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Abstract

For a modelbasedautomatictestsysten it is essentiato generateelementsof the
useddatatypesautomatically In this paperwe introducean elegantalgorithmthatis
ableto generata list of all elementof arbitrarytypesusng genericprogramming
techniques.In orderto allow exhaustve testingfor finite typeswe needto be able
to determinethat all elementsof type are generated. This is dore by systematic
generatiorof the elementof atype.

In orderto improve the resultsof testingwe alsoshowv a variantof the generation
algorithmthat yields the elementsn a pseudorandomorder Both algorthmsare
very efficientandlazy; only the elementsactuallyneededaregenerated.
Usingtheinterfacefunctionsof restricteddatatypes,lik e searcttrees,andthe algo-
rithmsintroducedhereit is also possibé to generatenstanceof thesetypes. The
elementsstoredin aninstanceof the searchireearegeneratedby the default generic
algorithm.

1 INTRODUCTION

In this paperwe describean elegantgenericalgorithmthatyields a list of all ele-
mentsof atype. Suchanalgorithmwasneededn our modelbasedesttool GAST
[7, 8, 16]. Also in otherapplicationareasit is handyor necessaryo be ableto
generateneor moreinstancef anarbitrarytype. For instancein GenericEdi-
tor Component$l], wherethe datagenerations usedto createan instancdor all
amgumentf achoserconstructeof analgebraicdatatype.
Genericprogrammingis a programmingtechniquewhere manipulationsof
datatypesare specifiedon a generalrepresentatiorf the datatypesinsteadof
the datatypesthemseles. Usually the systemtakes careof the conversionbe-
tweenthe actualtypesandtheir genericrepresentatiomndvice versa. Thereare
variousvariantsof genericprogrammingfor functional programmingdescribed.
Mostimplementation®f genericdn functionalprogramminganguagesrebased
on theideasof Ralf Hinze[5, 6]. Therearevariousimplementationsn Haslell,
like GenericHaslell [4] andthe scrap your boilerplateapproacH10, 11]. In this
paperwe will usegenericprogrammingn CLEAN [12] asintroducedby [2].
Basically a test systemrepresents predicateof the form ¥x € T.P(x) by a
functionP :: T — Bool . Testsystemdike QuickCheck[3] and GAST evaluates
this functionfor afixed numberN of elementf type T. In orderto do this the
testsystemrhasto be ableio generatelement®f thistype. If thesystengenerates
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an elementt; of type T suchthat P(t;) yields False, the testsystemhasfound
a countergample: the propertydoesnot hold. Whenthe propertyholdsfor all
generatedestdatathe propertypasseshetest.If thesizeof typeT is lessthanN,
the propertycaneven beprovenby exhaustve testing.In GAST thisis achievedby
generatingeachinstanceof thetype exactly once.

A popularway to generatelementf atypeis by somepseudo randoralgo-
rithm. Experienceshawvs thata well chosenpseudo randorgeneratiorand suffi-
cientnumberof testsmostlikely coversall interestingcasesandhencediscovers
countergamplesif they exists. Toolslike QuickCheckand Torx [13] usepseudo
randomgeneratiorof testdata. In GAST we usea systematicggenerationof test
datafor logical properties.The main adwvantageof this approachs thatit is easy
to detectthatall elementf thetype aregeneratedindhencethatthe propertyis
proven by exhaustve testing. An additionaladvantageis that systematidestdata
generations thatit makestestingmoreeffective. In pseudo randortestingit can-
not be avoidedthattess arerepeatedthe sametestvalueis generatedgain), but
this repetitionof the testdoesnot give ary additionalinformationin a referential
transparentontet.

Experimentsave not shavn exampleswherefully randomdatagenerabon is
more efficient that systematiadatageneration.Thereare plenty exampleswhere
the systematiadatageneratiorthat startswith commonboundaryvaluesis more
effective. Sincethe systematicdatagenerations alsovery efficient, this way of
testingis usuallymoreeffective thantestingusingpseudo randordata.

