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Abstract

We have previously demonstratedthatdataflow computationis comonadic. Herewe
arguethat attribute evaluation hasa lot in commonwith dataflow computationand
admitsa similar analysis. We claim that this yieldsa new, modularway to organize
both attribute evaluationprogramswritten directly in a functionallanguageaswell
asattributegrammarprocessors.

1 INTRODUCTION

Following on from the seminalworks of Moggi [Mog91] and Wadler [Wad92],
monadshave becomea standardtool in functionalprogrammingfor structuring
effectful computationsthatareusedbothdirectly in programmingandin language
processors.In orderto beableto goalsobeyondwhatis coveredby monads,Power
andRobinson[PR97] inventedtheconceptof Freyd categories.Hughes[Hug00]
proposedthe same,unawareof their work, underthe nameof arrow types. The
showcaseapplicationexampleof Freyd categories/arrow typeshasbeendataflow
computation,which, for us,is anumbrellanamefor variousformsof computation
basedonstreamsor timedversionsthereof.

In two recentpapers[UV05a,UV05b], wearguedthat,asfarasdataflow com-
putationis concerned,aviablealternative to Freyd categoriesis providedby some-
thing considerablymorebasicandstandard,namelycomonads,theformal dualof
monads. In fact, comonadsareeven better, as they explicatemore of the struc-
turepresentin dataflow computationsthanthe laxer Freyd categories.Comonads
in generalshouldbesuitableto describecomputationsthatdependon an implicit
context. Stream functionsasabstractionsof transformersof discrete-timesignals
turnoutto beaperfectexampleof suchcomputations:thevalueof theresultstream
in a positionof interest(thepresentof the resultsignal)maydependnot only on
thevaluein theargumentstreamin thesameposition(thepresentof theargument
signal),but alsoon othervaluesin it (its pastor futureor both). We showed that
general,causalandanticausalstreamfunctionsaredescribedby comonadsandthat
explicit useof theappropriatecomonadmodularizesbothstream-basedprograms
written in a functionallanguageandprocessorsof stream-basedlanguages.

In thispaper, wedemonstratethatattributeevaluationfrom attributegrammars
admitsa similar comonadicanalysis. In attribute grammars[Knu68], the value
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of an attribute at a given nodein a syntaxtree is definedby the valuesof other
attributesat this andothernodes.Also, an attribute definition only makessense
relative to a suitablenodein a tree,but nodesarenever referencedexplicitly in
suchdefinitions: context accesshappenssolely via operationsfor relative navi-
gation. This hints that attribute grammarsexhibit a form of dependenceon an
implicit context which is quite similar to that presentin dataflow programming.
We establishthat this form of context-dependenceis comonadicanddiscussthe
implications. In particular, we obtain a new, modularway to organizeattribute
evaluationprograms,whichis radicallydifferentfrom theapproachesthatonly use
theinitial-algebraicstructureof treetypes.We arenot awareof earliercomonadic
or arrow-basedaccountsof attributeevaluation.

The paperis organizedas follows. In Sec.2, we overview our comonadic
approachto dataflow computationandprocessingof dataflow languages.In Sec.3,
we demonstratethat the attribute evaluationparadigmcan also be analyzedco-
monadically. Sec.4 is a very brief review of the relatedwork whereasSec.5
summarizes.Mostof thedevelopmentisacarriedoutin theprogramminglanguage
Haskell, directlydemonstratingthattheapproachis implementable.

Disclaimer:Thisversionof thepaperisanextendedabstractandonlydescribes
the most centralconstructionsof our work, leaving out quite a few explanations
andexamplesaswell as large portionsof the moretechnicalmaterial(including
comonadicprocessingof attributegrammars).

2 COMONADS AND DATAFLOW COMPUTATION

We begin by mentioningthebasicsaboutcomonadsto thenquickly continuewith
adensereview of comonadicdataflow computation[UV05a,UV05b].

Comonadsarethe formal dual of monads,so a comonadon a category C is
given by a mappingD : |C | → |C | togetherwith a |C |-indexed family ε of maps
εA : DA→ A (counit), andanoperation−† takingevery mapk : DA→ B in C to a
mapk† : DA→ DB (coextensionoperation) suchthat

1. for any k : DA→ B, εB◦k† = k,

2. εA
† = idDA,

3. for any k : DA→ B, ` : DB→C, (`◦k†)† = `†◦k†.

