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Abstract

In the processnetwork model, the network evolves by reconfiguration.Reconfiguratiorchangeghe representation
of the network. With a multi-threadedmplementatiorof the processetworksystemiit is necessaryo coordinate
concurrentaccesseto the representationatructure. We comparetwo approacheso the problemof ensuringcon-
sisteng of representatioduringreconfigurationOneis a “localized” view, takenfrom the viewpoint of the process
undegoingreconfigurationThe otherrequiresa “global” view of theentireprocessietworkstructure We shav how
reconfiguratiortakesplacein eachcaseandcompareadvantagesanddisadwantage®f each.

1 A Techniquefor ProcesdNetwork Reconfiguration

TheKahnmodelof processetworkgKah74]is usedto representransformationso stream®f data.Processetworks
arestructuredasdirectedgraphswherea noderepresenta processandan edgerepresentshe flow of datafrom one
procesgo another Kahn definesa procesgo be a mappingfrom one or more input streamg(or histories)to one
or more outputstreams. Processesommunicateonly throughdirectedfirst in - first out (FIFO) streamof tokens
with unboundedtapacitysuchthateachtokenis producedexactly once,andconsumedxactly once. Productionof
tokensis non-blocking,while consumptiorfrom an empty streamis blocking. The modelis highly concurrentand
deterministicandis of interesto usasa semanticallysoundformulationof flow-basedsystems.

Reconfigurations a fundamentaklementof procesetworksemanticasdefinedby [Kah74, via therecursve
processchemaln fact,aprocessetworkcanberegardedasstartingwith onenodeandexpandingasthecomputation
proceed$KM77]. The behaiour of processetworksis dynamic,evolving in atop-davn fashion.Processetworks
reconfigureby replacinga nodewith a subgraph.This is only possibleif the subgraphcanbe appropriatelyspliced
into theincomingandoutgoingedgef the original node.Here,we examineaspect®f safeimplementatiorof such
computationafeconfiguratior{mutationof arepresentationjgsa basisfor furtherwork on adaptve reconfiguration.

[Kah74]assumesormalorder(demandiriven)evaluationhence:

1. reconfiguratiorhappen®nly whenit is neededand
2. nounnecessargeconfigurationsccur

If animplementations alsodemandiriven,then(1) makest possibleo makestrongstatementabouttheprocess
networknodethatis undegoingreconfigurationandits inputandoutputchannels.

Implementingreconfiguratiorrequiresthatwe changethe processetworkrepresentatiodynamically;we must
beableto guarante¢hatthemechanic®f mutatingtheprocessetwork'simplementatiorstructuregivesthecorrectly
formedprocessetworkbeforeandaftermutation,andthatmutationmustensurehatall channekconnectionsemain
correctthatnovaluesarelost from channelsthatno valuesareintroducedor duplicated andthatthe processietwork
correctlyresume®peration We referto this asensuringconsisteng of representatioduringreconfiguration.

Againusing(1) above, anda demandirivenimplementationye canstate(in Fig. 1) thatthe (single)outputchan-
nel of B is emptyandhungry andthatavaluemustbe producednthatchanneimmediatelyafterthereconfiguration
in orderto satisfythatdemandjn [Wen83, we shaved how to performthe mutationsafelyundertheseconditionsin
bothquasi-parallenddistributedprocessetworkimplementatiorschemes.

But we do not wantto restrictoperationof a processnetworkto just demanddriven operation;it restrictscon-
curreng (not entirely, asa sink nodecan propagatedemandson ary numberof inputs, therebyproviding several
concurrentactiities to satisfythem,but it precludesipelining or streamingparallelism). For this reasonwe want
partsof a networkto proceedn a datadrivenfashion. This meanswe needto takemorecarein handlingmutations.
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Figurel: Expansiorof anetworkfrom (a) to (b), replacingthe existing nodeB with a subgraptD. B mayor maynot
survive aspartof D in the new configuration.

/1 create a new franework
Bui | der builder = Tool kit.newBuil der(siftl);

/1 construct the new subgraph

ma E sift | ¢ u print j newframework Fi | ter filter = new Filter(prime);
Sift sift2 = new Sift();

bui |l der.add(filter);

bui | der.add(sift2);

QutputPort f = filter.getQutputPort(0);

I nputPort g = s.getlnputPort(0);

bui | der.connect (f, 9);

/1 splice framework into existing network
I nput Port b = buil der.getlnputPort(0);
I nput Port ¢ = buil der.getQut put Port (0);

f
Em. filter.setlnputPort(b,0);

— denotes token flow sift2.setQutputPort(c,0);

/1 schedul e any new nodes
bui l der.trigger();

Figure2: Codefor the expansionof a processietwork.

