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Abstract

Program fedemtion is assemblinga softwae system
from coopeating but independeniapplication programs.
We presentDeCo, a declamative approad to creatingand
coordinatingfedemtions,and discussts applicationin the
domainof scientificcomputing Manualprogrammings the
currentnormfor creatingmodelfedertions;in oneexam-
ple we studied,80,000lines of Unix scriptswere manually
genemtedto federte five weathersimulationmodelsinto
a systenthat can producea 12-hourforecastin under12
hours. DeCois meantto automateseveral aspectsof this
currentlymanualprocess.

Participating programsand datafiles are describedor-
mally. The expressionof a compoundexecution,a fedeil-
tion, is givenin the functionallanguage Haslell, extended
with opemtions for large-grain program descriptionand
coordination. Thedeclarative expressionof a fedemtion in
termsof dataflowamongthe componenprogramscaptures
syndironizationrequirementsmplicitly and exploitsthein-
herentconcurencyautomatically Haslell compilation,no-
tably its rigoroustype chedking, ensuesthe consistencyf
thefedertion. Operation of the coordinationframevorkis
demonstatedona fedemtion of Fortran programsthatsim-
ulateervironmentaprocesse the NeuseRiverestuaryof
North Carolina.

1. Intr oduction

We usethe term program fedestion to referto assem-
bling a software systemfrom cooperatingout independent
applicationprograms Combiningexisting large-scaleeom-
ponentshasseveral well-known benefits: reducedcost of
constructionbettermodularity, greateirconcurreng, andin-
creasegotentialfor reuse.

Manual programmingis typically usedto combineand
coordinatethe component®f a programfederation.While
sucha manualprocesscanachieve someof the benefitsof

programfederation,it fails to realizethesebenefitsfully.
Moreover, a manualprocessis unnecessarilftediousand
errorprone.

We have built an experimentalsystemcalled DeCo(for
Declarative Coordination)to automateaspectsf the con-
structionof programfederations.A programfederationis
expressedn the functionalprogramminganguageHastell
[11, 7], extendedwith operationsfor large-grainprogram
descriptionandcoordination.The DeCosystemitself con-
sistsof approximately2150linesof Haslell. It is built using
the Glasgav Haslell Compiler[12] andrunson the Linux
operatingsystem.

Therearetwo key elementgo DeCo’s approacho pro-
gramfederation.

e Federatiortomponentsaswell asthefederationitself,
aredescribedn Haslell, facilitating manipulationby
theframework. Besidesenhancingomprehensioand
documentatiomnf thefederationthis degreeof formal-
ity allows DeCoto checkthe consisteng of the feder
ationandenableseveralkindsof automation Aspects
of programfederationthatare automatednclude: re-
formatting data; corverting datastreamsamondfiles,
channelsandprogramvalues;synchronizinghe exe-
cution of componengpplicationprograms;andman-
agingdirectoriesandfiles.

e Thefederationis specifieddeclaratvely, to the great-
est extent possible. Declaratve specificationmakes
both DeCo’s formal automationand a federationau-
thor’s informal automationsimpler and more effec-
tive. The declaratve approacheadsto explicit, con-
cise,andseparatespecificationof programfederation
issuesmuchasfor componenadaptationssuesasde-
scribedin [2].

DeCois targetedat scientificmodelfederationsuitedto
large-graincoordination,that is, wherethe unit of execu-
tion tendsto beanentireexecution(possiblyrepeatednary
times) of a programcomponent. The constituentmodels



tendto be existing applicationprogramsusuallylarge and
written in imperative programminganguagesuchasFor-
tran. They communicateaswhole programsthroughfiles
and operatingsystemchannelsyatherthan as subroutines
via sharedvariablesor messageassing. The modelsdeal
with mary, often large files containingdatain a variety of
formats.

Theremaindenf this papeiis structuredasfollows. Sec-
tion 2 givesan overview of the architectureof the frame-
work provided by DeCo. Section3 describesa casestudy
in which we usedDeCoto federatetwo existing scientific
models. Section4 reviews the ways DeCo helpsto auto-
matethe task of programfederation. Section5 discusses
our experienceto datewith DeCo. Section6 mentionsre-
latedwork. Section7 concludes.

2. Framework architecture

This sectionoutlinesthe architectureDeCo presentgor
creatingprogramfederations.We first introducethe major
conceptsby describingthe main componentf a federa-
tion. Subsequentlywe treatDeCo's typing and execution
models. Thenwe describesomeof the operationausedto
constructa federation,to preparefor later examples. Fi-
nally, we briefly discusssomepragmatidssuesconcerning
filesanddirectories.

2.1 Main components

The preeisting componentsrom which a federationis
constructedareapplicationprogramsand datafiles. DeCo
modelstheseentitieswith the more abstractotionsof ex-
ecutor and streamto presenta simple yet rich semantic
modelfor coordination.Theseabstrachotionsarerealized
asconcreteHaslell entitiesin the Haslell codethatconsti-
tutesthefederation.

