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Abstract
Haskell programmerswhodealwith complex datatypesoftenneed
to apply functionsto speci�c nodesdeeplynestedinsideof terms.
Typically, implementationsfor thoseapplicationsrequireso-called
boilerplatecode, which recursively visits the nodesand carries
the functions to the placeswhere they needto be applied.The
scrap-your-boilerplateapproachproposedby LämmelandPeyton
Jonestries to solve this problemby de�ning a generaltraversal
designpattern that performsthe traversal automaticallyso that
the programmerscan focus on the codethat performsthe actual
transformation.

In practicewe often encounterapplicationsthat requirevari-
ations of the recursionschemaand call for more sophisticated
generictraversals.De�ning suchtraversalsfrom scratchrequires
a profoundunderstandingof theunderlyingmechanismandis ev-
erythingbut trivial.

In thispaperweanalyzetheproblemdomainof recursivetraver-
sal strategies,by integrating and extendingprevious approaches.
We thenextendthescrap-your-boilerplateapproachby rich traver-
salstrategiesandby acombinationof transformationsandaccumu-
lations,which leadsto a comprehensive recursive traversallibrary
in a staticallytypedframework.

We de�ne a two-layerlibrary targetedat generalprogrammers
andprogrammerswith knowledgein traversalstrategies.Thehigh-
level interface de�nes a universal combinatorthat can be cus-
tomizedto differentone-passtraversalstrategieswith differentcov-
erageanddifferent traversalorder. The lower-layer interfacepro-
videsa setof primitivesthatcanbeusedfor de�ning moresophis-
ticatedtraversalstrategiessuchas�xpoint traversals.Theinterface
is simpleandsuccinct.Like theoriginal scrap-your-boilerplateap-
proach,it makes useof rank-2polymorphismandfunctionalde-
pendencies,implementedin GHC.

Categoriesand SubjectDescriptors D.1.m[ProgrammingTech-
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ReusableLibraries
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1. Intr oduction
LämmelandPeytonJonesaddresstheproblemof traversingrecur-
sive datastructuresin their papers[12, 13, 14]. They proposea de-
signpatternto eliminateboilerplatecodebyapplyingagenericpro-
grammingtechnique.In thefollowing we brie�y summarizesome
majorelementsof their approach.

The examplesgiven in [12] are basedon a collectionof data
typesthatrepresenta simpli�ed structureof a company. We repeat
thede�nitions herefor reference:

data Company = C [Dept]
data Dept = D NameManager [Unt]
data Unt = PU Employee | DU Dept
data Employee = E Person Salary
data Person = P NameAddress
data Salary = S Float
type Manager = Employee
type Name = String
type Address = String

Derivedinstancesfor typeclassesTypeable andData aredeclared
but omitted here for clarity. Here is an example de�nition of a
company 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 simpletransformationtaskis tode�ne anincrease functionthat
increaseseverybody's salaryby a certainpercentage.Normally, in
Haskell we would have to de�ne one increasefunction for each
individual datatype.The only purposethesefunctionsserve is to
traversethedatatypesandmove theincS functionto theSalary
typewhereit actuallyincreasesthesalary:

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

This incS function is the only interestingbit. All other codeis
“boilerplatecode”.As thesizesof thedatatypesgrow, theboiler-
platecodebecomesextremelyclumsyandhardto maintain.It also
doesnot scaleup well. Changesto the datatype de�nitions will
entail many changesin the boilerplatecodes.In [12], a type ex-
tendingfunctionmkTis introducedthat,whenappliedto functions
like incS , producesa generictransformation.A generictransfor-
mationis polymorphic.Whenappliedto a Salary , it behavesthe
sameasincS , otherwiseit behaveslike the identity function.The



type extensionis implementedwith a cast function, which is a
memberfunctionof Typeable typeclass.Thecast functionper-
formsa safetypecasting.TypeclassData extendsTypeable and
hasamemberfunctiongfoldl , whichwill bediscussedin Section
3.3,thatis essentialto de�ning one-layertraversals.

A generictraversalcombinatoreverywhere is also provided
that traversesa termrecursively andappliesa generictransforma-
tion to everynodein theterm.

With thegenerictraversalcombinator, programmersonly need
to implementthe interestingpartof recursive traversals,the incS
function, and feed them to mkTand everywhere to achieve the
samegoalastheboilerplatecode.Thede�nition of theincrease
functionde�ned in [12] is repeatedherefor reference:

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

Thescrap-your-boilerplate(SYB) approachrelievesa big bur-
denfrom Haskell programmerswho needto traversecomplex data
structuresfrequently. They can now focus on the codethat does
the real job insteadof the traversalitself. The boilerplatecodeto
traversearbitrarydatastructurescanbe automaticallyderived. In
the following, we illustratehow to implementsometraversalsin
our library throughseveral examples.We begin with de�ning the
increase functionusingour interface:

increase :: Float -> Company-> Maybe Company
increase k = traverse Trans NoCtx Full FromBottom FromLeft

(always (incS k))

Comparedto the original version,this increase function is de-
�ned usingmoreparameterswhichspecifythetraversal.In thispar-
ticular case,theparametersde�ne thetraversalto bea transformer
thatmodi�es nodes,independentlyof contextual information.It is
afull traversal(all nodesin thetreewill bevisited),andtheorderof
visiting thenodesis from bottomto top,from left to right. Another
noticeabledifferenceis thereturntype,which is a Maybeaccount-
ing for possiblefailures.We allow a transformationon a nodeto
fail. A failed transformationwill leave the nodeunchanged.Such
mechanismcan be usedto constructcontingenttransformations.
We will discussmoreaboutfailuresin Section2. The“interesting
case”thatdealswith Salary datais still theincS function,which
we canreusewithout changes.However, insteadof extendingits
type to make it a genericfunction,we take a slightly differentap-
proach.Wede�ne a few combinatorsto combinespeci�c functions
andpassa list of themto thetraversalcombinator. In this case,the
combinatoralways takesthespeci�c function incS k. This spe-
ci�c function is unconditionallyappliedandworkson any termof
typeSalary .

In applicationslike this one,not all theparametersareinterest-
ing. Theusersusuallydo not care,or evendo not know, aboutthe
context andthe left-to-right traversaldirection.All they needis a
transformation.We have identi�ed default valuesfor thedifferent
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 representsthe shown
traversalparameters,the presentedexamplecanbe de�ned much
moresuccinctlyasfollows.

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

TheBindicates“bottom-up”,whichwaschosenin theoriginalSYB
approach.Thetop-down versiontransform worksjust aswell.

In the following we continueto usethe expandedversionsof
thetraversalsto make theparametersandoptionsexplicit.

Our next exampleis an accumulationinsteadof a transforma-
tion. An accumulationcanserve asa queryde�ned in [12] but is

moregeneral.Thefollowing functioncomputesthesalarybill for a
company by traversingthecompany datastructureandaccumulates
all salaries.

bill :: Company-> Maybe Float
bill = traverse AccumNoCtx Full FromTop FromLeft

(always col) 0
where col a (S s) = a + s

The local function col takes an accumulator, which is the sum
collectedso far, anda Salary andaddsthe salaryto the sum.In
theendof thetraversal,theaccumulatoris thesumof all salaries.

