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Abstract

Modelingapplicationsandarchitecturesat variouslevelsof abstractionis becomingmoreandmore
an acceptedapproachin embeddedsystemdesign. When looking at the modelingof applicationsin
thedomainof video,audio,andgraphicsapplications,we noticethat they exhibit a high degreeof task
parallelismandoperateon streamsof data.Modelsthatwe canuseto specifysuchstream-basedappli-
cationsonahigh level of abstractionarethedataflow modelsandprocessnetwork models.Eachof these
modelshasits own merits. Therefore,an alternative approachis to introducea modelof computation
that combinesthesemanticsof both modelsof computation.In this paper, we introducesucha model
of computation,which we call the Stream-BasedFunctions(SBF) modelof computationandshow an
example.Furthermore,we discussthecompositionanddecompositionof SBFobjectsandput theSBF
modelof computationin thecontext of relevantdataflow modelsandprocessnetwork models.

1 Intr oduction
Modelingapplicationsandarchitecturesat variouslevelsof abstractionis becomingmoreandmorean
acceptedapproachin embeddedsystemdesign.Thishasledto designmethodologiesin whichthedesign
spaceof embeddedsystemsis narrowed down in an iterative manner. TheY-chartapproach[15] is an
exampleof sucha designmethodology.

At Leiden University, we are interestedin the designof embeddedsystemfor video, audio, and
graphicsapplications.Suchapplicationshave in commonthat they exhibit a high degreeof taskparal-
lelism, andthat they operateon streamsof data. Whenmodelingtheseapplicationsat a high level of
abstractiononewantsto make the parallelismandthe streamingof dataexplicit without imposingre-
strictionsontheschedulingof theparalleltasks.Onealsowantsto havethepossibilityto alterthedegree
of parallelismin theapplicationsasit will verymuchimpacttheimplementationin anembeddedsystem.
Finally, a quick feedbackon thequality of potentiallower level modelsandultimateimplementationsis
required.Obviously, candidatemodelsthat we canuseto specifystreambasedapplicationson a high
level of abstractionarethedataflow modelsandtheprocessnetwork model. Eachof thesemodelshas
its own merits. Dataflow modelsareappealingin that they arefunctionalandhave firing ruleswhich
make thereasoningonthemodelsmoretractable.Processnetworks,on theotherhand,is amoregeneral
modelwith which tasklevel parallelismin streambasedapplicationscanbeexpressedwithout relying
onspecificactorsandfiring rulesasencounteredin dataflow networks.Moreover, processnetwork mod-
elscould in principleberefinedinto morerestricteddataflow modelsat lower levelsof abstraction.An
alternative approachis to introducea modelof computationthatcombinesthesemanticsof bothmodels
of computation.

In this paper, we introducesucha model of computation. We call this model the Stream-Based
Functions(SBF)modelof computation.It is a modelthatis moregeneralthanany oneof theindividual
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determinatedataflow models. It is asgeneralas the processnetwork modelbut hasprocessbehavior
that is morestructuredas the dataflow modelsare. It is a naturalmodel for specifyingstreambased
applicationsat a high level of abstractionandits structuresimplifiesthetransitionfrom that level to the
next level down theabstractionlevelsfoundin embeddedsystemdesign.

Westartby introducingtheSBFmodelof computationin section2, whichis followedby anexample
in section4. In section5, wediscussthecompositionanddecompositionof SBFobjects.In section6,we
placetheSBFmodelof computationin thecontext of otherrelevantmodelsof computationlikedataflow
andprocessnetworksandwe concludethispaperin section7.

2 Stream-BasedFunctions
We proposea model of computationcalled Stream-BasedFunctions(SBF) with which stream-based
applicationswith a high degreeof taskparallelismcanbe naturallyspecified,asdiscussedfor thefirst
time in [14]. Theessentialcomponentsin this modelareStream-BasedFunctionObjectsandChannels.
Stream-basedapplicationsaredescribedasa networkof SBFobjectscommunicatingconcurrentlywith
eachother using channels. ThesechannelsinterconnectSBF objectsand buffer possiblyunbounded
streamsof tokenscommunicatedbetweena producingSBF object and a consumingSBF object. A
network of SBFobjectsis a specializedKahn ProcessNetworks[12] in thesensethat theSBF objects
arestructuredandoperatein a particularwayaswe will explainshortly.