A streamis representetly the abstractlatatype

newtype Data t

An entity of type ( Dat a t) representsin aggreationof
dataof typet. Thetypeof astreamis arbitrary andthusso
alsois its size.

Note that a streamis not necessarilya sequencef el-
ements.( Dat a Char) denotesa streamconsistingof a
singlecharactemwhile ( Dat a [ Char]) denote®necon-
sisting of a sequencef characters. The use of the term
“stream”is intendedto indicatethat the streams$ contents
arereadandwrittenin orderfrom the beginningtowardthe
end, not that the streamimplicitly containsa sequencef
elements.At the sametime, the nameDat a is chosenfor
the abstractype to emphasizahat a streams contentscan
betreatedasawhole,aswill beseen.

A streams contentscanexist in oneof threeforms: asa
Haslell valug asthe contentof afile, or asthe contentsof
achannel(thedatareadfrom or writtento anoperatingsys-
temfile descriptor).By makingDat a anabstractype,the
framawork allows the threeforms of streamto be usedin-
terchangeablyvhile accommodatinglifferentsortsof data
connectiorbetweemrocesse anefficientmanner

An executoris representedby a Haslell function with
abstracresulttype

newt ype EX t

Having aresulttypeof ( EX t) allowsafunctionto manip-
ulatestreams.

The mostimportantkind of executoris onethat senes
as a proxy in the federationprogramfor an existing ex-
ternal applicationprogram. Such an executor invokes a
DeCo-supplieditility to starta subordinatgrocesshaving
setup input and outputconnectionsappropriately On the
otherhand,anexecutormayalsobeimplementecpurelyin
Haslell, creatingno subordinatgprocess Suchanexecutor
might be usedto transformstreamcontentsfrom onesetof
typesto anotheyfor example. However an executoris im-
plementedijt is usedin the sameway. Moreover, sincean
executoris simply aHaslell function,it is first-class:it may
behigherorder, it maybe partially applied,etc

A streamconnectionrepresentsa unidirectional data
flow betweerexecutors.The executorproviding the stream
(andhencedefiningthe contentof the stream)is termedits
producer Theexecutorusingthe stream(andhencerelying
onthecontentf the stream)is termedits consumer

The fact that federationmetadata—descriptionsof the
federations components—arexpressedn Haslell is cru-
cial to DeCo’s capabilities First, it meanghatHaslell type
checkingensureghe consisteng of a federation. Second,
it allows DeCoto mediatestreamconnectiondetweenex-
ecutorswherethereexist discrepancies.

The expressionof the federationitself is also givenin
Haslell. A federationis castsimply asanexecutorthatin-
terconnectpreistingexternalcomponentsjsingstreams,
otherexecutorsandmetadata.

The abstract datatype (EX t) is an extension of
Haslell's built-in type (1 O t), which is used for in-
put/outputactions. Hence, an executor whose type is
(EX t), may performsuchside effects as part of its ex-
ecution.

io:: 10a->EX a

This ability is crucialfor executorghatsene asproxiesfor
applicationprogramsasthey needo createprocessediles,
anddirectories.

A federationis executedwith

runEX :: [String] -> EXa ->10a



Thefunctionr unEX s passedlist of optionstringsandan
executor The executoris executedandits resultreturned.

The designof the executor abstraction—inparticular
that an executor can sene as a proxy for an application
program—hasanotheradvantage. A federationexpressed
asaHaslell programcanbeusedasanapplicationprogram
in ayet larger federation. Thus, federationsare appropri-
atelycompositional.

2.2 Typing model

To allow for widely varying datastorageformatswhile
providing maximumflexibility for datastreamsDeCode-
finesatwo-level typing scheme.

e The(abstracor high-level) typeof astreamexpressed
asaHaslell type,captureghe high-level semanticof
the streandata.

e The(concreteor low-level) representationf astream,
encodedseparately specifiesthe storageformat of
streamdatain a particularcontext.

This two-level schemeseparateshe essentiatype of data
fromits packagingasa stream.Theseparatioris akinto the
differencebetweenabstractand concretesyntaxin a pro-
gramminglanguage.

Thetwo-level approacho streantyping providesseveral
key benefits.

e DeCo’s notion of streamcompatibility is simple and
clear beingdefinedin termsof Haslell types.

e Streamcompatibilityis very generalasit is definedto
ignoremattersof representation.

e DeCo can automaticallymediate betweena stream
produceiandits consumewhentheproducedandcon-
sumedrepresentationdiffer.

Recall that a stream has the Haslell abstracttype
(Data t), for somet. The type parametert exactly
encodesthe high-level type of the stream. As a result,
Haslell's type checkingensureghat streamsare usedin
a type-safemanner Moreover, Haslell's type inferencing
relievesthe federationprogrammeiin mostcasesrom the
needto declarestreamtypesexplicitly.

