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Abstract

Haslell programmersvho dealwith complex datatypesoftenneed
to apply functionsto speci ¢c nodesdeeplynestednsideof terms.
Typically, implementation$or thoseapplicationgequireso-called
boilerplate code, which recursvely visits the nodesand carries
the functionsto the placeswherethey needto be applied. The
scrap-youboilerplateapproachproposedy Lammeland Pe/ton
Jonestries to solve this problemby de ning a generaltraversal
design patternthat performsthe traversal automaticallyso that
the programmersan focus on the codethat performsthe actual
transformation.

In practicewe often encounterapplicationsthat require vari-
ations of the recursionschemaand call for more sophisticated
generictraversals.De ning suchtraversalsfrom scratchrequires
a profoundunderstandingf the underlyingmechanisnandis ev-
erythingbut trivial.

In this papemve analyzetheproblemdomainof recursve traver-

sal stratgies, by integrating and extending previous approaches.

We thenextendthe scrap-youboilerplateapproactby rich traver
salstratgjiesandby acombinatiorof transformationandaccumu-
lations,which leadsto a comprehense recursve traversallibrary
in astaticallytypedframework.

We de ne atwo-layerlibrary targetedat generalprogrammers
andprogrammersvith knowledgein traversalstratgjies. The high-
level interface de nes a universal combinatorthat can be cus-
tomizedto differentone-passraversalstratgjieswith differentcov-
erageanddifferenttraversalorder The lower-layer interfacepro-
videsa setof primitivesthatcanbe usedfor de ning moresophis-
ticatedtraversalstratgiessuchas xpoint traversalsTheinterface
is simpleandsuccinct.Lik e the original scrap-yowboilerplateap-
proach,it makes useof rank-2 polymorphismand functional de-
pendenciesmplementedn GHC.

Categoriesand SubjectDescriptors D.1.m[ProgrammingTech-
nique$: GenericProgramming; D.2.13 [Softwae Engineering
Reusabld ibraries

GeneralTerms Design,Languages

Keywords GenericProgrammingTraversalStratey
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1. Intr oduction

LammelandPeyton Jonesaddresshe problemof traversingrecur
sive datastructuresn their papergd12, 13, 14]. They proposeade-
signpatternto eliminateboilerplatecodeby applyingagenericpro-
grammingtechniqueln thefollowing we brie y summarizesome
majorelementwf their approach.

The examplesgiven in [12] are basedon a collection of data
typesthatrepresena simpli ed structureof acompary. We repeat
thede nitions herefor reference:

data Company = C [Dept]
data Dept D NameManager [Unt]
data Unt PU Employee | DU Dept

data Employee
data Person

E Person Salary
P NameAddress

data Salary S Float
type Manager Employee
type Name String
type Address String

Derivedinstancegor typeclasseSypeable andData aredeclared
but omitted herefor clarity. Here is an example de nition of a
compan accordingto theabove datatypes:

genCom:: Company

genCom= C [D "Research" joe [PU mike, PU kate],
D "Strategy" mary []]

joe, mike, kate, mary :: Employee

joe = E (P "Joe" "Oregon") (S 8000)

mike = E (P "Mike" "Boston") (S 1000)

kate = E (P "Kate" "San Diego") (S 2000)

mary = E (P "Mary" "Washington”) (S 100000)

A simpletransformatioriaskis to de ne anincrease functionthat
increasesverybodys salaryby a certainpercentageNormally, in
Haslell we would have to de ne oneincreasefunction for each
individual datatype. The only purposethesefunctionssene is to
traversethe datatypesandmove theincS functionto the Salary
typewhereit actuallyincreaseshesalary:

incS 1 Float -> Salary -> Salary
incS k (S's) =S (s * (1+k))

This incS function is the only interestingbit. All other codeis
“boilerplatecode”. As the sizesof the datatypesgrow, the boiler
platecodebecomesxtremelyclumsyandhardto maintain.It also
doesnot scaleup well. Changedo the datatype de nitions will

entail mary changesn the boilerplatecodes.In [12], a type ex-
tendingfunction mkTis introducedthat, whenappliedto functions
like incS, producesa generictransformationA generictransfor
mationis polymorphic.Whenappliedto a Salary , it behaesthe
sameasincS, otherwiseit behaeslik e the identity function. The



type extensionis implementedwith a cast function, which is a
memberfunctionof Typeable typeclass.Thecast functionper
formsa safetype casting.Type classData extendsTypeable and
hasamembeffunctiongfoldl , whichwill bediscussedn Section
3.3, thatis essentiato de ning one-layeltraversals.

A generictraversalcombinatoreverywhere is also provided
thattraversesa termrecursvely andappliesa generictransforma-
tion to every nodein theterm.

With the generictraversalcombinator programmersnly need
to implementthe interestingpart of recursve traversalsthe incS
function, and feed themto mkTand everywhere to achieve the
samegoal asthe boilerplatecode.Thede nition of theincrease
functionde nedin [12] is repeatedherefor reference:

increase :: Float -> Company-> Company
increase k = everywhere (mkT (incS k))

The scrap-youboilerplate(SYB) approactrelievesa big bur-
denfrom Haslell programmersvho needto traversecomplex data
structuresfrequently They cannow focus on the codethat does
the real job insteadof the traversalitself. The boilerplatecodeto
traversearbitrary datastructurescan be automaticallyderived. In
the following, we illustrate how to implementsometraversalsin
our library throughseveral examples.We begin with de ning the
increase functionusingourinterface:

increase :: Float -> Company-> Maybe Company
increase k = traverse Trans NoCtx Full FromBottom FromLeft
(always (incS k))

Comparedo the original version, this increase functionis de-
ned usingmoreparameters/hichspecifythetraversal.In thispar
ticular casethe parametersle ne thetraversalto beatransformer
thatmodi es nodesjndependentlyf contextual information. It is
afull traversal(all nodesin thetreewill bevisited),andtheorderof
visiting thenodess from bottomto top, from left to right. Another
noticeabledifferences the returntype,which is a Maybeaccount-
ing for possiblefailures.We allow a transformatioron a nodeto
fail. A failed transformatiorwill leave the nodeunchangedSuch
mechanismcan be usedto constructcontingenttransformations.
We will discussmoreaboutfailuresin Section2. The “interesting
case"thatdealswith Salary datais still theincS function,which
we canreusewithout changesHowever, insteadof extendingits
typeto make it a genericfunction, we take a slightly differentap-
proachWe de ne afew combinatorso combinespeci c functions
andpassa list of themto thetraversalcombinatorIn this casethe
combinatoralways takesthe speci ¢ functionincS k. This spe-
ci ¢ functionis unconditionallyappliedandworks on ary term of

typeSalary .

In applicationdik e this one,not all the parameterareinterest-
ing. Theusersusuallydo not care,or evendo not know, aboutthe
contet andthe left-to-right traversaldirection. All they needis a
transformationWe have identi ed default valuesfor the different
dimensionsalong which a traversalcan be customizedand have
introducedfunctionsfor all possiblecombinationsof parameters
following a strict namingschemethat will be explainedin detail
in Section3.3. Employing the traversalthat representshe shavn
traversalparametersthe presentedexamplecanbe de ned much
moresuccinctlyasfollows.

increase :: Float -> Company-> Company
increase k = transformB (always (incS k))

TheBindicates'bottom-up”,whichwaschoserin theoriginal SYB
approachThetop-davn versiontransform worksjustaswell.

In the following we continueto usethe expandedversionsof
thetraversalsto make the parameterandoptionsexplicit.

