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Abstract

Modelingapplicationsandarchitecturest variouslevels of abstractioris becomingmoreandmore
an acceptedapproachin embeddedystemdesign. Whenlooking at the modelingof applicationsin
thedomainof video, audio,andgraphicsapplicationswe noticethatthey exhibit a high degreeof task
parallelismandoperateon streamf data. Modelsthatwe canuseto specifysuchstream-basedppli-
cationson ahighlevel of abstractiorarethe dataflav modelsandprocessietwork models.Eachof these
modelshasits own merits. Therefore,an alternatve approachis to introducea modelof computation
that combinesthe semanticof both modelsof computation.In this paper we introducesucha model
of computationwhich we call the Stream-Basedrunctions(SBF) model of computationandshav an
example. Furthermorewe discussthe compositionanddecompositiorof SBF objectsandputthe SBF
modelof computatiorin the context of relevantdataflav modelsandprocessietwork models.

1 Intr oduction

Modeling applicationsandarchitecturest variouslevels of abstractioris becomingmoreandmorean
acceptedpproachn embeddedystendesign.Thishasledto designmethodologiesn whichthedesign
spaceof embeddedystemss narraved down in aniteratve manner The Y-chartapproach15] is an
exampleof sucha designmethodology

At Leiden University, we areinterestedin the designof embeddedystemfor video, audio, and
graphicsapplications.Suchapplicationshave in commonthatthey exhibit a high degreeof taskparal-
lelism, andthat they operateon streamsof data. Whenmodelingtheseapplicationsat a high level of
abstractioronewantsto male the parallelismandthe streamingof dataexplicit withoutimposingre-
strictionsontheschedulingpf the paralleltasks.Onealsowantsto have the possibilityto alterthedegree
of parallelismin theapplicationsasit will very muchimpacttheimplementatiorin anembeddedystem.
Finally, a quick feedbaclkon the quality of potentiallower level modelsandultimateimplementationss
required. Obviously, candidatemodelsthat we canuseto specify streambasedapplicationson a high
level of abstractiorarethe dataflav modelsandthe processetwork model. Eachof thesemodelshas
its own merits. Dataflov modelsare appealingin thatthey arefunctionaland have firing ruleswhich
malke thereasoningnthemodelsmoretractable Processietworks,ontheotherhand,is amoregeneral
modelwith which tasklevel parallelismin streambasedapplicationscanbe expressedvithout relying
onspecificactorsandfiring rulesasencountereih dataflav networks. Moreover, processietwork mod-
elscouldin principle berefinedinto morerestricteddataflav modelsat lower levels of abstraction An
alternatve approachs to introducea modelof computatiorthatcombineghe semanticof bothmodels
of computation.

In this paper we introducesucha model of computation. We call this model the Steam-Based
Functions(SBF) modelof computationlt is amodelthatis moregenerathanary oneof theindividual
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determinatedataflav models. It is asgeneralasthe processnetwork model but hasprocessbehaior

thatis more structuredasthe dataflav modelsare. It is a naturalmodelfor specifyingstreambased
applicationsat a high level of abstractiorandits structuresimplifiesthetransitionfrom thatlevel to the
next level down the abstractiorievelsfoundin embeddedystemdesign.

We startby introducingthe SBFmodelof computatiorin section2, whichis followedby anexample
in sectiord. In sectionb, we discusghe compositioranddecompositiorof SBFobjects.In section6, we
placethe SBFmodelof computatiorin thecontext of otherrelevantmodelsof computatiorlik e dataflav
andprocessetworksandwe concludethis paperin section?.

2 Stream-Based~unctions

We proposea model of computationcalled Steam-Based-unctions(SBF) with which stream-based
applicationswith a high degreeof taskparallelismcanbe naturally specified,asdiscussedor the first
timein [14]. Theessentiatomponentén this modelare Stream-BasedrunctionObjectsandChannels
Stream-basedpplicationsaredescribedasa networkof SBF objectscommunicatingconcurrentlywith
eachother using channels. ThesechannelsinterconnectSBF objectsand buffer possiblyunbounded
streamsof tokens communicatedetweena producingSBF object and a consumingSBF object. A
network of SBF objectsis a specializedKahn ProcessNetworks[12] in the sensethatthe SBF objects
arestructuredandoperatdn aparticularway aswe will explain shortly

