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Abstract

For a modelbasedautomatictestsystem it is essentialto generateelementsof the
useddatatypesautomatically. In thispaperwe introduceanelegantalgorithmthatis
ableto generatea list of all elementsof arbitrarytypesusing genericprogramming
techniques.In orderto allow exhaustive testingfor finite typeswe needto be able
to determinethat all elementsof type are generated.This is done by systematic
generationof theelementsof a type.
In order to improve the resultsof testingwe alsoshow a variantof the generation
algorithmthat yields the elementsin a pseudorandomorder. Both algorithmsare
veryefficientandlazy;only theelementsactuallyneededaregenerated.
Usingtheinterfacefunctionsof restricteddatatypes,like searchtrees,andthealgo-
rithms introducedhereit is alsopossible to generateinstancesof thesetypes. The
elementsstoredin aninstanceof thesearchtreearegeneratedby thedefault generic
algorithm.

1 INTRODUCTION

In this paperwe describeanelegantgenericalgorithmthatyieldsa list of all ele-
mentsof a type.Suchanalgorithmwasneededin ourmodelbasedtesttool GAST

[7, 8, 16]. Also in otherapplicationareasit is handyor necessaryto be ableto
generateoneor moreinstancesof anarbitrarytype. For instancein GenericEdi-
tor Components[1], wherethedatagenerationis usedto createan instancefor all
argumentsof achosenconstructerof analgebraicdatatype.

Genericprogrammingis a programmingtechniquewheremanipulationsof
datatypesare specifiedon a generalrepresentationof the datatypesinsteadof
the datatypesthemselves. Usually the systemtakes careof the conversionbe-
tweenthe actualtypesandtheir genericrepresentationandvice versa.Thereare
variousvariantsof genericprogrammingfor functionalprogrammingdescribed.
Most implementationsof genericsin functionalprogramminglanguagesarebased
on the ideasof Ralf Hinze [5, 6]. Therearevariousimplementationsin Haskell,
like GenericHaskell [4] andthescrap your boilerplateapproach[10, 11]. In this
paperwewill usegenericprogrammingin CLEAN [12] asintroducedby [2].

Basicallya test systemrepresentsa predicateof the form ∀x ∈ T.P(x) by a
functionP : : T → Bool . Testsystemslike QuickCheck[3] andGAST evaluates
this function for a fixed numberN of elementsof type T. In orderto do this the
testsystemhasto be ableto generateelementsof this type. If thesystemgenerates
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an elementtc of type T suchthat P(tc) yields False , the test systemhasfound
a counterexample: the propertydoesnot hold. When the propertyholds for all
generatedtestdatathepropertypassesthetest.If thesizeof typeT is lessthanN,
thepropertycaneven beprovenby exhaustive testing.In GAST this is achievedby
generatingeachinstanceof thetypeexactlyonce.

A popularway to generateelementsof a typeis by somepseudo randomalgo-
rithm. Experienceshows thata well chosenpseudo randomgenerationandsuffi-
cientnumberof testsmostlikely coversall interestingcasesandhencediscovers
counterexamplesif they exists. Tools like QuickCheckandTorx [13] usepseudo
randomgenerationof testdata. In GAST we usea systematicgenerationof test
datafor logical properties.Themainadvantageof this approachis that it is easy
to detectthatall elementsof thetypearegeneratedandhencethat thepropertyis
provenby exhaustive testing.An additionaladvantageis thatsystematictestdata
generationis thatit makestestingmoreeffective. In pseudo randomtestingit can-
not beavoidedthat tests arerepeated(thesametestvalueis generatedagain), but
this repetitionof the testdoesnot give any additionalinformationin a referential
transparentcontext.

Experimentshave not shown exampleswherefully randomdatageneration is
moreefficient that systematicdatageneration.Thereareplenty exampleswhere
the systematicdatagenerationthat startswith commonboundaryvaluesis more
effective. Sincethe systematicdatagenerationis alsovery efficient, this way of
testingis usuallymoreeffective thantestingusingpseudo randomdata.