We cannotguarante¢hatthe outputchannewill beempty or thatits consumewill beblocked;also,producersf its
inputchannelsnaybe active.

Specifically we mustbe ableto guarantedin Fig. 1) thatthe transformatiorfrom B to D is implementecby a
safemutationprocessWe mustrecognizewith datadrivenevaluationthatA andC areautonomouso potentiallywill
produceto d; andconsumerom d, while reconfiguratioroccurs.For this reasonthe endpointsof the channeldeld
by A andC cannotbe modified. This leaves B andthe nodesin D, the nodesaffectedin the reconfigurationasthe
remainingpointsfor contention.

Duringtheproces®f reconfigurationit is likely thattheendpointof B andD will change To ensureconsisteng
of representationye assumehatoncethe mutationstarts,it continueso completion.This assumptiorensureghere
is no activity involving the mutatingprocesshenceno opportunityto adwerselyaffectthe consisteng of the existing
or newly createdntermediarychannelsn D.

Ourtechniquéor ensuringconsisteng is to createanentirely separatéframework” in whichthenew subgraptbd
is createdseamlesslgplicingtheinputandoutputportsof B with thoseof D, andstartingary newly createdorocess
networknodes.Fromthetime thatB decidego reconfigureuntil nenvly formednodesin D arestartedneitherB nor
thenodesof D areableto manipulateary channelsaindhenceconsisteng is presered.

To illustrateourtechniqugdescribedn detailin [VWW99]), we look at the exampleof the Sieve of Eratosthenes.
This exampleis instructive becaus¢he computatiorevolvesby reconfigurationandformsa pipelineof filter andsieve
processem sodoing. Further it canbewritten eitherrecursvely (a sieve is replacedy afilter anda new sieve atthe
discovery of eachprime) or iteratively (afilter is insertedin front of the sieve processwvhich remainsin the process
network). In Fig. 2, we shav the ports of the reconfiguringprocesgb andc) assignedo the framewvork, the nen
processeff i | t er 1 andsi f t 2) createdvithin theframewvork, aswell astheir ports(e, f, g andh), andtheinternal
connectiorof f to g. Themutationis completedoy distinguishhgappropriatgortsof newly creategorocessewithin
theframewvork, andidentifying themwith the portsof thereconfiguringorocesghere,b become® andc becomes).
We schedulehenewly formedprocessessingt ri gger () .

Processetworknodescanalsoreconfigureby disappearingrom the processetwork;[KM77] describethis as
“tieing” theinputof a processetworkto its output. This typeof reconfigurations especiallyusefulin definingcyclic
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Figure3: Shrinka network.(a) providesquasi-shrinkingwhereagb) actuallyshrinksthe network.

m print
/1 create a new franmework
m print Bui | der buil der = Tool ki t. newBui | der (cons);

/1 tie the framework's ports
I nput Port b = buil der.getl nputPort(0);
Qut put Port ¢ = buil der. get Qut put Port (0);

bui l der.tie(b,c);
o

Figure4: Disappearingacons operator

— denotes token flow @ propagation thread

networks.Justdraving a cycle is meaninglesssa computatiorbecausét impliesimmediatedeadlock But if we use
aproceswvhichinsertsd(>1) valuesinto achannelandthendisappearsye have effectively specifieda“delay” d in
thecycle andturnedin into afeedbackoop—V; is computedn termsof Vi_g, ..., Vi—i.

Figure3(a) shavs how suchatie may be implementedusingexpansion. We canexpandthe networkto replace
B with the identity nodel. In otherwords,B emitsits prefix, thenbehaesasan identity process.But we should
avoid the overheadof copyingtokensunchangedHence for disappearingo be efficient anduseful,the “disappear”
mutationmusttransparenthcombinetwo channelsnto one,without leaving artifacts(suchashiddenredirectionof
). It is theoperationof combiningchannelghatmakeshis type of reconfiguratiordifferentfrom, andmoredifficult
than,thatof Fig. 1 (“expansion”).

In [Wen83, undertheassumptiomnf demandirivenevaluationwe couldstatethatd, mustbeempty sod; +d, —
d;. We cannotapplythe sameresultfor datadriven evaluationasit is possiblethatd, is notempty In this case we
mustmeige the historiessuchthatd; + d, — dz. Thislearesuswith the problemof preservinghe orderingof d;, d;
andtheresultingds duringmutation.