An exampleof a processetwork is shovn in Figurel. It consistsof a numberof processeson-
nectedto eachothervia channelsover which the processegxchangestreamsof tokens. The Source
procesgproducesa streanthatis takenin by thefiltera process.This procesgproducesa streamthatis
furtherprocessedby thefilterg processThis secondilter producegwo streamsonebackto thefiltera
processandthe otherto the Sink processAll processes the network runin parallel. Synchronization
betweerprocesses by meansf blockingreads.An applicationspecificatiorthatobeys Kahn's model
is determinatd12, 13], which meanghatits behaior is independenof the scheduleof the processem
thenetwork.

Source Filter A Filter B Sink

T

Figurel: An exampleof a processetwork.

The sequencef statementinsidea procesonsistof a mix of control statementsieadandwrite
statementsand function-call statements.A Kahn processdoesnot structurethesestatementsn ary
particularway. TheSBFobjects ontheotherhand structurehesestatements awaythatis reminiscent
to the’Applicative StateTransition’ (AST) Model describedy Backus[2], andtherelatedAST nodein
signalflow graphsproposedy Annevelink [1].

An SBF objectcontainsthreecomponentsa setof functions a contwoller, anda state An enabled
functionconsumes numberof tokensfrom input channelsandthe state evaluatesandwritestokensto
outputchannelsandthe state By repeatedlyenablingfunctions,an SBF objectoperate®n streamsThe
controllerenableshe function thatis associatedvith the currentfunction stateand determineswvhich
functionit mustenablenext, possiblyusingdatafrom the datastateof the SBF object.

3 The SBF Object

An SBF objecthasaninsideview andan outsideview. Insidean SBF object,the following threecom-
ponentsarepresent:a setof functions a contoller, anda state The setof functionsis alsoreferredto
asthefunctionrepertoile of an SBF object. At the outsidean SBF objectexposeseadandwrite ports
Theseportsconnecto channelsallowing SBF objectsto communicatestreamswith eachother

An SBF objectis shavn in Figure2. Thefunctionrepertoireis P = {fa, f»}. Thetwo readports
andthe write port connectto the unbounded-IFO buffers Buffer0, Bufferl, and Buffer2, respectiely.
Thesebuffersimplementthe channeldetweerdifferentSBFobjects.
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Figure2: An SBFobject.

ThesetP of functionsdetermineghe functionality of an SBF object. P containsat leastaninitial-
izationfunction f;,;+ andmustbefinite:

P:{finit,fa,fb,---;fm}- (1)
Thesefunctionsevaluatewithin an SBF objectin a sequentiabrder suchas,
finit:faafbafaafb:faa---- (2)

The contwoller governsthe order of function evaluations. It keepstrack of the evaluationorderusing
thevariablec, calledthe currentfunctionstate Eachtime the currentfunction statechangesa function
transitiontakesplace.Thecurrentfunctionstatebelonggo thefunctionstatespaceC of the SBFobjects
statespace Thedatavariablesbelongto thedatastatespaceD of the SBF objects statespace The SBF
objects statespaces definedasthe Cartesiarproductof C and D,

S=CxD, CNnD=0. (3

3.1 Functions

For eachfunction f from theset P, thereis afunctioncall

f(wo,"',xmaD)=(y05"'ayn7D)' (4)

Thefunctionis capableof changinghe contentf the datastatespaceD andtheinputdatazy, - .., Tm

into the outputdataypo, . - ., y». A functioncall caneitherhave no inputdataor no outputdata,in which
caseit describes source or a sink function, respectiely. A sourcefunction only producedokensand
a sink function only consumesokens. A function readsits input datazo, . . . , , from readportsand
writesits outputdatayo, . . ., y» to write ports. The binding of function algumentsandresultsto read
ports,write ports,anddatavariabless staticallydetermined.

Whenthe controllerenablesa function, it readsdatafrom its input ports andthe datastatespace,
evaluatesandwritesdatato its outputportsandthe datastatespace Thefunctionreadsall its input data
usingblockingreads.Statevariablesareimmediatelyavailable. A functioncanreadonly onetokenata
time from theinput channethatis to provide theinput algument.Oncea functionhasobtainedall input
data,it cannotaccepnew datauntil it haswrittenits results.Duringtheevaluationof afunction,thestate
S cannotchangeanddoesnot change Consequentlya functionoperatesvithoutary sideeffects.When
the enabledfunction haswritten all its results,we saythe function hasfired After firing, the current
functioninformsthe controllerthatthe next function statecanbe computedhencethe next functioncan
beenabled.