At the level of datastoragethe contentsof a streamare
deemedto consistof a sequenceof bytes. The low-level
representatiorf a streamis castasa translationbetween
a streamof bytesand a Haslell value of the appropriate
type. A decodingfunction translatesa streamof bytesto
aHaslell value. An encodingfunctiontranslates Haslell
valueto a streamof bytes.

An importantpropertyof (low-level) representations
thattheremay be morethanoneof themfor a given (high-
level) type. The alternatve representationfor a type are

expressedasdistinct Haslell types. A representatioitype
r IS associatedvith a Haslell typet with aninstancedec-
larationfor Repr Type = t. In this way, both new rep-
resentationand new associationbetweenrepresentations
andtypescaneasilybe defined.

Data representationsire declaratve and, in particular
compositional For example therepresentation

Tail Seq (ILenSeq 3 (U nt BE 16))

specifiesa tail sequencda sequencalelimited by end of
stream)whose elementsare implicit-length sequence®f
length 3 consistingof elementsthat are unsigned, big-
endianintegers of length 16 bits. Sucha representation
is suitablefor the two types[ [ | nt eger]] (lists of lists
of unboundedintegers)and [[I nt]] (lists of lists of
boundedntegers).

2.3. Execution model

A federationis essentiallyexpressedasa directeddata-
flow graph,wherethe nodesare executorinvocations(exe-
cutiong andtheedgesarestreamconnectionamongthem.
Federatiorcontrol flow—that is, the temporalsequencef
executions—isderived automaticallyfrom the data flow.
The characteristicof the streamconnectionsamongexe-
cutionsimply theappropriatesynchronizatioramongthose
executionsandallow DeCoto realizethe inherentconcur
reng of the federationautomatically The complexities
of this data-flav machineryare hiddenfrom the federation
programmeby theabstractype ( EX ¢) .

Compleities of arelatedsortarehiddenby the abstract
type(Dat a t). In certainsituationsit is essentiathata
streambe accessednhcrementally Thatis, it mustnot be
necessaryor later portionsof a streamto be generatedy
its producerbeforeearlier portionsof that streammay be
consumedby anotherconcurrenexecution.For example if
a streamconnectingtwo executorscould be of unbounded
size,it may not be acceptabldor the consumeto wait for
theentirestreamto be producedeforestartingto consume
it. Similarly, if the streamconnectingwo executorsis not
of unboundedsize but rathersubjectto unboundeddelay
duringits production,it may not be acceptabldor the con-
sumerto wait for the entirestream.

At the sametime, it is useful to treat the contents
of a streamin its entirety as a single Haslell da-
tum. Streamprocessing—especiallyatatransformation—
is greatlysimplifiedif the entirecontentsof a streamcanbe
directly patternmatched passecamongfunctions,mapped
over, etc Eliminating the needfor explicit, incremental
manipulationof streamcontentsallows for a much more
declaratve treatmenf streamdata.

Fortunately thesetwo seeminglycontradictorywiews of
a streamcan be reconciledby exploiting Haslell's ability



to readlazily. A Haslell input/outputoperationthat reads
andreturnstheremainingcontentof afile or channelsuch

asr eadFi | e) returnsanunevaluatedstringwhosesucces-
sive charactergaresubsequentlyeadfrom thefile or chan-
nel whentheir valuesare later demandedy the program.
(This featurereliescrucially on Haslell's nonstrictevalua-

tion semantics.Usingthis feature DeCois ableto provide

afully declaratve treatmenbf streams.

2.4. Federation construction

Although a streamusually can and should be manipu-
latedwithout regardto its form (asvalue,file, or channel),
thisis clearly not alwayspossible.A federationmustcom-
mit to the form of a streamwhereit originatesandwhere
it terminatesjncluding at the interfaceto an external pro-
gram. For this purposeDeCoprovidestypeswith which to
describeheformsof astream.

e A (File path repr :: File t) representsa
file with pathnamepath containingdataof type ¢ in
representationepr.

e A (Channel fdz repr :: Channel t) rep-
resentsa channelwith extendedfile descriptor fdx
containingdataof typet in representationepr.

e A (Value wal fin :: Value t) representsa
valuewal with finishvalue fin. (Althoughthedetailed
mechanismis beyondthe scopeof this paper the fin-
ish valueenabledletectionof “run-on” streamsn the
context of lazy readingof streamcontents.)

Thesetypesare usedwith the following corversionfunc-
tions.

fronFile Filet -> EX (Data t)
toFile Filet ->Datat -> EX ()

f ronChannel Channel t -> EX (Data t)

t oChannel : Channel t -> Data t -> EX ()
fronval ue :: Value t -> EX (Data t)

t oVal ue Data t -> EX (Value t)

Whenimmediatecornversionto or from a valueis desired,
thefollowing functionsareuseful.

fronval ot -> EX (Data t)
t oVal Data t -> EXt

In addition,the functionf r omis overloadedandcansub-
stitutefor f r oni | e, f r onChannel , andf r onVval ue,
and the functiont o is overloadedand can substitutefor
t oFi | e andt oChannel .