An exampleof a processnetwork is shown in Figure1. It consistsof a numberof processescon-
nectedto eachothervia channelsover which the processesexchangestreamsof tokens. The Source
processproducesa streamthat is taken in by thefilterA process.This processproducesa streamthat is
furtherprocessedby thefilterB process.This secondfilter producestwo streams:onebackto thefilterA

processandtheotherto theSink process.All processesin thenetwork run in parallel.Synchronization
betweenprocessesis by meansof blockingreads.An applicationspecificationthatobeys Kahn’s model
is determinate[12, 13], whichmeansthatits behavior is independentof thescheduleof theprocessesin
thenetwork.

Source Filter A Filter B Sink

Figure1: An exampleof a processnetwork.

Thesequenceof statementsinsidea processconsistsof a mix of controlstatements,readandwrite
statements,and function-call statements.A Kahn processdoesnot structurethesestatementsin any
particularway. TheSBFobjects,ontheotherhand,structurethesestatementsin awaythatis reminiscent
to the’Applicative StateTransition’(AST) Model describedby Backus[2], andtherelatedAST nodein
signalflow graphsproposedby Annevelink [1].

An SBFobjectcontainsthreecomponents:a setof functions, a controller, anda state. An enabled
functionconsumesa numberof tokensfrom input channelsandthestate,evaluates,andwritestokensto
outputchannelsandthestate.By repeatedlyenablingfunctions,anSBFobjectoperatesonstreams.The
controllerenablesthe function that is associatedwith the currentfunction stateanddetermineswhich
functionit mustenablenext, possiblyusingdatafrom thedatastateof theSBFobject.

3 The SBFObject
An SBFobjecthasan insideview andanoutsideview. InsideanSBFobject,the following threecom-
ponentsarepresent:a setof functions, a controller, anda state. Thesetof functionsis alsoreferredto
asthe functionrepertoire of anSBFobject. At theoutsideanSBFobjectexposesreadandwrite ports.
Theseportsconnectto channels,allowing SBFobjectsto communicatestreamswith eachother.

An SBFobjectis shown in Figure2. The function repertoireis �������
	������� . The two readports
andthe write port connectto the unboundedFIFO buffers Buffer0, Buffer1, andBuffer2, respectively.
ThesebuffersimplementthechannelsbetweendifferentSBFobjects.
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Figure2: An SBFobject.

Theset � of functionsdeterminesthefunctionalityof anSBFobject. � containsat leastaninitial-
izationfunction ��������� andmustbefinite:

������� ������� ��� 	 �� � ����������
����� (1)

Thesefunctionsevaluatewithin anSBFobjectin a sequentialorder suchas,

�
�����������	��� � � �
	!�� � ���	���������� (2)

The controller governsthe orderof function evaluations. It keepstrack of the evaluationorderusing
thevariable " , calledthecurrent functionstate. Eachtime thecurrentfunctionstatechanges,a function
transitiontakesplace.Thecurrentfunctionstatebelongsto thefunctionstatespace# of theSBFobject’s
statespace.Thedatavariablesbelongto thedatastatespace$ of theSBFobject’sstatespace.TheSBF
object’s statespaceis definedastheCartesianproductof # and $ ,% �&#(')$)�*#,+)$-�&.!� (3)

3.1 Functions
For eachfunction � from theset � , thereis a functioncall

�0/2143���������� 1456�7$98:�(/2;<3����������=; � �7$98�� (4)

Thefunctionis capableof changingthecontentsof thedatastatespace$ andtheinputdata1 3 ���������71 5
into theoutputdata;<3����������7; � . A functioncall caneitherhave no inputdataor nooutputdata,in which
caseit describesa source or a sink function, respectively. A sourcefunctiononly producestokensand
a sink functiononly consumestokens. A function readsits input data 1 3 ���������71 5 from readportsand
writes its outputdata ;�3���������� ; � to write ports. The bindingof functionargumentsandresultsto read
ports,write ports,anddatavariablesis staticallydetermined.

Whenthe controllerenablesa function, it readsdatafrom its input portsandthe datastatespace,
evaluates,andwritesdatato its outputportsandthedatastatespace.Thefunctionreadsall its inputdata
usingblockingreads.Statevariablesareimmediatelyavailable.A functioncanreadonly onetokenat a
time from theinput channelthatis to provide theinput argument.Oncea functionhasobtainedall input
data,it cannotacceptnew datauntil it haswrittenits results.Duringtheevaluationof afunction,thestate%

cannotchangeanddoesnotchange.Consequently, a functionoperateswithoutany sideeffects.When
the enabledfunction haswritten all its results,we saythe function hasfired. After firing, the current
functioninformsthecontrollerthatthenext functionstatecanbecomputed,hencethenext functioncan
beenabled.

