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1 Pattern: Data flow architecture

Context

Sometimeghe solutionsfor differentproblemsshareseveral identical steps,yet
eachproblemrequiresits own solution.

Considerfor examplemultimediaapplicationghat processIPEGstill images
andMPEGyvideos. A JPEGviewer appliesfive transformationsandeachof them
is performedin a separatestep: JPEGsyntaxdecoderdequantizerinverseDCT
transformerframedecoderandcolor conversion. Likewise,an MPEG playerap-
plies four transformationsMPEG syntaxdecoder(for simplicity, this alsodeals
with temporaland spatial prediction), inverse DCT transformer frame decoder
and color conversion. For both applications the transformationsre appliedse-
guentially in the sameorder

The inverseDCT transformerand color corversionareidenticaland operate
on the samedatatypes—imagesepresentedvith oneluminancecomponentY)
and two chrominancecomponentyC, and C;). The interactionwith the other
transformationss limited. Controlflow is staticandthe successionf stepsrarely
changes—usuallpnly for exceptionalcircumstancesachtime theinverseDCT
transformeis presented setof coeficients,it computeshe correspondingpatial
representatioriNext thisis passedo theframedecoder

Problem

Processingvithin your domainis performedby applyinga sequencef operations
on similar dataelementsjn the sameorder You wanta reusablaoolkit thatcan

be usedto build softwaresolutionsfor a wide rangeof applicationswithin thedo-

main. Yourapplicationsarealsorequiredo dynamicallychangeheirfunctionality

and/oradaptto changingervironmentswithoutcompromisingperformanceWhat

architecturecanaccommodatéheserequirements?

Forces

¢ A high-performancéoolkit thatis applicablefor a wide rangeof problems
from a specificdomainis required;

e The applications behaior needsto be modified dynamically or adaptto
changingervironmentsat runtime;

e Theloosecouplingassociatewith theblack-boxparadigmhasperformance
penalties;



Copyright ©1998DragosA. Manolescu 3

e Scalabilityin severaldimensionss required.

Solution

A dataflow architectureorganizesapplicationsasa network of processingnod-
ules thatapply a seriesof transformationgo one or several datastreams.Each
moduletakesits input from someupstreanmodules,performsa simple,generic
transformationand passeghe resultsto someother dovnstreammodules. En-
forcing strict, simple intermodule interfacesyields a large numberof possible
combinationghat provide solutionsto mary problemswithin a particulardomain.
Therefore,in dataflow architecturesprocessingnodulesare the computational
units while the network representghe opemtional unit.
Consequent|ythefunctionality (transferfunction)is determinedy the:

e typesof processingnoduleswithin the network; and
¢ interconnectionbetweerthem.

Figure 1 shaws a dataflow JPEGdecoder The decoderreadsa JPEGfile and
shaws its contentson a display Decoderdor otherformatsareimplementedy
connectinglifferentmodules.

Static Dynamic Composition
Compositon 5

Source Sink

File Syntax decoder+ ._@_. Frame Color Display
reader dequantizer DCT decoder conversion

Figurel: A dataflow JPEGdecoder

Thisarchitecturas applicableonly for data-drvenapplicationsyherethe out-
put is obtainedby performingvarioussequentiatransformationgo the input. It
allows applicationgo scalewith the numberof datastreamsThetransferfunction
is determinedby a combinationof the individual transferfunctionsof eachpro-
cessingmodule. Controlflow is distributedacrosghe participatingentitiesandis
notexplicitly representedtthearchitecturalevel.

Modulesplay a key role in dataflow architectures.Applicationsthat follow
this patternmanifestanincreasediegreeof modularity This makesit easyto dis-
tribute the developmenteffort amongdifferentgroups.For example,visualization

1in this context, “module” is ary processinginit within the applicationdomain.
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modulesaredevelopedby thevisualizationgroup,while MPEG modulesarebuilt
by the multimediagroup, etc. Therefore the knowvledgeof domainexpertsis en-
capsulateavithin processingnoduleghatarereusablén mary differentcontexts.

Thefollowing designguidelinesareessentiafor genericandreusablgrocess-
ing modules:

e Thetransferfunction shouldnot modelthe domain,dependon a particular
solutionor have sideeffects.

e Eachmoduleshouldbe developedindependentlyf its use.

e Processingnodulesshouldcooperateonly by usingthe outputof one (or
several)astheinputto another

Decouplingthe algorithmic propertiesof processingnodulesfrom a particular
problemallows applicationgo usethemasblack-boxes. However, the black-box
approachdoesnottake into accountontext-specificfactorsandthereforehasper
formancepenalties Goodfilters balancehesewo conflictingforces.