Any comonad(D,ε,−
†) definesacategoryCD where|CD|= |C | andCD(A,B)=

C (DA,B), (idD)A = εA, `◦D k= `◦k† (coKleislicategory) andan identityonobjects
functorJ : C → CD whereJ f = f ◦ εA for f : A→ B.

CoKleisli categoriesmakecomonadsrelevantfor analyzingnotionsof context-
dependentfunction. If theobjectDA is viewedasthetypeof contextually situated
valuesof A, acontext-dependentfunctionfrom A to B is amapDA→ B in thebase
category, i.e.,amapfrom A to B in thecoKleisli category. ThecounitεA : DA→ A
discardsthecontext of its inputwhereasthecoextensionk† : DA→DBof afunction
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k : DA→ B essentiallyduplicatesit (to feedit to k andstill have a copy left). The
function J f : DA → B is a trivially context-dependentversionof a purefunction
f : A→ B.

In Haskell, wecandefinecomonadsasa typeconstructorclass.

class Comonad d where
counit :: d a -> a
cobind :: (d a -> b) -> d a -> d b

Someexamplesarethefollowing:

• DA = A, theidentity comonad,

• DA = A×E, theproductcomonad,

• DA= StrA= νX.A×X, thestreamscomonad(ν denotingthegreatestfixed-
pointoperator)

ThestreamcomonadStr is definedasfollows:

data Stream a = a :< Stream a -- coinductive

instance Comonad Stream where
counit (a :< _) = a
cobind k d@(_ :< as) = k d :< cobind k as

This comonadis the simplestone relevant for dataflow computation. Intu-
itively, it is the comonadof future. In a valueof typeStrA ∼= A×StrA, the first
componentof typeA is themainvalueof interestwhile thesecondcomponentof
typeStrA is its context. In our application,thefirst is thepresentandthesecond
is thefutureof anA-signal.ThecoKleisli arrows StrA→ B representthosefunc-
tionsStrA → StrB that areanticausalin the senseonly thepresentandfutureof
aninput signalcaninfluencethepresentof theoutputsignal.Theinterpretationof
theserepresentationsasstreamfunctionsis directly provided by the coextension
operation:

class SF d where
run :: (d a -> b) -> Stream a -> Stream b

instance SF Stream where
run k = cobind k

A very importantanticausalfunctionis unit anticipation(cf. the’next’ operator
of dataflow languages):

class Antic d where
next :: d a -> a

instance Antic Stream where
next (_ :< (a’ :< _)) = a’
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Tobeableto representgeneralstreamfunctions,wherethepresentof theoutput
candependalsoon thepastof theinput,we mustemploy a differentcomonadLS.
It is definedby LSA = ListA×StrA whereListA = µX.1+ X ×A is the type of
(snoc-)listsover A (µ denotingthe leastfixedpointoperator). The idea is that a
valueof LSA ∼= ListA× (A× StrA) canrecordthe past,presentand future of a
signal. (Notice that while the future of a signal is a stream,the pastis a list: it
mustbefinite.) Notethat,alternatively, we couldhave definedLSA = StrA×Nat

(a valuein a context is theentirehistoryof a signaltogetherwith a distinguished
time instant).Thiscomonadis Haskell-definedasfollows.

data List a = Nil | List a :> a -- inductive

data LS a = List a :=| Stream a

instance Comonad LS where
counit (_ :=| (a :< _)) = a
cobind k d = cobindL k d :=| cobindS k d
where cobindL k (Nil :=| _ ) = Nil

cobindL k (az :> a :=| as) = cobindL k d’ :> k d’
where d’ = az :=| (a :< as)

cobindS k d@(az :=| (a :< as)) = k d :< cobindS k d’
where d’ = az :> a :=| as

The interpretationof coKleisli arrows asstreamfunctionsandtherepresenta-
tion of unit anticipationaredefinedasfollows:

instance SF LS where
run k as = bs where (Nil :=| bs) = cobind k (Nil :=| as)

instance Antic LS where
next (_ :=| (_ :< (a’ :< _))) = a’

With theLS comonadit is possibleto representalsothe importantparameter-
izedcausalfunctionof initializedunit delay(the‘follo wed-by’operator):

class Delay d where
fby :: a -> d a -> a

instance Delay LS where
a0 ‘fby‘ (Nil :=| _) = a0
_ ‘fby‘ (_ :> a’ :=| _) = a’

Relevantlyfor “physically” motivateddataflow languages(wherecomputations
inputor outputphysicaldataflows), it isalsopossibleto characterizecausalstream
functionsasacoKleisli category. ThecomonadLV is definedby LVA= ListA×A,
whichis obtainedfrom LSA∼= ListA×(A×StrA) by removing thefactorof future.
Thiscomonadis Haskell-implementedasfollows.