Underthe consisteng rulesfor expansion,we cannot modify the endpointsat A andC. Onceagain,the au-
tonomousnatureof thesenodescomplicatesghe mutationoperation,asit is possiblefor d; andd, to be modified
(possiblythroughanotherdisappeaoperation)by A andC prior to establishingds. It is undesirablgo requirethe
involvementof A andC in the mutationoperation(i.e. stoppingthem),hencewe look at the channelarchitectureto
assistperformingthis mutation.

Our techniquefor channelmeiging requiresthat we describethe channelarchitecturein two halves, dP on the
producerside and d® on the consumerside, with a threadcoordinatingpropagatiorof tokensfrom dP to d°. We
referto this architectureashalf-channels. Half-channelenableusto insulateA andC from ary manipulationof their
endpointdy requiringthatdf andd; remainafterthemutation.Theeffect of themutationis thena proces®f gaining
amutationlock onall four half-channelsstoppingthepropagatinghreadspropagatingry tokendeft in d$ anddg to

S, creatingandstartinga new propagatinghreadbetweerdf andds, thenreleasinghe remainingchannemutation
locks.

Toillustratethischannekrchitecturgdescribedn detailin [VWW]) we considetheimplementatiorof thecons
operator The cons operatorprefixes a tokento a channelandthen vanishes. Figure 4 shavs the creationof a
new framework to replacethe existing node, but on this occasionwe takethe two portsof the new reconfiguration
andtie them. Thet i e() operationstopsthe propagatinghreadsof thetwo channelspropagatesry tokensin the
half-channelshatdisappeawith cons, thencreateandstarta new propagatinghreadto resumehe progresf the
channel.

With that,we have a mutationschemehat:

¢ is safeunderbothdemandirivenanddatadrivenevaluation;



e involvesonly thereconfiguringorocessandits input andoutputchannels;
e isamenabldo distributedimplementation.

Thereis anotheraspecof datadrivenevaluationwe shouldconsider It is speculatre by naturein thatit computes
valuesthat may not be neededo producethe overall processnetworkresult. In particulay it may causeinitiation
of non-terminatingcomputationin a fragmentof the processetwork, but if the resultsof that computationare not
actuallyuseddownstream the processetworkwill still function correctly (we assumebut don't discussa suitable
throttling or resourcemonitoringmechanisnto suppresshe errantfragment).

The point hereis that, in consideringmutationfor reconfigurationn a separatepart of the processnetwork,
we shouldnot let the presencef this non-terminatingragmentdelay the mutation: this makesit essentiathatthe
mutationmechanisnbe ableto operatdocally.

2 An Alter native Techniquein Ptolemyll

Ptolemyll [DIGH*9§] is a heterogeneousoncurrenimodellingsystem;its objective is to provide a generalframe-
work for the constructionandinteroperabilityof executablemodelsthatarebuilt undera wide variety of modelsof
computation.In Ptolemyll, modelsareconstructedasa setof interactingcomponentshatcanbe easilydesignedo
interactin anumberof ways.A modelof computatiordefineshe semanticgor this interaction.

Ptolemyllprovidesavery generaktructurahotationto build relationshipdoetweercomponentsf amodel:topol-
ogy, entity, relation,recever, port,connectiorandlink. This structuralnotationenableghe constructiorof hierarchi-
cally composediomains. A domainis a packagehatimplementsa givenmodelof computation.

Actors are componentsvith input and output, that at leastconceptuallyoperateconcurrentlywith otheractors.
Actorsaredefinedby a setof actionmethodsthatspecifytheactionperformedby theactor andports,thatdefinethe
communicationinterfacewith the actor Thefirst actionto beinvokedisi ni ti al i ze() , whichis invokedexactly
oncefor the purposeof initializing statevariablesin theactor Initialization is followedby any numberof iterations.
An iterationwill typically involve a pre-fireto determineif firing is requiredor possible,one or mary firings, and
a post-fireto updatepersistenstateand determinewhetherexecutionof the actoris complete. Only domainswith
fixed-pointsemantic§wheremultiple firings arerequiredfor the resultof aniterationto corverge) requiremultiple
firings. A wr apup() methodis invokedexactly once typically for displayingfinal results.

Compositeactorsare collectionsof actors,anda directorthatgovernsthe executionof its actors. The directoris
responsibldor the local executionof the compositeby observinga firing sequencéor the actorsof which the entity
is composedA manageis definedto governthe overall executionof the modelthroughatop-level compositeactor

Ptolemyll includesa processnetworkdomainimplementedoy Goel[Goe98 During initialization, the process
networkdomaincreatesa Pr ocessThr ead for eachactor thenstartsthesethreadon thefirst pre-fire.Unlike most
otherdomainsthe Pr ocessThr ead is responsibldor the pre-fire,fire and post-fireof the actor Thesemethods
areexecutedautonomouslyy this thread,with the directoractingasanobserer of the stateof thethreadsandtheir
actors.Thef i r e methodof the processetworkdirectorperformsno firing, but obseresthe networkfor cessation
of progressiueto a networkstopor deadlock.