2.5. Filesand Dir ectories

Duringtheexecutionof afederationthreedirectoriesare
maintainedby DeCo.

e The top directory is the directory that was current
whenthe federationbegan execution. The top direc-
tory remaindixedfor thedurationof federatiorexecu-
tion. It senesasareferencepointwithin theinvoker’s
directoryervironment.

e Therun directoryis a new directorycreatedvhenthe
federatiorbeginsexecution.lt is therootof adirectory
subtreghatsenesasarepositoryfor new files created
by thefederation.Therundirectorynameandlocation
areundercontrolof theinvoker of thefederation.The
run directoryremainsfixedfor the durationof federa-
tion execution.

e The current directory is a directory within the sub-
treerootedat the run directory that associates por-
tion of thatsubtreewith the currentlyexecutingfeder
ationcode.Thecurrentdirectorystartsoutequalto the
run directorybut mayvary undercontrol of federation
code. It definesa “directory scope”during execution;
in particular it providesthedefaultinitial directoryfor
externalprograminvocations.

The operatingsystemmaintainsa “current working di-
rectory” for a processthat may vary during processexe-
cution. Varying the currentworking directory during fed-
eration execution, hawever, would lead to unpredictable
results,becausesxecutorsare implementedas concurrent
Haslell threads. Instead,DeCo leaves the actual current
workingdirectoryunchangee@ndprovidesavirtual one(the
currentdirectoryintroducedabove) that works properlyin
the presencef multiple threads.

Federationcode managesthe current directory with
inDir.
inDir :: FilePath -> EX a -> EX a
(inDir dir act) createsa directory nameddir in the
currentdirectory thenperformsact with dir asthecurrent
directory In otherwords,i nDi r opensa new, temporary
directory scopefor the executionof a subordinateaction.
Note that, althoughthe currentdirectory reverts after the
subordinateactioncompletesthe file subtreerootedat the
newly createddirectorypersists.

DeCos interpretationof pathnamess extendedto pro-
vide accesso thetop, run,andcurrentdirectoriesasshovn
in the following table. The remainderof a pathnamewith
the indicatedinitial characteris interpretedrelative to the
correspondinglirectory

@ | top
# | run
$ | current

In addition,a pathnamébeginningwith a/ characteis in-
terpretedas usual, whereasa pathnamebeginning with a



characterother thanthesefour (@# $ /) is interpreted
relative to thetop directory(asif it wereprecededy @.

Having describedhe designof DeCo,we now proceed
to applyit to arealisticcasestudy

3. Casestudy

DeCowasappliedto a realisticallycomple casestudy
in orderto asses#s effectivenessThe casestudyinvolved
the federationof two existing ervironmentalmodelsfor
aspectof the NeuseRiver estuaryin easternNorth Car
olina. The first modelsestuarywaterquality throughtime,
giveninitial concentrationsinflow rates,andoutflow rates
of waterconstituentsplusmeteorologicatiatafor themod-
eledtime period. The secondmodelschemicalprocesses
in the sedimentunderlyingthe river, computingfluxes of
constituentbetweenwvaterandsediment.

The watermodelis a single programof approximately
9300lines. The sedimenimodelconsistsof two programs,
whosetotal sizeis approximately4700lines. Both mod-
els are written in Fortran77. (Note that DeCo makesno
restrictionwith respecto the sourcelanguageof a compo-
nentprogram. Externalprogramsto be federatedmay be
writtenin ary language.)logethetthetwo modelsreadand
write dozensof files duringtheir execution.

The goal of combiningthesetwo modelswasto obtain
a more precisesimulation of the physical, chemical,and
biological processe®ccurringin the NeuseRiver estuary
When run separatelyeachmodel makes simple assump-
tions aboutthe other’s medium: the watermodelaboutthe
sedimentandthe sedimentmodelaboutthe water In the
federationgachmodelprovidesa moresophisticate@dimu-
lation of its mediumfor the othermodel.

The watermodeloperatesn two spatialdimensions.It
modelsdepthby dividing theriverinto half-meterthick lay-
ers. It modelslengthalongthe courseof theriver by divid-
ing theriverinto 59 sggmentswith anaveragdengthof just
overonekilometer Width of theriveris not modeled.

Besidesthe two spatial dimensions,the water model
modelstime. The desiredsimulationperiodis dividedinto
mary time intervals or steps.During eachtime step(from
earlierto later times), the variousphysicalparametersare
computedor eachlayerof eachseggment,moving alongthe
river in the downstreamdirection. The size of atime step
is varied heuristicallyto savze computationtime: Longer
time stepsare usedwhen physicalprocessesperatemore
slowly.