37

data LV a = List a := a

instance Comonad LV where
counit (_ := a) = a
cobind k d@(az := _) = cobindL k az := k d

where cobindL k Nil = Nil
cobindL k (az :> a) = cobindL k az :> k (az := a)

instance SF LV where
run k as = run’ k (Nil :=| as)
where run’ k (az :=| (a :< as))

= k (az := a) :< run’ k (az :> a :=| as)

instance Delay LV where
a0 ‘fby‘ (Nil := _) = a0
_ ‘fby‘ ((_ :> a’) := _) = a’

Variousstreamfunctionsarebeautifully definedin termsof comonadopera-
tions and the additionaloperationsof anticipationand delay. Somesimple ex-
amplesaretheFibonaccisequence,summationandaveragingover theimmediate
past,presentandimmediatefuture:

fib :: (Comonad d, Delay d) => d () -> Integer
fib d = 0 ‘fby‘ cobind (\ e -> fib e + (1 ‘fby‘ cobind fib e)) d

sum :: (Comonad d, Delay d) => d Integer -> Integer
sum d = (0 ‘fby‘ cobind sum d) + counit d

avg :: (Comonad d, Antic d, Delay d) => d Integer -> Integer
avg d = ((0 ‘fby‘ d) + counit d + next d) ‘div‘ 3

In adataflow language,wewouldwrite thesedefinitionslike this.

fib = 0 fby (fib+(1 fby fib))

sumx = (0 fby sumx)+x

avgx = ((0 fby x)+x+next x)/3

In [UV05b], we alsodiscussedcomonadicprocessorsof dataflow languages,
in particularthemeaningof higher-orderdataflow computation(theinterpretation
of lambda-abstraction);for spacereasons,wecannotreview thismaterialhere.

3 COMONADIC ATTRIBUTE EVALUATION

We arenow readyto sketchour comonadicapproachto attribute evaluation. At-
tributeevaluationis similar to stream-basedcomputationin thesensethatthethere
is afixed(spineof a)datastructureonwhichcomputationsaredone.Wewill build
on this similarity.
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An attribute grammaris a constructionon top of a context-free grammar. To
keepthe presentationsimpleandto circumvent the insufficient expressivenessof
Haskell’s typesystem(onewould like to useinductive familiesor at leastthegen-
eralizedalgebraicdatatypesof GHC[PJWW04]),weproceedfrom afixedcontext-
freegrammarwith asinglenon-terminalSwith two associatedproductionrules

S −→ E

S −→ SS

whereE is a pseudo-non-terminalstandingfor somesetof terminals.Thetypeof
attributedgrammaticalS-treesis TreeEA = µX.A× (E + X ×X) ∼= A×SubsEA
whereA is the type of the S-attributes(aggregatedinto records)andSubsEA =
E +TreeEA×TreeEA. In Haskell, wecandefine:

data Tree e a = a :< Subs e a

type Subs e a = Trunk e (Tree e a)

data Trunk e x = Leaf e | Bin x x

An attribute grammarextendsthe underlyingcontext-free grammarwith at-
tributesandsemanticequations.Theseareattachedto the non-terminalsandthe
productionrulesof the context-free grammar. Attribute grammarsareclassified
into purelysynthesizedattributegrammarsandgeneralattributegrammars(where
therearealso inheritedattributes). In the caseof a purely synthesizedattribute
grammar, the local valueof the definedattribute of an equationcanonly depend
on the local andchildren-nodevaluesof thedefiningattributes.This is similar to
anticausalstream-computation.Therelevantcomonadis Tree, the ideabeingthat
thesecondcomponentof avaluein TreeEA∼= A×SubsEA canrecordthecourse
of anattributebelow a currentnode.Thecomonadstructureis Haskell-definedas
follows,completelyanalogouslyto thecomonadstructureonStr.

instance Comonad (Tree e) where
counit (a :< _) = a
cobind k d@(_ :< as) = k d :< case as of