The currentfunction readsits argumentsoneat a time andin a prescribedorderusinga blocking
read.This prohibitsthetestingof a readporton theavailability of tokens.As a consequence,a function
cannothaveanotherbehavior basedontheresultsof testingacondition;thusit evaluatesunconditionally,
which givestheSBF objectits deterministicbehavior. A functionwrites theoutputdata ; 3 ���������7;<� to
theappropriatewrite port usinga non-blockingwrite, alsoin a prescribedlinearorder.

3.2 Controller
The controllergovernsthe enablingof functions. It keepstrack of the function invocationsusingthe
functionstatevariable" . It movesfrom thecurrentfunctionstate" to thenext functionstate"�> whenever
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thecurrentfunctionhasfired. Thecontrollerhasa transitionfunction ? , anda bindingfunction @ . The
transitionfunctionis a mapfrom #A')$ to # ,

?CB�#A')$EDF#G�9?H/2"��JI!8:�K" > � (5)

To determinethenext functionstate" > , thetransitionfunctionobservesthefunctionstatespace# andthe
datastatespace$ . Thecontrollercannotchangethecontentof $ ; it canonly observe it. Althoughthe
controlleris notconnectedto any reador write ports,thetransitionfunctiondescribesdynamicbehavior.
If both # and $ areobserved to determinethe next function state,the function statecantraversean
infinite numberof trajectories.In a morerestrictedcase,whenthe transitionfunctionobservesonly #
to determinethenext functionstate,it alwaysdescribesa singlepathin # . Furthermore,if this pathis
finite, thetransitionfunctiondeterminesa cycle, correspondingto a cyclo-staticschedule[5].

At eachstate,aspecificfunctionneedsto beevaluatedasdeterminedby thebindingfunction @ . This
binding function associatesa function � from the set � with a particularfunction state " . Only one
functioncanbeassociatedwith a particularfunctionstate.

@LB�#&DM�N�9@:/2"�8:�&� (6)

Usingthetransitionfunction ? andthebindingfunction @ , thecontrollerrepeatedlyinvokesandenables
a functionfrom theset � of functions,therebygeneratinga streamof functionsasfollows:

� �������PO�QSR4Q�T�UVUW D � 	XO�QSR4Q�T�UVUW D � �YO�Q RZQ[T!U\UW D �������
� O�Q RZQ[T!U\UW D ����� (7)

The evaluationof the ? and @ functionstakesplaceinstantaneously. Thusan SBF objectoperateson
streamsby successively enablinga functionfrom thesetof functions � that readsfrom input portsand
writesto outputports.Thisbehavior is oftenreferredto asa Fire-and-Exitbehavior.

WhenanSBFobjectis created,thecontrollerneedsto startata particularfunctionstate" . A special
initialization function �
������� is availablein the function repertoire� that initializes the functionstate" .
To that endthis function evaluatesfirst andonly once. To determinethe initialization valueof " , the
initialization functionmayreadtokensfrom oneor moreinputports.

4 Exampleof an SBFObject operation
Weillustratetheoperationof anSBFobjectusingtheobjectshown in Figure3. Its functionrepertoireis� fa � fb � fc � . For thesake of brevity, we have left out theinitialization function �
������� . Therearetwo state
variables,thefunctionstatevariable " , anelementof # , andthedatastatevariablex, anelementof $ .

Controller

f_a

f_b

f_c

(c,x)State

Buffer1

Buffer0

Buffer2

Figure3: An SBFobjectwith functionrepertoire] fa ^ fb ^ fc _ , andstatevariablesc andx.

Functionfa readsinput datafrom thetwo readportsandwritesoutputdatato thewrite port. It also
writesto $ . Functionfb readsonly inputdatafrom thereadportconnectedto Buffer0. Function��` reads
from $ , andwritesoutputdatato thewrite port.

If function fa is enabled,it readsfirst onetoken from Buffer0 andthenonetoken from Buffer1. If
Buffer0 doesnot containany tokens,the completeSBF objectblocksuntil a token becomesavailable
in Buffer0 eventhoughdatamight alreadybeavailableon Buffer1. Whenboth tokenshave beenread,
the function fa evaluates.The resultingtoken is written to Buffer2. The function alsowrites x to $ .
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This terminatesthe firing of fa andthe controllerenablesthe next function, which is fb. This function
readsatokenfrom Buffer0 andevaluates.A transitiontakesplaceandthenext functionenabledis again
function fa. After this functionhasfired, thecontrollerenablesfunction ��` . This functionreadsx from$ andimmediatelyevaluatesbecauseit requiresno input from thebuffers. It writestheresultingtoken
to Buffer2. Again a transitiontakesplaceandthenext functionenabledis function fa, followedby � � ,� 	 , and � ` . Becausethis sequencewasalreadyexecuted,theSBFobject’s behavior is cyclic.