For the implementatiorof the generatioralgorithmin a functional program-
ming languagea classis the most obvious languageconstruct. The userhasto
definean instancef this classfor eachnew type usedin the predicates.This is
somework for thetestengineer QuickClkeck usesthis approachn the generation
of testdata.Experiencéndicatesthatit requiresat leastsomepracticeto write an
effective testdatageneratioralgorithmfor new typesin thisway. Usinga generic
programmingapproachhasas adwantagethat the instanceof a new type canbe
derivedinsteadof codedby handfor eachnew datatype. Only for datatypeswith
more restrictionsthanimposedby the type system like balancedsearchtrees,a
manualimplementaibn needsto be provided. Even for those typeghe generic
algorithmcanbe usedto determinethe valuesto beinsertedin theinstanceof the
restrictedtype.

The problemsolved hereis unlike the scrapyour boilerplateapproachsince
thereis not datatypeto betraversed.Insteadthe elementof datatype have to be
generatedautof thin air. It shouldbefairly easyto expresshedescribedalgorithm
in GenericHaslell [4].

In the next sectionwe shortly review the original systematicdatageneration
of GAST. In section3 we introducebasicgenericdatageneratioralgorithm. In
sectiond4 we shav how the orderof testdatageneratedanbe changedn pseudo
randomway. Sincethe datageneratioralgorithmusesonly the type information,
it cannotwork correctlyfor restricteddatatypeslik e searchirees,balancedrees,
AVL-treeset cetera. In section5 we shav how instancesf thesetypescanbe
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generatedFinally therearesomeconclusionsThereadeiis assumedo befamiliar
with genericprogrammingn functionallanguages.

2 PREVIOUSWORK

Oneof the distinguishingfeaturesof GAST is thatit is ableto generatdestdata
in asystematiavay. This guaranteethattestarenever repeatedyhich is useless
in a referentialtransparentanguagdike CLEAN. For finite datatypesit is even
possibleto prove propertieausingatest systema propertyis provenif it holdsfor
all elementof thefinite datatype. GAST hasuseda systematigenericalgorithm
to generatdestdatafrom the very beginning. In this sectionwe will review the
original algorithmandthe designdecisionsehindit.

In generalt isimpossble to testa propertyfor all possiblevalues.Thenumber
of valuesis simply too large (e.g. for the typeint ), or even infinite (for every
recursve datatype). Boundaryvalue analysiss awell-known techniqudn testing
thattells that not all valuesare equallyinterestingfor testing. The valueswhere
the specificatioror implementatiorindicatesa boundandthe valuesvery closeto
suchaboundareinterestingtestvalues.For numbersvalueslike 0, 1 and—1 are
the mostfrequentlyoccurringtestvalues. For recursie typesthe non-recursie
constructor([] for lists andLeaf for trees)and small instancesare the obvious
boundaryvalues. Therefor thesevalueshave to be in the beginning of the list
of datavaluesgenerated.When specificboundaryvaluesfor somesituationare
known, it is easyto includethesein thetests,see[8] for details.

Theinitial algorithm[7] wasrathersimple,but alsovery crudeandinefficient.
The basicapproachof the initial datagenerationalgorithmwasto usea treeto
recordthe genericrepresentationsf the thevaluesgeneratedFor eachnew value
to be generatedhe tree was extendedaccordingto the new value. In orderto
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

The constructoEmpty is usedto indicatepartsof the treethatarenot yet visited.
Initially, the entire tree isnot yet visited. The constructotunit indicatesthat a
constructolis generatedhere. The two list of tuplesof tracesin aPair together
implementan efficient queueof new tracesto be consideredTheEither pairsthe
tracescorrespondindo the genericconstructorsEFT and andrIGHT. The Boolean
indicatesthe directionwherethefirst extensionoughthasto be sought. For basic
types, like integers, specialconstructorslike Int , are usedto recordthe values
generated. When the generationalgorithm discovers that somepart of the tree
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cannotbe extendedt is replacedoy Done, in orderto preventfruitlesstraversalsin
future extensionof thetree.Seg[7] for moredetails.