Leaf e -> Leaf e
Bin asL asR -> Bin (cobind k asL) (cobind k asR)

class TF e d where
run :: (d e a -> b) -> Tree e a -> Tree e b

The coKleisli arrows of the comonadareinterpretedastreefunctionsby the
coextensionoperationasin thecaseof Str. Looking up theattributevaluesat the
childrenof anode(whichis neededto definethelocalsynthesizedattributevalues)
canbedonevia anoperationsimilar to ‘next’.
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instance TF e Tree where
run = cobind

class Synth e d where
children :: d e a -> Trunk e a

instance Synth e Tree where
children (_ :< as) = case as of

Leaf e -> Leaf e
Bin (aL :< _) (aR :< _) -> Bin aL aR

To beableto defineattributeevaluationfor grammarsthatalsohave inherited
attributes(so the local valueof an attribute canbe definedthroughthe valuesof
otherattributesat theparentor sibling nodes),oneneedsa notionof context that
canstorealsostoretheupper-and-surroundingcourseof anattribute. This is pro-
vided by Huet’s genericzipperdatastructure[Hue97], instantiated,of course,for
our tree type constructor. The courseof an attribute above and arounda given
nodelivesin thetypeCxtEA= µX.1+X× (A×TreeEA+A×TreeEA) of snoc-
lists collectingthe valuesof the attribute at the nodeson the pathup to the root
and in the side subtreesrootedby thesenodes. A zipper recordsboth the lo-
cal valueandlower andupper-and-surroundingcoursesof anattribute: we define
CxtTreeEA = CxtEA×TreeEA∼= CxtEA× (A×SubsEA). (Notice that this is
analogousto thetypeconstructorLS, which is thezippertypefor streams.)

data Cxt e a = Nil | Cxt e a :> Either (a, Tree e a)
(a, Tree e a)

data CxtTree e a = Cxt e a :=| Tree e a

This doesnot seemto have beenmentionedin theliterature,but thetypecon-
structorCxtTreeE is acomonad(justasLS is; in fact,thesameis trueof all zipper
typeconstructors).And this is thecomonadthatstructuresgeneralattributeevalu-
ation,similarly to LS in thecaseof generalstream-basedcomputation.

instance Comonad (CxtTree e) where
counit (_ :=| (a :< _)) = a
cobind k d = cobindC k d :=| cobindT k d
where cobindC k (Nil :=| _) = Nil

cobindC k (az :> Left (a, asR) :=| asL) =
cobindC k d’ :> Left (k d’,

cobindT k (az :> Right (a, asL) :=| asR))
where d’ = az :=| (a :< Bin asL asR)

cobindC k (az :> Right (a, asL) :=| asR) =
cobindC k d’ :> Right (k d’,

cobindT k (az :> Left (a, asR) :=| asL))
where d’ = az :=| (a :< Bin asL asR)

cobindT k d@(az :=| (a :< as)) =
k d :< case as of
Leaf e -> Leaf e
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Bin asL asR -> Bin
(cobindT k (az :> Left (a, asR) :=| asL))
(cobindT k (az :> Right (a, asL) :=| asR))

The interpretationof coKleisli arrows astreefunctionsandthe operationfor
obtainingthevaluesof anattributeat thechildrenareimplementedessentiallyas
for TreeE.

instance TF e CxtTree where
run k as = bs where Nil :=| bs = cobind k (Nil :=| as)

instance Synth e CxtTree where
children (_ :=| (_ :< as)) = case as of

Leaf e -> Leaf e
Bin (aL :< _) (aR :< _) -> Bin aL aR

But differentlyfromTreeE, thecomonadCxtTreeE makesit possibleto alsoquery
theparentandthesiblingof thecurrentnode(or to seethatit is theroot).

class Inh e d where
parSibl :: d e a -> Maybe (Either (a, a) (a, a))

instance Inh e CxtTree where
parSibl (Nil :=| _) = Nothing
parSibl (_ :> b :=| _) = Just $ case b of

Left (a, a’ :< _) -> Left (a, a’)
Right (a, a’ :< _) -> Right (a, a’)

Below areafew examplesof attributegrammarimplementationsin thecomon-
adicstyle: checkingif a treeis AVL andpreordernumberingof thenodesof atree:

avl :: (Comonad (d e), Synth e d) => d e () -> Bool
avl d = case children (cobind avl d) of

Leaf e -> True
Bin bL bR -> bL && bR && locavl d

locavl :: (Comonad (d e), Synth e d) => d e () -> Bool
locavl d = case children (cobind height d) of