Thesedimenmmodel,ontheotherhand,is spatiallyzero-
dimensionaljts calculationsapply to a single point where
waterandsedimentmeet. Givenconcentrationsf relevant
chemicalsn the bottomwater it computedluxesfor these
chemicaldbetweersedimentandwater

In federatinghewaterandsedimenmodels thedesired
effectis thatthetwo modelsactascoroutines Thatis, asthe
watermodelstepsthroughtime for a particularsegmentof
theriver, aninstanceof thesedimentmodelfor thatsegment
takesthe samestepsthroughtime. Notethatthe difference
in dimensionalitypbetweerthetwo modelss accommodated
by replicatingthe sedimentmodel along the length of the
river. Eachmodelevolvesits own medium,taking initial
conditionsfrom anddeliveringfinal conditionsto the other
modelfor eachtime step.

While conceptuallysound,the approachust described
suffersseveralpracticalproblems.

e Representinghe two modelsas actual coroutinesof
each other would require major rework of the ex-
isting programs,involving either merger of the two
programs—therebyjosing modularity—or significant
restructuringof both to allow them to interoperate
moreintimately.

e The much greaterexecution cost for the sediment
model comparedto the water model (approximately
five times)makesit prohibitively expensve to runthe
sedimentmodelwith the samefrequeny asthe water
model.

e Moreover, andfortunatelyso, sedimentchangesnuch
moreslowly thanwatet soit is fruitlessto runthesed-
imentmodelatthesamefrequeng asthewatermodel.

e Becausethe calculationsof the sedimentmodel de-
pendon ervironmentalparametersneasuredat only
four sampling stationsalong the river, the sediment
model can only sensiblybe replicatedfour timesto
coverthelengthof theriver.

The solutionto the problemsdescribedhboreis to leave
the modelsas separategprogramsand to arrangefor their
executionsto alternate. The sedimentmodelis replicated
four times, oncefor eachregion of the river. Thesefour
instance®f thesedimenmodelarerunatalowerfrequeny
thanthe watermodel. Data passedrom the watermodel
to the sedimenimodelareaveragedwithin eachregionand
over groupsof watermodeltime stepsthatcorrespondo a
singlesedimenimodeltime step.Corversely datafrom the
four instanceof the sedimentmodelarereplicatedfor the
segmentscorrespondingo a region andthenjoined along
theriver'slengthbeforebeingpassedo the watermodel.

Figure1 illustrateshow the two modelsdivide the study
areaof NeuseRiver estuarydifferently and how this spa-
tial mismatchis resolhed. The narrov bandsthatcrossthe
river's width representhe water model's sggments,num-
bered2 through60 above theriver. Thesesegmentsare
groupednto four regions,numbered. through4 below the
river. Eachregion containsonesedimentsamplingstation,
shawvn in thefigureasathick dot.
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In additionto thedifferencesn dimensionalityandgran-
ularity describedabore, thereareother, smallerdifferences
to be mediatedbetweerthetwo models.

e Theunitsin which dataareexpressedn thetwo mod-
elsdiffer.

e The forms and formatsin which the dataare stored
differ betweermodels.

The programfederationfor the NeuseRiver studyis too
large to shav herein its entirety Insteadwe give several
fragmentsas examplesof federationcode. We do not at-
temptto explain every detail of theseexamples;their pur-
poseis ratherto give a senseof the level of expressionof
federationcode.

We startby consideringa single stepof the mainitera-
tion, duringwhich thewatermodelis executedonceandthe
sedimentmodelfour times, asdescribedearlier Figure2
shaws the flow diagramfor a single stepof the main iter-
ation. The stepbegins—andends—atthe lower left, with
flow proceedingclockwise. Comparethis diagramwith
thecorrespondingortionof federationcode,shavn below.
Functionst ep first corvertsthe pathnamerom the pre-
vious step(argumentpr ev) andthe stepinformation (ar
gumenti t er) to simpleHaslell values. Thenit createsa
freshsubdirectorynamedby the stepnumber(n). In this

subdirectory the currentfluxes are derived from the pre-
vious steps results,the watermodel (representetby func-
tion wat ) is invokedin subdirectorywat , the information
neededby the sedimentmodelis extractedfrom the water
modelsmainoutput,theinputto thesedimenmodelis pre-
pared,the sedimentmodel (representedby function sed,
whichinvokesfour copiesof theactualsedimenmodelpro-
gram)is invokedin subdirectorysed, the newly computed
fluxesare stored,andthe currentsteps subdirectorypath-
nameis returnedfor useby the next step.

step prev iter = do

prevEl ts <- toval prev

(n, tines) <- toVal iter

inDir (shown) $ do
wat | n <- wat Fl uxes prevEl ts
wat Qut <- inDir "wat" (wat tinmes watln)
wat ToSed <- toVal watQut >>= extract Parans
sedln <- sedlnput n tinmes wat ToSed
sedCQut <- inDir "sed" (sed prevElts sedln)
fronval sedQut >>= to fluxesFile
curDirElts >>= fronVal

Thevaluef | uxesFi | e definesafile streamwith type
SedAl | Qut andrepresentatiosedAl | Qut (not shavn
here).(In Haslell, thenamedor typesbegin with uppercase
lettersandthosefor valuesbegin with lowercasdetters.)

fluxesFile :: File SedAll Qut
fluxesFile = File "$fluxes" sedAll CQut
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Thefunctionode POC defineshe proxy executorfor ex-
ternalprogramodePOC, oneof thetwo programscompris-
ing the sedimenimodel. The singleargument? to the pro-
gramselectdatch-like behaior; theprogramwasdesigned
for interactive useaswell.