In theexample,thecontrollerenablesthefunctionsin thesequence��	�� �������	����` . This sequenceis
obtainedwith thebindingfunction

@Y/2"�8Y�
abbbc bbbd
� 	 � if "e�&f� � � if "e�Ag� 	 � if "e��h� ` � if "e�&i��

(8)

andthetransitionfunction ?j/2"�8k�l":mKgn/2oqp�r)i�8�� (9)

The sequenceof functionsresultsin a particularconsumption/productionpatternof tokens. These
patternsareshown in Table1 for theSBFobjectin our example. It shows the four functionstates,the
functionsexecutedat thesestates,thedatastatevariablex andthethreebuffersfrom which thefunctions
readtokens(R) or to which they write tokens(W).

Current Function Datastatevariablex Buffer0 Buffer1 Buffer2
State"�3 � 	 W R R W"�s � � R"�t ��	 W R R W"�u �
` R W

Table1: Tokenconsumption/productionpatternof theSBFobjectshown in Figure3.

TheSBFobjectshown in Figure3 could,for example,implementthefilterA processgivenin Figure1.
In thatcase,Buffer0 implementsthechannelbetweentheprocessesSink andfilterA. Buffer1 implements
thefeedbackchannelbetweentheprocessesfilterB andfilterA. Finally, Buffer2 implementsthechannel
betweentheprocessesfilterA andfilterB.

4.1 Deadlock
Whenschedulingthe functionsinsidean SBF object,we shouldmake surethat we do not introduce
deadlock. In Figure4 we show two SBF objects,SBF0 andSBF1, connectedto eachothervia three
buffers,Buffer0, Buffer1, andBuffer2. SBF0 is scheduledin suchawaythatit first producesatokenon
Buffer0 andthenreadsa tokenfrom Buffer1 and,finally, producesa tokenon Buffer2. Thenumbers1
to 3 from top to bottomindicatesthis sequence.TheotherSBFobject,SBF1, triesto reada tokenfrom
Buffer2 first, thenproducesa tokenon Buffer1 and,finally, readsa tokenfrom Buffer0. This sequence
is indicatedby thenumbers1 to 3 from bottomto top.

3

2

1

1

2

3
Buffer2

Buffer1

Buffer0

SBF_1SBF_0

Figure4: SchedulingfunctionsinsideanSBFobjectmayleadto deadlock.

The situationpresentedin Figure4 will deadlock. SBF0 is able to producea token on Buffer0,
but blockswhentrying to reada token from Buffer1. On the otherside,SBF1 tries to reada token
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from Buffer2, but blocksbecauseno token is ever producedon this buffer becauseSBF0 blockswhile
readingfrom Buffer2. Thus,if two autonomousSBFobjectsarecommunicating,careshouldbetaken
in schedulingto preventdeadlockfrom occurring.

5 Networks of SBF Objects
We specify stream-basedapplicationsas networks of SBF objects. The SBF objectsin the network
run in parallelwhereasinside eachSBF object a sequentialinvocationof functionstakes place. We
candecreasetheamountof parallelismin anapplicationby combiningSBFobjects.Similarly, we can
increasetheamountof parallelismin anapplicationby decomposinganSBFobject.To doso,wehaveto
considercompositionanddecompositionof SBFobjects.Althoughcomposition/decompositionof SBF
objectsis not trivial, we believe that,dueto thestructureof SBFobjects,composinganddecomposing
SBFobjects,if possible,is lesscumbersomethanprocesscompositionanddecompositionin a general
processnetwork.

To explain compositionanddecompositionof SBFobjects,we have to introducethenotionof func-
tion variants; A function in anSBFobjectis boundstaticallyto input ports,outputportsanddatastate
variables.A functionvariant � > of function � hasthesamebehavior as � but is boundto differentports
anddatastatevariables.Theset � of functionscancontainfunctionsandfunctionvariants.

5.1 Compositionof SBF Objects
Theconstructionof anSBFobjectthatis a compositionof two SBFobjects,takesthefollowing steps:

1. Combinethetwo setsof functions� and v of bothSBFobjectsto obtainthenew set wx�&�zy{v .
Theset w will containvariantsof functions,if necessary.