For the implementationof the generationalgorithmin a functionalprogram-
ming languagea classis the most obvious languageconstruct. The userhasto
definean instanceof this classfor eachnew type usedin the predicates.This is
somework for thetestengineer. QuickCkeckusesthis approachin thegeneration
of testdata.Experienceindicatesthat it requiresat leastsomepracticeto write an
effective testdatagenerationalgorithmfor new typesin this way. Usinga generic
programmingapproachhasasadvantagethat the instanceof a new type canbe
derivedinsteadof codedby handfor eachnew datatype.Only for datatypeswith
morerestrictionsthan imposedby the type system,like balancedsearchtrees,a
manualimplementation needsto be provided. Even for those typesthe generic
algorithmcanbeusedto determinethevaluesto beinsertedin theinstanceof the
restrictedtype.

The problemsolved hereis unlike the scrapyour boilerplateapproach,since
thereis not datatypeto betraversed.Insteadtheelementsof datatypehave to be
generatedoutof thin air. It shouldbefairly easyto expressthedescribedalgorithm
in GenericHaskell [4].

In the next sectionwe shortly review the original systematicdatageneration
of GAST. In section3 we introducebasicgenericdatagenerationalgorithm. In
section4 we show how theorderof testdatageneratedcanbechangedin pseudo
randomway. Sincethedatagenerationalgorithmusesonly the type information,
it cannotwork correctlyfor restricteddatatypeslike searchtrees,balancedtrees,
AVL-treeset cetera. In section5 we show how instancesof thesetypescanbe
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generated.Finally therearesomeconclusions.Thereaderis assumedto befamiliar
with genericprogrammingin functionallanguages.

2 PREVIOUS WORK

Oneof the distinguishingfeaturesof GAST is that it is ableto generatetestdata
in a systematicway. This guaranteesthat testarenever repeated,which is useless
in a referentialtransparentlanguagelike CLEAN. For finite datatypesit is even
possibleto provepropertiesusinga test system:apropertyis provenif it holdsfor
all elementsof thefinite datatype. GAST hasuseda systematicgenericalgorithm
to generatetestdatafrom the very beginning. In this sectionwe will review the
originalalgorithmandthedesigndecisionsbehindit.

In generalit is impossible to testapropertyfor all possiblevalues.Thenumber
of valuesis simply too large (e.g. for the type Int ), or even infinite (for every
recursivedatatype).Boundaryvalue analysisisawell-known techniquein testing
that tells that not all valuesareequally interestingfor testing. The valueswhere
thespecificationor implementationindicatesa boundandthevaluesvery closeto
sucha boundareinterestingtestvalues.For numbersvalueslike 0, 1 and−1 are
the most frequentlyoccurringtestvalues. For recursive typesthe non-recursive
constructor( [ ] for lists andLeaf for trees)and small instancesare the obvious
boundaryvalues. Therefor, thesevalueshave to be in the beginning of the list
of datavaluesgenerated.Whenspecificboundaryvaluesfor somesituationare
known, it is easyto includethesein thetests,see[8] for details.

Theinitial algorithm[7] wasrathersimple,but alsoverycrudeandinefficient.
The basicapproachof the initial datagenerationalgorithmwas to usea tree to
recordthegenericrepresentationsof the thevaluesgenerated.For eachnew value
to be generatedthe tree was extendedaccordingto the new value. In order to
generateall small valuesearly, the tree was extendedin a breadth-firstfashion.
Thedefinitionof thetreeusedis:

: : Trace = Empty
| Unit
| Pair [ (Trace ,Trace ) ] [ ( Trace ,Trace ) ]
| Either Bool Trace Trace
| Int [ Int ]
| Done

TheconstructorEmpty is usedto indicatepartsof the treethatarenot yet visited.
Initially, the entire tree isnot yet visited. The constructorUnit indicatesthat a
constructoris generatedhere. The two list of tuplesof tracesin a Pair together
implementanefficient queueof new tracesto beconsidered.TheEither pairsthe
tracescorrespondingto thegenericconstructorsLEFT and andRIGHT. TheBoolean
indicatesthedirectionwherethefirst extensionoughthasto besought.For basic
types,like integers,specialconstructors,like Int , areusedto recordthe values
generated.When the generationalgorithm discovers that somepart of the tree
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cannotbeextendedit is replacedbyDone, in orderto preventfruitlesstraversalsin
futureextensionsof thetree.See[7] for moredetails.