Our next exampleis an accumulatiorinsteadof a transforma-
tion. An accumulationcansene asa queryde ned in [12] but is

moregeneral Thefollowing functioncomputeghe salarybill for a
compan by traversingthecompary datastructureandaccumulates
all salaries.

bill  :: Company-> Maybe Float
bill = traverse AccumNoCtx Full
(always col) O

where col a (S's) =a + s

FromTop FromLeft

The local function col takes an accumulatgrwhich is the sum
collectedsofar, anda Salary andaddsthe salaryto the sum.In
theendof thetraversal the accumulatois the sumof all salaries.

1.1 PossibleExtensions
1.1.1 Accumulation and Transformation

Supposave not only want to increasesveryones salary but also
needthe total amountbeing increased We keep traversing the
company datastructure,increasingeveryones salaryand modify
the total amountat the sametime. Again, we needto resortto a
combinatorthatis similar to everywhere, but canmaintaina state
for the total. Sucha function can be de ned asfollows. Upon a
successfuteturn,the resultconsistsa total amountanda modi ed

compan value.

incBill :: Float -> Company-> Maybe (Float,Company)

incBill  k = traverse AccTrans NoCtx Full FromTop FromLeft
(always (colS k)) O

colS :: Float -> Float -> Salary -> (Float, Salary)

colS k a (S s) = (a+k*s, S (s*(1+k)))

A similar applicationin programtransformatioroccurswhenwe

needto generatenew variablesthatdo not con ict with ary exist-

ing variablesn theoriginal program We needto keeptrackof vari-

ablesthathave beenalreadygeneratedo keepthe variablenames
unique.In general,a transformationmight needto accessnfor-

mationaccumulatedrom the nodesvisited sofar in the traversal.
Accumulationsnd abroadrangeof applicationsn languagepro-

cessingarea.Examplesinclude countingcertainnodes,collecting
variablescollectingotherconstructsetc.

1.1.2 Partial Traversals

In someapplicationsnot all the nodesin a term have to be vis-
ited. Consideralocal transformatiorwherewe only wantto apply
thetransformatiorto a certainpart of the term.Onesuchapplica-
tion is increasingsalariesin a certaindepartmentatherthanthe
whole compay. This problemis addressedh Section6.2in [12]
with afunctionincrOne de ned usingthe gmapTfunction,which
is rathercomplicatedto comeup with for ordinary programmers.
Sincea similar patterncan be obsered in mary applications,it
would be bene cial to provide a generalsolutiononceandfor all.
An elegantway to realizesucha transformatioris to employ a so-
calledstop-tlaversal [11]. A stop-trarersaltriesto apply a visit to
all nodes.If the visit succeed®n a node,the traversalcontinues
without descendingnto thatnode.In this example,anothertraver-
salis passedasa visit agumentto the outertraversal. The nested
traversalis the increase function. It is appliedto nodesthatare
departmentswith a matchingname.The mwheneverfunction is
usedto constructa conditionalvisit andwill be explainedin Sec-
tion 3.1.

incOne :: Float -> Name-> Company-> Company
incOne k d = traverse Trans NoCtx Stop FromTop FromLeft
(increase k ‘mwhenever® isDpt d)

isDpt :: Name-> Dept -> Bool
isDpt d (D n_ _) =n==



We can also consideronce-tavessals [25] wherewe only want
to apply a transformationonce. Theseare also a specialcaseof
partialtraversals.For instancewe canincreasethe rst salarywe
encountewhentraversingthe compary data.

incFst 1 Float -> Company-> Maybe Company
incFst k = traverse Trans NoCtx Once FromTop FromLeft
(always (incS k))

1.1.3 Traversal with Contexts

Transformationghat dependon non-local data are also dif cult
to expressin the original SYB approachlLet us considera more
complicatedapplication of increasingsalaries.Say we want to
adjustthe increaserate accordingto the departmentA context,
which is the increaserate, is carried throughthe traversal. It is
initialized to a default rate andis updatedwheneer the traversal
is descendedhto a nodeso that all salariesinside that nodewill
getincreasedy the new rate (unlessthe rate getschangedagain
beforethatsalaryis reached).

incDpt :: Float -> Company-> Maybe Company

incDpt = traverse Trans Ctx Full FromTop FromLeft
(mk (\c d -> lookupRate d))
(always incS)

Comparedto the previous examples, this contetual traver
sal takes as an additional agument a contt updater
(\c d -> lookupRate d), where the function lookupRate
determineghe increaserate for the departmentSimilar to visits,
a context updaterwill be appliedto termsof ary type. Therefore,
it needsto be genericaswell. The mkfunction is usedto wrap a
speci ¢ context updaterand male it generic.lt will be explained
in Section3.1alongwith combinatordor visits.

The careful readermight have noticed that the visit in this
example, expressedby always incS, hasa different type than
before.Here, incS is usedas a contectual visit, which takes an
extra parameterthe context. The typesof all 6 visits arelistedin
Table2. The always functionis overloadedn orderto provide a
uniform interfaceto the programmer

We can also consideran applicationin languageprocessing.
Supposewne want to implementa betareductionfor lambdacal-
culus.A betarede is alambdaabstractiorappliedto anargument.
Thebody of thelambdaabstractioris traversedsothatall thefree
occurrence®f the boundvariable are replacedby the argument.
However, we have to be carefulnot to replacelocally boundvari-
ableswith thesamename Whenwe descendnto theterm,we need
to keeptrackof acollectionof boundvariables Thetransformation
needdso checkagainsthesevariables.

From thesetwo problemswe cangeneralizea patternof con-
textual traversal.An initial context is passedo thetraversalandit
getsupdatedby anupdatefunctionwhendescendingnto subterms.
A betareductioncarriesa list of boundvariablesasthe context and
it getsextendedatlambdaabstractions.

1.2 Contrib ution and Organization of This Paper

The shawvn applicationscanbe generallyimplementedy employ-

ing thegenericfold operatogfoldl de nedin [12]. However, this
is notatall atrivial task.Ourgoalis to generalizehedesignpattern
andextendit to supportheseapplicationsTheapproactwe takeis

to combinecontritutionsfrom SYB, Strafunski,and Strateo and
to createafully typedgeneridraversallibrary consistingof catego-
rized recursve traversalstratgies andimplementthe library with

stratgy combinators.

Lammeland Visser presenta combinatorlibrary for generic
traversalsanda setof traversalschemesspart of Strafunski[15,
16, 11]. However, it relieson DrIFT to generatehe instancesof
type classTerm Also, it is not a fully statically-typedapproach.

Stratego

un typ ed

standalone

strategy com binators

*, In tegrated in Hask ell raversal hierarc hy

Mother

‘. Static typing of tra versals .’

DrIFT

Sﬁafu nski

Figure 1. Haslell RecursionLibrary integrating ideasand con-
ceptsfrom Stratgyo, StrafunskiandSYB

One usesan abstractdatatypefor genericfunctionsto separate
typed and untypedcode. In [11], Lammel presentsa hierarchy
of traversalsand de nes a traverse function that can be highly
parameterizedVe make useof this “motherof traversals'to derive
all traversals.

Stratgo [25, 24, 2] de nes an ahundantsetof traversalstrate-
gies. Our main motivation comesfrom the needto apply these
traversalstrat@iesin our programtransformatiortool [7]. How-
ever, we wantto usethemin the context of Haslell. We alsowant
thestatictypesafety whichis notfoundin StrafunskiandStrateyo.
We arealsomotivatedby the needfor a conciseprograminterface
without usingcomple datatypessuchasmonads.Therefore we
proposethe approactof de ning a generictraversallibrary with a
simpleandgeneralprogrammingnterfaceanda rich setof traver-
salstratgies.In this experimentaimplementationye focusonthe
conceptgatherthanhaving a completesetof traversalstrateies.
However, with the genericityof the approachnew traversalstrate-
giescanbede ned easily Therelationshipbetweerthislibrary and
Stratgyo, StranfunskiandSYB is sketchedn Figurel. Thesource
codeof thelibrary canbeobtainednline[18]. Feature®f different
approachearecomparedn Tablel.

