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1 Intr oduction to EmbeddedProgramming for Transportation Systems

Thispaperdescribesamodularcompilationschemefor distributedsynchronousprogramming.Theapproach
is Þrstdescribedmathematicallyandthenimplementedasa library to distributeSimulink (59). Application
of theschemeis illustratedby developingacontrolsystemto coordinatetrafÞcsignals.

The purposeof the researchis to advanceprogrammingtools for control of large networked systems.For
example,USDOTÕs Vehicle InfrastructureIntegration Initiative (54) is rolling out an ad-hocwirelessin-
frastructureto createthe networked roadway. This will enabledistributed operationof the trafÞc control
infrastructure.Henceour studyof the signalcontrolsapplication. Typically, theseare large-scalesystems
with acentralizedcomputingarchitecturecontrollingthousandsof devicesconnectedto atrafÞcmanagement
centerover leasedtelephonelines. For example,theLADOT ATCSsystemintegrates1300signalsandmul-
tiple changeablemessagesigns.TheCaltransI-5/I-405 freeway managementsystemintegratesa vastsensor
systemcontainingthousandsof inductive loopsandhundredsof cameras(49). Otherareasfamiliar to the
authorsthatmotivatethispaperarecontrolfor collaboratingunmannedair vehiclesystems(43)androadside
vehiclesystemsfor crashavoidance(50). Thecontrolengineersworking on thesesystemsarealmostalways
familiar with Simulink andtypically write the ÞrstcompilablespeciÞcationof control in the language.We
try to extendSimulink throughthecompilationschemein this paperto programnetworkedcontrol systems
becauseit is well establishedasahigh-level speciÞcationlanguagein thecontrolcommunity.

Thecompilationschemerelieson modularityandseparatecodecompilationto helpwith thesizechallenge
andon distributedsynchronousprogrammingto handleconcurrency andsynchronization.Modularity was
one of the Þrst programmingfeaturesintroducedby computerscientiststo deal with large systems. The
ideabehindmodularity is to extendthe divide et impera strategy to codegeneration:the complex codeis
structuredandsplit into smallerandeasierto handlemodules.Eachmoduleencapsulatesa partof thecode;
it offerssomeabstracthigh level servicesto therestof thesystemwhile hiding unnecessarydetails.This is
thefundamentalideabehindtheintroductionof procedureandobjectsin modernprogramminglanguages.

The synchronousparadigmwasintroducedin order to simplify the programmingof reactive systems,hid-
ing from the userthe complexity of interleaving andits associatednon determinism(32),(31),(4),(2).The
compilertakescareof translatingthesynchronoussysteminto sequential codewhile preservingits semantic
(2). SynchronousprogramminglanguageslikeESTEREL(5)-(6),LUSTRE(21),SIGNAL (25),or Simulink
(59) aremodularandcompositional.Whencontrollerscoordinateover networks,bothconcurrency andnon-
determinismareenhanced,dueto theasynchronousnatureof thecommunicationmedium.In thesynchronous
philosophy, the increasedcomplexity shouldbehiddenfrom theuserby handlingit automatically in compi-
lation. This is now anactiveÞeldof researchandit is targetedby this paper.
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(11)-(19)proposealgorithmsto distributesynchronousprograms,startingwith asinglesynchronousprogram
andsplitting it into synchronoussubsystemsintercommunicatingthroughanasynchronousmediumcreating
what is calleda Globally AsynchronousLocally Synchronous(GALS) system(3). This approachpreserves
thesynchronoussemanticsbut doesnotmaintainor exploit themodularstructurein theoriginal synchronous
program. For examplethe modulestructurein the original Esterelleprogramis lost in the compiledcode
producedin the approachpresentedin (11). Consequently, modiÞcationto onemoduleof the synchronous
programmay requirere-compilationandre-distribution of the entiresystem.As the systemgrows in size,
componentupdatesaremorefrequent.As a resultthis approachis no longerpracticable.

Theresearchpresentedin this papertries to alleviate theglobalcompilationproblemby investigatinga 2 or
multi-stepcompilationapproachin whichtheÞrststepdealswith thedatadependenciesbetweenmodulesand
thesecondstepwith timing asdonein (23). ThispapershowstheÞrststepcanpreservethemodularstructure
of thesynchronousprogramin its compiledsequential,asynchronous,semanticpreserving,equivalent. Any
modiÞcationto a moduleof thesynchronousprogramwill only requirerecompilationof thealteredmodule.
In this phasethecodeis annotatedwith noderunningtime informationandwith thecausalitydependencies
betweenits inputsandoutputs.For examplethemodulein Þgure1 hasoutput1 dependingon inputs1 and2,
andit executesin 10ms.