3 GENERIC DATA GENERATION: BASIC APPROACH

The new genericdatageneratioralgorithmpresentedn this paperdoesnot usea
treeto recordgenerated/alues. The useof the treecanbe very time consuming.
For instancethe generatiorof all tuplesof two charactersakesnearly20 minutes
onawindows pc.

The genericfunctiongen generateshelazy list of all valuesof atype by gen-
eratingall relevantgenericrepresentationf] of the membersf thattype.

generic gen a :: [a]
For thetypeUINT thereis only onepossibility: the constructotUNIT.
gen {{UNIT|} = [UNIT]

For a PAIR thatcombineswo kinds of valuesa nawve definition usinga 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 considetthe
secondelementof f, but somefair mixing of the values. This is alsoknown as
dowetailing. Supposehat f is thelist [a,b,c,..] andg thelist [u,v,w,..]. Thede-
siredorderof pairsis PAIR au, PAIR av, PAIRbu, PAIR aw, PAIRbv, PAIR cu, ..
ratherthanPAIR au, PAIR av, PAIRaw,.., PAIRbu, PAIRbv, PAIRbw, ... Thedi-
agonalizinglist compehensiongrom Mirandd™ [15] andthefunctiondiag2 from
the CLEAN standardervironmentexactly do this job. Thefunctiondiag2 is type
[a] [b] — [(a,b)],i.e. itgenerateslist of tupleswith the elementf theargu-
mentlists in the desiredorder Usinga simplemapfunction,or list comprehensin
the tuplesaretransformedo pairs.

gen {{PAR[} fg =[ PARab \\ (a,b)—diag2 fg ]

For thechoicein thetypeEITHER we useanadditional Booleamrgumentto meige
the elementsin a nice interleaved way. The definition of the function Merge is

somavhattricky in orderto avoid thatit becomestrictin oneof its list auments.
If the functionMerge becomesstrict in one of its list agumentsit generatesll

possiblevaluesbeforethe currentvalueis yielded. This causesHeap ful  error.

gen {|EITHER|} fg = Merge True f g
where
Merge :: !'Bool [a] [b] — [EMHER a b]
Merge left as bs
| left
= case as of
[] = map RIGHT bs
[a:as] = [LEFT a: Merge (notleft ) as bs]
case bs of
[] = map LEFT as
[b:bs] = [RIGHT b: Merge (notleft ) as bs]
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In orderto let this mege algorithmterminatefor recursve datatypes weassume
thatthe nonrecursve case(like Nil  for lists, Leaf for trees) islisted first in the
type definition. Using someinsight knowledge of the genericrepresentatiorf
allow usto make therightinitial choicein gen {|EITHER]} . In principlethe generic
representatiorrontainssufficient informationto find the terminatingconstructor
dynamically but this is more expensve and doesnot add ary additionalpower.
Sincethe orderof constructorsn a datatype doesnot have ary othersignificance
in CLEAN the assumptioron the orderof congructorsis not considered serious
one.

The actualimplementationof genericsin CLEAN usessomeadditional con-
structorsin order to store additionalinformation aboutconstructorsfields in a
recordetceteraTheassociateéhstancedor the genericfunctiongen are:
gen {{CON§ f = map CONS f
gen {|OBJECT} f = map OBJECT f
gen {|FELD |} f = map FHELD f

Finally we haveto provideinstance®fgen for thebasictypesof CLEAN. Some
examplesare:
gen{/int } =1[0:T[i \\n—[1..maxint ], i«[n, —n]]]
gen {|Bool [} = [False ,True ]
gen {|Char [} = map toChar ([32..126] ++ [9,10,13]) // theprintablecharacters
gen {|Sting |} = map toSting lists
where
ists  :: [[Char]]
ists = gen {|+]}
After thesepreparations thgeneratiorof userdefinedtypelike
:: Coor =Red | Yelow | Blue
:Rec={c :: Coor ,b ::Bool,i ::Int }
1 ThreeTree = ThreeLeaf | ThreeNode ThreeTree ThreeTree ThreeTree
:: Tree x = Leaf | Node (Tree x ) x (Tree x )

andpredefinedypeslik e two andthreetuple canbedervedby
derive gen Color , Rec, ThreeTree , Tree, (,), (,,)

Unfortunatelythe orderof elementdn the predefinedype list doesnot obey the
give assumption.The predefinedCons constructelis definedbeforethe Nil con-
structer Thisimpliesthatgen would alwayschoosesheConsconstructeif generic
generatiorwould be derivedfor lists.