Reclib | Stratggo | Strafunski| SYB
Typed X X
Integratedin Haslell X X X
Stratgies X X X
ConcreteSyntax X

Table 1. Featurecomparisorof Haslell RecursiorLibrary, Strat-
€go, StrafunskiandSYB.

In the restof this paper we cateyorizein Section2 the prob-
lem domainof traversalsby extracting ve parameterghat are,
to a large extent, orthogonalto eachother In Section3, we de-
scribea high-level programmingnterface.This interfaceprovides
ameango parameterizéraversalstratgiesthat cover all possible
combinationf those ve parameterdn the coreof theinterface,
we de ne onegenerictraversalstrat@y thatis the “mother” of all
one-passraversalstratgjieswe explored.An intermediatdayer of
programmingnterfaceis alsode ned for userswho requiremore
thanone-layertraversals This interfaceis conciseandclean.Two



xpoint strategies, innermostand outermostare studiedandim-
plementedusing the interface as examplesfor extendibility. Sub-
sections3.4 3.5, and 3.6 elaboratdmplementatiordetailsandcan
beskippedwithoutjeopardizingunderstandingf theprogramming
interface.In Section4 we illustrate more examplesthat make use
of thelibrary in greaterdetail. In Section5, we presenta practical
applicationof our library. We discussandcomparerelatedwork in
Section6. In Section7 we presentconclusionsanddirectionsfor
futurework.

2. DesignSpace

In a typical traversal, all or part of the nodesare visited in a
particular order We usethe term visit to refer to one accessto
a particular node. During a visit, information is retrieved from
the node, and/orthe nodeis modi ed. The information and the
modi cation might dependon the informationretrieved from the
nodesalreadyvisitedin thetraversaland/orthe pathfrom thenode
to theroot.

A visit thatretrievesinformationdoesso by taking alreadyac-
cumulatedinformationandreturningthe nev accumulatgrwhich
is threadedthroughall the visits in the traversal. We distinguish
threekinds of visits. A transformermodi es a node without re-
trieving information,anaccumulatoretrievesinformationwithout
modifyingthenode,andanaccumulatingransformemoeshothsi-
multaneouslyWe borraw this cateyorizationfrom [20]. Every visit
mayeithersucceear fail. Thereforetheresultof avisit is wrapped
in aMaybedatatype.

In the exampleof increasingsalariesfor peoplein a certainde-
partmentthetraversalcombinatomeedgo carrysomeinformation
relatedto the pathfrom the currentnodeto the root. We call this
a context. The combinatorupdateghe contet by applyinga user
provided context function It thenpasseshe updatedcontet to all
thechildrenof thenode.

Thereforethereareall togethersix kinds of visits whosetypes
arelistedin Table2. As a corvention,we usec to denotea context
type,a for anaccumulatotypeandt for atermtype.

Non-contetual
t -> Maybet

Contetual

1| c->1t -> Maybet
2] c->a->t -> Maybea a -> t -> Maybea

3] c->a->t -> Maybe(at) a -> t -> Maybe(at)
1. Transformatior2. Accumulation3. Accumulatingtransformation

Table2. Typesof 6 Kinds of Visits

A traversalcan be cateyorizedregardingthe numberof times
every node is visited. A one-passtraversal traversesa tree in
one passand visits eachnode at most once. A typical example
is a depth- rst search.A xpoint travesal [2] appliesa visit to
atreeusinga certainstratgy repeatedlyuntil it is not applicable
arymore.Innermostindoutermostraversalgall into this cateory:
We implementbothkinds of traversalsin our library, but we focus
moreon one-passraversals.

In a one-pasdraversal,it is not always desirableto visit all
the nodesin a term. A typical scenarioof a partial traversalis
when we abort the traversal after a single successfulisit. This
kind of coverage is calledonceasopposedo full whereall nodes
are visited sequentiallyunlessstoppedby a failed visit. Another
commonsituationis a so-calledstoptraversalthattriesto apply a
visit to theroot nodeof atree.If it fails, it thentriesto recursvely
apply it to all children. Otherwise,it stops.Effectively, a stop-
traversalvisits nodeson a frontier of a tree. A typical application
for suchtraversalsis optimization.We cansigni cantly decrease
the number of nodesvisited by focusing on interestingnodes.
Symmetrically a spinetraversalvisits a chain of nodesfrom the

root to a leaf. A spine-traersalfails if no spineexists suchthat
the visit succeed®n every nodeon the spine.Figure 2 illustrates
thesefour differentkindsof coverageln the gure, thedashedine
connectall nodeghataresuccessfullyisited,but doesnotinclude
thosetried but failed.

®  GFal W
DO TOB OO

Once

Spine

Figure 2. Traversalsof 4 Kinds of Coverage

Furthermorethereare two kinds of directionsthat affect the
orderin which the nodesarevisited: the vertical directionandthe
horizontaldirection A verticaldirectioncanbe eithertop-downor
bottom-up A horizontaldirectionis eitherleft-to-right or right-to-
left. In atop-davn traversal,arootis visitedbeforeits descendants.
In abottom-uptraversal thechildrenarevisitedbeforetheirparent.
Top-dawvn and bottom-uptraversalsare also often referredto as
preorderandpostordeitraversals respectrely. The orderin which
the siblings of a commonparentare visited is determinecby the
horizontaldirection,which canbe eitherfrom the left or from the
right. Thedirectionsusuallymatterfor theaccumulatingraversals
or once-traersals Figures3 and4 illustrateverticalandhorizontal
directions respectiely.

Bottom-up

Figure 3. VerticalDirection

In summary ve parametersieterminea (one-passjraversal:
kind of the visit, contt, coverage,and two directions. These
parametersare mostly orthogonalto eachother We canobtaina
rich setof traversalsby customizingall theseparameters.

3. Programming Interface

Our goalis to provide an easy-to-usend effective programming
interfaceto userswho wish to programgenerictraversals.In this



Left-to-right

Right-to-left

Figure 4. HorizontalDirection

section,we will describethe generictraversal combinatorsand
somenecessarpelperfunctions.Theinterfaceis dividedinto two

layers.A higherlevel interfaceis provided to userswho do not
have profoundknowledgein genericprogrammingandtermtraver-

sals.They caneasily programtheir own traversalsusing provided

combinatorandcomposeecessarargumentsusingthe auxiliary
functions.Thelibrary is e xible andextensiblein the sense¢hatan
intermediatdayer is exposedto userswho wish to write traversal
stratgiesthatarenotfoundin our library to meettheir own needs.
As an example,the implementatiorof xpoint traversalcombina-
torsinnermost andoutermost will be presentedOtherexample
traversaldncludedownupandupdownstratgies[23, 2]. They, too,

canbeimplementedvith theintermediatdayerof ourlibrary.