Leaf e -> True
Bin hL hR -> abs (hL - hR) <= 1

height :: (Comonad (d e), Synth e d) => d e () -> Int
height d = case children (cobind height d) of

Leaf e -> 0
Bin hL hR -> max hL hR + 1

numin :: (Comonad (d e), Synth e d, Inh e d) => d e () -> Int
numin d = case parSibl (cobind (pair numin numout) d) of

Nothing -> 0



41

Just (Left ((ni, _), _)) -> ni + 1
Just (Right (_, (_, noL))) -> noL + 1

numout :: (Comonad (d e), Synth e d, Inh e d) => d e () -> Int
numout d = case children (cobind numout d) of

Leaf e -> numin d
Bin _ noR -> noR

Thecorrespondingattributegrammarsare

S` −→ E

Sb −→ Sb
LSb

R

S`.avl = tt

Sb.avl = Sb
L.avl∧Sb

R.avl∧Sb.locavl

S`.locavl = tt

Sb.locavl = |Sb
L.height−Sb

R.height| ≤ 1

S`.height = 0

Sb.height = max(Sb
L.height,Sb

R.height)+1

S`.numin = 0

Sb
L.numin = Sb.numin+1

Sb
R.numin = Sb

L.numout+1

S`.numout = S`.numin

Sb.numout = Sb
R.numout

(the superscripts̀ , b andsubscriptsL, R area notationaldevice to tell apartthe
differentoccurrencesof thenon-terminalS in theproductions.)

Fromtheseexamplesit is not hardto work out a processorof attributegram-
marson our fixed context-free grammar. We leave both this aswell asa further
discussionof thecomonadicmethodandfurtherexamplesfor thefull paper.

4 RELATED WORK

Theusesof coKleisli categoriesof comonadsto describenotionsof computation
have beenrelatively few. The ideahasbeenput forward several times,e.g.,by
BrookesandGeva [BG92] andby Kieburtz [Kie99], but never caughton because
of a lack of compellingexamples.Theexampleof dataflow computationseemsto
appearfirst in ourpapers[UV05a,UV05b].

TheFreyd categories/ arrow typesof PowerandRobinson[PR97]andHughes
[Hug00] have beenconsiderablymorepopular, see,e.g.,[Pat03,Hug05]for over-
views. Themainapplicationis reactive functionalprogramming.

Attributegrammarshave usuallybeenanalyzedproceedingfrom theinitial al-
gebrastructureof treetypes.Thecentralobservation is thatanattributeevaluator
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is ultimately a fold (if the grammaris purely synthesized)or an applicationof a
higher-orderfold (if it alsohasinheritedattributes)[CM79, May81]; this defini-
tion of attribute evaluationis straightforwardly implementedin a lazy functional
language[Joh87]. Gibbons[Gib93] hasspecificallyanalyzedupward anddown-
wardaccumulationson trees.

Zippers,a representationof treeswith a distinguishedposition,wereinvented
by Huet[Hue97].Also relatedarecontainertypeconstructorsthathavebeenstud-
iedby McBrideandhiscolleagues[McB00, AAMG05].

The relation betweenupward accumulationsand the comonadstructureon
treeswas describedby in our SFP’01paper[UV02]. We are not aware of any
work relatingattributeevaluationto comonadsor arrow types.

5 CONCLUSIONS AND FUTURE WORK

Wehaveshown thatattributeevaluationbearsagreatdealof similarity to dataflow
computationin thatcomputationhappensonafixeddatastructureandthattheresult
valuesaredefineduniformly throughoutthestructurewith thehelpof a few navi-
gationoperationsto accessthecontextsof theargumentvalues.As aconsequence,
our previousresultson comonadicdataflow computationandcomonadicprocess-
ing of dataflow languagesarenaturallytransportedto attributeevaluation.We are
very pleasedabouthow well comonadsexplicatethe fundamentalcharacteristics
of attributedefinitionsthatinitial algebrasfail to highlight.

In orderto properlyvalidatetheviability of our approach,we planto develop
a realisticcomonadicprocessorof attribute grammarscapableof interpretingat-
tributeextensionsof arbitrarycontext-freegrammars.

Acknowledgments Theauthorswerepartiallysupportedby theEstonianScience
FoundationundergrantNo. 5567.