Insteadof changingheassumptionor theimplementatiorof CLEAN, we sup-
ply a specificinstanceof gen for lists, insteadof deriving one. A straightforward
implementations dedirecttranslatiorof thegenerahklgorithm,wheretheorderof
constructorss reversed(first theemptylist []).

gen{I[1} £ =010 :[[ht]\\ (ht)—deg2f (gen{+—x[} f)]]

Heretheparametef isthelist of all elementshatshouldbeplacedn thegenerated
lists. The valueof this list will be provided by the genericsysem. A somavhat
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type values

[Color ] [Red,Yelow ,Blue ]

[Int ] [0,1,-1,2,-2,3,-3,4-4,5-5,6,-6,7-7,8,-8,9, ---
[(Color ,Color )] | [(Red,Red), (Yelow ,Red), (Red,Yelow )

,(Blue ,Red), (Yellow ,Yellow ), (Red,Blue )

,(Blue ,Yelow ), (Yelow ,Blue ), (Blue ,Blue )]
[[Coalor 1] [[1 ,[Red], [Yellow ], [Red,Red], [Blue ]

,[Yelow ,Red], [Red,Yellow ], [Blue ,Red]
J[Yellow ,Yelow ], [Red,Red,Red], ---

([t ]] ({1.ro1.111.10,01,[-171,[1,01,[0,1],[2].[-1,0]
,[1,11,[0,0,0],[-2].,[2,0],[-2,1],[2,0,0], ---
[Rec] [(Rec Red False 0 ) ,(Rec Yelow False 0 )
,(Rec Red True 0 ) ,(Rec Blue False 0 )

,(Rec Yelow True 0 ) ,(Rec Red False 1 )

,(Rec Blue True 0 ) ,(Rec Yelow 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. Examplesof lists of values generated by gen

moreefficientimplementatiorusesa gycle to usethe generatedists asthetails of
new lists.

gen {|[1} f =list wherelist =[[] :[[hit]\\ (ht)ediag2flist 1]

Herethefunctiondiag2 is usedagainto getthe desiredmix extendingexistinglists
andgeneratingiew lists with elementghatarenot useduntil now.

3.1 Examples

In orderto illustratethe behaior of this algorithmwe shav (a partof) thelist of
valuesgeneratedor someof the exampletypesintroducedabove. Thelist of all
valuesof type canbegeneratedby anappropriaténstanceof gen. For instancethe
list of all elementf thetypeColor canbegeneratedby:

list  :: [Color ]

list = gen{x|}

Thelist of valuesgeneratedylist with the indicatedypesare areshav in table
1. For thetypesRec andTree Color the list of valuesis infinite, only aninitial
fragmentof thesdlistsis shavn. Also for Int only aninitial fragmentof thelist of
valuescanbe shawvn.
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Notethattheorderof elementdor parameterizetypeslik e (Color ,Color ) and
[Color ] reflectsthe dovetail behavior of the generatioralgorithm.

This algorithmis efficient. Generatingl0° elementf atypetakestypical 2 to
7 second®n abasicwindows PC,dependingn thetype of elementgenerated.

This algorithmgeneratesll 9604pairsof printablecharactersvithin 0.01sec-
onds,while the original algorithmoutlinedin section2 needsl136secondsThis
is five ordersof magnitudefaster

4 PSEUDO RANDOM DATA GENERATION

Theactualalgorithmusedn GASsT is slightly morecomplicatedlt usesastreanof
pseudo randomumbergo make smallperturbationgo theorderof elementgen-
erated.Basicallythechoicebetweerneft andRight inggen {|Either [} becomes
pseudo random oriasteadof strictly interleaved.