2. Combinethestates
%

and
% > of bothSBFobjectsto getthenew state|}� % m % > .

3. If oneor morechannelsbetweentheoriginal two SBFobjectsareabsorbedby thenew SBFobject,
extend the datastatespaceof the new SBF object to include the datawritten by the originally
producingSBFobjectinto thesechannels.

4. Constructa new schedulethat sequentiallyinterleavesthe functionsof set w to determinea new
transitionfunction ? andanew bindingfunction @ for thenew SBFobject.

As anexample,considerFigure5 in which areshown two cases,e.g. (1) and(2), in which two SBF
objectsA andB arecombined,as indicatedby the enclosingbox, to form a singleSBF object. SBF
objectA containsthesetof functions �(�~��� 	 � � � � andthestatevariablex. SBFobjectB containsthe
setof functions v��E��� 	 �� ` � andstatevariabley. Functionstatevariablesarenot shown. Both SBF
objectshave only onereadport andonewrite port. The functionsin set � readfrom thereadport and
write to thewrite port of SBFobjectA. Thesameappliesto thefunctionsin set v for SBFobjectB.

In case1, we combinetwo SBF objectsthat communicatewith eachother over a channel. As a
consequence,thechannelis enclosedby thenew combinedSBFobject.Accordingto thefour stepsgiven
above,wefirst combinethefunctionsof sets� and v to form thenew set wx�����
	!���>	 ��
�
� �
`�� , in which
thefunction ��>	 is a variantof thefunction �
	 . Secondly, we combinethedatastateof bothSBFobjects
to obtain the new state / x � y 8 . Thirdly, becausethe new SBF objectencompassesthe communication
channel,we mapthis channelinto thedatastatespaceof | . As a consequence,thefunctions � 	 and � �
write to | , andthefunctions��>	 anf ��` readfrom | insteadof communicatingoverachannel.Fourthly,
andfinally, weschedulethefunctionsin functionrepertoirew .

In case2, we combinetwo non-communicatingSBF objectsinto onenew SBF object. According
to the four compositionsteps,we first combinethe functionsof sets � and v to form the new setw��(���
	�� � >	 ��������`�� . Thefunction ��	 readsfrom andwritesto thetop two ports.Thevariant � >	 reads
from andwritesto thebottomtwo ports.Secondly, wecombinethestateof bothSBFobjectsto obtainthe
new state| containingthevariablesx andy. Wecanomit thethird stepbecausenochannelis enclosed
by the final SBF object. Fourthly, andfinally, we schedulethe functionsin the functionset w . Where
the SBF objectsA andB operatein parallel, the new SBF objectexecutesthe functionssequentially.
Therefore,in the fourth step,we have to interleave the functionssuchthat they executeoneafter the
otherleadingto a reductionin parallelism.

WhencomposingSBFobjects,two issuesarise.Thefirst oneis that in step3, anunboundedbuffer
is absorbedby theboundeddatastatespaceof thenewly formedSBFObject.Thesecondissueis thatin
step4, thefunctionsneedto bescheduled,whichmaycausedataintegrity problems.
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Case 1, communicating SBF objects

Case 2, non−communicating
SBF objects

f_a

(x) (y)

ControllerController

State State
A B

f_b f_c

f_a

(x,y)

f_a

f_c

f_b

f_a’

Controller

State

f_a

f_a’

f_b

f_c

(x,y)

Controller

State

f_a

f_c

(y)

Controller

State B

A

f_a

f_b

(x)

Controller
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Figure5: Two casesof compositionof SBFobjects.

5.1.1 UnboundedFIFO

In the casein which we combinethe SBF objectsenclosinga channelasdepictedin Figure5(1), we
mapthechannelinto thestateof thenew SBFobject.A channelis, however, anunboundedFIFObuffer.
However, if we find a behavior preserving,staticschedulefor the functionsin theSBFobjectgiven in
Figure5, thenwe canmaptheunboundedFIFO buffer into a boundedbuffer in thedatastatespaceof
thenew SBFobject[4].

If suchupperboundonthebuffer cannotbefound,weinstallabuffer of acertainsizein $ . To access
this buffer, a blocking readis used. However, dueto the sizeof the buffer, we needto usea blocking
write to write to this buffer. This meansthat if thebuffer is full, theprocesscomesto a halt whentrying
to write dataandremainsblockeduntil datais takenaway from thebuffer.