3.1 Building Generic Functions

The visits aswell ascontext updatersaregenericin the sensethat
they are applicableto valuesof ary type. The mkTfunction de-
scribedin [12] createsa genericfunction of typea -> a out of
a speci ¢ function, and extT extendsa genericfunction with a
speci ¢ function. However, this approachof usingtwo combina-
torsdoesnotwork for our purposefor two reasonsFirst, our visits
returnMaybevalues.Secondwe cannotexpectonesetof combi-
natorsto work for all kinds of visits, becausehey generallyhave
differenttypes,aswe have seenin Table 2. Having a separateset
of suchmkTandextT combinatordfor eachkind of visit is very
cumbersomeThereforewe decidedto provide a universalmech-
anismfor composingyvisits and hide the differencesand details.
The decisionresultedin the designthatthe generictraversalfunc-
tion traverse (which will be explainedin Section3.2) takes a
list of speci c visits (andpossiblycontet updatersyatherthana
genericone.This alsorelievesthe usersof the burdenof applying
the extendingcombinator We needto encapsulatepeci ¢ context
updatersandvisits with rank-2polymorphicdatatypessothatthey
canbe putinto lists. An exampleof sucha datatypefor a contex-
tual accumulatingransformeiis the datatype GenCATde ned as
follows.

data GenCATc a = forall t. Typeable t =>
GenCAT(c -> a -> t -> Maybe (a,t)

Speci c visit functionsthatwork on differenttypesof nodes(but
on the samecontet andaccumulatoitypes)canbe wrappedwith
the dataconstructorGenCA®RNd put in a list which is passedo
the traverse function. For eachkind of visit listed in Table 3,
a separatedatatype is required.The context updaterworks in a
similarway.

data GenUc a = forall t.
GenU(c >t -> ¢)

Typeable t =>

To hide the differenceshetweerthesedataconstructorspne over-
loadedfunctionmkeis provided. It senesa similar purposeasmkT
function exceptthatit worksfor all visits and contet updatersA
speci c visit or context updateiis passedo the mkefunction,anda

genericoneis constructedfor contextual accumulatingransform-
ers,its typeis thefollowing.

mke: (¢ -> a ->t -> Maybe(ajt) -> GenCATc a

Since in mary casesa genericfunction is built from just one
speci ¢ function, a function mkis de ned to further hide the list
structure.

mk x = [mke X]

In fact,evenif two or morespeci ¢ functionsareusedto compose
a genericone,the mkfunction canbe used,andthe resultscanbe
concatenatedising ++ operator Thereforeclients usually do not
needthe mkefunction.

In additionto the mkcombinatorwe provide two setsof combi-
natorsfor composingvisits. To selectvely apply one of two visits
dependingon the node,a combinatormcondis provided, which
takesonepredicateandtwo visits. It implementsa conditional.In
casesvherethe elsepartis missing(indicatinga failed visit), the
combinatomwhenevercanbe used.To applya visit uncondition-
ally, thecombinatomalwaysis used A visit returnsaMaybevalue
to indicatea succes®r failure. For visits that do not falil, it is an
extra burdento handlethe Maybedatatype. We de ne threesym-
metric combinatorscond, whenever, andalways thattake visits
thatdo not returnMaybevalues.In the salary-increasingxample,
the visit can be composedusing always: always (incS k). A
visit thatincreasesvery salaryinside a nodeif the nodeis a cer
tain departmentanbe composedvith theincrease functionand
apredicatethattakesthe departmenhameasa parameted.

increase k “'mwhenever \(D n _ ) -> n==d

Sucha visit canbe usedto composea stop-traersal.lt is recur

sively tried on every nodein a term but hasno effect on the node
unlessit is a departmenwhosenamematchesd, in which case
theincrease functionis appliedrecursvely to thesubtreeof that
node.

3.2 Traversal Engine

Themaincomponenbf theinterfaceis ahearily overloadedunc-
tion traverse thatcanbe customizedby all the ve parameters
we mentioned.And sinceit is an overloadedpolymorphicfunc-
tion, its typevaries.It is de ned asamemberfunctionof typeclass
Traversal :

class Traversal uvcat x| uvcat -> x where
traverse u -> v -> Coverage -> VD-> HD->Xx

Whatis commonto all instancesarethe rst ve parametershat
identify atraversal. Typevariableu representthekind of visit, and
v is eitherCtx or NoCtxrepresentinghepresencer absencef the
contet. As explainedin Section2, type variablesa, ¢, andt rep-
resenthetypesof theaccumulatgrcontext andterm,respectely.
Thefunctionaldependenchelpsthetype systemdeterminehein-
stanceof traverse whenit is appliedbut the resulttype is not
explicitly speci ed. Thereademight wonderwhetherc, a, andt
arereally neededsincethey donotappeain thetypeof traverse .
Theanswelis yes,they areindeedrequired because, thetype of
thetraversal,dependonthem.

Presentedbelon arethedatatype de nitions for the parameters
of traverse ..



v = Ctx v = NoCtx
1| [GenUc a] -> [GenCTc a] -> [GenT ¢ a] ->
c -> t -> Maybet t -> Maybet

2 | [GenUc a] -> [GenCAc a] ->
c->a->t -> Maybea

[GenAc a] ->
a->t -> Maybea

3 | [GenUc a] -> [GenCATc a] ->
c -> a->t -> Maybe(at)

[GenATc a] ->
a -> t -> Maybe(at)

1.u = Trans 2.u = AccunB3.u = AccTrans

Table 3. Typesof Traversals

data Trans = Trans

data Accum= Accum

data AccTrans = AccTrans

data Ctx = Ctx

data NoCtx = NoCtx

data Coverage = Full | Spine | Once| Stop
data VD= FromTop| FromBottom

data HD= FromLeft | FromRight

Kind of visit and context presenceare de ned using one data
type for eachkind as opposedto the other three parametersn
which eachkind is representedby just one dataconstructar This
is simply ameandor thecompilerto choosethecorrectinstanceof
traverse function. Therestof the parametersindthe resulttype
areall combinedin x, which is the traversaltype, determinedby
u, v, andthe typesof the accumulatarthe context andthe term.
For example,aninstanceof contextual accumulatingransformers
takesthefollowing form.

instance Data t => Traversal AccTrans Ctx ¢ a t
([GenU c a] -> [GenCATc a]
> c -> a->t -> Maybe(az))

where ...

A completelist of correspondencketweerx, u, andv is listedin
Table3.

A list of contet updaters([GenU ¢ a]) hasto be provided
for contextual traversals.A list of visit functionsis requiredfor
all traversals.The type of the visit dependson the kind of the
visit andpresencef contet. The mostgenerabvisit, a contextual
accumulatingransformerhasthefollowing type,de ned asatype
synorym (GCATs not an abstractdata type and should not be
confusedwith GenCApreviously mentioned).

type GCATc a = forall t. Datat =>
c->a->t -> Maybe(a, t)

wherec is thetypeof thecontext, a is thetype of theaccumulatar
andt is auniversallyquanti ed type variable,which meanghata
visit is a rank-2polymorphicfunctionthatshouldbe applicableto
valuesof ary type.We provide auxiliary combinatordor compos-
ing suchgenericfunctionsout of speci ¢ functionsaswe have seen
in Section3.1. Theresulttypeof thisvisit, Maybe (a,t) , captures
the natureof an accumulatingtransformer Upon successa new
accumulatorand a modi ed nodeare returned.The visit returns
Nothing to signala failure. The actionto be taken upona failed
visit dependn the traversal:Full-traversalor spine-traersalfail
immediatelywherea®once-andstop-traersalscontinue However,
while aonce-traersalcontinueswith the subtermsonly until asuc-
cessfulisit, a stop-traersalcontinuessvenafterasuccessfuvisit,
it only stopsdescendingnto subtermsThetypesof otherkinds of
traversalcanbe deducechaturally For non-cont&tual visits, thec
is omitted, transformerswill not have the a, and an accumulator
returnsavalueof type Maybe a instead.