1.1 PossibleExtensions

1.1.1 Accumulation and Transformation

Supposewe not only want to increaseeveryone's salary, but also
needthe total amountbeing increased.We keep traversing the
company datastructure,increasingeveryone's salaryandmodify
the total amountat the sametime. Again, we needto resortto a
combinatorthatis similar to everywhere, but canmaintainastate
for the total. Sucha function can be de�ned as follows. Upon a
successfulreturn,theresultconsistsa total amountanda modi�ed
company value.

incBill :: Float -> Company-> Maybe (Float,Company)
incBill k = traverse AccTrans NoCtx Full FromTop FromLeft

(always (colS k)) 0

colS :: Float -> Float -> Salary -> (Float, Salary)
colS k a (S s) = (a+k*s, S (s*(1+k)))

A similar applicationin programtransformationoccurswhenwe
needto generatenew variablesthatdo not con�ict with any exist-
ing variablesin theoriginalprogram.Weneedto keeptrackof vari-
ablesthathave beenalreadygeneratedto keepthevariablenames
unique.In general,a transformationmight needto accessinfor-
mationaccumulatedfrom thenodesvisitedso far in the traversal.
Accumulations�nd a broadrangeof applicationsin languagepro-
cessingarea.Examplesincludecountingcertainnodes,collecting
variables,collectingotherconstructs,etc.

1.1.2 Partial Traversals

In someapplications,not all the nodesin a term have to be vis-
ited.Considera local transformationwherewe only want to apply
the transformationto a certainpartof the term.Onesuchapplica-
tion is increasingsalariesin a certaindepartmentratherthan the
whole company. This problemis addressedin Section6.2 in [12]
with a functionincrOne de�ned usingthegmapTfunction,which
is rathercomplicatedto comeup with for ordinaryprogrammers.
Sincea similar patterncan be observed in many applications,it
would bebene�cial to provide a generalsolutiononceandfor all.
An elegantway to realizesucha transformationis to employ a so-
calledstop-traversal [11]. A stop-traversaltries to applya visit to
all nodes.If the visit succeedson a node,the traversalcontinues
without descendinginto thatnode.In this example,anothertraver-
sal is passedasa visit argumentto theoutertraversal.Thenested
traversalis the increase function. It is appliedto nodesthat are
departmentswith a matchingname.The mwheneverfunction is
usedto constructa conditionalvisit andwill beexplainedin 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==d



We can also consideronce-traversals [25] wherewe only want
to apply a transformationonce.Theseare also a specialcaseof
partial traversals.For instance,we canincreasethe �rst salarywe
encounterwhentraversingthecompany data.

incFst :: Float -> Company-> Maybe Company
incFst k = traverse Trans NoCtx Once FromTop FromLeft

(always (incS k))

1.1.3 Traversal with Contexts

Transformationsthat dependon non-localdataare also dif�cult
to expressin the original SYB approach.Let us considera more
complicatedapplication of increasingsalaries.Say we want to
adjust the increaserate accordingto the department.A context,
which is the increaserate, is carried through the traversal. It is
initialized to a default rateandis updatedwhenever the traversal
is descendedinto a nodeso that all salariesinsidethat nodewill
get increasedby the new rate(unlessthe rategetschangedagain
beforethatsalaryis reached).

incDpt :: Float -> Company-> Maybe Company
incDpt = traverse Trans Ctx Full FromTop FromLeft

(mk (\c d -> lookupRate d))
(always incS)

Compared to the previous examples, this contextual traver-
sal takes as an additional argument a context updater
(\c d -> lookupRate d) , where the function lookupRate
determinesthe increaserate for the department.Similar to visits,
a context updaterwill be appliedto termsof any type.Therefore,
it needsto be genericaswell. The mkfunction is usedto wrap a
speci�c context updaterandmake it generic.It will be explained
in Section3.1alongwith combinatorsfor visits.

The careful readermight have noticed that the visit in this
example,expressedby always incS , has a different type than
before.Here, incS is usedas a contextual visit, which takes an
extra parameter, the context. The typesof all 6 visits arelisted in
Table2. The always function is overloadedin orderto provide a
uniform interfaceto theprogrammer.

We can also consideran applicationin languageprocessing.
Supposewe want to implementa betareductionfor lambdacal-
culus.A betaredex is a lambdaabstractionappliedto anargument.
Thebodyof thelambdaabstractionis traversedsothatall thefree
occurrencesof the boundvariableare replacedby the argument.
However, we have to becarefulnot to replacelocally boundvari-
ableswith thesamename.Whenwedescendinto theterm,weneed
to keeptrackof acollectionof boundvariables.Thetransformation
needsto checkagainstthesevariables.

From thesetwo problems,we cangeneralizea patternof con-
textual traversal.An initial context is passedto the traversalandit
getsupdatedby anupdatefunctionwhendescendinginto subterms.
A betareductioncarriesa list of boundvariablesasthecontext and
it getsextendedat lambdaabstractions.

1.2 Contrib ution and Organizationof This Paper

Theshown applicationscanbegenerallyimplementedby employ-
ing thegenericfold operatorgfoldl de�ned in [12]. However, this
is notatall atrivial task.Ourgoalis to generalizethedesignpattern
andextendit to supporttheseapplications.Theapproachwetake is
to combinecontributionsfrom SYB, Strafunski,andStratego and
to createafully typedgenerictraversallibrary consistingof catego-
rized recursive traversalstrategiesandimplementthe library with
strategy combinators.

Lämmeland Visserpresenta combinatorlibrary for generic
traversalsanda setof traversalschemesaspartof Strafunski[15,
16, 11]. However, it relieson DrIFT to generatethe instancesof
type classTerm. Also, it is not a fully statically-typedapproach.

Stratego
un t yp ed

standalone

strategy com binators

SYB

In tegrated in Hask ell

Static t yping

Strafunski

DrIFT

T ra v ersal hierarc h y

Mother of tra v ersals

Figure 1. Haskell RecursionLibrary integrating ideasand con-
ceptsfrom Stratego,Strafunski,andSYB

One usesan abstractdatatypefor genericfunctions to separate
typed and untypedcode. In [11], Lämmel presentsa hierarchy
of traversalsand de�nes a traverse function that can be highly
parameterized.Wemakeuseof this“motherof traversals”to derive
all traversals.

Stratego [25, 24, 2] de�nes anabundantsetof traversalstrate-
gies. Our main motivation comesfrom the needto apply these
traversalstrategies in our programtransformationtool [7]. How-
ever, we want to usethemin thecontext of Haskell. We alsowant
thestatictypesafety, whichis not foundin StrafunskiandStratego.
We arealsomotivatedby theneedfor a conciseprograminterface
without usingcomplex datatypessuchasmonads.Therefore,we
proposetheapproachof de�ning a generictraversallibrary with a
simpleandgeneralprogramminginterfaceanda rich setof traver-
salstrategies.In thisexperimentalimplementation,wefocusonthe
conceptsratherthanhaving a completesetof traversalstrategies.
However, with thegenericityof theapproach,new traversalstrate-
giescanbede�nedeasily. Therelationshipbetweenthis library and
Stratego,Stranfunski,andSYB is sketchedin Figure1. Thesource
codeof thelibrary canbeobtainedonline[18]. Featuresof different
approachesarecomparedin Table1.