0dePOC pocln = executor $ do
pocln’ <- want Channel (Just sedRegln) pocln
(chk, chk’) <- makeFile (Just "Paraneter.chk")
(Just text)
body $ \ bh -> do
chan <- pocln’ Nothing
awai t Tri gger bh
process <- startProgram "odePOC' False ["7"]
Not hi ng Nothing [(0, chan)]
awai t Term nati on process >>= checkSt at us
chk’ Not hi ng Not hi ng
return (chk :: Data String)

4. Automating model federation

In this section we review the ways in which DeCo
helpsto automatethe tasksof programfederation. The
first three subsectionsiote specificfeaturesof the frame-
work, whereaghelastdescribegenerakapabilitiesresult-
ing from thefactthatDeCois basednandbuilt in Haslell.

4.1 Streammediation

Automaticstreanmediationis oneof DeCosmajorben-
efits. Providedthe producermandconsumenf astreamagree
onthestreamstype,mismatche# bothdatarepresentation
andform areautomaticallyresohed.

Recall that the representatiorior a streamis specified
separatelyfrom its type. The type specifiesthe concep-
tual format for the streamcontents,while the representa-
tion extendsthatspecificatiorto the contents’actualformat
in termsof a byte string. A representatiomismatchoc-
curswhen an actualand a desiredstreamhave the same
type but differentrepresentationsin this situation,DeCo
insertsadaptationcode automaticallyto resole the repre-
sentationadiscrepang. The adaptationcodedecodeghe
byte streamof theactualstreamaccordingo the actualrep-
resentationthenencodest accordingto the desiredrepre-
sentation. The additionof this extra stepis transparento
thefederationprogrammer

The contentsof a streamcan exist as a file, an oper
ating systemchannel,or a Haslell value. With DeCo a
streams form is independentf both its type andits rep-
resentationso that streamsof all threeforms canbe used
interchangeablyDeComediateamismatchesn actualand
desiredstreamform by corverting the actualform to the
desiredone. As for streamrepresentationinsertionof the
adaptatiortodeis transparento thefederatiorprogrammer



4.2 Program synchronization

BecauseDeCo usesa data-flav execution model, the
federationprogrammeiis relieved of the responsibilityfor
synchronizinghe executionof the cooperatingapplication
programs.Programsarerun whentheir input datastreams
areavailable.For example,if aprogramtakesafile asinput,
its executionwill not be starteduntil thefile hasbeencom-
pletely written. On the otherhand,if the programreadsa
streamvia its standardnput, the programcanbegin execu-
tion onceits correspondinghannehasbeenopenedgven
thoughnotall of the streamhasyet beenwritten.

The fact that DeCo managegrogramsynchronization
reduceshe context dependencef a componenfrogram.
As aresult,a componenprogramcanmoreeasilybe used
in differentfederationsor in differentcontextsin the same
federation As a programfederationevolves,changego the
forms of inputsto componentrogramsare automatically
reflectedn the synchronizatiorof theseprograms.

A further benefitof the data-flav approachis that the
potential concurreng among componentprogram execu-
tionsis evident. DeConaturally exploits this concurreng.
Indeed,in casesvheretwo or more componenfrograms
communicaten pipelinefashion,it is oftenimportantthat
theseprogramsexecuteconcurrently

4.3 File and dir ectory management

Themanagemertf filesanddirectoriesthoughconcep-
tually trivial, canbe a practicalheadachéor a sizablepro-
gramfederation.DeCoeaseghis burdenwith two simple,
declaratve features.

e A portion of federationexecution can be performed
in a fresh subdirectoryof the currentdirectory using
(inDir sub act),whichperformsactionact in the
newly createdsubdirectorysub. The effectivenessof
this simpleconstructrelieson the easewith which an
arbitrary portion of federationexecution can be ex-
pressedsa singleexpressiorin Haslell.

e File pathnamesyntaxand semanticsare extendedby
treatingseveral additionalinitial characterspecially
File pathname$eginning with the character@ # $
referto files relative to thetop, run, andcurrentdirec-
tories,respectiely. By reducingthe dependencef a
filenameon its context, this featurefacilitateschanges
to theoverall directorystructureof afederation.

4.4. Substrate support
This subsectiormentionstwo waysthat DeCo helpsto

automateprogramfederationnot throughspecificfeatures
but ratherdueto theuseof Haslell asa substrate.