The currentfunction readsits argumentsone at a time andin a prescribedorderusinga blocking
read.This prohibitsthe testingof areadport on the availability of tokens.As a consequence function
cannothave anothebehaior basentheresultsof testingacondition;thusit evaluatesinconditionally
which givesthe SBF objectits deterministicbehaior. A functionwritesthe outputdataypo, . .., y, to
theappropriatewrite port usinga non-blockingwrite, alsoin a prescribedinearorder

3.2 Controller

The controller governsthe enablingof functions. It keepstrack of the function invocationsusingthe
functionstatevariablec. It movesfrom the currentfunctionstatec to the next functionstatec’ wheneer
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the currentfunction hasfired. The controllerhasa transitionfunctionw, anda bindingfunctionu. The
transitionfunctionis amapfrom C x Dto C,

w:COxD—=C, wid=Cc. (5)

To determinghenext functionstatec’, thetransitionfunctionobseresthefunctionstatespaceC andthe
datastatespaceD. The controllercannotchangethe contentof D; it canonly obsereit. Althoughthe
controlleris notconnectedo ary reador write ports,thetransitionfunctiondescribeslynamicbehaior.
If both C and D areobsered to determinethe next function state,the function statecantraversean
infinite numberof trajectories.In a morerestrictedcase whenthe transitionfunction obseresonly C
to determinethe next function state,it alwaysdescribes singlepathin C. Furthermoreif this pathis
finite, thetransitionfunctiondetermines cycle correspondingdo a cyclo-staticscheduld5].

At eachstate aspecificfunctionneedgo be evaluatedasdeterminedy thebindingfunctiony. This
binding function associates function f from the set P with a particularfunction statec. Only one
functioncanbe associatedvith a particularfunctionstate.

p:C—= P, oplc)=f (6)

Usingthetransitionfunctionw andthebindingfunctiony, thecontrollerrepeatedlynvokesandenables
afunctionfrom theset P of functions,therebygeneratinga streamof functionsasfollows:

Finit u(w_(S;)) fa u(cvii)) o M(cvi’?))) ot u(w—(S))) )

The evaluationof thew and p functionstakes placeinstantaneouslyThusan SBF objectoperateson
streamdy successiely enablinga functionfrom the setof functions P thatreadsfrom input portsand
writesto outputports. This behaior is oftenreferredto asa Fire-and-Exitbehaior.

Whenan SBF objectis createdthe controllerneedgo startata particularfunctionstatec. A special
initialization function f;,: is availablein the functionrepertoireP thatinitializesthe function statec.
To that endthis function evaluatesfirst and only once. To determinethe initialization value of ¢, the
initialization function mayreadtokensfrom oneor moreinput ports.

4 Example of an SBF Object operation
Weillustratethe operationof an SBF objectusingthe objectshavn in Figure3. Its functionrepertoires

{fa, o, fc }. For the sale of brevity, we have left out theinitialization function fi»::. Therearetwo state
variablesthefunctionstatevariablec, anelementof C, andthe datastatevariablex, anelementof D.

Bufer0

te (c,X)

Buffer2

Bufferl

Controller

Figure3: An SBFobjectwith functionrepertoire{f,, fy, fc }, andstatevariablesc andx.

Functionf, readsinput datafrom the two readportsandwrites outputdatato the write port. It also
writesto D. Functionf, readsonly inputdatafrom thereadportconnectedo BufferO. Functionf, reads
from D, andwrites outputdatato thewrite port.

If functionf, is enabledjt readsfirst onetoken from BufferO andthenonetokenfrom Bufferl. If
BufferO doesnot containary tokens,the completeSBF objectblocksuntil a token becomesavailable
in BufferO eventhoughdatamight alreadybe availableon Bufferl. Whenbothtokenshave beenread,
the function f, evaluates. The resultingtoken is written to Buffer2. The function alsowritesx to D.
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This terminateghe firing of fa andthe controllerenableghe next function, whichis f,. This function
readsatokenfrom Buffer0 andevaluates A transitiontakesplaceandthe next functionenableds again
functionf,. After this function hasfired, the controllerenabledunction f.. This functionreadsx from
D andimmediatelyevaluateshecauset requiresno input from the buffers. It writestheresultingtoken
to Buffer2. Again a transitiontakes placeandthe next function enableds functionfa, followed by f3,
fa, and f.. Becausehis sequencavasalreadyexecuted the SBFobjects behaior is cyclic.