Thefine granularitydecompositiorinto simpletransformationss anincarna-
tion of the“divide andconquer’principle: insteadf attemptingo solve acomple
problemall atonce splitit into sub-part@anddealwith eachseparatelyThisallows
applicationgo scalewith thenumberof transformationandprocessors—eagiro-
cessingnodulecanrun on a separatg@rocessorHowever, becausef thereduced
communicatioroverhead specializedrocessingnodulesare moreefficient than
implementingtheir functionality with several genericfilters. But specialization
alsolimits the numberof possibleconfigurationghat a filter canbe partof. For
example asinglespecializedPEGdecodemoduleoffersbetterperformancehan
thedecodeifrom Figure1l. However, in thelatter casefilters arereusableandcan
beemplgedfor otherapplicationge.g.,anMPEGdecoder) Filter designerhiave
to determingheright balancebetweergranularityandperformance.

Thefine granularitydecompositiorhassomeotheradvantagesConsidetow
electricalengineeranalyzeor testa circuit. They useanoscilloscopeo checkthe
signalsat differentkey points. This requiresaccesgo eady componentandthe
first stepis to remove the caversthatenclosethe circuit. Becauseof its modular
structurethedata flow architecture provideseasyaccesso its computationalinits,
the processingnodules.Like for the electricalcircuit, this enablesoftwareengi-
neersto analyzeandtestthe application.For example,the decodefrom Figurel
providesdirectaccesgo the IDCT coeficients,shouldthey berequiredfor analy-
sisor testing. Analyzing a functionally equivalentdecodemhich doesnot follow
this patternrequiresmore effort to getto thesecoeficients. Therefore,from an
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electricalengineeringperspectie, dataflow applicationsdo nothave “covers” that
preventaccesso their components.

Easyaccesso dataatdifferentprocessingtageslsoenablesieveloperdo use
signalprocessingechniquegtranslationjnterpolation,etc.). For fieldslike mul-
timediaor scientificvisualization,thesetechniqueshave beenshavn to improve
performancgPLV97].

Intermodulecommunications doneby passingmessagesr tokensthrough
unidirectionainputandoutputports—shwn asblue(input) andred (output)plugs
in Figurel. Therefore dataflow systemgeplaceintermoduledirectcallswith a
messag@assingnechanismThe overheadassociatedvith this mechanisnis the
mainliability of the pattern.

Dependingon their ports,modulesareclassifiedasfollows (a comprehense
classificatioraccordingo variouscriteriais availablein [Lea9§):

Sources Interfacewith aninputdevice andhave oneor severaloutputports.
Sinks Interfacewith anoutputdevice andhave oneor severalinputports.

Filters Have both input and output ports (not necessarilyonly onein eachdi-
rection)and performprocessingon the informationfed into the input port.
Whenprocessingompletesthefilter writestheresultsto the outputport.

In Figurel, thefile readeris a source the displayadapteris a sink andthe other
processingnodulesarefilters.

Unidirectionalinputandoutputportsarenotalimitation. Ratheythey increase
acomponens autonomyProvidedthatthereareno feed-backoops,processings
unafectedby the presencer absencef connectionat the outputport(s). There-
fore, becausary componentepend®nly ontheupstreanmodulesit is possible
to changeits outputconnectionsat runtime. This is calleddynamiccomposition
anddeterminesomeof theinterestingpropertiesof dataflow architectures.

To allow interconectiity betweertwo modulestheoutputportof theupstream
moduleandthe input port of the downstreammodulehave to be plug-compatible
(For simplicity, in Figurel all moduleshave the sametypeof port.) However, hav-
ing mary port(plug) typeslimits interconectiity andrequiresadapterso connect
incompatibleports.

Two priority levels areavailablefor processingt thefilter level. High prior-
ity processinganbe donewhenthefilter recevesa messagdrom the upstream
module. Onceacquiredthe datacanbe processeat a latertime, at lower prior-
ity. For instancesvhereprocessings time-comsuming—e.gscientificvisualiza-
tion applications—thawo priority levels areimportant. Otherwise,if the output
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valuescanbe computedrelatively fast,all processings performedat high prior-
ity. However, scheduling(i.e., “when” the actualprocessingakes place)is non-
deterministian bothcases.

Applicationsfollowing the dataflow architecturecanadaptto heterogeneous
anddynamicallychangingervironmentsat runtime. Differentimplementationgor
statelesdilters are exchangedo adjustthe resourcecostand quality characteris-
tics within someuserdefinedlimits. In Figure 1, two differentIDCT modules
areavailableanddependingntheir characteristicghe
decodeusesneor theother Thereforedynamiccom-
positionallows anapplicationto (1) adjusttheresource
consumptionof the systemat runtime, and (2) adapt
to different computingand communicationserviron-
ments,aswell aschangesn resourcevailability.