3 GENERIC DATA GENERATION: BASIC APPROACH

Thenew genericdatagenerationalgorithmpresentedin this paperdoesnot usea
treeto recordgeneratedvalues.Theuseof the treecanbevery time consuming.
For instancethegenerationof all tuplesof two characterstakesnearly20 minutes
onawindowspc.

Thegenericfunctiongen generatesthelazy list of all valuesof a typeby gen-
eratingall relevantgenericrepresentations[2] of themembersof thattype.

generic gen a : : [ a]

For thetypeUINT thereis only onepossibility: theconstructorUNIT.

gen {|UNIT |} = [UNIT]

For a PAIR thatcombinestwo kindsof valuesa naive definitionusinga list–com-
prehensionwould be [Pair a b \\ a←f , b←g] . However, we do not want the
first elementof f to be combinedwith all elementsof g beforewe considerthe
secondelementof f , but somefair mixing of the values. This is alsoknown as
dovetailing. Supposethat f is the list [a,b,c, ..] andg the list [u,v,w, ..]. The de-
siredorderof pairsis PAIR au, PAIR av, PAIR bu, PAIR aw, PAIR bv, PAIR cu, ..

ratherthanPAIRau, PAIRav, PAIRaw, .., PAIRbu, PAIRbv, PAIRbw, ... Thedi-
agonalizinglist comprehensionsfrom Mirandatm [15] andthefunctiondiag2 from
the CLEAN standardenvironmentexactly do this job. The functiondiag2 is type
[a ] [ b ] → [ ( a ,b ) ] , i.e. it generatesa list of tupleswith theelementsof theargu-
mentlists in thedesiredorder. Usinga simplemapfunction,or list comprehension
the tuplesaretransformedto pairs.

gen {|PAIR |} f g = [ PAIR a b \\ (a ,b)←diag2 f g ]

For thechoicein thetypeEITHERweuseanadditional Booleanargumentto merge
the elementsin a nice interleaved way. The definition of the functionMerge is
somewhattricky in orderto avoid thatit becomesstrict in oneof its list arguments.
If the functionMerge becomesstrict in one of its list argumentsit generatesall
possiblevaluesbeforethecurrentvalueis yielded.ThiscausesaHeap full error.

gen {|EITHER|} f g = Merge True f g
where

Merge : : ! Bool [ a ] [ b ] → [EITHER a b]
Merge left as bs
| left

= case as of
[ ] = map RIGHT bs
[ a :as ] = [LEFT a : Merge (not left ) as bs ]

= case bs of
[ ] = map LEFT as
[ b :bs ] = [RIGHT b: Merge (not left ) as bs ]
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In orderto let this mergealgorithmterminatefor recursive datatypes weassume
that the non recursive case(like Nil for lists, Leaf for trees) islisted first in the
type definition. Using someinsight knowledgeof the genericrepresentationof
allow usto make theright initial choicein gen {|EITHER|} . In principlethegeneric
representationcontainssufficient information to find the terminatingconstructor
dynamically, but this is moreexpensive anddoesnot addany additionalpower.
Sincetheorderof constructorsin a datatypedoesnot have any othersignificance
in CLEAN theassumptionon theorderof constructorsis not considereda serious
one.