Figure1: A graphicalrepresentationof aSimulink moduleandtheannotationof its compiledequivalent

(3) proves sucha mappingto GALS, preservingmodularity, exists for a particularclassof synchronous
systems.However, no algorithmcomputingon a Þniterepresentationof synchronoussystemsis given. In
(51)weproposedsuchanalgorithmbasedonCSPstylerendezvous(24). In this paperwepresentabounded
queuecompositionalgorithm,its correctnessproof,its applicationto distributeSimulinkandits useto develop
acontrolsystemfor coordinatedtrafÞcsignals.ThemathematicalresultswithoutproofÞrstappearedin (52).

The approachpresentedin this paperis mostsimilar to (39) and(9). In (39) a blocking schemeis usedto
distribute discreteevent systems.In the discreteevent systemsettingparticularattentionhasto be paid to
avoid deadlockandlivelock, while we prove this is not necessaryfor the classof problemwe address.In
(9) microcircuit componentsarecomposedtogetherunderthe assumptionthat they areÒstallableÓ,andthe
communicationbetweencomponentsis modeledusingÞxsizedFIFO queues.

The secondcompilationstepfulÞlling timing speciÞcationson the target hardware, may be different for
differenthardwarearchitectures.In (23)ahardreal-timeprogramcanbeexecutedonaplatformonly if there
is a feasibleschedulefor it. Thecompilerprovesthat theprogramcanbeexecutedon thetargetarchitecture
generatinga schedule.The compilerstartswith Giotto codeannotatedsimilarly to what is proposedhere.
Using the samesetof annotationsthe algorithmproposedin (33) canbe usedto checkif the input/output
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dependenciesof theblocksareconsistentor if they leadto adeadlock.

Modularityat thesecondstepof compilationmaybeachievablefor certainhardwarearchitecturesandnot for
others.Herewe usea secondstepcompilationadequateonly for thesignalcontrolproblem.We compileto
executeoverPentiummachinesconnectedusingTCP/IPsockets.Thecomputationcyclesin signalcontrolare
in thetenÕs of seconds.Computationandcommunicationoccurso fastthatwe simply compileto constraint
concurrency acrossmodulesminimally, i.e.,only enoughto respecttheir input-outputdatadependencies,and
thenhaveeachmodulecomputeandcommunicateasfastaspossible.Thereis noscheduler. Thusthesecond
stepremainsmodular. The synchronousprogramcompilationschemein (12) schedules computationand
communicationto guaranteetiming propertiesfor theTime TriggeredArchitecture(TTA) (45). However, it
is notmodular. Thusourmodularcompilationresultspertainmainly to theÞrststepof compilation.

Thedistribution methodandits propertiesareÞrstdescribedmathematically, andthenturnedinto program-
ming librariesfor Simulink. Weonly compileprogramsin which therearenocausalloop.

SynchronousprogramsaremodeledusingaÞnitaryversionof theSynchronousTransitionSystemintroduced
in (38), modiÞedto resembleSimulink. Theformalismusedfor thecompiledsequentialasynchronouscode
is similar to theI/O automataof (36). SynchronousandasynchronouscompositionoperatorsarethendeÞned.
Thesynchronouscompositionoperatoris Simulink-like. Theasynchronouscompositionoperatoris similar
to theoneusedin KahnProcessNetworks(26), (27), (29), but we assumethatcommunicationqueueshave
boundedsizesothey canberealizedby reliableFIFOchannels.

An implementationalgorithm to map synchronousprogramsto asynchronousonesis then given and it is
proventhattheimplementationmappreservesthesynchronoussemanticsin thesenseof (3). Themainresult
is that the implementationis a monomorphismwith respectto thesynchronousandasynchronouscomposi-
tions. Themonomorphismis our argumentthata local changecanbehandledlocally andthata subsystem
canbere-usedin differentsystems.

Thetheoreticalresultsarethentransformedinto software. Thearchitectureof theBSDPlibrary andits per-
formancesarepresented.Theresultsin thispaperapplyonly to Simulinkprogramswithoutcausalloops(see
section2) usedwith discreteÞxed-ratesolver. In (12) Simulink programaredistributedover TTA networks.
The BSDPlibrary canbe usedon any kind of network: our compilationtargetsexecutionin a network of
sequentialmachinescommunicatingover any reliableFIFO channelswith boundedmemory. This execution
modelÞtstheGALS architecture.Theclassof Simulink programswe considerlie within theendochronous
programs(3).

TheÞrstcompilationstepdoesno globalschedulingcomputation.Thusif a block is changed,only theblock
itself needsto be re-compiled.On the otherhand,our methodsonly preserve the synchronoussemanticin
the senseof the logical orderof computation.It doesnot try to meetany real-timedeadlines(asdone,for
example,in (42)). The taskis carriedout in the secondcompilationstep. This stepin the implementation
presentedin this papermerelyenablesthemto computeandcommunicateasfastaspossibleover TCP/IP
channels.