Reclib Stratego Strafunski SYB
Typed X X
Integratedin Haskell X X X
Strategies X X X
ConcreteSyntax X

Table 1. Featurecomparisonof Haskell RecursionLibrary, Strat-
ego,Strafunski,andSYB.

In the restof this paper, we categorize in Section2 the prob-
lem domainof traversalsby extracting � ve parametersthat are,
to a large extent, orthogonalto eachother. In Section3, we de-
scribea high-level programminginterface.This interfaceprovides
a meansto parameterizetraversalstrategiesthatcover all possible
combinationsof those� ve parameters.In thecoreof theinterface,
we de�ne onegenerictraversalstrategy that is the“mother” of all
one-passtraversalstrategieswe explored.An intermediatelayerof
programminginterfaceis alsode�ned for userswho requiremore
thanone-layertraversals.This interfaceis conciseandclean.Two



�xpoint strategies, innermostandoutermost,are studiedand im-
plementedusing the interfaceasexamplesfor extendibility. Sub-
sections3.4 3.5,and3.6 elaborateimplementationdetailsandcan
beskippedwithoutjeopardizingunderstandingof theprogramming
interface.In Section4 we illustratemoreexamplesthatmake use
of the library 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
particularorder. We use the term visit to refer to one accessto
a particular node. During a visit, information is retrieved from
the node,and/or the node is modi�ed. The information and the
modi�cation might dependon the informationretrieved from the
nodesalreadyvisitedin thetraversaland/orthepathfrom thenode
to theroot.

A visit that retrievesinformationdoessoby takingalreadyac-
cumulatedinformationandreturningthe new accumulator, which
is threadedthroughall the visits in the traversal.We distinguish
threekinds of visits. A transformermodi�es a nodewithout re-
trieving information,anaccumulatorretrievesinformationwithout
modifyingthenode,andanaccumulatingtransformerdoesbothsi-
multaneously. Weborrow thiscategorizationfrom [20]. Everyvisit
mayeithersucceedor fail. Therefore,theresultof avisit iswrapped
in a Maybedatatype.

In theexampleof increasingsalariesfor peoplein a certainde-
partment,thetraversalcombinatorneedsto carrysomeinformation
relatedto the pathfrom the currentnodeto the root. We call this
a context. Thecombinatorupdatesthecontext by applyinga user-
providedcontext function. It thenpassestheupdatedcontext to all
thechildrenof thenode.

Therefore,thereareall togethersix kindsof visits whosetypes
arelistedin Table2. As a convention,weusec to denotea context
type,a for anaccumulatortypeandt for a termtype.

Contextual Non-contextual
1 c -> t -> Maybe t t -> Maybe t
2 c -> a -> t -> Maybe a a -> t -> Maybe a
3 c -> a -> t -> Maybe (a,t) a -> t -> Maybe (a,t)
1. Transformation2. Accumulation3. Accumulatingtransformation

Table2. Typesof 6 Kindsof Visits

A traversalcanbe categorizedregardingthe numberof times
every node is visited. A one-passtraversal traversesa tree in
one passand visits eachnodeat most once.A typical example
is a depth-�rst search.A �xpoint traversal [2] appliesa visit to
a treeusinga certainstrategy repeatedlyuntil it is not applicable
anymore.Innermostandoutermosttraversalsfall into thiscategory.
We implementbothkindsof traversalsin our library, but we focus
moreon one-passtraversals.

In a one-passtraversal, it is not always desirableto visit all
the nodesin a term. A typical scenarioof a partial traversal is
when we abort the traversalafter a single successfulvisit. This
kind of coverage is calledonceasopposedto full whereall nodes
are visited sequentiallyunlessstoppedby a failed visit. Another
commonsituationis a so-calledstop-traversalthat tries to applya
visit to theroot nodeof a tree.If it fails, it thentriesto recursively
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 spine-traversalvisits a chainof nodesfrom the

root to a leaf. A spine-traversalfails if no spineexists suchthat
the visit succeedson every nodeon thespine.Figure2 illustrates
thesefour differentkindsof coverage.In the�gure, thedashedline
connectsall nodesthataresuccessfullyvisited,but doesnotinclude
thosetried but failed.
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Figure2. Traversalsof 4 Kindsof Coverage

Furthermore,thereare two kinds of directionsthat affect the
orderin which thenodesarevisited: thevertical directionandthe
horizontaldirection. A verticaldirectioncanbeeithertop-downor
bottom-up. A horizontaldirectionis eitherleft-to-right or right-to-
left. In atop-down traversal,aroot is visitedbeforeits descendants.
In abottom-uptraversal,thechildrenarevisitedbeforetheirparent.
Top-down and bottom-uptraversalsare also often referredto as
preorderandpostordertraversals,respectively. Theorderin which
the siblingsof a commonparentarevisited is determinedby the
horizontaldirection,which canbeeitherfrom the left or from the
right. Thedirectionsusuallymatterfor theaccumulatingtraversals
or once-traversals.Figures3 and4 illustrateverticalandhorizontal
directions,respectively.
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In summary, � ve parametersdeterminea (one-pass)traversal:
kind of the visit, context, coverage,and two directions.These
parametersaremostly orthogonalto eachother. We canobtaina
rich setof traversalsby customizingall theseparameters.

3. Programming Interface
Our goal is to provide an easy-to-useandeffective programming
interfaceto userswho wish to programgenerictraversals.In this
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section,we will describethe generictraversal combinatorsand
somenecessaryhelperfunctions.Theinterfaceis dividedinto two
layers.A higher-level interface is provided to userswho do not
haveprofoundknowledgein genericprogrammingandtermtraver-
sals.They caneasilyprogramtheir own traversalsusingprovided
combinatorsandcomposenecessaryargumentsusingtheauxiliary
functions.Thelibrary is �e xible andextensiblein thesensethatan
intermediatelayer is exposedto userswho wish to write traversal
strategiesthatarenot foundin our library to meettheir own needs.
As anexample,the implementationof �xpoint traversalcombina-
torsinnermost andoutermost will bepresented.Otherexample
traversalsincludedownupandupdownstrategies[23, 2]. They, too,
canbeimplementedwith theintermediatelayerof our library.