Sometimesheoverheadf intermodulecommunicatiorhasunacceptablper
formancepenalties. An effective solutionfor this problemis to trade flexibil-
ity for performancgPLV96]. This is accomplishedoy replacingthe adjacent
performance-criticanoduleswith a singleoptimizedmodule.Static
compositiorprovidestheunderlyingapplication(e.g.,compiler)with
enoughinformationto collapsehesequencef filtersinto afunction- @
ally equivalentprimitive filter, reducingthe overheadf intermodule
communicationHowever, this cannotbe modifiedat runtimearylonger

Statichbinding shouldbe usedto improve performancdor filters thathave low
reconfigurabilitydemandsindarecalledwith highfrequeng. Dynamicbindingis
bestsuitedfor filters thathave high reconfigurabilitydemandsndlow invocation
frequeng. A goodbalancebetweenthe useof staticand dynamiccomposition
ensuregfficientimplementationsvhile maintaininga flexible, configurablearchi-
tecture. Therefore dataflow applicationsarescalablewith differentcommunica-
tion andprocessingequirementskor the JPEGdecoderfrom Figure 1, thesyntax
decodeiis calledmary timesfor eachimageandthereforeis staticallyboundto
thedequantizefPLV97]. Theothercomponentarecalledwith lower frequencies
andthemessag@assingoverheads tolerable.

Posnaket al [PLV97] provide a quantitatve evaluationof a dataarchitecture
in the context of their PresentatioProcessingengineframevork. The analysis
considerghedimensionsn which this patternhasthe strongestmpact: reuseand
performance (i) To estimatereuse,they considerthe task of building a media
playerplug-in for Netscape Usingthe PPE,this requiresa few lines of Tcl code
(seebelow) andlittle domainexpertise. In contrastreusingthe Berkeley MPEG
sourcecode (thereforestartingfrom a working product)requiresa good undet
standingof the existing code and a significantly larger programmingeffort and
domainexpertise.(ii) For performancevaluation,they compareP?PEapplications
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with commerciaproducts.Thedecodingime for a JPEGimage(with thedecoder
from Figurel) is within 5% of the time requiredby the IndependendPEGGroup

decoder Similarly, the framerate of an MPEG playeris at most10% lower than

theBerkeley player Theseresultsshav thatthe data flow architecture canprovide

reusablehigh-performancsoftwaresolutions.

Usersfamiliar only with the applicationdomain(e.g.,scientificvisualization)
cancreatenew applicationsby simply connectingexisting modules without per
formingary otherprogrammingThisis accomplisheavith scriptinglanguagefLin94,
JBR9§ or visual programmingools [AEW96] that assistthe creationof module
networks[Foo08§.

Thenetwork normallytriggersrecomputationgvheneer afilter's outputvalue
changes. While manipulatedinteractiely, it shouldbe possibleto temporarily
disablethe network suchthat no computationtriggersuntil the network is in a
valid, stablestate. Disablingcomputationgs usefulif several parameterseedto
be modifiedwithout having the filters recomputesvery time a changes made,or
if processindgakesalongtime.

To summarizethe data flow architecture hasthe following benefits (O) and
liabilities (0):

O It emphasizeseuseat the processingnodulelevel andfacilitatestherise of
end-useprogrammingautomatiorandsoftwarecomponents.

[0 Becausehe interactionmechanisnmbetweenmodulesis simple, the archi-
tectureis suitablefor domain-specififrameavorksandoftenis the subjectof
visualprogrammingools.

O Dataflow applicationsarescalablén severaldimensions—numbeof trans-
formations,processorsgata streams;and communicationand processing
requirements.

0 Thefine granularitydecompositiorinto simplefilters providesaccesgo the
datastreamat variousprocessingtages.

O A dataflow architecturas nota goodchoicefor applicationsvith dynamic
controlflow or feedbacKkoops.

O For instancesvherethe overheadof enforcingthe intermoduleinterfaceis
too high, a differentarchitecturathoicemight be a bettersolution.

O It doesnot dealwell with unanticipatecdconditions. Signalingerrorsthat
occurinsidefilter moduless cumbersomanddifficult[BMR *96]. Modules
do not male ary assumptionsbouttheir context and communicateonly
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template<class DataType> class Pushinput {
public:

virtual  "Pushinput() { %

vitual  void Put(DataType &data) =0;

3
Figure2: ThePushlnput class.

with otherdata-processingrodules. Only whencombinedwith additional
knowledgeaboutthe network topologyandthe applications domaincould
anerrormessaggeneratedhy amodulebe meaningful. TheProcessing and
control partitions patternprovidesonepossiblesolution.

O Thearchitecturevorksbestfor applicationsvheremodulesxchangesimple
dataanddo not sharestate. It is not suitablewhenthe exchangeddatais
complex or for databasapplications.

Resulting context

Applicationsfollowing the data flow architecture canrun on heterogeneoudis-
tributedsystemsBecauseontrolflow is not explicitly representedhis changes
transparentor sourcesfilters andsinks.