5.1.2 Data Integrity

Whencomposingan SBF object,caseshouldbe take to guaranteedataintegrity, e.g., that a function
readsthecorrectdataat thecorrectmoment.Therefore,whenabsorbinga buffer into thestate,we also
have to includethesemanticsof accessingthatbuffer into theSBFobject.Readingdatafrom thebuffer
is thusnot availableinstantaneously, but is obtainedusinga blockingread.Finally, thefunctionsin the
repertoireneedto bescheduledwithout causingdeadlock.Suchscheduleexists,becausethesemantics
of accessingbuffersis retained,evenif finite buffer sizesareused[20].

5.2 Decompositionof SBF Objects
DecomposinganSBFobjectis a moredifficult processthanSBFcomposition.Whendecomposingan
SBFobject,we needto determinetheavailableparallelismin theobject. This implies thatwe have to
solve the transformationfrom a sequentialscheduleinto a parallelschedule.This involvessolving all
data-dependenciespresentin theprocessdescription.In general,thedata-dependenceanalysisis known
to bea hardproblem[3]. In caseof so-callednestedloop programs,however, a completestaticanalysis
is possible[8].

An SBF object can in principle be decomposeuntil the setof functionsconsistsof only a single
function. SBF objectsin this casehave a function statespaceequalto #����
"
� and the transition
functionuniquelygives "��Ag . Thebindingfunctionbindsthesinglefunctionto thissinglestate.
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6 RelatedWork
Many modelsof computationhave beenproposedover theyearsto describestream-basedapplications.
Themodelsthatarerelevantto theproposedSBFmodelarethedataflow, process,andmixedmodels.

6.1 Dataflow Models
The dataflow model of computationdescribesstream-basedapplicationsin a naturalway andmakes
function parallelismexplicit. It describesapplicationsas a network of dataflow actors that perform
a particularcomputation.Actors connectwith eachothervia buffers, allowing themto communicate
tokenswith eachother. Whenan actorfires, it consumestokens,evaluates,andproducesnew tokens.
Theconditionunderwhich an actoris ableto fire, is determinedby a oneor morefiring rules. These
rules are checked by a scheduler. Therefore,the schedulerdeterminesthe orderingof the actorsat
eithercompiletime or at run-time. The mostwell-known dataflow modelsarehomogeneousdataflow
(HDF) [21], synchronousdataflow (SDF) [18], cyclo-staticdataflow (CSDF)[5] anddynamicdataflow
(DDF) [11].

The SBF modelcanact asdataflow modelsHDF, SDF, andCSDF. In the caseof HDF andSDF,
thesetof functionscontainsonly onefunction. The transitionfunction is equalto "{��g , to which the
binding functionbindstheonly functionpresent.In caseof SDF, multi-ratebehavior is capturedasan
uninterruptedsequenceof readsandwritesof singletokens. In caseof CSDF, theset � containsmore
thanonefunctionandthetransitionfunctiontraversea cycle by observingonly thefunctionstatespace# to determinethenext state,leadingto themapping#�DF# .

The SBF modelcannotact asDDF sincethis model is non-deterministic.However, it canact as
deterministicDDF asdescribedin for example[6]. As a consequence,theSBFmodelcannotdescribe
theclassicexampleof thenon-deterministicmerge[19]. But it is capableof describingdata-dependent
behavior, for example,a variable length decoder. In caseof deterministicDDF, the set � contains
oneor morefunctionsandthe transitionfunction determinesthe next stateusingthe generalmapping#A')$�DF# .

6.2 ProcessModels
Processmodelscan also be usedto describestream-basedapplications. Processmodelsdescribean
applicationasanetworkof processescommunicatingwith eachothervia buffers.Differentfrom dataflow
models,a processproceedsautonomously, i.e., it is not controlledby a global scheduler. A process
interactsaccordingto a particularprotocolwith otherprocessesin a network. Two well-known process
modelsareKahnProcessNetworks[12, 13] andCommunicatingSequentialProcesses[9, 10].

Kahnprocessesrun forever anduseunboundedFIFOsasbuffers.To synchronizeontothesebuffers,
processesuseablockingreadprotocol.As aconsequence,aKahnprocesscannotpoll thereadportsand
hencedescribesdeterministicbehavior. In contrast,CSPprocessestypically terminateandusesingle
placebuffers. The exchangeof databetweentwo processeshappensusinga rendezvousprotocol. In
CSP, a processcanchoosefrom which port to readfirst andhenceis ableto describesnon-deterministic
behavior.