1. The useof Haslell asthe basefor the programfed-
erationlanguagemeanshat Haslell compilationper
forms consisteng checkingfor a programfederation.
As the interfacesfor program componentsare ex-
pressedh thefederationanguagefederatiorcompila-
tion ensureghatthe constituencomponentsrecom-
bined correctly In particulay Haslell's strongtype
systemguaranteethatthe typesof componentsinput
andoutputstreamamatchappropriately As a further
benefit Haslell'stypeinferencerelievesthefederation
programmeiof specifyingtype informationexplicitly
in mostcases.

2. Programfederationscan be complicated,either be-
causethey comprisemary andvariedcomponentsor
becauseconsiderablecode may be requiredto adapt
somecomponentgo others,or both. A commonex-
ampleof thelatter situationis the needto changenot
only the representatioiout also the type of a stream
output by one componentand input to another The
complicationsof a particular programfederationare
opportunitiesfor ad hoc automation. The abstraction
facilities of a high-level languagesuchasHaslell pro-
vide a powerful setof toolsfor realizingsuchautoma-
tion.

5. Discussion

In this sectionwe give brief assessmentsf our experi-
enceusingandimplementingDeCo.

5.1 Casestudy experience

Theuseof DeCoin the NeuseRiver casestudyhasbeen
both pleasantand effective. The separatespecificationof
streamtype and streamrepresentatiorcopeswith varying
dataformatswhile allowing streamso betreatedabstractly
The abstractionof the form of a stream$ content(asfile,
channel,or value) successfullysupportsthe data-flav ap-
proachwhile allowing (in cooperationwith lazy stream
reading)the contentsof a streamto be treatedasa whole.
Synchronizatiorof componenprogramsaccordingo their
mutualdataflows makesfor ahighly declaratve expression
of control flow. Simple but declaratve DeCo featuresre-
ducetheburdenof file anddirectorymanagemertb a mini-
mum. Overall, thesefeaturegnaximizeinteroperabilityand
reusabilityfor federationcomponentsand make DeCo ef-
fective atautomatingprogramfederation.

Basedon the NeuseRiver casestudy alone,a conclu-
sion cannotyet be dravn concerningconcisenesand effi-
cieng of programfederatiorusingDeCo. The NeuseRiver
programfederationconsistsof approximately850 lines of
code. Althoughthis may seemlik e a large amountof code



for coordinatingthe multiple executionsof three Fortran
programsit shouldberememberethattheseprogramsare
executedrepeatedlyin alternation,that their dataformats
are rathercomple, and that considerabledata manipula-
tion is requiredto combinethe programs. The very high
codedensityof theprogramfederationsuggestshatits size
is notexcessve for the problem.

A currentshortcomingin the Glasgav Haslell Com-
piler'sruntimesystemhaspreventedusfrom preciselycom-
paringthe time spentexecutingthe federationitself to the
time spentin the federations subordinatgprogramexecu-
tions. However, coarsewall-clock timing during execu-
tion of the casestudy shows that the executionsof the
subordinatdortran programsheavily dominate.Although
moreprecisemeasuremeris desirable PeCoperformance
is clearlynotalimiting factorin theNeuseRiver casestudy

5.2 Useof Haskell

The useof Haslell hasbeenextremelypositive, bothas
abasefor theprogramfederationanguageandasabasefor
theimplementatiorof DeCo.

As the basefor the federationlanguage Haslell offers
a highly declaratve foundationthatgreatlyeasesonstruc-
tion of a declaratve domain-specifidanguage. Haslell's
abstractioncapabilities—especiallynonads, higherorder
functions,polymorphismandtype classes—allw the fed-
erationlanguageo be both simpleandpowerful. Haslell's
strongtyping providesstaticconsisteng checkingfor fed-
erationprogramswhile its capableypeinferencinggreatly
reduceghe numberof type annotationseeded.Haslell's
power and expressvenessmalke it easyfor a federation
programmerto provide the “connectie tissue”thatis in-
evitably requiredin federatingexisting components.

As the basefor implementationof DeCo, Haslell has
beenverysuccessfulFirst,all of theadvantagesitedabove
concerningits use as a basefor the federationlanguage
pertainto its useasa basefor framewvork implementation.
More specifically however, the power, simplicity, and ef-
ficienoy of Haslell's concurreng (threads)supportmade
designof DeConot only feasiblebut alsoelegantandrela-
tively easy Theavailability of aninterfaceto Posixcapabil-
ities madeprogrammingthe externalinteractionsof DeCo
quitecomfortable Finally, the expertandwilling assistance
of thevolunteerswho build, maintain,andusethe Glasgav
Haslell Compilersystemwasinvaluable.

6. Relatedwork

Threestrainsof prior researchare mostrelevantto our
work on DeCo: coordinationlanguagesgdomain-specific
embeddedanguagesand functional shells and scripting
languages.