Implementation notes

This sectionfollows the guidelinesfrom [PLV96]. Processingnodulesinheritan
inputinterface(port) from Pushinput andanoutputinterfacefrom PushOutput .
Pushinput —Figure 2—is an abstractclassthat determineghe input datatype.
Subclassegmplementthe Put() methodto processthe input dataand passit
downstream. PushOutput —Figure 3—determineghe output datatype and de-
fines methodsfor dynamiccomposition-Attach()  andDetach() . Attachment
betweenwo modulesis abstractedyy the PushPort class—Figuret. This facili-
tatesestablishingpne-to-mawy connectionsin which casePushOutput hasto be
modifiedaccordingly

C++templategpparameterizéhe classepresentedn Figures2—4 by thetypes
of datathatentersandleaveseachprocessingnodule. The compilers type check-
ing systempreventsconnectingwo moduleswhich arenot plug-compatible.

Basedon theseclassesimplementingprocessingnodulesis straightforvard.
Figure5 shaws the codecorrespondingo a modulethattakesoneinteger  input
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template<class DataType> class PushOutput {

public:
virtual
virtual

{

"PushOutput()  { }
void Attach(Pushinput<Da  taT ype> *next)

_port=new  PushPort<DataType>( next);

3
virtual

{

void Detach()

delete _port;

3
protected:
inline
private:

b

void Output(DataType  &data) { _port->Output(data

PushPort<DataType>  * port;

Figure3: ThePushOQutput class.

template<class DataType> class PushPort {

public:

PushPort(Pushinput ~ <DataT ype > *module)
. _module(module) { }
“PushPort) { };

inline
protected:

b

void Output(DataType  &data) { _module->Put(data

Pushinput<DataType > * module;

Figure4: ThePushPort class.

);

);
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class Sqgrt : public  Pushinput<int>, public ~ PushOutput<double>  {
public:

Sart)  {

Sart)  { K

void Put(int &)

{

double d=sqrt(i);

Output(d);

Y

Figure5: An Sgrt  processingnodule.

andoutputsits squareroot. However, this simpleimplementatiorhasseverallimi-
tationswith respecto how processings initiatedandhow datais passedetween
modules.Thefollowing sectionscover theseaspect@andprovide alternatves.

In this example,type parameterization—template-ard functioninlining are
usedto implementstaticcomposition Figure6 shavs thecodecorrespondingo a
filter thatincrementsts integer  input. Processing—incrementirgs performed
by the Transform()  inline method. The Fastinc  classcanparameteriz¢he fil-
ter from Figure 7. Becausd-astFilter invokes only the inlined Transform()
method,Fastinc s input and outputports are bypassednd the implementation
is efficient. Figure8 shavs how to instantiatethe staticcompositionof Fastinc
with FastFilter . Theresultingfilter first incrementghe input andthenoutputs
its squareroot. Theideabehindimplementingstaticcompositionis bypassinghe
input andoutputportsto eliminatethe communicatioroverhead.This canbe ac-
complishedn ary languageanddoesnotrequiretemplatesaandinline methods.

Examples

1. Scientific visualization is one domainwherethe data flow architecture is
usedextensvely. Systemdike AVS [AVS93] or Iris Explorer[EXP93] al-
low userdo createvisualizationapplicationsandvisualizevariousdatatypes
in mary differentways. Thisis doneby connectingnodulesnto a network,
with the helpof a visualnetwork editor Becausehey provide awide range
of genericfilters, thesesystemsoffer solutionsto a large numberof visual-
izationproblems Figure9 shavs anexampleof an AVS network.

Wheneer required,the existing set of filters canalso be expanded. New
filtersarecreatedvith amodulebuildertool. Thisallowsend-userso extend
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class Fastinc : public Pushlnput<int>, public  PushOutput<int> {
public:
Fastinc() { %
“Fastinc() { %
virtual void Put(int  &i)
{
int j=i;
Transform(j);
Output());
3
inline  void  Transform(int &) { i++ }

3

Figure6: A filter for staticcomposition.Only the inlined methodis usedby the
compositdfilter.

template<class >
class FastFilter . public  Pushinput<int>, public  PushOutput<double>
public:
FastFilter(T &component)
. _component(compon ent) { }

"FastFilter() { %
vitual  void Put(int  &i)
{

int =i

_component.Transf ~ orm(j) ;
double d=sqrt(j);
Output(d);

ok

private:

T _component;

3
Figure7: A compositdilter.
Fastinc  fi;

FastFilter<Fastinc > ff(fi);

Figure8: Instantiatinghe compositdfilter.

{
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Figure9: AVS Network. Top side portsare inputs, while bottom side portsare
outputs. The port typesare colorcodedandthe network editor doesnot permit
connectingncompatibleports.

functionalitywith a minimal amountof programming.

2. Dataflow architecturetave alsobeeninvestigatedor hardware systemgGur85
Pap91. Theexecutionmodeloffersattractve propertiesor parallelprocessing—
implicit synchronizatiorof parallelactiities andself schedulability Unlike
the von Neumannmodel which explicitly statesthe sequenceof instruc-
tions, in the dataflow modelthe executionof ary instructionis driven by
theoperandavailability. Thisemphasizea high degreeof parallelismatthe
instructionlevel. The MonsoonProject[Pap9] developedby MIT andMo-
torola produceda data-flav multiprocessotargetedto large-scalescientific
andsymboliccomputationlts successnotivatedmuchof thework on sim-
ilar projects|NPA92] andcontritutedto spreadheinterestin dataflow and
parallelprogramming.