3.3 Syntactic Sugar

The traverse function is the ultimate interface for the pro-
grammersHowever, programmersre not alwaysinterestedn all
the traversalparametersln the exampleof increasingeveryones
salary thetraversalorderhasno effect on theresult.For casedike
this, we de ne instance=f the traverse function using default
values.We introduce96 functions,eachof which is a partial ap-
plication of traverse functionto a combinationof the traversal
parametersThe functionsfollow a namingcorvention.The name
consistof averbandanoptionalpre x andthreeoptionalsufx es.
The verb is eithertransform , accumulate, or acctrans . The
pre x speci esthe caverage which defaultsto full, whenomitted.
The rst sufx is thepresenc®f thecontet. A letter Cfollows the
verb to obtaina contextual traversal,an absencendicatesa non-
contetual traversal. Whatfollows is the vertical direction.A letter
B indicatesa bottom-uptraversal.Whenit is omitted,a top-davn
traversalis obtainedFinally, a' symbolcanbeappendedo theend
to obtainaright-to-left traversalinsteadof the default left-to-right
version.

Accordingto thesenamingrules,acontextual, bottom-upright-
to-left accumulationcorrespondgo function accumulateCB' of
thefollowing type.

Data t => [GenUc a] -> [GenCAc a] ->
c->a->t -> Maybea

With the conventions,the functionsde ned in Section1.1 canbe
givenin amoresuccinctway:

increase k = transformB (always (incS k))

bill = accumulate (always col) O

incBill  k = acctrans (always (colS k)) 0

incOne k d = stopTransform  (increase k "mwhenever’ isDpt
incFst k = onceTransform (always (incS k))

incDpt k d = transformC (mk (\c d -> lookupRate d))

(always incS))

3.4 Crafting Traversals

Thecombinatorsve presente@dbove provide enoughe xibility for
de ning commonlyusedone-passraversalsBut morecomplicated
traversalssuchasa xpoint traversalinnermostwhich might visit
somenodesmore than once,cannotbe expressedTo help users
who have knowledge in traversal strat@ies and needto de ne
specialtraversals,the library also exposesan intermediatelayer
In the restof this sectionwe explain how the recursve traversal
stratgjiesarede ned usingtheintermediatdayer

A basiccomponentof every traversalstratgy is a one-layer
stratgy. Sucha stratgyy doesnotapplyavisit recursvely. Instead,
it appliesanotherstratgy to the immediatesubtermsWe de ne
four such combinators.Stratgy all_| appliesa stratgy to all
theimmediatesubterm=f a nodein aleft-to-right order Strateyy
one_| triesastratgieson all subtermsf atermandstopsaftera
successfuapplication.Theothertwo, all_r andone_r, aretheir
right-to-left counterpartsRecursie traversalscanthenbe built on
theseone-layerstrat@ies. For instance,a top-dawn full-traversal
canbe conceptuallyde ned asfollows?!

fulltd(v) = v;all(fulltd (v))

wherev is the visit to be applied. The sequentialcomposition
operator; [24] takestwo stratgiesandappliesthemsequentially
Failure of eitheronewill causethe failure of the whole stratey.
Instantiatingall [24] in theabove de nition with all_| andall_r

will resultin left-to-right and right-to-left versionsof top-davn
full-traversals.A one-layerstratgly doesnot needto take into

1The de nition is taken from that of the topdown stratey in [25], but
renamedherefor the namingconsistence.



consideratiothecontet becausall immediatesubtermaill have
thesamecontet. It is thejob of therecursve traversalstratgiesto
updatethe context and passit to one-layertraversalsWe de ne a
typesynorym for a one-layeitraversalwithout a context:

type GATa = forall t. Datat =>a ->t -> Maybe(a,)

It is agenericfunctionthattakesanaccumulatoandatermof ary
type and returnsa new accumulatorand term upon successAll

the one-layercombinatordake a stratey of this type andreturn
a stratgy of the sametype. They arede ned with the help of the
gfoldl function[8, 12] whichworksmoreor lessthesameway as
list folding.

gfoldl f (Ctita:iity)=1f(C) t1 t2 th

Theunaryoperatoff is appliedto theconstructolC, thentheresult
is passedo the binaryoperator with the rst subtermpbtaining
aresultwhichis againpassedo thebinaryoperatoralongwith the
secondsubtermandsoon. Thusall_| is de ned asfollows, and
will beexplainedbelow.

newtype Xall_| at = Xal_l {unXall_l Maybe (a,t)}
all_l : GATa -> GATa
alll sat =unXall_l (gfoldl k zt)
where z d = Xall_l (return (a, d))
k Xall_Ll x) t =Xal_l (do (a,d) <- x

(@,t) <-sat
return (@, dt))

If this looks awfully complicated,it is the auxiliary data type
Xall_| thatis to be blamed.Its sole purposeis to male the
type systemhapypy. Otherwise,the de nition of all_| could be
simpli ed asfollows.

all_l s a0 = gfoldl k z
where z d = return (a0,d)
kxt =do (ad) <- x
@', <-sat
return (a'd t)

Passedalongthe fold are an accumulatorand a partially applied
term, encapsulateth Maybe A Nothing valueindicatesa failure
in the previous computationand thus should be propagatedthis
is hiddenby usingthe monadinstanceof Maybg. Otherwise the
valueis passedo the binary operatork whosesecondparameter
is the currentsubterm.k appliesthe visit to the currentsubterm
resulting in a new accumulatorand a nev term. The partially
appliedconstructoris appliedto the changedermandis returned
alongwith the nev accumulatarThe initial value for the fold is
obtainedrom theunaryoperatoz which,whenappliedto thedata
constructarreturnstheinitial accumulatoandthe constructar

Having understoodhe logic, we canthenexaminethe type of
gfoldl , which is the reasonwhy the abore simpli ed codedoes
nottype-check.

gfoldl :: (forall at Datat =>c (t ->a) >t -> c a)
-> (forall g. g -> c @)
> b->cbh

Understandinghe above typesignatureas dif cult. The rst lineis
thetypefor the binary operator;the secondine is the unaryoper
ator It is not surprisingto seethat both operatorshave polymor
phic typesbecausehey areappliedto all direct subtermsgthatdo
not necessariljhave the sametype. The termto fold is of typeb
andthe resultis of type ¢ b. The sametype constructoris used
for the unaryandbinary operatorsin the caseof all_| , the pair
whosetypeis Maybe (a,b) doesnotmatchtheformc b. Thisis
why the auxiliary datatypeis neededthatis, the type constructor
Xall_| aplaystheroleof c here.

De ning a right-to-left traversal is more tricky, becauseno

gfoldr is available.We needto do a left fold andincrementally
generata functionalongthe fold.? The function, whenappliedto

anaccumulatarappliesthetraversalto the currenttermandtheac-
cumulatorandthenpassesheresultto thefunctiongeneratedrom

thepreviousterm.

newtype Xall_r at = Xal_r {unXall_r a -> Maybe (a,t)}

all_Lr : GATa -> GATa
al.r sat =unXalr (gfold kzt) a
where z d = Xall_r (\a -> return (a,d))
k Xall_r g) t =
Xall_r (\a -> do (a't) <-sat
@yd < ga
return (@".d t))

The othertwo one-layerstratgiesone_| andone_r areslightly
moreinvolved,but canbe de ned similarly.

Now, to de ne therecursve traversalfulltd, we still needa se-
guentialcompositioncombinatorwhich canbede ned asfollows.

compose:: GATa -> GATa -> GATa
composesl s2 at = do (a\t) <-slat
s2 a t
With all_| and compose we are readyto de ne the top-davn
full-traversalstrateyy.

