance)free from pattern-match
errors. Thefirst two linesof theoutputaresimply moving theconstraintaround.
The third line is the interestingone. In this line thechecker givestwo alternative
conditionsfor casesafety– either the first argumentis a :, or the list is either
zerolengthor it is infinite. Theway therequirementfor zeroor infinite lengthis
encodedis by thepath*tail.tail. If thelist is of zerolength,thenthereareno
tails, andno wordsin theregularexpressionlanguagematch.If however, thereis
onetail, thenthattail, andall successivetailsmustbe:. Soeitherfoldr doesnot
call its function argumentbecauseit immediatelytakesthe zerocase,or foldr
recursesinfinitely, andthereforethefunction is never called. Eitherway, because
theinitial argumentto foldr is a:, andbecausetails2 alwaysreturnsa:, the
secondpartof theconditioncanbesatisfied. ♦

6.1 The Clausify Program

Our goalis to checkstandardHaskell programs,andto provide usefulfeedbackto
theuser. To testthechecker againstthoseobjectiveswe have usedseveralHaskell
programs,all written sometime agofor otherpurposes.Theanalysisof onepro-
gramis discussedbelow.

The Clausify programhasbeenaroundfor a very long time, sinceat least
1990.It hasmadeits way into thenofib benchmarksuite[5], andwasthefocus
of severalpapersonheapprofiling [6]. It parseslogicalpropositionsandputsthem
in clausalform. We ignorethe parserandjump straightto the transformationof
propositions.Thedatastructurefor a formulais:

data F =
Sym Char | Not F | Dis F F | Con F F | Imp F F | Eqv F F

andthemainpipelineis:

clauses =
concat . map disp . unicl . split . disin . negin . elim

Eachof thesestagestakesa propositionandreturnsan equivalentversion–
for exampletheelim stagereplacesimplicationswith disjunctionsandnegation.
Eachstageeliminatescertainforms of proposition,so that future stagesdo not
have to considerthem. Despitemostof the stagesbeingdesignedto dealwith a
restrictedclassof propositions,theonly functionwhich containsa non-exhaustive
patternmatch isin thedefinitionof clause (ahelperfunctionfor unicl).

clause p = clause’ p ([] , [])
where
clause’ (Dis p q) x = clause’ p (clause’ q x)
clause’ (Sym s) (c,a) = (insert s c , a)
clause’ (Not (Sym s)) (c,a) = (c , insert s a)
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After encounteringthenon-exhaustivepatternmatch,thecheckergeneratesthe
following constraints,usingC? asanabbreviation for C1+C2:

> clause’@1.*Dis?{Dis,Sym,Not} ∧ clause’@1.*Dis?.Not1{Sym}
> clause@1.*Dis?{Dis,Sym,Not} ∧ clause@1.*Dis?.Not1{Sym}
> unicl’@1.*Dis?{Dis,Sym,Not} ∧ unicl’@1.*Dis?.Not1{Sym}
> foldr_unicl@2.*tail.head.*Dis?{Dis,Sym,Not} ∧
foldr_unicl@2.*tail.head.*Dis?.Not1{Sym}

> unicl@1.*tail.head.*Dis?{Dis,Sym,Not} ∧
unicl@1.*tail.head.*Dis?.Not1{Sym}

Theseconstraintsgiveaccurateandpreciserequirementsfor acaseerrornot to
occurateachstage,andareveryuseful.However, whentheconditionispropagated
backover thesplit function, theresultbecomeslesspleasing.An erroroccurs
in fixedpointing,becausenofixedpointingschemematchestheavailablefunction.
Theoriginaldefinitionof split:

split p = split’ p []
where

split’ (Con p q) a = split’ p (split’ q a)
split’ p a = p : a

canbetransformedmanuallyby theremoval of theaccumulator:

split (Con p q) = split p ++ split q
split p = [p]

This secondversionis acceptedby thechecker, whichgeneratestheconstraint:

>
(

split@1.*Con?{Con,Dis,Sym,Not} ∧
split@1.*Con?.Dis?.*Dis?{Dis,Sym,Not} ∧
split@1.*Con?.*Dis?.Not1{Sym}

)

This constraintcanbe readasfollows: the outerstructureof a propositional
argumentto split is any numberof nestedCon constructors;the next level is
any numberof nestedDis constructors;at the innermostlevel theremustbeeither
aSym, or aNot containingaSym. Thatis, propositionsarein conjunctive normal
form.

The one part of this constraintthat may be unexpectedis the Dis?.*Dis?

part of the path in the 2nd conjunct. We might ratherexpectsomethingsimilar
to *Con?.*Dis?{Dis,Sym,Not}, but considerwhat this means. Take as an
examplethe value(Con Sym Sym). This valuemeetsall 3 conjunctionsgen-
eratedby the tool, but doesnot meetthis new constraint:the pathhasthe empty
wordproperty, sotheroot of thevaluecanno longerbeaCon constructor.