3. AvionicsControl SystemgqACS)alsoemplg thispatternfLea94. Because
ACS arecomple systemsgonstructinga setof componentshatmeige all
possiblecombinationss notfeasible. Thedata flow architecture providesthe
meandor combiningtogethedifferenttypesof existingcomponentfilters)
to sene aparticularpurpose.

4. Anotherdomainwherethe data flow architecture is emplo/ed by applica-
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tions(ActiveMavie [AMS], VuSysteniLin94]), toolkits (Berkeley Continu-
ousMediaToolkit [JBR9G) andframevorks(MET++ [Ack94], Presentation
ProcessindEngine[PLV97], Java MediaFramevork [SUN97]) is multime-
dia [MN98].

VuSystenapplication$illustrateverywell theflexibility of thisarchitecture.
In the“room monitor” the outputof a suneillancecameras analyzedsuch
that just the framesthat containmotion arerecorded. The “joke browser”
extractsonly selectegarts(e.g.,jokes)from thecompleterecordingof alate
nightshaw. Althoughthesetwo applicationsarevery different(the former
processeseal-timevideo while the latter provides content-base@ccess),
both of themhave beenbuilt with the sametool just by connectingexisting
modules.

ActiveMovie allows usersto play digital moviesandsoundencodedn vari-
ousformats.It consistsof sourcesfilters andrenderergonnectedn afilter
graph.All graphcomponentsreimplementecisComponenObjectModel
(COM) objects. Filters have pins which are connectedwith streams but
other communicationchannelsfor specializedcommunication(e.g., error
notifications)areavailable.

Thepresencef thedata flow architecture within theforthcomingJavaMedia
Framevork demonstrateis validity andconfirmsit asa recurringsolution
thathaspassedhetestof time.

Variants3

1. Bill Walker's Ph.D.thesis[Wal94] presents framevork thatusesthis pat-
ternin the context of computer-assistedmusic. Unlike typical dataflow
architectureshis systemhasfeedbak loopsandshaedstate Theprocess-
ing modulesarecalledComposers andTransformers . Globalinformation
independenf thecomponentss encapsulatedithin aPolicyDictionary
object.

2. In [Rit84], DennisRitchie describesa variantof this patternandhow it is
implementedn the UNIX stream system Dataflow is bidirectionaland
filters have queuesfor eachdirection. The queuesare also employed for
flow control—Sectior8.

25ome of the VuSystem applications are available on the world-wide web at
http://www.tns.lcs.mit.edu/vs/vusystem.html .

SThedifferencebetweerthe dataflow architecturendthevariantsdiscussedh this sectionare
shavn in italics.
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Related Patterns

Messagegncapsulatall typesof informationexchangedoy collaborating
modules.The Payloads patternallows modulegto distinguishbetweermes-
sagesandthedatawithin them.

Data flow architectures replacentermoduledirectcallswith amessageass-
ing mechanismThe Payload passing protocol patterngrovide severalalter
nativesfor this mechanism.

A distinctpartof a dataflow applicationis in chagewith dynamiccomposi-
tion andhandlesrrormessagesrocessing and control partitions describes
how to organizesuchapplications.

Systemdollowing theLayers patternfBMR *96] areorganizedaslayersthat
exchangedatabetweerthem. However, in this caseeachlayer corresponds
to adifferentabstractiorievel wheredatahasdifferentsemantics.

Staticcompositionis aninstanceof the Composite pattern[GHJV9Y. This
ensuresa consisteninterface betweenprimitive (e.g., staticallycomposed
filter) andcontainer(e.g.,sequencef filters) objects.

Streams [Edw95, Pipes and filters [Meu95 BMR*96] andPipeline [Sha9§
provide similar solutions. However, the data flow architecture is moregen-
eral. For example Pipes and filters takesa morestaticapproachwhereonce
theprocessingipelineis setup, it is notallowedto change.
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2 Pattern: Payloads

Context

In the landmarkpaper“The Early History of Smalltalk” [Kay93], Alan Kay re-
membersa few ideasfrom thesixtiesthathave influencechis thinking aboutOOR
Oneof themwasthe methodof transportingdfiles on tapefor the Burroughs220,
while hewasworking asa programmein the Air Force(around1961):

Therewere no standardoperatingsystemsof file formatsbackthen,
so somedesignerdecidedto finessethis problemby taking eachfile

anddividing it into threeparts. The third partwasall of the actual
datarecordsof arbitrarysizeandformats. The secondpartcontained
the B220 procedureghat knew how to get at recordsand fields to

copy andupdatethethird part. And thefirst partwasanarrayof rela-
tive pointersinto entrypointsof the procedurein thesecondpart(the
initial pointerswerein a standardorderrepresentingtandardnean-

ings).