The actualimplementationof genericsin CLEAN usessomeadditional con-
structorsin order to storeadditional information aboutconstructors,fields in a
recordetcetera.Theassociatedinstancesfor thegenericfunctiongen are:

gen {|CONS|} f = map CONS f
gen {|OBJECT|} f = map OBJECT f
gen {|FIELD |} f = map FIELD f

Finally wehaveto provideinstancesofgen for thebasictypesof CLEAN. Some
examplesare:

gen {|Int |} = [ 0 : [ i \\ n← [1 . .maxint ] , i ← [n, −n ] ] ]
gen {|Bool |} = [False ,True ]
gen {|Char |} = map toChar ( [32 . .126 ] ++ [9 ,10 ,13 ] ) / / theprintablecharacters
gen {|String |} = map toString lists
where

lists : : [ [ Char ] ]
lists = gen{|?|}

After thesepreparations thegenerationof userdefinedtypelike

: : Color = Red | Yellow | Blue
: : Rec = { c : : Color , b : : Bool , i : : Int }
: : ThreeTree = ThreeLeaf | ThreeNode ThreeTree ThreeTree ThreeTree
: : Tree x = Leaf | Node (Tree x ) x (Tree x )

andpredefinedtypeslike two andthreetuplecanbederivedby

derive gen Color , Rec, ThreeTree , Tree , ( , ) , ( , , )

Unfortunatelythe orderof elementsin the predefinedtype list doesnot obey the
give assumption.The predefinedConsconstructeris definedbeforethe Nil con-
structer. Thisimpliesthatgen wouldalwayschoosestheConsconstructerif generic
generationwouldbederivedfor lists.

Insteadof changingtheassumption,or theimplementationof CLEAN, wesup-
ply a specificinstanceof gen for lists, insteadof deriving one. A straightforward
implementationis dedirecttranslationof thegeneralalgorithm,wheretheorderof
constructorsis reversed(first theemptylist [ ] ).

gen {| [ ] |} f = [ [ ] : [ [ h :t ] \\ (h ,t )←diag2 f (gen {|∗→∗|} f ) ] ]

Heretheparameterf is thelist of all elementsthatshouldbeplacedin thegenerated
lists. The valueof this list will be provided by the genericsystem. A somewhat
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type values
[Color ] [Red,Yellow ,Blue ]

[Int ] [0 ,1,−1 ,2,−2 ,3,−3 ,4,−4 ,5,−5 ,6,−6 ,7,−7 ,8,−8 ,9 , · · ·

[ (Color ,Color ) ] [ (Red,Red) , (Yellow ,Red) , (Red,Yellow )
,(Blue ,Red) , (Yellow ,Yellow ) , (Red,Blue )
,(Blue ,Yellow ) , (Yellow ,Blue ) , (Blue ,Blue ) ]

[ [Color ] ] [ [ ] ,[Red] , [Yellow ] , [Red,Red] , [Blue ]
,[Yellow ,Red] , [Red,Yellow ] , [Blue ,Red]
,[Yellow ,Yellow ] , [Red,Red,Red] , · · ·

[ [ Int ] ] [ [ ] , [0 ] , [1 ] , [ 0 ,0] ,[−1 ] , [ 1 ,0 ] , [ 0 ,1 ] , [2] ,[−1 ,0]
,[1 ,1 ] , [ 0 ,0 ,0] ,[−2 ] , [ 2 ,0] ,[−1 ,1 ] , [ 1 ,0 ,0 ] , · · ·

[Rec] [ (Rec Red False 0 ) ,(Rec Yellow False 0 )
,(Rec Red True 0 ) ,(Rec Blue False 0 )
,(Rec Yellow True 0 ) ,(Rec Red False 1 )
,(Rec Blue True 0 ) ,(Rec Yellow False 1 ) , · · ·

[Tree Color ] [Leaf ,(Node Leaf Red Leaf )
,(Node (Node Leaf Red Leaf ) Red Leaf )
,(Node Leaf Yellow Leaf )
,(Node(Node(Node Leaf Red Leaf )Red Leaf )Red Leaf )
,(Node (Node Leaf Red Leaf ) Yellow Leaf )
,(Node Leaf Red (Node Leaf Red Leaf ) ) , · · ·

TABLE 1. Examples of lists of values generated bygen

moreefficient implementationusesa cycle to usethegeneratedlists asthetails of
new lists.

gen {| [ ] |} f = list where list = [ [ ] : [ [ h :t ] \\ (h ,t )←diag2 f list ] ]

Herethefunctiondiag2 is usedagainto getthedesiredmix extendingexisting lists
andgeneratingnew lists with elementsthatarenotuseduntil now.