3.5 The Mother of All Traversals

Before we presentthe de nition of the top-davn full-traversal,
let us rst examineall the coverageswve mentioned namely full,
spine,stop,andonce.If the horizontaldirectionis ignored,all the
four variationscanbe summarizedsfollows 3

fulltd(v) = v;all(fulltd (v))
spinetdv) = v;ongspinetdv))
stoptd(v) = v+ all(stoptd(v))
oncetdv) = v+ ongloncetdV))

The choicecombinator+ takestwo stratgjies, andtries the rst
one.Only if it fails,thesecondneis applied.Sincethevisitsreturn
Maybevalues,the choicecombinatorcanbe de ned in Haslell as
follows.

choice :: GATa -> GATa -> GATa
choice s1 s2at =slat ‘mpluss s2 at

Now we canobsere a strongsimilarity amongall thesetraversal
stratgjies:they all have the sameform, the only differenceseing
allloneandthe;/+ combinatorsExaminingthebottom-upversions
revealsthe samesimilarity:

fullbu(v) = all(fullbu(v)); v
spinebyv) = ongspinebyv)); v
stopbu(v) = all(stopbu(v)) + v
oncebyv) = ongoncebyv)) + v

In fact,we canobsenre thatthesebottom-upstratgiesarejust the
ip sideof thetop-davn stratgies. Take this literally, replacing;
and+ with their ipped versionsn thede nitions of thetop-davn
strat@ies,we obtainexactly the bottom-upcounterpartsThus,we
cangeneralizethe patternand de ne a “mother of all traversals”
[11] thatcangeneratall theseraversalstratgiesgivenappropriate
parameters.

mother(s) = s f(mother(s))

The combinatorf is a one-layerstrat@y, which can be either
one_l,one_r,all_| ,orall_r . Thecombinator is takenfrom
compose choice, compose' and choice' where compose'

2This approactis calledsecond-ordefold [19, 26].
3stoptd is alsocalledalltd in [22]



and choice'
swapped®

are the ipped versions,with the two parameters

compose' sl s2 = composes2 sl
choice' sl s2 = choice s2 sl

Eachcombinationof parametersiniquelydetermineshe behaior
of thetraversal.Table4 lists all possiblecombinations.

# "
compose| choice compose'’ | choice’

all_T full stop full stop |

one_| spine once spine once ’

all_r full stop full stop

one_r spine once spine once

Table 4. Childrenof the Motherof Traversals

With the motherof all traversals traversalsof differentcover-
age,vertical, and horizontaldirectionsare just a matterof partial
applicationsof x ed parametersThe actualde nition of mother
in Haslell takesinto consideratiorihe context.

mother :: (GAT a -> GATa -> GATa) ->
(GAT a -> GATa) ->

GCuUc ->

GCATc a ->

GCATc a

mother gf uscat =(s ¢

g
f (mother gf us (u ct)
) at

The contet c is updatedby the context updateru and passedo
one-layerstratgly combinatorf .

The mother functionis usedto de ne instancef traverse
by xing theparameterg andf asshawvn in thenext subsection.

3.6 Failureand Continuation

Oneissueworth mentioningis thata visit eitherfails or succeeds
on a node.Continuationdependson the recursve traversalstrat-
egy. In the caseof generictraversals,sincethe genericvisits are
corvertedfrom speci c visits, thereis in facta third case Thatis,
noneof the visits is applicableto the node.Handling suchcases
requiresdiscretionfrom the designerslin our library, it is handled
differently dependingon the coverageof the traversal.ln a full or
spine-traersal,suchcasesareregardedassuccessfulisits thatdo
notchangehetermnortheaccumulatarTherationalebehindthis
is thatuserswrite speci c visits andapplythemeverywhereappli-
cable.If they wantto stopatraversalthey shouldexplicitly signala
failure.Underthis assumptionthe usersareableto performtraver-
salsevenif they donothave completeknowledgeof thewholetree.
Therefore,n afull or spine-traersal,the traversalnever fails un-
lessavisit falls.

However, in astopor once-traersal,anon-applicableisit is re-
gardedasafailure. Thisis becausén thesetwo kindsof traversals,
thetraversalcontinuesafterfailedvisits. In aonceor stop-traersal,
the traversalsucceed®nly whenthereis a successfulisit. Simi-
larly, if auserdoesnothave completeknowledgeof thewholeterm,
sheis still ableto handlethosesheisinterestedn andignoreothers.

As we have seenin Section3.5, we needto passgenericvisit
functionsto thecorecombinatorHowever, thetraverse function
takesalist of speci c functions.Thegapis lled by typeextension.
Similar to the mkTandmkdunctionsfrom [12], agenericfunction
is usedastheunitvaluefor afold operatioroverthelist. Thebinary

4We would have de ned themusingtheflip  function,but thetypesystem
preventedusfrom doingso,dueto therank-2polymorphism.

operatoifor thefold is thetype extensionfunctionext0 de nedin
theData.Generics.Aliases  moduleof theHaslell Hierarchical
Libraries[8]. Theunit valueis choserbasedon the policy we just
describedFor full or spine-traersals,it is a function that always
succeeds.

vsucc 1 GATa
vsucc at = return (at)

For stop-or once-traersalsjt is a functionthatalwaysfails.

vfail 1 GATa
vfaill _ _ = mzero

Oneof thetwo abose combinatorss choserbasednthecoverage
andusedasa unit for thefold onthelist of speci c visits. In cases
whenthe context updatersare presentthey are also folded, with

theunit beingthe constanfunction. Theparameterg andf of the
mother functionpresenteébore arechoserbasednthecoverage
and traversaldirectionsby looking up Table 4. For instance the
instanceof the traverse function for contetual accumulating
transformationss givenasfollows.

instance Data t => Traversal AccTrans Ctx ¢ a t
([GenU c a] -> [GenCATc a]
> ¢ -> a->t -> Maybe (at))
__covvd hd us vs =
travt cov vd hd (foldC us)
(foldv  (catchv cov) vs)

where traverse

Thefunctiontravt looksupthetableandpartially appliesmother
to appropriateparameters.

travt 1 Coverage -> VD-> HD-> GCUc
-> GCATc a -> GCATc a
travt cov v h = mother (g cov v) (f cov h)

where g :: Coverage -> VD-> GATa -> GATa -> GATa
g Full  FromTop = compose
g Spine FromTop = compose
g Once FromTop = choice
g Stop FromTop = choice
g Full  FromBottom = compose'
g Spine FromBottom = compose'
g Once FromBottom = choice'
g Stop FromBottom = choice'
f Coverage -> HD-> GATa -> GATa
f Full  FromLeft = all_l
f Stop FromLeft = all_|
f Spine FromLeft = one_l
f Once FromLeft = one_l|
f Full  FromRight = all_r
f Stop FromRight = all_r
f Spine FromRight = one_r
f Once FromRight = one_r

foldC folds the speci ¢ contet updaterslt begins with the unit
(theconst function),extendswith thespeci ¢ functionsin thelist.
foldV doesthesamefor thevisits. However, for thevisits, the unit
will bedeterminedy the coverageaswe have justexplained.This
is realizedby thefunctioncatchv , which determinesheunit value
for foldV asfollows.

catchv :: Coverage -> GATa
catchv Full = vsucc
catchv Spine = vsucc
catchv Once = vfail
catchv Stop = vfail

Otherinstance®f traverse arede ned similarly. In casesvhere
thecontet is not presenta default valuefor the contet is needed.
Weuseundefined sincewe needavalueof typea andsinceit will

never beaccessedh alazy evaluationsetting.Transformationsind



accumulationsare corvertedto accumulatingtransformationsy
providing adefaultimplementatiorfor the missingpartandpassed
to the mother function andthe resultis corvertedback.We omit
thetediousdetailsherefor simplicity.