Currentcomputersystemsuse differentmeansto exchangeinformation. In
mostcircumstanceghis is doneby passingmessagethrougha fastcommunica-
tion channel.However, the abore requirementsirethe same.(i) Messagegncap-
sulateall typesof information,including controlanddataof variablelength. This
correspondso thethird partof the B220file. (ii) Applicationsneeda mechanism
to accesghe varioustypesof informationwithin messagesThe mechanisnde-
pendson the messageontentsandcorresponds$o the B220 procedures(iii) The
standardpiecesof informationassociatedvith eachmessagearerequiredby all
messagéandlers—applicationthathandlemessagesThis correspondso thear-
ray of pointers.

Problem

Communicationwithin a software systemis performedby exchangingdifferent
typesof messagebetweencommunicatingentities. How to distinguishbetween
messageandtheinformationwithin messages?

Forces

e Communicatiornis restrictedto messag@assing;

e Thestructureof eachmessageepend®ontheinformationthatit contains;
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e Thecommunicatingntitiesexchangemary differenttypesof information;

e Applicationsreceve awide rangeof messagesncludingmessagethey do
notprocess;

e Dependingntheinformationthey encapsulatesomemessageseedspecial
processing.

Solution

Representmessagewvith payloads. A payloadprovides an abstractmodel that
allows the communicatingentitiesto identify differentmessageaypes,aswell as
distinguishtheinformationencapsulatedithin eachpayload.

Payloadshave two components:

Descriptor component Descriptorscontaingenerl informationaboutthe mes-
sage suchastype,asynchronouflag, priority level, etc. For eachmessage
type, the descriptoralsocontainstype-specifiparametes. For example,if
thepayloadcontainsanimage,onepossibilityis to encodéts name sizeand
format.

Data component The datacomponentholds the informationtransportedy the
messagelts sizeandformatdependnthe descriptorcomponent.

Thepreviouscomponentsffer solutionsfor two of therequirement&dentified
in “Context.” Thedescriptomprovidesa standardvay to organizethe information
abouteachpayload.It correspondso thefirst partof the B220file. Similarly, the
datacomponentontainsgheactualinformation. This corresponds$o thethird part
of thefile. However, sofar noneof this component®ffers behaior—the second
part. Thisis coveredlateronin this section.

Not all payloadscontainboth components.Sometimegpayloadsthat corre-
spondto controlmessagedo not needary additionaldata. Therefore thesepay-
loadscontainonly the descriptor Wheneer bothcomponentarepresentthe size
of thedatacomponents usuallymuchlargerthanthedescriptor This characteris-
tic is usedto optimizethe payloadcopying mechanism—seleelow.

Figure 10 shawvs a control payloadand a datapayloadcorrespondingo an
image. The generalinformationencodedn the descriptorcontainsthe message
type, an asynchronouflag anda priority level. In contrastthe descriptorof the
datapayloadcorrespondto animageandhasthreeadditionalfields. Thesecontain
theimagename sizeandformat.

An object-oriente@pproachs anelegantsolutionfor payloads Polymorphism
providesbehaior parameterizetly the datatype. This renderghe explicit encod-
ing of the payloadtypein the descriptounnecessarfiRemaing theresponsibility
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Control Payload Data Payload
| Tyee |} L] Type .
| Asynchronous __|| Descriptor | Asynchronous __
Priori Priori .
Yy Yy Descriptor
e Image Name
Type-specific |[[f-==--- éi ”””
Parameters || /mage Size
Format
Image Data

Data

Figure10: Differentpayloadsandtheir components.

of messagéype checkingfrom the programmereducecompleity andimproves
efficiengy. Inheritancegroupsthe attributesandbehaior commonto all message
typesin asuperclasghuspromotingreuse Adding anew payloadrequiresonly to
accommodatéhe new attribute(s)—ifary—andto provide theappropriatdbeha-
ior. Existingsoftwarecontinuego work with nev payloadghroughthe superclass
interface. Therefore unlessit requiresthe new attributesor data,software canbe
reusedvithoutmodification.Encapsulatiorallows attributeslike anasynchronous
flag or a priority level to be associatedvith eachpayload. Relocatingthe knowl-
edgeaboutthis informationinside payloadsdecreaseghe coupling betweenthe
communicatingentitiesandthe messagethey exchange. Consequentlyaslong
asthe payloadinterfacedoesnot changeattribute representationsanbe modified
without affectingexisting payloadhandlers.

In concertwith a messaggassingmechanism(Section3), payloadsreplace
direct callswhenthesearenot feasible. One circumstances wheneer the com-
municatingentitiesresideacrosdogical boundariesThis is typical to distributed
systemandmultiprocessocomputersApplications(processesunningondiffer-
entmachinesr processorsxchangedataonly by sendingnessaget® eachother
Anothercircumstancés when&er the communicatingentitiesexchangecomple
data.Interlayercallsin alayeredoperatingsystemtypically requirea large num-
ber of parameters.Sereral modernoperatingsystemshave replacedthesecalls
with amessagg@assingnechanisnfTW97].