3.1 Examples

In orderto illustratethebehavior of this algorithmwe show (a partof) the list of
valuesgeneratedfor someof theexampletypesintroducedabove. The list of all
valuesof typecanbegeneratedby anappropriateinstanceof gen. For instancethe
list of all elementsof thetypeColor canbegeneratedby:

list : : [ Color ]
list = gen{|?|}

Thelist of valuesgeneratedby list with the indicatedtypesare areshow in table
1. For the typesRec andTree Color the list of valuesis infinite, only an initial
fragmentof theselists is shown. Also for Int only aninitial fragmentof thelist of
valuescanbeshown.
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Notethattheorderof elementsfor parameterizedtypeslike (Color ,Color ) and
[Color ] reflectsthedovetail behavior of thegenerationalgorithm.

Thisalgorithmis efficient. Generating106 elementsof a typetakestypical2 to
7 secondsonabasicwindowsPC,dependingon thetypeof elementsgenerated.

Thisalgorithmgeneratesall 9604pairsof printablecharacterswithin 0.01sec-
onds,while theoriginal algorithmoutlinedin section2 needs1136seconds.This
is fiveordersof magnitudefaster.

4 PSEUDO RANDOM DATA GENERATION

Theactualalgorithmusedin GAST is slightly morecomplicated.It usesastreamof
pseudo randomnumbersto makesmallperturbationsto theorderof elementsgen-
erated.BasicallythechoicebetweenLeft andRight in ggen {|Either |} becomesa
pseudo random oneinsteadof strictly interleaved.

It is a widespreadbelieve amongtestersthatpseudo randomgenerationof test
valuesis neededin orderto find issues1 quickly. This seemssomewhat in contra-
diction with rule thatboundaryvaluesshouldbetestedfirst. Whenwe considera
predicatewith multipleuniversal quantifiedvariablesof thesametype,it canmake
senseto try the elementstype in a somewhat differentorderfor the variousvari-
ables.We have encountereda numberof exampleswherethis indeedfinds issues
faster. On theotherhandit is veryeasyto createexampleswhereany perturbation
of theorderof testdatadelaysthefinding of counterexamples.In orderto achieve
the bestof both worlds GAST usesa systematicgenerationof datavalueswith a
pseudo randomperturbationof theorderof elementsdiscussedin section3.

Is simplesolutionwould beto randomizethegeneratedlist of elementsbased
on a sequenceof pseudo randomnumbers.This implies that testvalueswill be
generated(long) beforethey are actually usedin the tests. This consumesjust
spaceandis consideredundesirablein a lazy languagelike CLEAN.

As indicatedabove,the solutionusedin GAST is to replacethestrict interleaved
orderof thechoicein the instanceof gen for EITHER by a pseudo randomchoice.
The changeof selectingLEFT of Right deservessomeattention. At first sight a
chanceof 50% seemsfine. This works alsovery well for nonrecursive type like
Color , andrecursive typeslike list andTree form section3.

For a type like ThreeTree this approachfails. If we chosethe constructor
ThreeLeaf with probability 50% thanthe changethat all threeargumentsof the
constructorThreeNode terminatebecomestoo low. In practisesuchan algorithm
generatestoomuchhugeor infinite datastructures.

This problemcanbesolvedby anelaboratedanalysisof thetypesinvolvedin
the datageneration.Due to the possibility of nestedandmutually recursive data
typesthis analysisis far from simple. Fortunately, the is again a simplesolution.