It is awidespreadelieve amongtesterghatpseudo randorgeneratiorof test
valuesis neededn orderto find issue$ quickly. This seemssomavhatin contra-
diction with rule thatboundaryaluesshouldbe testedfirst. Whenwe consideia
predicatewnith multiple universal quantifiedvariablesof thesametype, it canmake
sensego try the elementgype in a somavhat differentorderfor the variousvari-
ables.We have encountereé numberof exampleswherethis indeedfindsissues
faster Ontheotherhandit is very easyto createexampleswvhereary perturbation
of theorderof testdatadelaysthefinding of counter@amples.In orderto achieve
the bestof both worlds GAST usesa systematigyeneratiorof datavalueswith a
pseudo randomerturbatiorof the orderof elementgdiscussedn section3.

Is simple solutionwould be to randomizethe generatedist of elementdased
on a sequencef pseudo randomumbers. This implies that testvalueswill be
generatedlong) beforethey are actually usedin the tests. This consumegust
spaceandis consideredindesirablén alazylanguagdike CLEAN.

Asindicatedabove, the soltionusedn GAST isto replacehestrict interleaed
orderof the choicein the instanceof gen for EITHER by a pseudo randorchoice.
The changeof selectingLEFT of Right deseres someattention. At first sighta
chanceof 50% seemdine. This works alsovery well for nonrecursie type like
Color , andrecursve typeslike list andTree form section3.

For a type like ThreeTree  this approachfails. If we chosethe constructor
ThreeLeaf  with probability 50% thanthe changethat all threeagumentsof the
constructofThreeNode terminatebecomesoo low. In practisesuchan algorithm
generatetoo muchhugeor infinite datastructures.

This problemcanbe solved by an elaboratedinalysisof the typesinvolvedin
the datageneration.Due to the possibility of nestedand mutually recursve data
typesthis analysisis far from simple. Fortunately the is again a simplesolution.

1A counter@amplefoundby testingis calledanissueuntil thatit is clearthatit is actuallyan
errorin theimplementationOtherpossiblesaurcesof counter&amplesarefor instancancorrect
specificationg@ndinaccuracie®f thetestsystem.
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We still assumeéhatnonrecursie constructoiis thefirst constructoiof a datatype
(if it exists). By increasingthe probablity of choosingthe left branchin the re-
cursie calls we canensurethat the small instanceare nearthe beginning of the
generatedist of values.

In orderto implementthis we give the genericfunctionggen two arguments.
Thefirst is an integer indicating the recursionlepth,the se@mnd oneis a list of
pseudo randomumberguidingthe choicebetweereft andright.

genericggena :: Int [Int | — [a]

The instanceof this generatiorfunction for EITHER is the only onethat changes
significantly
ggen {|EMHER|} fgnmd =Mergenl (fnr3 ) (g (n+tl) r4)
where
(r1,r2 ) = splt md
(r3,r4 ) = spiit r2

Merge :: Int RandomStream [a] [b] — [EITHER a b]
Merge n [i :r] as bs
| (iremn ) #0
= case as of
[] = map RIGHT bs
[a:as] = [LEFT a: Merge nr as bs ]
= case bs of
[T = map LEFT as
[b:bs] = [RIGHT b: Merge nr as bs ]

Thefunctionssplt  splitsarandomstreaminto two independentandomstreams.

Also theorderof elementsn the predefinediatatypesis changedn a pseudo
randomway. For enumeratiornypeslikeBool andChar thegivenorderof elements
is randomized.

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

randomize :: [a] [Int ] Int ([Int ] — [a]) — [a]
randomize list md n ¢ =rand list md n [1
where

rand [] mdn [] =cmd

rand [] mdn [x] =[x:cmd]

rand [ mdnl =randlmdn []

rand [a:x] [i:md] n|

| =0 || (iremn ) =0
= [arand x md (n1) I]
=rand x md n [a:l]

For integersandrealswe even generat@seudo randomaluesafter the common
boundaryvalues. This introducesthe possibility that testsare repeated put for
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thesetypes it is usuallylesswork thanpreventingduplicates. Due to the size of
thesetypesproofsarenotfeasible agway.