3.1 Building GenericFunctions

Thevisits aswell ascontext updatersaregenericin thesensethat
they are applicableto valuesof any type. The mkTfunction de-
scribedin [12] createsa genericfunction of type a -> a out of
a speci�c function, and extT extendsa genericfunction with a
speci�c function. However, this approachof using two combina-
torsdoesnotwork for ourpurposefor two reasons.First,ourvisits
returnMaybevalues.Second,we cannotexpectonesetof combi-
natorsto work for all kinds of visits, becausethey generallyhave
differenttypes,aswe have seenin Table2. Having a separateset
of suchmkTandextT combinatorsfor eachkind of visit is very
cumbersome.Thereforewe decidedto provide a universalmech-
anismfor composingvisits and hide the differencesand details.
Thedecisionresultedin thedesignthat thegenerictraversalfunc-
tion traverse (which will be explained in Section3.2) takes a
list of speci�c visits (andpossiblycontext updaters)ratherthana
genericone.This alsorelievestheusersof theburdenof applying
theextendingcombinator. We needto encapsulatespeci�c context
updatersandvisitswith rank-2polymorphicdatatypessothatthey
canbeput into lists. An exampleof sucha datatypefor a contex-
tual accumulatingtransformeris thedatatypeGenCAT, de�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 thesamecontext andaccumulatortypes)canbewrappedwith
the dataconstructorGenCATandput in a list which is passedto
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. Typeable t =>
GenU(c -> t -> c)

To hide thedifferencesbetweenthesedataconstructors,oneover-
loadedfunctionmkeis provided.It servesa similarpurposeasmkT
functionexceptthat it works for all visits andcontext updaters.A
speci�c visit or context updateris passedto themkefunction,anda

genericoneis constructed.For contextualaccumulatingtransform-
ers,its typeis thefollowing.

mke :: (c -> a -> t -> Maybe (a,t)) -> GenCATc a

Since in many casesa generic function is built from just one
speci�c function, a function mkis de�ned to further hide the list
structure.

mk x = [mke x]

In fact,evenif two or morespeci�c functionsareusedto compose
a genericone,themkfunctioncanbeused,andthe resultscanbe
concatenatedusing++ operator. Thereforeclients usuallydo not
needthemkefunction.

In additionto themkcombinator, weprovide two setsof combi-
natorsfor composingvisits. To selectively applyoneof two visits
dependingon the node,a combinatormcondis provided, which
takesonepredicateandtwo visits. It implementsa conditional.In
caseswheretheelsepart is missing(indicatinga failedvisit), the
combinatormwhenevercanbeused.To applya visit uncondition-
ally, thecombinatormalwaysis used.A visit returnsaMaybevalue
to indicatea successor failure.For visits that do not fail, it is an
extra burdento handletheMaybedatatype.We de�ne threesym-
metric combinatorscond, whenever, andalways that take visits
thatdo not returnMaybevalues.In thesalary-increasingexample,
the visit can be composedusingalways: always (incS k) . A
visit that increasesevery salaryinsidea nodeif thenodeis a cer-
tain departmentcanbecomposedwith theincrease functionand
a predicate,thattakesthedepartmentnameasa parameterd.

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

Sucha visit canbe usedto composea stop-traversal.It is recur-
sively tried on every nodein a term but hasno effect on thenode
unlessit is a departmentwhosenamematchesd, in which case
theincrease functionis appliedrecursively to thesubtreesof that
node.

3.2 Traversal Engine

Themaincomponentof theinterfaceis a heavily overloadedfunc-
tion traverse that canbe customizedby all the � ve parameters
we mentioned.And sinceit is an overloadedpolymorphic func-
tion, its typevaries.It is de�ned asamemberfunctionof typeclass
Traversal :

class Traversal u v c a t x | u v c a t -> x where
traverse :: u -> v -> Coverage -> VD -> HD-> x

What is commonto all instancesarethe �rst � ve parametersthat
identify atraversal.Typevariableu representsthekind of visit, and
v is eitherCtx or NoCtxrepresentingthepresenceor absenceof the
context. As explainedin Section2, typevariablesa, c, andt rep-
resentthetypesof theaccumulator, context andterm,respectively.
Thefunctionaldependency helpsthetypesystemdeterminethein-
stanceof traverse when it is appliedbut the result type is not
explicitly speci�ed.Thereadermight wonderwhetherc, a, andt
arereallyneededsincethey donotappearin thetypeof traverse .
Theansweris yes,they areindeedrequired,becausex, thetypeof
thetraversal,dependson them.

Presentedbelow arethedatatypede�nitions for theparameters
of traverse ..



v = Ctx v = NoCtx
1 [GenU c a] -> [GenCT c a] -> [GenT c a] ->

c -> t -> Maybe t t -> Maybe t
2 [GenU c a] -> [GenCA c a] -> [GenA c a] ->

c -> a -> t -> Maybe a a -> t -> Maybe a
3 [GenU c a] -> [GenCATc a] -> [GenAT c a] ->

c -> a -> t -> Maybe (a,t) a -> t -> Maybe (a,t)

1. u = Trans 2. u = Accum3. u = AccTrans

Table3. 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 parametersin
which eachkind is representedby just onedataconstructor. This
is simplyameansfor thecompilerto choosethecorrectinstanceof
traverse function.Therestof theparametersandtheresulttype
areall combinedin x, which is the traversaltype,determinedby
u, v, and the typesof the accumulator, the context and the term.
For example,an instanceof contextual accumulatingtransformers
takesthefollowing form.

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

where ...

A completelist of correspondencebetweenx, u, andv is listed in
Table3.

A list of context updaters([GenU c a] ) has to be provided
for contextual traversals.A list of visit functionsis requiredfor
all traversals.The type of the visit dependson the kind of the
visit andpresenceof context. Themostgeneralvisit, a contextual
accumulatingtransformer, hasthefollowing type,de�ned asatype
synonym (GCATis not an abstractdata type and should not be
confusedwith GenCATpreviously mentioned).

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

wherec is thetypeof thecontext, a is thetypeof theaccumulator,
andt is a universallyquanti�ed typevariable,which meansthata
visit is a rank-2polymorphicfunctionthatshouldbeapplicableto
valuesof any type.We provide auxiliary combinatorsfor compos-
ing suchgenericfunctionsoutof speci�c functionsaswehaveseen
in Section3.1.Theresulttypeof thisvisit, Maybe (a,t) , captures
the natureof an accumulatingtransformer. Upon success,a new
accumulatorand a modi�ed nodeare returned.The visit returns
Nothing to signala failure.The actionto be taken upona failed
visit dependson the traversal:Full-traversalor spine-traversalfail
immediately, whereasonce-andstop-traversalscontinue.However,
while aonce-traversalcontinueswith thesubtermsonly until asuc-
cessfulvisit, astop-traversalcontinuesevenafterasuccessfulvisit,
it only stopsdescendinginto subterms.Thetypesof otherkindsof
traversalcanbededucednaturally. For non-contextual visits, thec
is omitted, transformerswill not have the a, andan accumulator
returnsa valueof typeMaybe a instead.