1A counterexamplefoundby testingis calledan issueuntil thatit is clearthatit is actuallyan
errorin theimplementation.Otherpossiblesourcesof counterexamplesarefor instanceincorrect
specificationsandinaccuraciesof thetestsystem.
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We still assumethatnonrecursive constructoris thefirst constructorof a datatype
(if it exists). By increasingthe probability of choosingthe left branchin the re-
cursive calls we canensurethat the small instancearenearthe beginning of the
generatedlist of values.

In orderto implementthis we give the genericfunctionggen two arguments.
The first is an integer indicating the recursiondepth,the second one is a list of
pseudo randomnumbersguidingthechoicebetweenleft andright.

generic ggen a : : Int [ Int ] → [ a]

The instanceof this generationfunction for EITHER is the only onethat changes
significantly.

ggen {|EITHER|} f g n rnd = Merge n 1 ( f n r3 ) (g (n+1 ) r4 )
where

( r1 ,r2 ) = split rnd
( r3 ,r4 ) = split r2

Merge : : Int RandomStream [ a ] [ b ] → [EITHER a b]
Merge n [ i :r ] as bs
| ( i rem n ) 6= 0

= case as of
[ ] = map RIGHT bs
[ a :as ] = [LEFT a : Merge n r as bs ]

= case bs of
[ ] = map LEFT as
[ b :bs ] = [RIGHT b: Merge n r as bs ]

Thefunctionssplit splitsa randomstreaminto two independentrandomstreams.
Also theorderof elementsin thepredefineddatatypesis changedin a pseudo

randomway. For enumerationtypeslikeBool andChar thegivenorderof elements
is randomized.

ggen {|Bool |} n rnd = randomize [False ,True ] rnd 2 (λ_ . [ ] )
ggen {|Char |} n rnd
= randomize (map toChar [32 . .126 ]++[9 ,10 ,13 ] ) rnd 98 (λ_ . [ ] )

randomize : : [ a ] [ Int ] Int ( [ Int ] → [ a ] ) → [ a]
randomize list rnd n c = rand list rnd n [ ]
where

rand [ ] rnd n [ ] = c rnd
rand [ ] rnd n [ x ] = [ x :c rnd ]
rand [ ] rnd n l = rand l rnd n [ ]
rand [ a :x ] [ i :rnd ] n l

| n==0 | | ( i rem n ) == 0
= [ a :rand x rnd (n−1 ) l ]
= rand x rnd n [ a :l ]

For integersandrealswe even generatepseudo randomvaluesafter thecommon
boundaryvalues. This introducesthe possibility that testsare repeated,but for
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thesetypes it is usually lesswork thanpreventingduplicates. Due to the size of
thesetypesproofsarenot feasible anyway.

ggen {|Int |} n rnd = randomize [ 0 ,1,−1 ,maxint ,minint ] rnd 5 id

This algorithm appearsto be very effective in practise. It works also for some
typesthatdoesnot obey therule thatthenonrecursive constructoris thefirst one.
Terminationdependson theratiobetweenthenumberof pointsof recursionin the
type andthe numberof constructors.Oneof the examplesis the type list. This
impliesthat thisgenerationfor lists canbederivedin thefrom thegeneral generic
algorithm.In contrastto thepreviousalgorithm,nohandcodeddefinitionis needed
here.

derive ggen [ ]

GAST usestheMarsenneTwisteralgorithm[14] from theCLEAN librariesfor
thegenerationof pseudo randomnumbers.