Coordination languages (also called configuation lan-
guages or moduleinterconnectionlanguages aim to pro-
vide a framework in which to expressan applicationasan
aggregationof componentsAt this high level, DeCo's goal
is the same. However, thereare significantdifferencesn
emphasis.Coordinationlanguagegendto focuson issues
of distribution andfiner-grainedparallelismwhereadeCo
focuseson expressingcomponentsabstractlyto facilitate
adaptation,composability and reuse. Also, coordination
languagesare usually deliberatelydistinct from the com-
putationlanguagesn which the federateccomponentsare
written, whereaDeCoexploits the factthatHaslell canbe
usednotonly for coordinationbut alsofor asmuchcompu-
tationasis usefulfor agivenfederation(for dataadaptation,
for example). Examplesof coordinationlanguagesnclude
Polylith [13], StrandandPCL [5], andLinda[3].

A domain-specifitanguage (DSL) is alanguagesailored
to a particularapplicationdomain. A domain-specifiem-
beddedlanguage (DSEL) is a DSL built as an extension
to an existing baselanguage. DeCo is constructedas a
DSEL basedon Haslell whosedomainis programfeder
ation. As suchit is part of a recenttrend toward basing
DSELson Haslell. (A goodexplanationof Haslell's pop-
ularity in this role is given by Hudak[8].) Examplesof
otherapplicationdomains(and representatie DSELS) for
which Haslell-basedDSELs have beenbuilt include web
programming(HaXml [17] and WASH/CGI [15]), hard-
waredescription(Lava[1] andHawk [9]), animation([4]),
androbotics([10]).

Shellsand scripting languagesharewith coordination
languageghe high-level aim of facilitating aggreyation of
existing computationalcomponentsthough their style is
thatof a moretraditionalprogrammindanguageAlthough
onetendsto think of a shelllanguage asinteractve anda
scriptinglanguage asbatch-orientedhetwo notionsarees-
sentiallysimilar, andboth canbe usedin bothways. DeCo
canbeviewedasa scriptinglanguagédor federationsf ap-
plications. DeCois not intendedparticularly for interac-
tive use,but it canbe usedthat way, and could easily be
extendedto be more corvenientfor suchuse. Shellsand
scripting languagesare numerous;however, mary fewer
are especiallyfunctionalin natureasis DeCo. Examples
of functionalshellsandscriptinglanguagesnclude Es|[6],
scsh[14], andtheshellincludedin Famke [16], aprototype
of astronglytypedoperatingsystem.

7.Conclusionsand futur e work

We have presentedDeCo, a declaratve coordination
frameawork for scientificmodelfederations.Specifications
in DeCoareconciseandcorvenient. The natureof DeCo’s
abstractionsindthe languageHaslell on which it is based
helpto automateahetaskof programfederation.



With DeCo, dataare treatedabstractlyas streams for
whichthedatatype,datarepresentatiorgndform (asvalue,
file, or operatingsystemchannel)are specifiedseparately
The type givesthe high-level semanticof the streamand
is checled by Haslell. The representatiomgivesthe low-
level encodingof the stream. The setof representations
is easilyextendedto handleformatsparticularto a federa-
tion. Thevariousformsof streamcontentfacilitatereuseof
streamsn differentcontexts. DeCoautomaticallyresohes
mismatchedetweerthe actualanddesiredrepresentations
and/orformsof a stream.

ExternalprogramsandHaslell functionsaretreatedsim-
ilarly and abstractlyas executos. Haslell type checking
ensureshatexecutorsarecombinedproperly Controlflow
is derived from the dataflow amongexecutorsratherthan
beingspecifiedexplicitly. Hence,DeCoautomaticallysyn-
chronizesthe executionof external programsand realizes
the inherentconcurreng of a federation. DeCo also pro-
videsconstructgo simplify thebookkeepingaspect®f pro-
gramfederationsuchasfile anddirectorymanagement.

An important characteristicthat distinguishesDeCo
from other coordination frameworks is that its basic
entities—streamandexecutors—areomposableThatis,
larger, more complex entitiescan be built simply and pre-
dictably from smallerentities. Along with the abstracta-
ture of streamsand executors,this composabilitymakes
federationcomponentsnore flexible, more interoperable,
andmorereusable.

DeCowasappliedto a realisticallycomplex casestudy
afederatiorof existing ervironmentaimodelsfor theNeuse
River of North Carolina. The experienceshoved that fed-
erationspecificationin DeCo can be comfortableand ef-
fective. However, moreapplicationexperiences neededo
substantiatessucha conclusionon a usefully wide rangeof
modelfederations.We plan, therefore to apply DeCoto a
numberof federationswith varyingcharacteristics.

The highly declaratve natureof programfederationin
DeCowould have beendifficult to achieve had DeConot
beenbasedon a languagesuchasHaslell. Unfortunately
Haslell is not well-known in the communitywhereDeCo
would bemostuseful. However, it is plausiblethatDeCo's
Haslell facecouldbemasledby aveneemorecomfortable
to scientificmodelers.We would lik e to explore the possi-
bility of usinga graphicaluserinterfaceto specifyfedera-
tions,while expressingnetadatain XML.
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