In the example,the controllerenableghe functionsin the sequencefy,, fs, fa, fo- This sequencés
obtainedwith thebindingfunction

fa, ifc=0
fo, ife=1
= 8
HO=N4 e ®)
fe, ife=3,
andthetransitionfunction
w(c)=c+1 (mod 3). 9)

The sequencef functionsresultsin a particularconsumption/productiopatternof tokens. These
patternsareshawn in Table1 for the SBF objectin our example. It shawvs the four function statesthe
functionsexecutedat thesestatesthe datastatevariablex andthethreebuffersfrom which thefunctions
readtokens(R) or to which they write tokens(W).

Current | Function | Datastatevariablex | BufferO | Bufferl | Buffer2
State
co fa W R R w
c1 fo R
c2 fa " R R w
C3 fc R W

Tablel: Tokenconsumption/productiopatternof the SBF objectshavn in Figure3.

TheSBFobjectshowvn in Figure3 could,for example implementhefilter, procesgivenin Figurel.
In thatcaseBufferO implementghechannebetweertheprocesseSink andfilter,. Bufferl implements
the feedbaclkchannebetweerthe processefilterg andfilter. Finally, Buffer2 implementshe channel
betweerthe processefilter, andfilterg.

4.1 Deadlock

When schedulingthe functionsinside an SBF object, we shouldmake surethat we do not introduce
deadlo&. In Figure4 we shov two SBF objects,SBF, and SBF;, connectedo eachothervia three
buffers,Buffer0, Bufferl, andBuffer2. SBF, is scheduledn suchaway thatit first producesatokenon
Buffer0 andthenreadsa tokenfrom Bufferl and,finally, producesa token on Buffer2. The numbersl
to 3 from top to bottomindicatesthis sequenceThe otherSBF object,SBF;, triesto readatokenfrom
Buffer2 first, thenproducesa token on Bufferl and,finally, readsatoken from Buffer0. This sequence
is indicatedby thenumbersl to 3 from bottomto top.

SBF_0

Figure4: Schedulingunctionsinsidean SBF objectmayleadto deadlock.

The situationpresentedn Figure 4 will deadlock. SBF, is ableto producea token on Buffer0,
but blocks whentrying to reada token from Bufferl. On the otherside, SBF; triesto reada token
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from Buffer2, but blocksbecauseo tokenis ever producedon this buffer becauseSBF, blockswhile
readingfrom Buffer2. Thus,if two autonomousSBF objectsarecommunicatingcareshouldbe taken
in schedulingo preventdeadlockfrom occurring.

5 Networks of SBF Objects

We specify stream-basedpplicationsas networks of SBF objects. The SBF objectsin the network
run in parallelwhereasinside eachSBF object a sequentiainvocationof functionstakes place. We
candecreas¢he amountof parallelismin anapplicationby combiningSBF objects. Similarly, we can
increaseheamountof parallelismin anapplicationby decomposingnSBFobject. To do so,we haveto
considercompositionanddecompositiorof SBF objects.Although composition/decompositioof SBF
objectsis not trivial, we believe that, dueto the structureof SBF objects,composinganddecomposing
SBFobjects,if possible,s lesscumbersoméhanprocesscompositionanddecompositiorin a general
processetwork.

To explain compositionanddecompositiorof SBF objects,we have to introducethe notion of func-
tion variants A functionin an SBF objectis boundstaticallyto input ports,outputportsanddatastate
variables.A functionvariant f of function f hasthe samebehaior as f but is boundto differentports
anddatastatevariables.ThesetP of functionscancontainfunctionsandfunctionvariants.