3.7 Fixpoint Traversals

So far all the traversal stratgies are one-passstratgies, which
meansthat they apply a visit at mostonceto one node.Consider
the caseof betareductionof lambdatermswith applicatve order
Onestepof reductionon aredex mightresultin anew rede inside
the original one.A bottom-uptraversaldoesnot alwaysresultin a
betanormalform. In suchcasesaninnermostraversalis needed.
Suchtraversalstratgjiesthatapply visits to atermrepeatedlyntil
they arenot applicablearymore arecalled xpoint traversals.An
innermosttraversal appliesa visit to an innermostsubtermand
obtainsa new term. It repeatshis processuntil no suchsubterm
exists that the visit can be successfullyapplied. The innermost
strat@y is de ned asfollows [25].

innermos{s) = repeat(onceby(s))

Heretherepeat combinatorappliesastratgy to atermuntil it fails.

Our library enablesthe de nition in a typed framevork. This
combinatoralongwith severalotherprimitive combinatorarepart
of thelibrary targetedfor advancedusers.Sofar, we have de ned
thesecombinatorsasuccis astrat@y thatalwayssucceedsvithout
changingthe term or the accumulatarThis is the vsucc function
we justde ned. Notethatit is alsomerelya curriedversionof the
return function of the Maybemonad.Not very surprisingly the
stratgy fail thatalwaysfails is the vfail functionwe de ned in
Section3.6.Thetry stratgy [25] takesanotheistratgy andtriesto
applyit. If it fails, thesuccstratey is used:

try 1 GATa -> GATa
try s = s “choice® vsucc

Now, the repeat combinator{25] is de ned in termsof try recur
sively.®

rep @ GATa -> GATa
rep s =try (s ‘compose’ rep S)

Note that passingan identity transformation(onethat alwayssuc-
ceedsandreturnstheoriginal termasthe modi ed term)to repeat
will causean in nite loop. Notice that an outermost stratey is
symmetricto innermost[25]:

outermost(s) = repeat(oncetd(s))

Thereforethey bothcanbe de ned asinstance®f amoregeneral
xmost combinatomwith the help of mother.

xm: (GATa -> GATa -> GATa) ->
(GAT a -> GATa) ->
GCUc ->
GCATc a ->
GCATc a
xmg f usc =rep (mother gf us c)

By choosingg from choice and choice' andf from one_|
and one_r, innermostand outermosttraversal stratgies in both
directionscanbede ned.

The aforementionedbetareductionapplicationcanbe de ned
with innermostor outermostraversalsdependingn the reduction
stratgy. The following two Haslell functionsimplementapplica-
tive andnormal-ordetbetareductionsrespectiely.

5To avoid nameclashwith Prelude.repeat , it is namedrep.

appEval :: Lam-> Lam
appEval = innermost Trans NoCtx FromLeft
(reduce “whenever isRedex)

normEval :: Lam-> Lam
normEval = outermost Trans NoCtx FromLeft
(reduce ‘whenever® isRedex)

isRedex :: Lam-> Bool
isRedex (App (Abs _ ) _) = True
isRedex _ = False

A visit reducesthe term if it is an rede and fails otherwise.
The innermostor outermostiraversalstratgy appliessucha visit

repeatediyto somesubtermuntil it containsno redex arymore. A

one-stepreductionis performedby a full traversalsearchingfor

occurrencesf theboundvariable A list of locally boundvariables
is passedisa contet sothatthey arenot substitutedThereduce

functionwill be presentedh Sectior4.

4. Examples

In this sectionwe explore a few moresophisticatedraversalsand
demonstratéow to implementthemwith our library. Supposeve
againwant to increasesalariesin a compan, but we only have
a limited budget.We keeptraversingthe compary datastructure,
increasingaveryones salaryuntil thebudgetis all spent.TheincS
function then needsto know the total amountincreasedfor the
alreadyvisited people.This problemcanbeimplementedy using
an accumulatingransformation.The remainingbudgetis passed
alongthe traversal. When&er we increasea salary the increment
hasto be taken from the budget. The salaryshouldnot changeif
the budgetis exhaustedThe visit works on Salary valuesasdid
incS . Thedifferences thatit returnsa new budgetpairedwith the
changedsalary

Data t =>
Float -> Float -> t -> Maybe (Float,t)
incBud bud k = acctrans (always (incSbud k)) bud

incBud ::

incSbud :: Float -> Float -> Salary -> (Float,Salary)
incSbud k ¢ (S s) = (c-,S (s+i)
where i = min (s*k) c

In thisapplication,f thebudgetis exhaustedthosewho arevisited
laterin thetraversal(in this case thoseat theright andthe bottom)
areleft without an increasewhich is not a fair stratgy. A more
sophisticate@pproachis to examinethe salariesof all emplo/ees
and the budgetand then decidewhat to do with eachindividual
salary We canimaginedifferentstrat@ies.A socialisticlyinclined
increasavould startincreasinghelowestsalariesrst. In acapital-
istic approachwe would startwith the highestsalaries Any such
schemecanbe passedisa parameteto a smartincreaseunction.
Theschemas afunctionthattakesalist of all salariesandreturnsa
list of new salariesThecompaly datastructurds traversecandthe
salariesarecollectedn alist passedo theschemeThesalariesare
replacedvith theonesin thenew list. It appearshattwo passesre
neededo accomplisthewholetask.However, thanksto lazy eval-
uation,we canimplementit with justonepassusingatrick devised
by Bird in 1984[1, 5]. Thevisit, which is an accumulatingrans-
former, workson Salary values.Theold salaryis appendedo the
salarylist. A new salaryis takenoutof thenew list andreplaceshe
old salary The new list is obtainedby applyingthe schemeto the
old salarylist, whichis justthe rst componenbf theresultof the
smartincreasefunction. Sincethe visit never fails andthe traver
salis afull-traversal,we cansafelyassumehatthereturnvalueis
never Nothing .



Data t =>

([Float] -> [Float]) -> t -> ([Float],t)

incSmt schemet = fromJust (acctrans (always v) [] t)
where v a (S s) = (a++[s],S (new!llength a))

new = scheme (fst (incSmt schemet))

incSmt

The abore smartincreasefunction provides endlesspossibilities.
As anexample,we shav the capitalisticschemeasfollows.

capitalism :: Float -> Float -> [Float] -> [Float]
capitalism bud k ys = ys3
where (ysl,xs) = ixSort ys [1.]
C ,ys2) =foldr f (bud,]) ys1
( ,ys3) = ixSort xs ys2
f s(bys) =let i =min (s*k) b

in  (b-i,(s+i):ys)

ixSort Ord a =>[a] -> [b] -> ([a],[b])
ixSort xs ys =

unzip $ sortBy (\(x,_) (v, )->compare Xx y) $ zip xs ys

The list of all salariesis zippedwith anindex list [1..] andis
sortedby thesalariesWethenperformaright fold, whichincreases
salariessequentiallyfrom the right, to obtain a new salary list
zipped with the indices. The resultis then sortedagain by the
indicesto recover the original orderandunzipped.The socialistic
schemecanbesimilarly de ned usingaleft fold instead.

Now, let us considerthe problemof betareductionwe brought
upin Sectionl.1. Our taskis to implementa one-stefbetareduc-
tion onarede. This problemcanbesolvedwith acontetualtrans-
formation.

reduce :: Lam-> Lam
reduce (App (Abs v e) d) = fromJust (

transformCB (mk upd) (always $ subst v d) [] e)
reduce e = e

upd :: [Name] -> Lam-> [Name]

upd bv (Abs v _) = vibv

upd bv _ = bv

subst :: Name-> Lam-> [Name] -> Lam-> Lam

subst v d bv e@(Var(V Vv)) | v'==v &&notElem v bv =d
subst e =e

Thereduce function performsa bottom-uprecursve transforma-
tion on the body of a betarede. This contet-sensitve transfor
mationsubstitutesll the free occurrencesf the formal parameter
with the actualparameterThe contet is alist of boundvariables.
It is updatedy theupdfunction.Thesubst functiontakesthefor-
mal parameterthe actualparameteralist of boundvariable,anda
term.If thetermmatchegheformal parameteandis notbound,it
is substitutedy theactualparameteandotherwiseunchanged.