Although payloadsoffer several benefitsover direct calls, thesedo not come
for free. The patterntradesperformancdor flexibility. Oneof the mainliabilities
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of this patternis the overheadrequiredfor payloadassemblinganddisassembling
However, thedecreasedouplingbetweerthecommunicatingentitiesandthemes-
sageshey exchangdacilitatestheoptimizationof themessag@assingnechanism
(Section3). Transfermechanismshatrequireadditionalinformationaboutmes-
sagesreableto obtainit directly from themessagahrougha well-definedproto-
col. Thiscanhelpreducethe messag@assingoverhead.

Anotheroperatiorthatmakespayloadqwhenusedin conjunctionwith ames-
sagepassingnechanismjessefficientthandirectcallsis payloadcopying Some-
timesit is possibleto substitutgpayloadcopying with changeof ownership.How-
ever, if thepayloadis sentto multiple recipientsjt hasto beclonedsuchthateach
recever getsits own copy. But cloningwastespaceandmaynotevenbeviablefor
payloadswith large memoryfootprints. Underthesecircumstanceshe recevers
canshareghesamepayload.Shouldarecever modify theincomingpayload,t has
to obtainits own privatecopy. Whencopying is cannotbe avoided,an optimized
techniqguecanbeemplo/ed:

Shallow copy Copy justthe descriptorandsharedatacomponentsHowever, the
shareddatacomponentannotbe changed.

Deepcopy Copy the datacomponentaswell. Implementingthis as copy-on-
write canimprove performance.

If the entitiesthatexchangethe dataresideacrosshardwareboundariesgchanging
of ownershipwithout copying cannotbe avoidedandthe entirepayloadhasto be
transferred.

Onepossibleway to improve performances to pack multiple payloadsinto
a single containerpayload[SC95. A typical instanceis wheneer payloadsare
transferredover a network. In this case,althoughthe datatransfercan be rela-
tively fast,initiating individual connectionsgs expensve. However, this approach
is viable only for high messageatesor bursty traffic, suchthat the senderdoes
not have to hold a messageoo long beforepassingt further Containermessages
are employed by operatingsystemswhich consistof several interactingcompo-
nents[TW97, CRJ87]andInformationSystemgFow97].

Passingpayloadsinsteadof using direct calls has additional consequences.
(i) Payloadshide the detailsof the communicationchannel. Once communica-
tion is doneonly by passingpayloadschange®f the communicatiorchannelare
transparentFor example the communicatingntitiescanberelocatedbn multiple
processinginitsthatarelinked by a high-speedetwork—e.g.,ATM or Ethernet.
Therefore payloaddacilitatethedistribution of existing applicationsover multiple
processinginits, which canbe heterogeneougii) Payloadsarestandloneobjects
andcanbepersistentMission-criticalapplicationsisepersistentnessaget cope
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with failures.For example,|IBM’ s Exotica/FMQM(FlowMark on MessageQueue
Manager)[AAA T95] projectis a fully-distributed workflow systemthatemplo/s

IBM’s Messag&ueuelnterface(MQI) for persistenmessagingMQI eliminates
theneedfor a centralizedatabasewhichin mary workflow systemsonstitutesa

singlepoint of failureandsometimes bottleneck. Asynchronougsommunication
betweerapplicationghatrun at differentpointsin time becomegpossible. There-
fore, persistenpayloadsoffer increasedesilienceto failures,greaterscalability
andflexibility of systemconfiguration.

A large numberof applicationsusepayloads. Consequentlyautomatedools
for payloadmanagemenrtanbevaluableduringthe softwaredevelopmengprocess.
One suchtool is the MessageTranslationand Validation (MTV) Builder [Eng]
from Accel Software Engineering.MTV automatesoftwaregeneratiorto facili-
tatecommunicatiobetweersystemsanddevicesof varioustypes.Theautomatically-
generatedodeprovidesmessagéranslatiorandvalidationcapabilitiegshatcanbe
integratedinto an application. Payloadsare built and modified througha GUI.
Startingfrom a visual representationMTV Builder automaticallygenerateshe
interface control documentsthe translationand validation software, andthe test
software. Thereforethe codemaintenancéime is eliminated.

In summary the payloads patternhasthe following benefits(Cl) and liabili-

ties(D):

O Payloadsincreasehe overall flexibility andpermitthe additionof new fea-
tures(e.g., priority levels, supportfor asynchronougvents)with minimal
changes.

0 Adding new messageypesdoesnot requirechangingthe existing entities
which are not interestedn them. For example,in a data flow architecture
(Sectionl), filters passdownstreamthe messagethey do not understand,
without performingary processing—alsknown as“tunneling”

O Messagecontentscan be modified at runtime. Modulesinsertor remove
messageomponentbeforepassinghemfurther Consequentjthetraffic
canbereducedy piggybackingnformationon passingnessages.