5.1 Compositionof SBF Objects
Theconstructiorof an SBFobjectthatis a compositionof two SBF objects takesthefollowing steps:

1. Combinethetwo setsof functionsP and@ of both SBF objectsto obtainthenew setZ = PUQ.
ThesetZ will containvariantsof functions,if necessary

2. CombinethestatesS and S’ of both SBF objectsto getthenew stateW = S + 5.

3. If oneor morechanneldbetweertheoriginaltwo SBF objectsareabsorbedy thenev SBFobject,
extend the datastatespaceof the new SBF objectto include the datawritten by the originally
producingSBF objectinto thesechannels.

4. Constructa nev schedulghat sequentiallyinterleavesthe functionsof setZ to determinea nev
transitionfunctionw andanew bindingfunctiony for thenew SBFobject.

As anexample,considerFigure5 in which areshavn two casese.g. (1) and(2), in whichtwo SBF
objectsA andB are combined,asindicatedby the enclosingbox, to form a single SBF object. SBF
objectA containsthe setof functionsP = {f., f»} andthe statevariablex. SBF objectB containsthe
setof functions@ = {f,, f.} andstatevariabley. Functionstatevariablesarenot shavn. Both SBF
objectshave only onereadport andonewrite port. The functionsin set P readfrom the readport and
write to thewrite port of SBFobjectA. The sameappliesto the functionsin set for SBF objectB.

In casel, we combinetwo SBF objectsthat communicatewith eachotherover a channel. As a
consequencéhechannels enclosedy thenenv combinedSBFobject. Accordingto thefour stepsgiven
above, we first combinethefunctionsof setsP and(@ to form thenew setZ = {f., f., fs, f.}, in which
thefunction f. is avariantof thefunction f,. Secondlywe combinethe datastateof both SBF objects
to obtainthe new state(x,y). Thirdly, becausehe new SBF objectencompassethe communication
channelwe mapthis channelinto the datastatespaceof W. As a consequencéhefunctionsf, and f;
write to W, andthefunctionsf, anf f. readfrom W insteadof communicatingoverachannel Fourthly,
andfinally, we schedulghefunctionsin functionrepertoireZ.

In case2, we combinetwo non-communicatingBF objectsinto onenew SBF object. According
to the four compositionsteps,we first combinethe functionsof setsP and @ to form the new set
Z = {fa, fu, fo, f-}. Thefunction f, readsfrom andwritesto the top two ports. Thevariant f, reads
from andwritesto thebottomtwo ports. Secondlywe combinethestateof bothSBFobjectsto obtainthe
new stateW containingthevariablesx andy. We canomit thethird stepbecaus&o channeis enclosed
by the final SBF object. Fourthly, andfinally, we schedulethe functionsin the functionsetZ. Where
the SBF objectsA and B operatein parallel,the nev SBF objectexecutesthe functionssequentially
Therefore,in the fourth step,we have to interleare the functionssuchthat they executeone after the
otherleadingto areductionin parallelism.

WhencomposingSBF objects two issuesarise. Thefirst oneis thatin step3, anunboundeduffer
is absorbedy theboundedlatastatespaceof the newly formedSBF Object. The secondssueis thatin
step4, thefunctionsneedto be scheduledwhich may causedataintegrity problems.
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Case 1, communicating SBF objects
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Figure5: Two casef compositionof SBFobjects.

5.1.1 UnboundedFIFO

In the casein which we combinethe SBF objectsenclosinga channelasdepictedin Figure 5(1), we
mapthe channeinto the stateof thenew SBFobject. A channeis, however, anunboundedrIFO buffer.
However, if we find a behaior preserving staticschedulefor the functionsin the SBF objectgivenin
Figure5, thenwe canmapthe unbounded=IFO buffer into a boundedouffer in the datastatespaceof

thenew SBFobject[4].

If suchupperbounan thebuffer cannotbefound,we installabuffer of acertainsizein D. To access
this buffer, a blocking readis used. However, dueto the size of the buffer, we needto usea blocking
write to write to this buffer. This meanghatif the buffer is full, the processomesto a halt whentrying

to write dataandremainsblocked until datais taken awvay from the buffer.

5.1.2 Data Integrity

When composingan SBF object, caseshouldbe take to guaranteadataintegrity, e.g.,thata function
readsthe correctdataat the correctmoment. Therefore whenabsorbinga buffer into the state,we also
have to includethe semanticof accessinghatbuffer into the SBF object. Readingdatafrom the buffer
is thusnot availableinstantaneous|ybut is obtainedusinga blockingread. Finally, the functionsin the
repertoireneedto be scheduledvithout causingdeadlock.Suchschedulexists, becausghe semantics

of accessindpuffersis retained gvenif finite buffer sizesareused[20].