ggen {|Int [} nmd =randomize [0,1,—1,maxint ,minint ] md 5 id

This algorithm appeargo be very effective in practise. It works alsofor some
typesthatdoesnot obey the rule thatthe nonrecursie constructoiis the first one.
Terminationdepend®n theratio betweerthe numberof pointsof recursionin the
type andthe numberof constructors.One of the examplesis the typelist. This
impliesthat thisgeneratiorfor lists canbe derivedin thefrom the general generic
algorithm.In contrasto thepreviousalgorithm,nohandcodeddefinitionis needed
here.

derive ggen []

GAST usesthe MarsenneTwisteralgorithm[14] from the CLEAN librariesfor
thegeneratiorof pseudo randomumbers.

4.1 Examples

The exacteffect of the pseudo randordatageneratiordepend®n the pseudaan-
domnumberssuppliedasagument.By defaulttherandomnumbersaregenerated
by the functiongenRandint from the CLEAN library MersenneTwister . The seed
canbefixedto obtainrepeatabldaests,or for instance babtainedfrom the clock
to obtaindifferenttestvaluesfor eachrun. Thelist of all pairsof colorswith 42 as
seedfor therandom numbegeneratioris generatedby:

list  :: [(Color ,Color )]
list = ggen{x|} 2 (genRandint 42 )

In table2 we shaw the effectsusingthe default randomstreamof GAST.

Note that the generatedists of valuescontainthe sameelementsasthe lists
generatedy the algorithmgen in section3.1. The propertythatall instancesf
a type occurexactly onceis presered®. This algorithm needsabout40% more
time to generatehe samenumberof elementdor atype comparedo thefunction
gen, butit is still very efficient. ThetestsystemGAST spendst time on evaluating
predicate@ndtheadministratiorof thetestresults but noton generatingestdata.

5 RESTRICTED DATA TYPES

Typeslike searchrees,balancedrees AVL-trees,orderedists have more restric-
tions thanthe type systemimposes. Sincethe genericalgorithm doesnot knav

2The shawn instancefor integersis the only exception.It generatepseudaandomnumbers
with period219937_— 1, andthe 623-dimensionatquidistritution propertyis assuredThetypeis so
largethata proof by exhaustve testingin notfeasible preventingduplicatedntegersin more
expensve thanrepeatinghetestfor the duplicatesif they mightbegeneratedit is easyto change
this definition, if thatwould bedesired.
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type

values

[Color ]

[Red,Blue ,Yelow ]

[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,Yelow )
,(Blue ,Blue ),(Yellow ,Yellow ),(Blue ,Yelow )]

[[Color ]]

[Red],[] .[Yelow ],[Red,Red],[Blue ],[Yellow ,Red]
,[Red,Yellow ],[Blue ,Red],[Yelow ,Yelow ]
,[Red,Red,Red,Red,Red] ,[Blue ,Yellow 1],..

(fint 1]

[[1].[].[ —2147483648 ],[1,1],[—1],[—2147483648 ,1]
,[1,—-17,[0],[—1,1],[ —2147483648 ,-1] ,
,[1,1,2147483647 .—1,0] ,[1,-1],[0],[-1,1], ---

[Rec]

[(Rec Red False 2147483647 )
,(Rec Yelow False 2147483647 )
,(Rec Red True 2147483647 )

,(Rec Blue False 2147483647 ), ---

[Tree Color ] [Leaf

,(Node (Node Leaf Red (Node (Node Leaf Yelow
(Node Leaf Red Leaf )) Red Leaf )) Yelow (Node
Leaf Red (Node (Node Leaf Red Leaf ) Red Leaf )))

,(Node Leaf Yelow (Node Leaf Red
(Node (Node Leaf Red Leaf ) Red Leaf ))), ---

TABLE 2. Examplesof lists of values generated by ggen

theserestrictions,it cannotcopewith them. The genericalgorithmwill generate
instancethataretype correct,but mayor maynot obey the additionalconstraints.