6.3 CombinedDataflow/ProcessModels
A combinationof dataflow modelsand processmodelsalreadyexist and examplesare the Dataflow
ProcessNetworkmodelandthe ApplicationStateTransitionmodel. The former modelcombinesthe
Kahnsemanticswith dataflow, whereasthelattermodelcombinesaCSPkind of semanticswith dataflow.

In thedataflow processnetwork model(DPN) [19], a singleprocessdescribesa dataflow actora set
of sequentialfiring rules. The processitself, insteadof a scheduler, checkswhich firing rule applies.
It doesthis in a sequentialorderusingblocking reads,referredto assequentialfiring rules. If a valid
firing rule is found, theprocessenablestheactor. At thatmoment,all input argumentsof the function
mustbepresentandtheactorevaluatesinstantaneously. Tokensarewritten to theoutputportsusinga
non-blockingwrite. After evaluating,theprocesschecksagainthefiring rulesuntil a valid firing of the
actoris found.

In theApplicationStateTransitionModel (AST) [1], a singleprocesscontainsa setof functionsand
state,wherebyeachfunction readsinput datafrom specificreadportsand/orstatevariablesandwrites
datato specificwrite ports and/orstatevariables. The functionscommunicatewith eachother using
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single token passingin a rendezvous kind of style, very similar to CSP. Whenonefunction from the
setis active, otherfunctionsareidle until it hasevaluated.Within theAST mode,an AST nodehasa
specialcontrol port, from which the specialcontrol function readstokensto determinethe function to
evaluatenext. An AST processis morerestrictive thanaCSPprocess,sincetheuseof non-deterministic
processconstructsis not possible. Becausethis modelwas inspiredby the conceptof the applicative
statetransitionmodelpresentedby [2], it is namedaccordingly.

TheSBFmodeldiffersfrom theDPNmodelin thatthefunctionsthemselvescheckfor theavailability
of datain caseof theSBFmodel,whereasin theDPNmodel,datais availablewhenafunctionis enabled.
A consequenceis thatanSBFobjectis closerto apossiblehardwareimplementation.TheSBFandDPN
modelbothdescribedeterministicDDF.

TheSBFmodeldiffersfrom theAST modelin that thecommunicationis basedon Kahnsemantics
whereasin theAST modelit is basedonCSPkind of semantics.For stream-basedapplications,theKahn
semanticsis moreappropriated.In theAST modelthereis not controllerpresent.Insteada controlport
is usedon which a sequenceof tokensis presentthat will invocatethe functionsin theAST nodein a
particularorder. Becauseof thesingletokencommunicationmodel,theAST modeldescribestheclass
of HDF andis thereforelessgeneralthantheSBFmodel.

7 Conclusions
In this paperwehave presentedtheSBFmodelof computationthatis acombinationof dataflow models
andprocessnetwork models.It combinesthestrongcharacteristicof dataflow, e.g.,beingfunctionaland
structured,with thestrongcharacteristicsof processnetworks,e.g.,schedulefreedomanddeterministic
behavior. As aresult,theSBFmodelof computationis well suitedto describestream-basedapplications.

Applicationsspecifiedasprocessnetworksor asa network of SBFobjects,areequivalent,e.g.,they
canbothmodelthesameclassof applications.Onecantransforma Kahnprocessnetwork into anSBF
objectandviceversa.Thebig differencebetweenthetwo kindsof specificationsis thattheSBFobjects
have structurein termsof thecontroller, thestateandthesetof functions.

The structureof an SBF objecthasa closeresemblancewith modelsof architecturesat lower ab-
stractionlevels.However, thestructureof anSBFobjectdoesonly hint at hardwareimplementations.It
canalsobe usedfor implementationsin software. Thestructurecanalsobeexploited to composeand
decomposeSBFobjectsto changethedegreeof parallelismin anapplicationdescription.In caseof a
composition,analgorithmcanbegivenon how to combinetwo or moreSBFobjects.A decomposition
is however lesstrivial. Beingableto composeanddecomposeSBFobjectsis importantasthedegreeof
parallelismhasa largeimpacton theimplementationof theapplication.

WeusetheSBFmodelin theCompaancompilerproject[16]. Thiscompilerautomaticallytransforms
nestedloopprogramsdescribedin Matlabinto networksof SBFobjects.Compositionanddecomposition
is currentlybeingresearchfor inclusionin theCompaancompiler.

Finally, we remarkthatto simulatea network of SBFobjects,we have developeda fastsimulatorin
C++, basedon a simplemultithreadingpackage[14]. Alternatively, we usethe processnetwork (PN)
domainin thePtolemyII environmentto simulatea network of SBFobjects[16].