5.2 Decompositionof SBF Objects

Decomposingan SBF objectis a moredifficult procesghan SBF composition.Whendecomposingn
SBF object,we needto determinethe available parallelismin the object. This impliesthatwe have to
solwve the transformatiorfrom a sequentiakcheduldanto a parallelschedule.This involves solving all
data-dependenciggesenin the procesglescription.In generalthe data-dependenanalysiss knovn
to beahardproblem([3]. In caseof so-callednestedoop programshowever, acompletestaticanalysis

is possible8].

An SBF objectcanin principle be decomposauntil the setof functionsconsistsof only a single
function. SBF objectsin this casehave a function statespaceequalto C = {c} andthe transition

functionuniquelygivesc = 1. Thebindingfunctionbindsthe singlefunctionto this singlestate.
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6 RelatedWork

Many modelsof computatiorhave beenproposedver the yearsto describestream-basedpplications.
Themodelsthatarerelevantto the proposedSBF modelarethe dataflav, processandmixed models.

6.1 Dataflow Models

The dataflav model of computationdescribesstream-basedpplicationsin a naturalway and makes
function parallelismexplicit. It describesapplicationsas a network of dataflav actors that perform
a particularcomputation. Actors connectwith eachothervia buffers, allowing themto communicate
tokenswith eachother Whenan actorfires it consumedokens, evaluates,and producesew tokens.
The conditionunderwhich an actoris ableto fire, is determinedby a oneor morefiring rules These
rules are checled by a scheduler Therefore,the schedulerdetermineghe orderingof the actorsat
eithercompiletime or at run-time. The mostwell-known dataflav modelsare homogeneousgataflav
(HDF) [21], synchronouslataflav (SDF)[18], cyclo-staticdataflav (CSDF)[5] anddynamicdataflav
(DDF) [11].

The SBF model can act as dataflav modelsHDF, SDF, and CSDF. In the caseof HDF and SDF,
the setof functionscontainsonly onefunction. The transitionfunctionis equalto ¢ = 1, to which the
binding function bindsthe only function present.In caseof SDF, multi-rate behaior is capturedasan
uninterruptedsequencef readsandwrites of singletokens. In caseof CSDF, the set P containsmore
thanonefunctionandthe transitionfunctiontraversea cycle by observingonly the function statespace
C to determingthenext state leadingto themappingC — C.

The SBF model cannotact as DDF sincethis modelis non-deterministic.However, it canactas
deterministicDDF asdescribedn for example[6]. As a consequencehe SBF modelcannotdescribe
the classicexampleof the non-deterministianeige [19]. But it is capableof describingdata-dependent
behaior, for example, a variable length decoder In caseof deterministicDDF, the set P contains
oneor morefunctionsandthe transitionfunction determineghe next stateusingthe generalmapping
CxD—C.

6.2 ProcesdModels

Processnodelscan also be usedto describestream-basedpplications. Procesamodelsdescribean
applicationasanetwork of processesommunicatingvith eachothervia buffers. Differentfrom dataflav
models,a processproceedsautonomouslyi.e., it is not controlledby a global scheduler A process
interactsaccordingto a particularprotocol with otherprocesse@ a network. Two well-knowvn process
modelsareKahn ProcesdNetworkg12, 13] andCommunicatingsequentiaProcesse$9, 10].

Kahnprocessesun forever anduseunbounded-IFOsasbuffers. To synchronizeontothesebuffers,
processesseablockingreadprotocol.As aconsequence Kahnprocessannotpoll thereadportsand
hencedescribegdeterministicbehaior. In contrast,CSP processesypically terminateand usesingle
placebuffers. The exchangeof databetweentwo processe$fiappenaising a rendezvougprotocol. In
CSR aprocesssanchooserom which port to readfirst andhenceis ableto describeson-deterministic
behaior.

6.3 Combined Dataflow/ProcesdModels

A combinationof dataflav modelsand processmodelsalreadyexist and examplesare the Dataflow
ProcessNetworkmodel andthe Application State Transitionmodel. The former model combinesthe
Kahnsemanticsvith dataflav, whereaghelattermodelcombinesa CSPkind of semanticsvith dataflav.