We are particularlyinterestedn the Ptolemyll mechanicdor mutation. Ptolemyll hasa supportkernelfor op-
erationson the topologyitself. Thisis entirely separatdrom the expressionof how the modelruns(i.e. the kernel
eleggantly separatesoncern®f structure(syntax)from operationsemantics)).

Ptolemyll utilizes its own mechanisnfor ensuringsafeconcurrentaccesgo a runningtopology; eachentity in
thetopologyis immutablyassociatedavith a workspaceandappropriateeador write locks mustbe obtainedon the
workspacdo mutatethe networkstructure. The drawvbackis thatthe topologychangesiecessaryor mutationmust
takeplacethroughkernelmanagemenmethods.An actorthatis mutatingneedsa mechanisnto signalbackto the
kernelthat it wantsto mutate,and specifywhatis involved in the mutation. In domainswhereactorsessentially
executeoneoperationfor eachfiring, therearewell definedpoints, betweeractorfirings, wheremutationcantake
place.

This is not sofor procesmetworks;actorsadhereto thefiring rules, but are essentiallyautonomouso methods
mustbe providedto allow “breakingout” of thetheir firing sequencePtolemyll providesa mechanisnthroughthe
manageifor propagatinga “stop firing” signalto all directors. In addition, the processnetwork directorissuesa
st opThr ead() to all threadgo stoptheir firing. Whenthe processetworkdirectorobseresall actorsareeither
stoppedread-blockedor in the procesf mutation,controlis returnedbackto managerlf the manageis required
to iterateagain,it will coordinateheexecutionof all mutationsrequestedby actorswith theworkspacédo ensureone
mutationis only ever active, pre-firethe networkby invokingst art () onnewly formedthreadsesultingfrom the
mutation,andr est art Thr ead() onexistingthreadssothey maycontinue.



TheSieve of Eratosthenesnplementedy Goelis differentto thatimplementedy [KM77]. Thisimplementation
usesacombinedsieve-filter actott. This actorhasthejob of filtering outagivenprime. Thefirst tokenreceivedthatis
notamultiple of the primeit is filtering is a discoreredprime. In reactionto this, theactorwill requesthedirectorto
performamutationto inserta new sieve-filter afteritself. ActorsrequesimutationsusingaChangeRequest object
with anexecut e() methodthatdirectly manipulateshetopology The codefor this mutationis similarin purpose
to thatshawvn in Fig. 2. Thedirectorqueueghe requestwith its managerandit is the queuingof this requesthat
causeghe managetto issuea stopfire signal. Unlike mostotherdirectors,the processnetworkdirector blocksthe
actorrequestinghe change This blockagdeavesthe actorwith theimpressiorof immediateexecutionof the change
request.

3 Summary

We have consideregrocesetworkreconfigurationandthe mutationsof representationequiredfor its implemen-
tation. We have looked at aspectsof demand-drien (conserative) and data-drien (eager)evaluation strateies;
centralizedandlocalizedrepresentatiomanagementand amenabilityto distribution of processetwork processes
andchannels.

Demand-drrenevaluationletsuspreciselyidentify pointsof actiity in aprocessietwork.In [Wen82]we shoved
how mutationsof centralizedquasi-parallebndlocalizeddistributedrepresentationsould thenbe safely managed.
Whenwe allow moreeagerevaluationstratgies,therearemary morepointsof actiity, andit becomesnoredifficult
to specifyconditionsfor safemutation.

Ptolemyllimplementsprocessetworksasonedomainamongmary; its primary objectie is to facilitate system
modellingcombiningmary differentdomainsHence,it adoptsa centralizedapproachwhich discourageslistributed
implementation.Further it assumegagerevaluatiorf. This makesit difficult to preciselycharacterizeandreason
aboutthe stateof processietworkprocesseandchannelsnvolvedin areconfigurationandis susceptibléo problems
with runavay processetworkfragments.

Our currentwork is examining a potentially distributedimplementatiorutilizing conserative, eagerand hybrid
evaluationstratgieswith localizedrepresentatiomanagementVe believe this combinations essentiafor practical
usesof procesmetworks. In this paper we have outlineda safeimplementatiorschemefor reconfiguratiorin that
situation.
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Lit is notclearif it is possibleto inserta new actorin front of anexistingactor
2we believeis would be possibleto implementconsenative evaluationasa Ptolemyll domain,andwe areinvestigatinghow thatmaybe done.