3.3 SyntacticSugar

The traverse function is the ultimate interface for the pro-
grammers.However, programmersarenot alwaysinterestedin all
the traversalparameters.In the exampleof increasingeveryone's
salary, thetraversalorderhasno effect on theresult.For caseslike
this, we de�ne instancesof the traverse function usingdefault
values.We introduce96 functions,eachof which is a partial ap-
plication of traverse function to a combinationof the traversal
parameters.The functionsfollow a namingconvention.Thename
consistsof averbandanoptionalpre�x andthreeoptionalsuf�x es.
The verb is either transform , accumulate, or acctrans . The
pre�x speci�esthecoverage,which defaultsto full, whenomitted.
The�rst suf�x is thepresenceof thecontext. A letterCfollows the
verb to obtaina contextual traversal,an absenceindicatesa non-
contextual traversal.Whatfollows is theverticaldirection.A letter
B indicatesa bottom-uptraversal.Whenit is omitted,a top-down
traversalis obtained.Finally, a' symbolcanbeappendedto theend
to obtaina right-to-left traversalinsteadof thedefault left-to-right
version.

Accordingto thesenamingrules,acontextual,bottom-up,right-
to-left accumulationcorrespondsto function accumulateCB' of
thefollowing type.

Data t => [GenU c a] -> [GenCA c a] ->
c -> a -> t -> Maybe a

With the conventions,the functionsde�ned in Section1.1 canbe
givenin a moresuccinctway:

increase k = transformB (always (incS k))
bill = accumulate (always col) 0
incBill k = acctrans (always (colS k)) 0
incOne k d = stopTransform (increase k `mwhenever` isDpt d)
incFst k = onceTransform (always (incS k))
incDpt k d = transformC (mk (\c d -> lookupRate d))

(always incS))

3.4 Crafting Traversals

Thecombinatorswepresentedaboveprovideenough�e xibility for
de�ning commonlyusedone-passtraversals.Butmorecomplicated
traversals,suchasa �xpoint traversalinnermostwhich might visit
somenodesmore than once,cannotbe expressed.To help users
who have knowledge in traversal strategies and need to de�ne
specialtraversals,the library also exposesan intermediatelayer.
In the restof this sectionwe explain how the recursive traversal
strategiesarede�ned usingtheintermediatelayer.

A basiccomponentof every traversalstrategy is a one-layer
strategy. Sucha strategy doesnotapplya visit recursively. Instead,
it appliesanotherstrategy to the immediatesubterms.We de�ne
four such combinators.Strategy all_l appliesa strategy to all
the immediatesubtermsof a nodein a left-to-right order. Strategy
one_l triesa strategieson all subtermsof a termandstopsaftera
successfulapplication.Theothertwo, all_r andone_r, aretheir
right-to-left counterparts.Recursive traversalscanthenbebuilt on
theseone-layerstrategies.For instance,a top-down full-traversal
canbeconceptuallyde�ned asfollows.1

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

where v is the visit to be applied. The sequentialcomposition
operator; [24] takestwo strategiesandappliesthemsequentially.
Failure of eitheronewill causethe failure of the whole strategy.
Instantiatingall [24] in theabove de�nition with all_l andall_r
will result in left-to-right and right-to-left versionsof top-down
full-traversals.A one-layerstrategy doesnot need to take into

1 The de�nition is taken from that of the topdown strategy in [25], but
renamedherefor thenamingconsistence.



considerationthecontext becauseall immediatesubtermswill have
thesamecontext. It is thejob of therecursive traversalstrategiesto
updatethecontext andpassit to one-layertraversals.We de�ne a
typesynonym for a one-layertraversalwithouta context:

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

It is a genericfunctionthattakesanaccumulatoranda termof any
type and returnsa new accumulatorand term upon success.All
the one-layercombinatorstake a strategy of this type and return
a strategy of thesametype.They arede�ned with thehelp of the
gfoldl function[8, 12] whichworksmoreor lessthesamewayas
list folding.

gfoldl � f (C t1 t2 : : : tn ) = f (C) � t1 � t2 � � � � tn

Theunaryoperatorf is appliedto theconstructorC, thentheresult
is passedto thebinaryoperator� with the�rst subterm,obtaining
a resultwhich is againpassedto thebinaryoperatoralongwith the
secondsubterm,andsoon. Thusall_l is de�ned asfollows, and
will beexplainedbelow.

newtype Xall_l a t = Xall_l {unXall_l :: Maybe (a,t)}

all_l :: GATa -> GATa
all_l s a t = unXall_l (gfoldl k z t)

where z d = Xall_l (return (a, d))
k (Xall_l x) t = Xall_l (do (a,d) <- x

(a',t') <- s a t
return (a', d t'))

If this looks awfully complicated,it is the auxiliary data type
Xall_l that is to be blamed. Its sole purposeis to make the
type systemhappy. Otherwise,the de�nition of all_l could be
simpli�ed asfollows.

all_l s a0 = gfoldl k z
where z d = return (a0,d)

k x t = do (a,d) <- x
(a',t') <- s a t
return (a',d t')

Passedalong the fold arean accumulatoranda partially applied
term,encapsulatedin Maybe. A Nothing valueindicatesa failure
in the previous computationand thus shouldbe propagated(this
is hiddenby usingthe monadinstanceof Maybe). Otherwise,the
value is passedto the binary operatork whosesecondparameter
is the currentsubterm.k appliesthe visit to the currentsubterm
resulting in a new accumulatorand a new term. The partially
appliedconstructoris appliedto thechangedtermandis returned
alongwith the new accumulator. The initial value for the fold is
obtainedfrom theunaryoperatorz which,whenappliedto thedata
constructor, returnstheinitial accumulatorandtheconstructor.

Having understoodthe logic, we canthenexaminethe typeof
gfoldl , which is the reasonwhy the above simpli�ed codedoes
not type-check.

gfoldl :: (forall a t. Data t => c (t -> a) -> t -> c a)
-> (forall g. g -> c g)
-> b -> c b

Understandingtheabove typesignatureis dif�cult. The�rst line is
the typefor thebinaryoperator;thesecondline is theunaryoper-
ator. It is not surprisingto seethat both operatorshave polymor-
phic typesbecausethey areappliedto all direct subtermsthat do
not necessarilyhave the sametype.The term to fold is of type b
and the result is of type c b. The sametype constructoris used
for theunaryandbinary operators.In thecaseof all_l , thepair
whosetypeis Maybe (a,b) doesnot matchtheform c b. This is
why theauxiliary datatype is needed,that is, the typeconstructor
Xall_l a playstheroleof c here.

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

gfoldr is available.We needto do a left fold andincrementally
generatea functionalongthefold.2 Thefunction,whenappliedto
anaccumulator, appliesthetraversalto thecurrenttermandtheac-
cumulator, andthenpassestheresultto thefunctiongeneratedfrom
thepreviousterm.

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

all_r :: GATa -> GATa
all_r s a t = unXall_r (gfoldl k z t) a

where z d = Xall_r (\a -> return (a,d))
k (Xall_r g) t =

Xall_r (\a -> do (a',t') <- s a t
(a'',d) <- g a'
return (a'',d t'))

The other two one-layerstrategiesone_l andone_r areslightly
moreinvolved,but canbede�ned similarly.

Now, to de�ne therecursive traversalfulltd , we still needa se-
quentialcompositioncombinator, whichcanbede�ned asfollows.

compose :: GATa -> GATa -> GATa
compose s1 s2 a t = do (a',t') <- s1 a t

s2 a' t'

With all_l and compose, we are readyto de�ne the top-down
full-traversalstrategy.