4.1 Examples

Theexacteffectof thepseudo randomdatagenerationdependson thepseudoran-
domnumberssuppliedasargument.By default therandomnumbersaregenerated
by the functiongenRandInt from the CLEAN library MersenneTwister . The seed
canbefixed to obtainrepeatabletests,or for instance beobtainedfrom theclock
to obtaindifferenttestvaluesfor eachrun. Thelist of all pairsof colorswith 42as
seedfor therandom numbergenerationis generatedby:

list : : [ ( Color ,Color ) ]
list = ggen {|?|} 2 (genRandInt 42 )

In table2 weshow theeffectsusingthedefault randomstreamof GAST.
Note that the generatedlists of valuescontainthe sameelementsasthe lists

generatedby the algorithmgen in section3.1. The propertythat all instancesof
a type occurexactly onceis preserved2. This algorithmneedsabout40% more
time to generatethesamenumberof elementsfor a typecomparedto thefunction
gen, but it is still veryefficient. ThetestsystemGAST spendsit timeonevaluating
predicatesandtheadministrationof thetestresults,but notongeneratingtestdata.

5 RESTRICTED DATA TYPES

Typeslike searchtrees,balancedtrees,AVL-trees,orderedlists have more restric-
tions thanthe type systemimposes.Sincethe genericalgorithmdoesnot know

2Theshown instancefor integersis theonly exception.It generatespseudorandomnumbers
with period219937−1, andthe623-dimensionalequidistributionpropertyis assured.Thetypeis so
largethataproofby exhaustive testingin not feasible,preventingduplicatedintegersin more
expensive thanrepeatingthetestfor theduplicatesif they mightbegenerated.It is easyto change
thisdefinition,if thatwouldbedesired.
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type values
[Color ] [Red,Blue ,Yellow ]

[Int ] [0,−2147483648 ,2147483647 ,−1 ,1 ,684985474

,862966190 ,−1707763078 ,−930341561 ,−1734306050

,−114325444 ,−1262033632 ,−702429463 ,−913904323 , · · ·

[ (Color ,Color ) ] [ (Red,Red) ,(Yellow ,Red) ,(Red,Blue )
,(Blue ,Red) ,(Yellow ,Blue ) ,(Red,Yellow )
,(Blue ,Blue ) ,(Yellow ,Yellow ) ,(Blue ,Yellow ) ]

[ [Color ] ] [Red] , [ ] , [Yellow ] , [Red,Red] , [Blue ] , [Yellow ,Red]
,[Red,Yellow ] , [Blue ,Red] , [Yellow ,Yellow ]
,[Red,Red,Red,Red,Red] , [Blue ,Yellow ] , . .

[ [ Int ] ] [ [ 1] ,[] ,[−2147483648 ] , [ 1 ,1] ,[−1] ,[−2147483648 ,1]
,[1,−1 ] , [0] ,[−1 ,1] ,[−2147483648 ,−1 ] ,
,[1 ,1 ,2147483647 ,−1 ,0 ] , [ 1,−1 ] , [0] ,[−1 ,1 ] , · · ·

[Rec] [ (Rec Red False 2147483647 )
,(Rec Yellow False 2147483647 )
,(Rec Red True 2147483647 )
,(Rec Blue False 2147483647 ) , · · ·

[Tree Color ] [Leaf

,(Node (Node Leaf Red (Node (Node Leaf Yellow

(Node Leaf Red Leaf ) ) Red Leaf ) ) Yellow (Node

Leaf Red (Node (Node Leaf Red Leaf ) Red Leaf ) ) )
,(Node Leaf Yellow (Node Leaf Red

(Node (Node Leaf Red Leaf ) Red Leaf ) ) ) , · · ·

TABLE 2. Examples of lists of values generated byggen

theserestrictions,it cannotcopewith them. The genericalgorithmwill generate
instancethataretypecorrect,but mayor maynotobey theadditionalconstraints.

Theinterfaceof sucharestrictedtypewill containfunctionsto createaninitial
instanceof thetype,e.g. anemptytree,andto addelementsto a valid instanceof
therestrictedtype.Usingtheseconstructorfunctionsandthegenericgenerationof
elementsto beincludedin theinstanceof therestrictedtype,wecaneasilygenerate
instancesof thegenerictype.