Thenext functionencounteredis disin which shiftsdisjunctioninsidecon-
junction. Theversionin thenofib benchmarkhasfollowing equationin its defini-
tion:
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disin (Dis p q) =
if conjunct dp || conjunct dq
then disin (Dis dp dq)
else (Dis dp dq)

where
dp = disin p
dq = disin q

Unfortunately, whenexpandedout thisgivesthecall

disin (Dis (disin p) (disin q))

whichdoesnothave afixedpointunderthepresentscheme.Refactoringisrequired
to enablethis stageto succeed.Fortunately, in [6] a new versionof disin is
given,which is vastlymoreefficient thanthis one,and(asa happy sideeffect) is
alsoacceptedby thechecker.

At this point in the story a crisis occurs. Although a constraintis calculated
for thenew disin, this constraintis approximately15 printedpageslong! Initial
explorationsuggeststhattherearemissedopportunitiesto simplify regularexpres-
sions.

7 RELATED WORK

7.1 Checking for exhaustivenessand usefulness

Oneway of alertingusersto possiblespuriouspatternmatchesis by checkingfor
exhaustivenessandusefulness.

Example 12

notUseful (x:xs) = xs
notUseful [x] = []
notUseful [] = []

notExhaustive (Just x:xs) = [x]
notExhaustive [] = []

Thefirst functionhasa redundantsecondequation– if theargumentis of theform
[x], thenit wouldhavealreadymatchedthefirst equation.Equationsdefiningthe
secondfunctionarenot exhaustive: for example,if theargumentis [Nothing]
anerroroccurs. ♦

Whentrying to compiletheseexamplesusingGHC [7] 6.4, thefirst provokes
a warning,but the second doesnot. Thereis a compile time flag which canbe
addedandcatchesboth,named-fwarn-incomplete-patterns. However,
theBugs(12.2.1)sectionof themanualnotesthatthechecksaresometimeswrong,
particularlywith stringpatternsor guards,andthat this partof thecompiler“needs
anoverhaulreally” [7].
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Theunfortunateproblemwith thesechecksis thatthey arehighly local. If the
functionhead is defined,thenit raisesa warning.No effort is madeto checkthe
callers of head – this is anobligationleft to theprogrammer.

7.2 TypeAnalysis for XML

Therearesimilar problemsinvolving XML [1] andXSLT [2]. XML is a hierar-
chicaldatastructure,which canbethoughof asanalgebraicdatastructure.XSLT
is a transformationlanguage,with rulesgivento applyto variousXML values.In
XSLT thereis no destructive assignment,recursionis supported,a form of pattern
matchingis used– overall it canbeseenasa functionallanguage.

A typespecificationof anXML documentis writtenin aDTD (DocumentType
Definition), andcanexpresstypessuchasa nodeof typehtml containsa head
followedby abody. Thepaper[8] tacklesa subsetof XSLT namedXSLT0. The
questionthe paperattempts to address is: Given a DTD for an outputdocument,
andanXSLT0 transformation,whatis theDTD for theinputdocument?

Theadvantageof thisknowledgeis thatadocumentcanbecheckedto meetan
outputDTD without the costof transformationfirst, andthe errorscanbe deter-
minedin the input (or source)document,which theuserwrote– not a document
generatedby a transformation.

Thepapertreatsthis asa questionof backwardtypeinference.A typeis syn-
thesizedasa finite treeautomaton,andis deducedcompositionally. Correctness
proofsarepresented,alongwith anefficientalgorithmfor inference.

8 CONCLUSIONS AND FURTHER WORK

A staticchecker for potentialpattern-matcherrorsin Haskell hasbeenspecified
andimplemented.This checker is capableof determining thepreconditionsunder
which a programwith non-exhaustive patternsexecuteswithout failing due to a
pattern-matcherror. A rangeof smallexampleshasbeeninvestigatedsuccessfully,
alongwith somelarger programs. Whereprogramscannotbe checked initially,
refactoringcanincreasethechecker’s successrate.

Thechecker relieson specializationto remove higherorderfunctions.Where
higher order functionsdo remain,provided they do not have any patternmatch
failures,theremainingpartof theprogramcanbechecked.

Thechecker is fully polymorphicbut it doesnot currentlyhandleclasses;we
hopethesecanbetransformedawaywithout vastcomplication.

Thechecker is aprototypeonly, andvariousenhancementscouldbemade.

• The next challengeis to translatefrom full Haskell into the reducedlan-
guage.Thiswork hasbeenstarted:wehave aconverterfor ausefulsubset.

• Thechecker shouldoutputfuller tracesthatcanbemanuallyverified. Cur-
rently thepredicateat eachstageis given,without any recordof how it was
obtained,or whateffect fixedpointinghad.
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• Thecentralalgorithmsof thecheckercanberefined.A betterfixedpointing
procedurecouldperhapsmakeadditionaluseof backwardanalysis.

With theseimprovementswe hopeto checklarger Haskell programs,andto
giveusefulfeedbackto theprogrammer.
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