3.5 The Mother of All Traversals

Before we presentthe de�nition of the top-down full-traversal,
let us �rst examineall the coverageswe mentioned,namely, full,
spine,stop,andonce.If thehorizontaldirectionis ignored,all the
four variationscanbesummarizedasfollows.3

fulltd (v) = v; all(fulltd (v))
spinetd(v) = v; one(spinetd(v))
stoptd(v) = v + all(stoptd(v))
oncetd(v) = v + one(oncetd(v))

The choicecombinator+ takes two strategies,and tries the �rst
one.Only if it fails,thesecondoneisapplied.Sincethevisitsreturn
Maybevalues,thechoicecombinatorcanbede�ned in Haskell as
follows.

choice :: GATa -> GATa -> GATa
choice s1 s2 a t = s1 a t `mplus` s2 a t

Now we canobserve a strongsimilarity amongall thesetraversal
strategies:they all have thesameform, theonly differencesbeing
all/oneandthe;/+ combinators.Examiningthebottom-upversions
revealsthesamesimilarity:

fullbu(v) = all(fullbu(v)); v
spinebu(v) = one(spinebu(v)); v
stopbu(v) = all(stopbu(v)) + v
oncebu(v) = one(oncebu(v)) + v

In fact,we canobserve that thesebottom-upstrategiesarejust the
�ip sideof the top-down strategies.Take this literally, replacing;
and+ with their �ipped versionsin thede�nitions of thetop-down
strategies,we obtainexactly thebottom-upcounterparts.Thus,we
cangeneralizethe patternandde�ne a “mother of all traversals”
[11] thatcangenerateall thesetraversalstrategiesgivenappropriate
parameters.

mother(s) = s � f (mother(s))

The combinatorf is a one-layerstrategy, which can be either
one_l , one_r, all_l , or all_r . The combinator� is taken from
compose, choice , compose' and choice' where compose'

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



and choice' are the �ipped versions,with the two parameters
swapped.4

compose' s1 s2 = compose s2 s1
choice' s1 s2 = choice s2 s1

Eachcombinationof parametersuniquelydeterminesthebehavior
of thetraversal.Table4 listsall possiblecombinations.

# "
compose choice compose' choice'

all_l full stop full stop !one_l spine once spine once
all_r full stop full stop  one_r spine once spine once

Table4. Childrenof theMotherof Traversals

With the motherof all traversals,traversalsof differentcover-
age,vertical,andhorizontaldirectionsarejust a matterof partial
applicationsof �x ed parameters.The actualde�nition of mother
in Haskell takesinto considerationthecontext.

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

mother g f u s c a t = (s c
`g`
f (mother g f u s (u c t))

) a t

The context c is updatedby the context updateru andpassedto
one-layerstrategy combinatorf .

The mother function is usedto de�ne instancesof traverse
by �xing theparametersg andf asshown in thenext subsection.

3.6 Failur eand Continuation

Oneissueworth mentioningis thata visit eitherfails or succeeds
on a node.Continuationdependson the recursive traversalstrat-
egy. In the caseof generictraversals,sincethe genericvisits are
convertedfrom speci�c visits, thereis in facta third case.That is,
noneof the visits is applicableto the node.Handlingsuchcases
requiresdiscretionfrom thedesigners.In our library, it is handled
differentlydependingon thecoverageof the traversal.In a full or
spine-traversal,suchcasesareregardedassuccessfulvisits thatdo
not changethetermnor theaccumulator. Therationalebehindthis
is thatuserswrite speci�c visits andapplythemeverywhereappli-
cable.If they wantto stopatraversal,they shouldexplicitly signala
failure.Underthisassumption,theusersareableto performtraver-
salsevenif they donothavecompleteknowledgeof thewholetree.
Therefore,in a full or spine-traversal,the traversalnever fails un-
lessa visit fails.

However, in astopor once-traversal,anon-applicablevisit is re-
gardedasafailure.This is becausein thesetwo kindsof traversals,
thetraversalcontinuesafterfailedvisits.In aonceor stop-traversal,
the traversalsucceedsonly whenthereis a successfulvisit. Simi-
larly, if auserdoesnothavecompleteknowledgeof thewholeterm,
sheis still ableto handlethosesheis interestedin andignoreothers.

As we have seenin Section3.5, we needto passgenericvisit
functionsto thecorecombinator. However, thetraverse function
takesalist of speci�c functions.Thegapis �lled by typeextension.
Similar to themkTandmkQfunctionsfrom [12], a genericfunction
is usedastheunit valuefor afold operationoverthelist. Thebinary

4 Wewouldhavede�ned themusingtheflip function,but thetypesystem
preventedusfrom doingso,dueto therank-2polymorphism.

operatorfor thefold is thetypeextensionfunctionext0 de�ned in
theData.Generics.Aliases moduleof theHaskell Hierarchical
Libraries[8]. Theunit valueis chosenbasedon thepolicy we just
described.For full or spine-traversals,it is a function that always
succeeds.

vsucc :: GATa
vsucc a t = return (a,t)

For stop-or once-traversals,it is a functionthatalwaysfails.

vfail :: GATa
vfail _ _ = mzero

Oneof thetwo above combinatorsis chosenbasedon thecoverage
andusedasa unit for thefold on thelist of speci�c visits. In cases
whenthe context updatersarepresent,they arealso folded, with
theunit beingtheconstantfunction.Theparametersg andf of the
mother functionpresentedabovearechosenbasedonthecoverage
and traversaldirectionsby looking up Table 4. For instance,the
instanceof the traverse function for contextual accumulating
transformationsis givenasfollows.

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

where traverse _ _ cov vd hd us vs =
travt cov vd hd (foldC us)

(foldV (catchv cov) vs)

Thefunctiontravt looksupthetableandpartiallyappliesmother
to appropriateparameters.

travt :: 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_l
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�c context updaters.It begins with the unit
(theconst function),extendswith thespeci�c functionsin thelist.
foldV doesthesamefor thevisits.However, for thevisits, theunit
will bedeterminedby thecoverageaswe have justexplained.This
is realizedby thefunctioncatchv , whichdeterminestheunit value
for foldV asfollows.

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

Otherinstancesof traverse arede�ned similarly. In caseswhere
thecontext is notpresent,a default valuefor thecontext is needed.
Weuseundefined sinceweneedavalueof typea andsinceit will
neverbeaccessedin a lazyevaluationsetting.Transformationsand



accumulationsare converted to accumulatingtransformationsby
providing adefault implementationfor themissingpartandpassed
to themother function andthe result is convertedback.We omit
thetediousdetailsherefor simplicity.