Theinterfaceof sucharestricteatypewill containfunctionsto createaninitial
instanceof thetype, e.g. anemptytree,andto addelementdo a valid instanceof
therestricteadype. Usingtheseconstructofunctionsandthe genericgeneratiorof
elementgo beincludedin theinstanceof therestrictedype,we caneasilygenerate
instance®f thegenerictype.

As examplewe will considera searchtree of integers. A typical interfaceto

this abstract datéypeis:

.. SearchTree

empty :: SearchTree
ins .. Int SearchTree
delete  :: Int SearchTree
occurs  :: Int SearchTree

— SearchTree
— SearchTree
— Bool

Usingthefunctionsins andempty appropriate¢reescanbe constructed.This can
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be usedin the instanceof gen or ggen by insertinglists of integersin the empty
tree. Thesdists of integersaregeneratedby the ordinarygenericalgorithm.

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

Theinitial partof thelist of valuess (usinge for theemptytreeandNasconstructor
for binarynodes):

[ELNEOE NE1E NEOE NE-1E,NEO(NE1BN(NEOBE 1E
NE2E N(NE-1E)OE,NE1E NEOE NE-2E, NEO(NE2B,
N(NE-1E)1E,NEO(NE1E,NE-1 (NEOE,NE3E -

For thealgorithmwith pseudo randorahangesn theorder only theadditional
argumentof thefunctionggen have to be passediround.

Thisapproachs applicableto every ordinaryrestricteddata type, sincethey all
have aninitial value andaninsertoperdor. Dependingon therestricedtypeit is
possiblethatduplicatedvaluesaregeneratedby a naive implementatiorfollowing
this scheme.

6 RELATED WORK

Any testtool that wantsto do more than only executingpredefinedtest scripts,
needso generatghesescripts. For ary specificationthat containsvariablesiit is
necessaryo generatevaluesfor thesevariables.To the bestof our knowledgethis
is thefirst approachio generatéhesevaluesbasedn thetype definitiononly.

Theothertool thatis ableto testpropertieovertypesin afunctional program-
ming languageés QuickChecK{3]. Its datagenerations basecnanordinaryclass
insteadof on genericprogramming.This impliesthatthe userhasto defineanin-
stanceof the generatiorclassfor eachtype usedasin anuniversalquantification.
Moreover, the generatiomalgorithm usespseudo randondatagenerationwithout
omitting duplicatedelementsAs a consequenc@uickchecks notabledetermine
thatall elementf atypeareusedin atest. Hence ,Quickcheckcannotstopatthat
point, nor concludethatit hasachieved a proof by exhaustve testing.

In [9] we shaw how functions canbe generatedasedon the grammarof the
body of the functions. This grammaiis arecursve algebraicdatatype. Hencethe
grammarausedto describethe instance®f the functionscanbe generatedy the
algorithmdescribedn this paper

7 DISCUSSION

This paperintroducesan efficient and elegant genericalgorithmto generatehe
membersof arbitrarydatatypes. The elementsare generatedrom smallto large
asrequiredfor effective testingbasedon boundaryvalues. We showv alsoa vari-
antof this algorithmthatimposesa pseudo randorperturbationof the order but
maintainghebasicsmallto large orderandavoidsomissionsor duplicatesThisis
believedto malke finding counterg@ampleson averagefaster
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This algorithmis anessentil componenbf thetesttool GAST. The property
thattestdataarenot duplicatedmakestestingmoreefficient, evaluatinga property
two timesfor the samevaluewill alwaysyield anidenticalresultin a functional
context. The avoidanceof omissionsand duplicatesmakes it possibleto proof
propertiedor finite typesby exhaustve testing.

The presenteailgorithmsareefficient Eachof the algorithmsis ableto gen-
eratehundredof thousandelementf atypewithin onesecondn afairly basic
Windows PC.

Apart from a very useful algorithmin the context of an automatictest sys-
tem, it is also anelegant applicationof genericprogramming. The testsystem
GAsT follows thetrendtowardsconstructinggeneralusablealgorithmsby generic
programmingtechniquesalsofor moretraditionalapplicationsascomparingand
printing values.
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