References
[1] JurgenAnnevelink. HiFi, A DesignMethodfor ImplementingSignalProcessingAlgorithmson

VLSIProcessorArrays. PhDthesis,Delft Universityof Technology, January1988.

[2] JohnBackus.Canprogrammingbeliberatedfrom thevon Neumannstyle?A functionalstyleand
its algebraof programs.Communicationsof theACM, 21(8):613– 641,August1978.

[3] U. Banerjee.DependenceAnalysisfor Supercomputing. Kluwer AcademicPublishers,1988.

[4] ShuvraS.BhattacharyyaandEdwardA. Lee. Memorymanagementfor dataflow programmingof
multiratesignalprocessingalgorithms.IEEETransactionsonSignalProcessing, 42(5),May 1994.

[5] G. Bilsen, M. Engels,R. Lauwereins,and J.A. Peperstraete.Cyclo-staticdataflow. In IEEE
InternationalConferenceASSP, pages3255– 3258,May 1995.

[6] J.T. Buck. SchedulingDynamicDataflowGraphswith BoundedMemoryUsing the Token Flow
Model. PhD thesis,Dept. of EECS,University of California at Berkeley, 1993. Tech.Report
UCB/ERL93/69.



IEEE WorkshoponSignalProcessingSystems,Antwerp,Belgium,September26-28,2001 10

[7] JohnDavis II, ChristopherHylands,Bart Kienhuis,EdwardA. Lee,Jie Liu, Xiaojun Liu, Lukito
Muliadi, SteveNeuendorffer, Jeff Tsay, BrianVogel,andYuhongXiong. Heterogeneousconcurrent
modelinganddesignin java. TechnicalReportMemorandumUCB/ERL M01/12, University of
California,DeptEECS,Berkeley, CA USA 94720,March2001.

[8] PeterHeld. FunctionalDesignof DataflowNetworks. PhDthesis,Delft Universityof Technology,
May 1996.

[9] C.A.R. Hoare. Communicatingsequentialprocesses.Communicationsof the ACM, 21(8):666–
677,August1978.

[10] C.A.R.Hoare.CommunicatingSequentialProcesses. Prentice-Hall,1985.

[11] R. Jagannathan.Dataflow models. In E.Y. Zomaya,editor, Parallel and DistributedComputing
Handbook. McGraw-Hill, 1995.

[12] Gilles Kahn. Thesemanticsof a simplelanguagefor parallelprogramming.In Proc.of the IFIP
Congress74. North-HollandPublishingCo.,August5-101974.

[13] Gilles KahnandDavid B. MacQueen.Coroutinesandnetworksof parallelprocesses.In Proc.of
theIFIP Congress77, pages993– 998.North-HollandPublishingCompany Co.,aug1977.

[14] A.C.J.Kienhuis. DesignSpaceExploration of Stream-basedDataflowArchitectures: Methodand
Tools. PhDthesis,Delft Universityof Technology, January1999.

[15] B. Kienhuis, E. Deprettere,K.A. Vissers,and P. van der Wolf. An approachfor quantitative
analysisof application-specificdataflow architectures.In Proceedingsof 11th Int. Conferenceof
Applications-specificSystems,ArchitecturesandProcessors (ASAP’97), pages338– 349,Zurich,
Switzerland,July14-161997.

[16] BartKienhuis,EdwinRijpkema,andEdF. Deprettere.Compaan:Deriving processnetworksfrom
matlabfor embeddedsignal processingarchitectures. In 8th International Workshopon Hard-
ware/Software Codesign(CODES’2000), SanDiego,USA, May 2000.

[17] S.Y. Kung,J. Annevelink, andP. Dewilde. Hierarchicaliterative flowgraphintegrationfor VLSI
arrayprocessors.In ProceedingsUniversity of SouthernCalifornia (USC)Workshopon VLSIand
SignalProcessing, November1984.

[18] Edward A. LeeandDavid G. Messerschmitt.Synchronousdataflow. Proc. IEEE, 75(9):1235–
1245,September1987.

[19] Edward A. Lee and ThomasM. Parks. Dataflow processnetworks. Proceedingsof the IEEE,
83(5):773–799,May 1995.

[20] Tom Parks. BoundedSchedulingof ProcessNetworks. PhD thesis,University of California at
Berkeley, 1995.

[21] Arthur H. Veen. Dataflow machinearchitecture.ACM ComputingSurveys, 18(4):366–396,De-
cember18 1986.