3.7 Fixpoint Traversals

So far all the traversal strategies are one-passstrategies, which
meansthat they apply a visit at mostonceto onenode.Consider
thecaseof betareductionof lambdatermswith applicative order.
Onestepof reductiononaredex might resultin anew redex inside
theoriginal one.A bottom-uptraversaldoesnot alwaysresultin a
betanormalform. In suchcases,an innermosttraversalis needed.
Suchtraversalstrategiesthatapplyvisits to a termrepeatedlyuntil
they arenot applicableanymorearecalled�xpoint traversals.An
innermosttraversal appliesa visit to an innermostsubtermand
obtainsa new term. It repeatsthis processuntil no suchsubterm
exists that the visit can be successfullyapplied.The innermost
strategy is de�ned asfollows [25].

innermost(s) = repeat(oncebu(s))

Heretherepeatcombinatorappliesastrategy to atermuntil it fails.
Our library enablesthe de�nition in a typed framework. This

combinator, alongwith severalotherprimitivecombinatorsarepart
of the library targetedfor advancedusers.So far, we have de�ned
thesecombinators:asuccis astrategy thatalwayssucceedswithout
changingthe term or the accumulator. This is the vsucc function
we just de�ned. Notethat it is alsomerelya curriedversionof the
return function of the Maybemonad.Not very surprisingly, the
strategy fail that alwaysfails is the vfail function we de�ned in
Section3.6.Thetry strategy [25] takesanotherstrategy andtriesto
applyit. If it fails, thesuccstrategy is used:

try :: GATa -> GATa
try s = s `choice` vsucc

Now, the repeat combinator[25] is de�ned in termsof try recur-
sively.5

rep :: GATa -> GATa
rep s = try (s `compose` rep s)

Note thatpassingan identity transformation(onethatalwayssuc-
ceedsandreturnstheoriginal termasthemodi�ed term)to repeat
will causean in�nite loop. Notice that an outermost strategy is
symmetricto innermost[25]:

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

Therefore,they bothcanbede�ned asinstancesof a moregeneral
xmost combinatorwith thehelpof mother.

xm :: (GAT a -> GATa -> GATa) ->
(GAT a -> GATa) ->
GCUc ->
GCATc a ->
GCATc a

xm g f u s c = rep (mother g f u s c)

By choosingg from choice and choice' and f from one_l
and one_r, innermostand outermosttraversalstrategies in both
directionscanbede�ned.

The aforementionedbetareductionapplicationcanbe de�ned
with innermostor outermosttraversalsdependingon thereduction
strategy. The following two Haskell functionsimplementapplica-
tive andnormal-orderbetareductions,respectively.

5 To 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 redex and fails otherwise.
The innermostor outermosttraversalstrategy appliessucha visit
repeatedlyto somesubtermuntil it containsno redex anymore.A
one-stepreductionis performedby a full traversalsearchingfor
occurrencesof theboundvariable.A list of locally boundvariables
is passedasa context sothatthey arenot substituted.Thereduce
functionwill bepresentedin Section4.

4. Examples
In this section,we explorea few moresophisticatedtraversalsand
demonstratehow to implementthemwith our library. Supposewe
againwant to increasesalariesin a company, but we only have
a limited budget.We keeptraversingthe company datastructure,
increasingeveryone's salaryuntil thebudgetis all spent.TheincS
function then needsto know the total amountincreasedfor the
alreadyvisitedpeople.This problemcanbeimplementedby using
an accumulatingtransformation.The remainingbudgetis passed
alongthe traversal.Whenever we increasea salary, the increment
hasto be taken from the budget.The salaryshouldnot changeif
thebudgetis exhausted.Thevisit works on Salary valuesasdid
incS . Thedifferenceis thatit returnsa new budgetpairedwith the
changedsalary.

incBud :: Data t =>
Float -> Float -> t -> Maybe (Float,t)

incBud bud k = acctrans (always (incSbud k)) bud

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

where i = min (s*k) c

In thisapplication,if thebudgetis exhausted,thosewhoarevisited
laterin thetraversal(in thiscase,thoseat theright andthebottom)
are left without an increase,which is not a fair strategy. A more
sophisticatedapproachis to examinethesalariesof all employees
and the budgetand then decidewhat to do with eachindividual
salary. We canimaginedifferentstrategies.A socialisticlyinclined
increasewouldstartincreasingthelowestsalaries�rst. In acapital-
istic approach,we would startwith thehighestsalaries.Any such
schemecanbepassedasa parameterto a smartincreasefunction.
Theschemeis afunctionthattakesalist of all salariesandreturnsa
list of new salaries.Thecompany datastructureis traversedandthe
salariesarecollectedin a list passedto thescheme.Thesalariesare
replacedwith theonesin thenew list. It appearsthattwo passesare
neededto accomplishthewholetask.However, thanksto lazyeval-
uation,wecanimplementit with justonepassusingatrick devised
by Bird in 1984[1, 5]. Thevisit, which is an accumulatingtrans-
former, worksonSalary values.Theold salaryis appendedto the
salarylist. A new salaryis takenoutof thenew list andreplacesthe
old salary. Thenew list is obtainedby applyingtheschemeto the
old salarylist, which is just the�rst componentof theresultof the
smartincreasefunction.Sincethe visit never fails andthe traver-
sal is a full-traversal,we cansafelyassumethat thereturnvalueis
never Nothing .



incSmt :: Data t =>
([Float] -> [Float]) -> t -> ([Float],t)

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

new = scheme (fst (incSmt scheme t))

The above smartincreasefunction provides endlesspossibilities.
As anexample,we show thecapitalisticschemeasfollows.

capitalism :: Float -> Float -> [Float] -> [Float]
capitalism bud k ys = ys3

where (ys1,xs) = ixSort ys [1..]
(_ ,ys2) = foldr f (bud,[]) ys1
(_ ,ys3) = ixSort xs ys2
f s (b,ys) = 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,_) (y,_)->compare x y) $ zip xs ys

The list of all salariesis zippedwith an index list [1..] and is
sortedby thesalaries.Wethenperformaright fold, whichincreases
salariessequentiallyfrom the right, to obtain a new salary list
zipped with the indices. The result is then sortedagain by the
indicesto recover theoriginal orderandunzipped.Thesocialistic
schemecanbesimilarly de�ned usinga left fold instead.

Now, let usconsidertheproblemof betareductionwe brought
up in Section1.1.Our taskis to implementa one-stepbetareduc-
tion onaredex. Thisproblemcanbesolvedwith acontextualtrans-
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 _) = v:bv
upd bv _ = bv

subst :: Name-> Lam -> [Name] -> Lam -> Lam
subst v d bv e@(Var (V v')) | v'==v && notElem v bv = d
subst _ _ _ e = e

The reduce functionperformsa bottom-uprecursive transforma-
tion on the body of a betaredex. This context-sensitive transfor-
mationsubstitutesall thefreeoccurrencesof theformal parameter
with theactualparameter. Thecontext is a list of boundvariables.
It is updatedby theupdfunction.Thesubst functiontakesthefor-
mal parameter, theactualparameter, a list of boundvariable,anda
term.If thetermmatchestheformalparameterandis notbound,it
is substitutedby theactualparameterandotherwiseunchanged.