REFERENCES

[AAMG05] M. Abbott,T. Altenkirch,C. McBride andN. Ghani.δ for data:differentiat-
ing datastructures.Fund.Inform., 65(1–2):1–28,2005.

[BG92] S. Brookes, S. Geva. Computationalcomonadsand intensional semantics.
In M. P. Fourman,P. T. Johnstone,and A. M. Pitts, eds.,Applicationsof
Categoriesin ComputerScience, v. 177of LondonMath. SocietyLect.Note
Series, 1–44.CambridgeUniv. Press,1992.

[CM79] L. M. Chirica,D. F. Martin.An order-algebraicdefinitionof Knuthianseman-
tics.Math.Syst.Theory, 13:1–27,1979.

[Gib93] J. Gibbons.Upwards anddownwardsaccumulationson trees.In R. S. Bird,
C.C.Morgan,andJ.C.P. Woodcock,eds.,Proc.of 2ndInt. Conf. onMath.of
ProgramConstruction,MPC’92 (Oxford, June/July 1992), vol. 669of Lect.
Notesin Comput.Sci., 122–138.Springer-Verlag,1993.

[Hue97] G. Huet.Thezipper. J. of Funct.Program., 7(5):549–554,1997.



43

[Hug00] J. Hughes.Generalisingmonadsto arrows. Sci.of Comput.Program., 37(1–
3):67–111,2000.

[Hug05] J. Hughes.Programmingwith arrows. In V. Vene,T. Uustalu,eds., Revised
Lectures from 5th Int. School on AdvancedFunctional Programming, AFP
2004, vol. 3622 of Lect. Notesin Comput.Sci., 73–129.Springer-Verlag,
2005.

[Joh87] T. Johnsson.Attribute grammarsasa functionalprogramming paradigm.In
G. Kahn,ed.,Proc. of 3rd Int. Conf. on FunctionalProgrammingandCom-
puter Architecture, FPCA’87 (Portland, OR, Sept.1987), vol. 274 of Lect.
Notesin Comput.Sci., 154–173.Springer-Verlag,1987.

[Kie99] R. Kieburtz.Codataandcomonadsin Haskell. Unpublisheddraft,1999.

[Knu68] D. Knuth.Semanticsof context-freelanguages.Math.Syst.Theory, 2(2):127–
145,1968.Corrigendum,ibid., 51(1):95–96,1971.

[May81] B. Mayoh.Attributegrammarsandmathematicalsemantics.SIAMJ. of Com-
put., 10(3):503–518,1981.

[Mog91] E. Moggi. Notions of computationand monads.Inform. and Comput.,
93(1):55–92,1991.

[Pat03] R. Paterson.Arrows and computation. In J. Gibbons, O. de Moor, eds.,
The Fun of Programming, Cornerstonesof Computing, 201–222.Palgrave
Macmillan,2003.

[McB00] C. McBride. Thederivative of a regular type is the typeof its one-holecon-
texts.Manuscript,2000.

[PJWW04] S. Peyton Jones,G. Washburn, S. Weirich. Wobbly types:practicaltype in-
ferencefor generalizedalgebraicdatatypes.Manuscript,2004.

[PR97] J. Power, E. Robinson.Premonoidalcategoriesand notionsof computation.
Math.Structuresin Comput.Sci., 7(5):453–468,1997.

[UV02] T. Uustalu,V. Vene.Thedualof substitutionis redecoration.In K. Hammond,
S.Curtis,eds.,Trendsin FunctionalProgramming3, 99–110.Intellect,2002.

[UV05a] T. Uustalu, V. Vene. Signals and comonads. In M. A. Musicante,
R. M. F. Lima, eds.,Proc. of 9th Brazilian Symp. on ProgrammingLan-
guages,SBLP’05(Recife, PE, May 2005), 215–228.Univ. de Pernambuco,
Recife,2005.

[UV05b] T. Uustalu,V. Vene.The essenceof dataflow programming. In K. Yi, ed.,
Proc. of 3rd AsianSymp.on ProgrammingLanguages andSystems,APLAS
2005 (Tsukuba,Nov. 2005), vol. 3780 of Lect. Notes in Comput. Sci.,
Springer-Verlag,to appear.

[Wad92] P. Wadler. Theessenceof functional programming. In Conf. Record of 19th
Ann. ACM SIGPLAN-SIGACT Symp.on Principles of ProgrammingLan-
guages,POPL’92 (Albuquerque, NM, Jan.1992), 1–12.ACM Press,1992.