5. A Practical Application

Thelibrary we have describedn this paperhasbeensuccessfully
appliedin aprogramtransformatiorprojectthatdealswith Haslell
programs[7]. The full Haslell abstractsyntax consistsof about
10 datatypesandat least30-40 constructorsn total. Repeatedly
implementingrecursionsover suchstructureds tediousand non-
modular In the project, we neededseveral suchrecursions.The
generictraversalsgreatly reducedthe amountof code. Here is
a simplied example of a recursion.In this function, we need
to traverse expressionsand replacethe rst subepressionthat
meetsacertaincriterion. Thecriterionreliesonthevariablesoound
by the surroundingervironment.We not only needthe changed
expressionbut alsothe subexpressionthatwasreplacedThe type
of this functionis:

f 1 [HsName] -> HsExp-> HsExp-> Maybe (HsExp,HSExp)

The agumentsare: boundvariables,nenv subepression,andthe
expressiorto be transformedThe resultis an optionalpair of the
changedxpressiorandthe original subepression.

We can modelthe function asa once-traersalwith a contet
beingthe boundvariablesandanaccumulatingransformatiorthat
doesthereplacing.Theoriginal subexpressiorreplaceds returned
astheresultaccumulatarWe presenthe pseudocodeto illustrate
the essentialiseof thetraversalfunction.

f bv ne e = onceAcctransC
(mk cfe ++ mkcfd ++ mkcfm)
(malways (qte ne))
(bv,Is)
undefined
e
where gte ne bv e =
if somecondition bv e
then Just (e,ne) else Nothing

cfe bv (HsLambdaps _) =

bv ++ variablesboundin ps
cfe bv (HsLet ds e) =

bv ++ variablesboundin ds
cfe bv _ = bv

cfd (bv,iIs) (HsPatBind _ p _ ds) =
bv ++ variablesboundin p and ds
cfd ¢ _=c

cfm bv (HsMatch ...) = ..

In this example,the context, which is given by the collection of
boundvariables,is changedvhen&er a binding is introduced.In
Haslell, anexpressionadeclaratioror amatchcaneachintroduce
bindings.They arede ned asdifferentdatatypes.Therefore the
genericcontext function needsto be composedof threespeci c
casesFunctionscfe , cfd , andcfm aresuchspeci c functions.

6. RelatedWork

Without genericprogramming functional programssufer from a
scalability problem (not necessarilyef ciency wise, but with re-
gardto the design).Genericfunctionswhosebehaior is de ned

inductively on the structuref the datacanbe scaledto large data
structureseasilywithout extra effort. They caneven be reusedor

datatypesthat are not yet de ned. Our problemdomainis pro-
gram transformationand programgenerationjn particular auto-
matic monadintroduction[7] and parameterizegorogramgener

ation [6]. Practicalproblemson large datastructuressuchasthe
abstracsyntaxof Haslell andFortrancall for generictermtraver-

sals.Various approachegan be usedfor the purposeof generic
termtraversals.The programtransformatiortool Stratgo/XT im-

plementsa setof stratgiesmary of which arerelatedto generic
traversal[22]. However, thelanguagdacksa strongstatictype sys-
tem.GenericHaslell [4, 17] is alanguagesxtensionto Haslell. It

allows oneto de ne purely genericfunctions.But a genericfunc-
tionis nota rst-classcitizenin GenericHaslell, whichmeanghat
we cannotde ne higherordergenericfunctions.

In [16] and[15], a combinatorlibrary (Strafunski)including
generictraversalcombinatorsis presentedThesepaperscateo-
rize a strategy into type preservingandtype unifying stratgies.To
someextent, they correspondo the conceptsof transformations
andaccumulatorproposedn the presenipaper A setof traversal
schemess alsode ned. Theseschemesalongwith thosede ned
in Stratgo [23, 25, 2] arethe maininspirationof our catgoriza-
tion of the problem.In [11] Lammelproposeda highly parame-
terizedgenerictraversalcombinatorWe implementthesetraversal



stratgjiesin a staticallytypedframevork proposedn [12, 13, 14].
Hinze, Loh, and Oliveria proposea spineview of datatypesand
useit to de ne underlyingSYB generidfunctions[9]. Becausehey
aremostly compatiblewith the original SYB functionsotherthan
the embeddedype information, this approachcan be usedto re-
placethe underlying mechanismof creatinggenerictransforma-
tions/accumulationaswell.

Contextual visits arecloselyrelatedto scopeddynamicrewrite
rules[21, 3]. Dynamicrulesaregeneratedt run-timeandcanac-
cesstheir context. A scopecanbe imposedto remove rules after
they are not valid arymore. One problemwith scopeddynamic
rulesis thatit is necessaryo inline the de nition of the traversal
strat@y sothat the scopecanbe includedin the traversalof sub-
terms.The approachthereforesuffers from a modularity problem.
In ourlibrary, contet is abstracte@ndmodularizedlt istakencare
of by therecursve traversalstratgly andpassedo thevisit sothat
thevisit doesnot needto worry aboutthe scope.

In [20], van denBrandet al. catayorize a traversalinto trans-
formation, accumulation,and accumulatingtransformation.This
agreeswith our cateyorization.In fact, we borroved theseterms
from [20]. They alsoidentify certainpropertiesof traversalsand
placethemin the correspondingpositionsin the “traversalcube”.
We have enrichedthe cubeby extendingthe coverageaxis.

7. Summary and Futur e Work

In this paper we extendedthe scrap-yowhoilerplateapproactpro-
posedby Lammeland Peyton JonesWe have analyzecdthe prob-
lemdomainof generidraversalsandhave extracted ve orthogonal
parameter®f a traversal.We have de ned one universalgeneric
traversalcombinatorthatcanbe parameterizedb cover the whole
problemdomainspaceln summarythesecombinatorgrovide the
programmershesechoices:

Thevisit. We canperformatransformatiorthatmodi es anode,
anaccumulatiorthatgathersnformationfrom nodesalongthe
traversal,or anaccumulatingransformatiorthatdoesboth.

The context. The action might rely on the pathfrom the root
nodeto the currentnode.A customizedcontet canbe main-
tained by a context updaterfunction and carriedto the visit
function.

Thevertical traversal order. A traversalcanstartfrom the top
of thetermandmovesdown or the oppositedirection.

Thehorizontaltraveisal order. A traversalcanvisit from left to
right or the oppositedirection.

The coverage. A traversalcanvisit all the nodes bypasschil-
drenof certainnodesyisit alonga spinefrom therootto aleaf,
or stopaftera successfuvisit.

Theclientscaneasilychoosethe appropriatestratgyy andfocuson
the “interestingparts”, the recursionis performedby the generic
traversalcombinators.

In additionto this high-level interface,we have alsode ned a
setof primitive combinatorghat canbe usedto de ne additional
recursve traversalstrataies.

However, our library only addressethe problemof transforma-
tionsandaccumulationsnoneterm.Problemghatinvolve parallel
traversingtwo termssuchas genericzip [13, 10] cannotbe han-
dled. Although thesecombinatorsare fairly generalthereis still
roomfor improvement.Regardlesof the two traversaldirections,
we alwaysfavor theverticaldirectionover the horizontaldirection,
whichmeanswve alwaysimplementadepth- rsttraversal.Onepos-
sibleextensionis to have symmetricbreadth- rsttraversalsMore-
over, weonly have oneandall stratgiesasourone-layerstratgies.
We canalsoconsiderstratgiesthatvisit only someof of directsub-

termsof aterm.We believe thesefeatureswill extendthetraversal
spaceandcomplementhetraversallibrary.
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