As examplewe will considera searchtreeof integers. A typical interfaceto
thisabstract datatypeis:

: : SearchTree

empty : : SearchTree
ins : : Int SearchTree → SearchTree
delete : : Int SearchTree → SearchTree
occurs : : Int SearchTree → Bool

Using the functionsins andempty appropriatetreescanbeconstructed.This can
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be usedin the instanceof gen or ggen by insertinglists of integersin the empty
tree.Theselists of integersaregeneratedby theordinarygenericalgorithm.

gen {|SearchTree |} = map (foldr ins empty ) gen{|?|}

Theinitial partof thelist of valuesis (usingE for theemptytreeandNasconstructor
for binarynodes):

[E, N E 0 E, N E 1 E, N E 0 E, N E−1 E, N E 0 (N E 1 E) ,N (N E 0 E) 1 E
,N E 2 E, N (N E−1 E) 0 E, N E 1 E, N E 0 E, N E−2 E, N E 0 (N E 2 E) ,
,N (N E−1 E) 1 E, N E 0 (N E 1 E) , N E−1 (N E 0 E) , N E 3 E, · · ·

For thealgorithmwith pseudo randomchangesin theorder, only theadditional
argumentsof thefunctionggen have to bepassedaround.

Thisapproachis applicableto everyordinaryrestricteddatatype,sincethey all
have an initial valueandan insertoperator. Dependingon therestricted type it is
possiblethatduplicatedvaluesaregeneratedby a naive implementationfollowing
this scheme.

6 RELATED WORK

Any test tool that wantsto do more than only executingpredefinedtest scripts,
needsto generatethesescripts. For any specificationthatcontainsvariables,it is
necessaryto generatevaluesfor thesevariables.To thebestof our knowledgethis
is thefirst approachto generatethesevaluesbasedon thetypedefinitiononly.

Theothertool thatis ableto testpropertiesover typesin a functional program-
ming languageis QuickCheck[3]. Its datagenerationis basedonanordinaryclass
insteadof on genericprogramming.This impliesthattheuserhasto defineanin-
stanceof thegenerationclassfor eachtypeusedasin anuniversalquantification.
Moreover, the generationalgorithm usespseudo randomdatagenerationwithout
omittingduplicatedelements.As aconsequenceQuickcheckis notabledetermine
thatall elementsof a typeareusedin a test.Hence,Quickcheckcannotstopat that
point,nor concludethatit hasachievedaproofby exhaustive testing.

In [9] we show how functionscanbegeneratedbasedon thegrammarof the
bodyof thefunctions.This grammaris a recursive algebraicdatatype. Hencethe
grammarsusedto describethe instancesof the functionscanbegeneratedby the
algorithmdescribedin thispaper.

7 DISCUSSION

This paperintroducesan efficient andelegant genericalgorithm to generatethe
membersof arbitrarydatatypes. Theelementsaregeneratedfrom small to large
asrequiredfor effective testingbasedon boundaryvalues. We show alsoa vari-
antof this algorithmthat imposesa pseudo randomperturbationof theorder, but
maintainsthebasicsmallto largeorderandavoidsomissionsor duplicates.This is
believedto makefindingcounterexamplesonaveragefaster.
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This algorithmis anessential componentof thetesttool GAST. Theproperty
thattestdataarenotduplicatedmakestestingmoreefficient,evaluatingaproperty
two timesfor the samevaluewill alwaysyield an identicalresult in a functional
context. The avoidanceof omissionsand duplicatesmakes it possibleto proof
propertiesfor finite typesby exhaustive testing.

Thepresentedalgorithmsareefficient. Eachof thealgorithmsis ableto gen-
eratehundredsof thousandselementsof a typewithin onesecondona fairly basic
WindowsPC.

Apart from a very useful algorithm in the context of an automatictest sys-
tem, it is also anelegant applicationof genericprogramming. The test system
GAST follows thetrendtowardsconstructinggeneralusablealgorithmsby generic
programmingtechniquesalsofor moretraditionalapplicationsascomparingand
printingvalues.
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