5. A Practical Application
The library we have describedin this paperhasbeensuccessfully
appliedin aprogramtransformationprojectthatdealswith Haskell
programs[7]. The full Haskell abstractsyntaxconsistsof about
10 datatypesandat least30-40constructorsin total. Repeatedly
implementingrecursionsover suchstructuresis tediousandnon-
modular. In the project,we neededseveral suchrecursions.The
generic traversalsgreatly reducedthe amountof code. Here is
a simpli�ed example of a recursion.In this function, we need
to traverse expressionsand replacethe �rst subexpressionthat
meetsacertaincriterion.Thecriterionreliesonthevariablesbound
by the surroundingenvironment.We not only needthe changed
expressionbut alsothesubexpressionthatwasreplaced.The type
of this functionis:

f :: [HsName] -> HsExp -> HsExp -> Maybe (HsExp,HsExp)

The argumentsare: boundvariables,new subexpression,and the
expressionto be transformed.The resultis anoptionalpair of the
changedexpressionandtheoriginal subexpression.

We can model the function asa once-traversalwith a context
beingtheboundvariablesandanaccumulatingtransformationthat
doesthereplacing.Theoriginal subexpressionreplacedis returned
astheresultaccumulator. We presentthepseudocodeto illustrate
theessentialuseof thetraversalfunction.

f bv ne e = onceAcctransC
(mk cfe ++ mk cfd ++ mk cfm)
(malways (qte ne))
(bv,ls)
undefined
e

where qte 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,ls) (HsPatBind _ p _ ds) =
bv ++ variablesboundin p and ds

cfd c _ = c

cfm bv (HsMatch ...) = ...

In this example,the context, which is given by the collectionof
boundvariables,is changedwhenever a binding is introduced.In
Haskell, anexpression,adeclarationor amatchcaneachintroduce
bindings.They arede�ned asdifferentdatatypes.Therefore,the
genericcontext function needsto be composedof threespeci�c
cases.Functionscfe , cfd , andcfm aresuchspeci�c functions.

6. RelatedWork
Without genericprogramming,functionalprogramssuffer from a
scalability problem(not necessarilyef�ciency wise, but with re-
gardto the design).Genericfunctionswhosebehavior is de�ned
inductively on thestructuresof thedatacanbescaledto largedata
structureseasilywithout extra effort. They canevenbereusedfor
datatypesthat are not yet de�ned. Our problemdomainis pro-
gram transformationandprogramgeneration,in particular, auto-
matic monadintroduction[7] and parameterizedprogramgener-
ation [6]. Practicalproblemson large datastructuressuchas the
abstractsyntaxof Haskell andFortrancall for generictermtraver-
sals.Variousapproachescan be usedfor the purposeof generic
termtraversals.Theprogramtransformationtool Stratego/XT im-
plementsa setof strategiesmany of which arerelatedto generic
traversal[22]. However, thelanguagelacksastrongstatictypesys-
tem.GenericHaskell [4, 17] is a languageextensionto Haskell. It
allows oneto de�ne purely genericfunctions.But a genericfunc-
tion is nota �rst-classcitizenin GenericHaskell, whichmeansthat
we cannotde�ne higher-ordergenericfunctions.

In [16] and [15], a combinatorlibrary (Strafunski)including
generictraversalcombinatorsis presented.Thesepaperscatego-
rizea strategy into typepreservingandtypeunifying strategies.To
someextent, they correspondto the conceptsof transformations
andaccumulatorsproposedin thepresentpaper. A setof traversal
schemesis alsode�ned. Theseschemes,alongwith thosede�ned
in Stratego [23, 25, 2] arethe main inspirationof our categoriza-
tion of the problem.In [11] Lämmelproposeda highly parame-
terizedgenerictraversalcombinator. We implementthesetraversal



strategiesin a staticallytypedframework proposedin [12, 13, 14].
Hinze, Löh, andOliveria proposea spineview of datatypesand
useit to de�ne underlyingSYB genericfunctions[9]. Becausethey
aremostlycompatiblewith theoriginal SYB functionsotherthan
the embeddedtype information,this approachcanbe usedto re-
placethe underlyingmechanismof creatinggenerictransforma-
tions/accumulationsaswell.

Contextual visits arecloselyrelatedto scopeddynamicrewrite
rules[21, 3]. Dynamicrulesaregeneratedat run-timeandcanac-
cesstheir context. A scopecanbe imposedto remove rulesafter
they are not valid anymore. One problem with scopeddynamic
rulesis that it is necessaryto inline the de�nition of the traversal
strategy so that the scopecanbe includedin the traversalof sub-
terms.Theapproachthereforesuffers from a modularityproblem.
In ourlibrary, context is abstractedandmodularized.It is takencare
of by therecursive traversalstrategy andpassedto thevisit sothat
thevisit doesnotneedto worry aboutthescope.

In [20], van denBrandet al. categorizea traversalinto trans-
formation, accumulation,and accumulatingtransformation.This
agreeswith our categorization.In fact, we borrowed theseterms
from [20]. They also identify certainpropertiesof traversalsand
placethemin thecorrespondingpositionsin the “traversalcube”.
Wehave enrichedthecubeby extendingthecoverageaxis.

7. Summary and Futur eWork
In thispaper, weextendedthescrap-your-boilerplateapproachpro-
posedby LämmelandPeyton Jones.We have analyzedthe prob-
lemdomainof generictraversalsandhaveextracted� veorthogonal
parametersof a traversal.We have de�ned oneuniversalgeneric
traversalcombinatorthatcanbeparameterizedto cover thewhole
problemdomainspace.In summary, thesecombinatorsprovide the
programmersthesechoices:

� Thevisit. Wecanperformatransformationthatmodi�es anode,
anaccumulationthatgathersinformationfrom nodesalongthe
traversal,or anaccumulatingtransformationthatdoesboth.

� The context. The actionmight rely on the path from the root
nodeto the currentnode.A customizedcontext canbe main-
tainedby a context updaterfunction and carried to the visit
function.

� Thevertical traversal order. A traversalcanstartfrom the top
of thetermandmovesdown or theoppositedirection.

� Thehorizontaltraversalorder. A traversalcanvisit from left to
right or theoppositedirection.

� The coverage. A traversalcanvisit all the nodes,bypasschil-
drenof certainnodes,visit alongaspinefrom theroot to a leaf,
or stopaftera successfulvisit.

Theclientscaneasilychoosetheappropriatestrategy andfocuson
the “interestingparts”, the recursionis performedby the generic
traversalcombinators.

In additionto this high-level interface,we have alsode�ned a
setof primitive combinatorsthat canbe usedto de�ne additional
recursive traversalstrategies.

However, our library only addressestheproblemof transforma-
tionsandaccumulationsononeterm.Problemsthatinvolveparallel
traversingtwo termssuchasgenericzip [13, 10] cannotbe han-
dled. Although thesecombinatorsare fairly general,thereis still
roomfor improvement.Regardlessof the two traversaldirections,
wealwaysfavor theverticaldirectionover thehorizontaldirection,
whichmeanswealwaysimplementadepth-�rst traversal.Onepos-
sibleextensionis to have symmetricbreadth-�rsttraversals.More-
over, weonly haveoneandall strategiesasourone-layerstrategies.
Wecanalsoconsiderstrategiesthatvisit only someof of directsub-

termsof a term.We believe thesefeatureswill extendthetraversal
spaceandcomplementthetraversallibrary.
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