0 Themainliability of this patternis its inefficiengy whencomparedvith di-
rectcalls. This is dueto the high overheadassociatedvith copying and
payloadassembling/disassentui

Implementation notes

As mentionedbefore,the key propertiesof the object-orientegaradigmprovide
anelegantsolutionfor thethreerequirementé&dentifiedin “Context.”
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class Message {

public:

Message();

virtual  "Message();

virtual Serialize() =0;
virtual Deserialize() =0;

/*

Other methods for messages

¥

Figurell: TheMessage abstracbaseclass.

A flexible implementatiorsolutionis to regardthepayloadasacompositenes-
sagegSCI95]. Concreteclasseorrespondingo variousmessageypesarederived

from the abstractlassMessage—Figure11—andprovide implementationgor its

interface. The Payload class—Figurel2—is a compositeMessage thatextends
theinterfacewith several descriptorspecificmethods.In this example,eachpay-
load hasassociatedvith it a priority level andanasynchronoufiag. Clientscan
subclas$ayload to extendthedescriptospecificinterfacein atransparentvay.

Examples

1. Many multimedia applicationaisethe payloads pattern.VuSysteniLin94]

hasVideoFrame for singleuncompressedideoframe;AudioFragment for

a sequencef audiosamples;and Caption for close-captionedext. The
payloadsprovide marshalling/unmarshatlg methodswhich allow VuSys-
temmodulesto resideon differentcomputersin ActiveMavie [AMS], pay-
loadsareeithermediasamplesr quality controldata.Mediadataoriginates
atthesourceandis passeanly dowvnstreamQuality controldataprovidesa

meando gracefullyadaptto load differencesn themediastream.lt is used
to sendnotificationmessageffom arendereleitherupstreamor directly to

a designatedocation. All the elementof the architecturearchitecturaec-
ognizeanasynchronousventwhich requiresgracefulflushingof old data,
followedby globalresynchronization.

. AbstractSyntaxNotationOne(ASN.1) [X20884 is a methodof specifying

abstracbbjectsin the Open Systemdnter connection(OSI) architecture.
TheBasicEncodingRules[X2088l describenow to encodevaluesof each
ASN.1 type as a string of bytes. BER encodesachpart of a valueasa
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class Payload : public Message {
public:

Payload();

virtual  "Payload();

Il Message interface

virtual  Serialize() {r %

virtual Deserialize() { I ¥ }

/*

Other methods for messages

*/

Il Payload-specific interface

int  PriorityLevel() const { return _priorityLevel};

bool IsAsynchronous() const { return _isAsynchronous};
/*
Other descriptor-specific methods
*/
/I Composite interface
vitual  void AddMessage(Message *) { I+ * '}
vitual ~ void RemoveMessage(Message *) { /¥ * };
private:
int _priorityLevel;
bool _isAsynchronous;

/*

Other descriptor-specific data
¥
vector<Message  *> _components;

Figurel2: ThePayload class.
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(identifieflength,contets) tuple. Theidentifierandlengthcorrespondo the
descriptorcomponentwhile the contentscorrespondso the datacompo-
nent. Although ASN.1 and BER have beendesignedor the application-
presentatiorinterfacewithin the OSI architecturethey have alsobeenap-
pliedfor distributedsystems.

3. As mentionedbefore,this patternis alsoemplgred by someoperating sys-
tems In the caseof UNIx streamdqRit84], payloadsare called message
blocks. A headerspecifiesheir type (dataor control), aswell asotherat-
tributes(e.g.,asynchronousvent).

4. Parallel computing is anothedomainwherepayloadsareusedextensiely,
particularlyfor architectureshatdo not have sharednemory The Message
Passindnterface(MPI) [SOHL*96] is astandardizedndportablemessage
passingnechanismvhichrunsonawide varietyof parallelcomputersMPI
messagesall thedescriptorromponentmessagenvelope’

Related Patterns

e Applicationsthatusethedata flow architecture typically emplo/ payloadgo
encapsulatéhe datathatflows throughthe network.

Whathappensvhena sourcemodule(for example,afile readeryeacheshe
endof theinput stream?This conditionis signaledoy sendingdownstream
a payloadthat correspondgo the “end of stream”control message.The
mechanisnis propagatedionn the filter network until it reacheghe sink.
Therefore,payloads enablemodulesto exchangecontrol informationin a
transparenivay.

e Marshallingandunmarshallingnethodsequirepayloaddo reconstructhem-
sehesfromabytestream.Thereceverendcanemplg afactory method [GHJV95
to reconstructheappropriataype of payload.

e Composite message [SC95] facilitatesthe packagingof several messages
into a composite.Its objective is to improve performanceby reducingthe
messag@assingoverhead.

e Theproxy [GHJV95,BMR*96] patterncanhelpreducetheoverheadf pay-
loadcopying. A proxy payloadhasthe sameinterfacebut postponeshedata
transferuntil its dataor descriptorcomponentsireneeded.
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