In the dataflav processetwork model(DPN) [19], a singleprocessiescribes dataflav actora set
of sequentialffiring rules The processtself, insteadof a schedulercheckswhich firing rule applies.
It doesthis in a sequentiabrderusingblocking reads referredto assequentiafiring rules If avalid
firing rule is found, the processenableghe actor At thatmoment,all input agumentsof the function
mustbe presentandthe actorevaluatesinstantaneouslyTokensare written to the outputportsusinga
non-blockingwrite. After evaluating,the processhecksagainthefiring rulesuntil avalid firing of the
actoris found.

In the Application StateTransitionModel (AST) [1], a singleprocesgontainsa setof functionsand
state,wherebyeachfunction readsinput datafrom specificreadportsand/orstatevariablesandwrites
datato specificwrite ports and/orstatevariables. The functionscommunicatewith eachotherusing
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single token passingin a rendezouskind of style, very similar to CSP When one function from the
setis active, otherfunctionsareidle until it hasevaluated. Within the AST mode,an AST nodehasa
specialcontrol port, from which the specialcontrol function readstokensto determinethe functionto
evaluatenext. An AST processs morerestrictive thana CSPprocesssincethe useof non-deterministic
processconstructss not possible. Becausehis modelwas inspiredby the conceptof the applicatve
statetransitionmodelpresentedby [2], it is namedaccordingly

TheSBFmodeldiffersfrom theDPN modelin thatthefunctionsthemselescheckfor theavailability
of datain caseof the SBFmodel,whereasn theDPN model,datais availablewhenafunctionis enabled.
A consequencis thatan SBF objectis closerto a possiblehardwareimplementationThe SBFandDPN
modelbothdescribedeterministicDDF.

The SBF modeldiffersfrom the AST modelin thatthe communicatioris basedon Kahnsemantics
whereasn theAST modelit is basedbn CSPkind of semanticsFor stream-basedpplicationsthe Kahn
semanticss moreappropriatedIn the AST modelthereis not controllerpresent.nsteada control port
is usedon which a sequencef tokensis presenthatwill invocatethe functionsin the AST nodein a
particularorder Becausef the singletoken communicatiormodel,the AST modeldescribeghe class
of HDF andis therefordessgenerathanthe SBFmodel.

7 Conclusions

In this paperwe have presentedhe SBFmodelof computatiorthatis a combinationof dataflav models
andprocessietwork models.lt combineghe strongcharacteristiof dataflav, e.g.,beingfunctionaland
structuredwith the strongcharacteristicef processetworks, e.g.,scheduldreedomanddeterministic
behaior. As aresult,the SBFmodelof computatioris well suitedto describestream-basedpplications.

Applicationsspecifiedasprocessetworks or asa network of SBF objectsareequivalent,e.g.,they
canbothmodelthe sameclassof applications.Onecantransforma Kahnprocessetwork into an SBF
objectandvice versa.The big differencebetweerthetwo kinds of specificationss thatthe SBF objects
have structurein termsof the controller the stateandthe setof functions.

The structureof an SBF objecthasa closeresemblancevith modelsof architecturesat lower ab-
stractionlevels. However, the structureof an SBF objectdoesonly hint at hardwareimplementationsit
canalsobe usedfor implementationsn software. The structurecanalsobe exploited to composeand
decomposé&BF objectsto changethe degreeof parallelismin anapplicationdescription.In caseof a
composition analgorithmcanbe given on how to combinetwo or more SBF objects.A decomposition
is however lesstrivial. Beingableto composenddecompos&BF objectsis importantasthe degreeof
parallelismhasalargeimpacton theimplementatiorof the application.

WeusetheSBFmodelin theCompaarcompilerproject[16]. Thiscompilerautomaticallytransforms
nestedoop programsiescribedn Matlabinto networksof SBFobjects.Compositioranddecomposition
is currentlybeingresearcHor inclusionin the Compaarcompiler

Finally, we remarkthatto simulatea network of SBF objects,we have developeda fastsimulatorin
C++, basedon a simple multithreadingpackagd14]. Alternatively, we usethe processetwork (PN)
domainin the Ptolemyll ervironmentto simulatea network of SBFobjects[16].
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