Thepaperis organizedasfollows. Section2 introducesa formalismfor Simulink-like synchronoussystems,
andonefor sequentialasynchronouscompiledcode.Theproblemis thereformulatedmathematically. Sec-
tion 3 presentsthe compilationscheme,comparesit with oneusedby Simulink, andproves that the map
preservesthesynchronoussemantic.Themain theoremsupportingthedistribution of Simulink programsis
thenpresented.Section4 introducestheBDSPlibrary andits performances.An applicationto trafÞccontrol
is thendescribedin section5. Section6 summarizestheresultsin thepaperanddescribesfuturework.
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2 Basicmodels

2.1 SynchronousSystems

Severalsynchronoussystemformalismsexist in the literature.Thebasicideabehindall of themis a system
evolving throughdiscretesteps.At everystepall thevariablesareupdatedandthey donotchangevaluesuntil
thenext stepis taken.

2.1.1 STSand FSTS

TheSynchronousTransitionSystemformalism,wasintroducedby MannaandPnueliin (38). STSdescribes
a systemasa tupleof typedstatevariablesandtransitions.Its behaviour is describedthroughtraces,i.e. an
inÞnitesequenceof stateswhereastateis avaluationof all thevariablesof thesystem.

In thispapertheFinitarySTS(FSTS)formalismis used.TheFSTSis chosento relateto Simulink. A system
is describedin term of input andoutputports,and internalstatevariables. The evolution of the systemis
capturedby asetof functionsusedto computetheoutputandupdatethestate.

DeÞnition1. A Finitary SynchronousTransition System(FSTS)is a tuple(S, I , O, σ0, ψO, ψS, ! ) where:

1.a S is theÞnitesetof statevariablesof thesystem.
1.b I is theÞnitesetof inputportsof thesystem.I andS arerequiredto bedisjoint.
1.c O is theÞnitesetof outputportsof thesystem.O andS arerequiredto bedisjoint. O andI arenot
necessarillydisjoint (this is neededfor feedbackasillustratedin thesecondexamplein section2.1.2).
1.d σ0(S) is theinitial valuationof thestatevariables.σ0(s) denotestheinitial valueof thevariables " S.
1.e ! O is asetof computablefunctions indexedby theoutputports,usedto computethesystemoutputs.ψo

denotesthefunctionindexedby theoutputport o.
1.f ! S is a setof computablefunctionsindexed by the statevariables,usedto computethe next system
state.ψs denotesthe function indexedby thestatevariables. 1.g ! is anacyclic partialorderover I # O
expressingthecausalityrelationbetweeninputandoutputports.Assumefor examplethattheoutputoi is the
sumof thetwo imputsi 1 andi 2. Thenoi dependsuponi 1 andi 2, written i 1 ! oi andi 2 ! oi . If P is asetof
portsthen$p " P . p ! p′ is writtenasP ! p′.
Theconcepts! andI p arelinked: ! is deÞnedasfollows:

(α, β) "! % (&ψp " ! O . α " I p ' β = p) (1)
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In thefollowing sectionsP = S # O # I and! = ! O # ! S andsuscriptsareusedwhenmorethanoneFSTS
areused(e.g.! s1

O refersto thesetof outputport functionsof theFSTSs1).

A Simulinkblockcanbedescribedby its I/O ports,statevariablesandthefunctionusedto updatethem.Later
we captureSimulink usingFSTSto make it work in a distributedcomputingenvironment. Someexamples
aregivenin thenext section(2.1.2).

2.1.2 FSTSexamples

ConsiderthesimpleSimulink systemin Þgure(2.a). It is composedof a singlegain block. It readsfrom the
inputport i 1 andoutputsits valuemultipliedby two on theport o1.

Figure2: Two examplesof Simulink systems

ThissystemcanbedescribedasanFSTS(S,I ,O,σ0(S),! O, ! S,! ) whereS = ( , I = {i 1}, O = {o1}, σ0(S)

= ( , ! S = ( , ! O = {ψo1

def
= 2 ) i 1}, ! = {(i 1, o1)}.

Noticethatfor theexamplein Þgure(2.a)I * O = ( . In theexamplein Þgure(2.b),I * O += ( . It is a block
thatacceptstwo inputsi 1 andi 2 andhastwo outputso1 ando2. o1 ando2 aretwice i 1 andi 2 respectively.

As a result o2 is four times i 1. This systemcan be describedas the FSTS(S, I , O, σ0(S), ! O, ! S, ! ),

whereS = ( , I = {i 1, o1}, O = {o1, o2}, σ0(S) = ( , ! S = ( , ! O = {ψo1

def
= 2 ) i 1, ψo2

def
= 2 ) o1}, ! =

{(i 1, o1), (o1, o2)}.

2.1.3 FSTSsemantics

Thesemanticis given in termsof traces.Givena setof variablesV , σ(V ) denotesa valuationof themand
" (V ) thesetof possiblevalueassumedby thevariablesin V.

As for STSsystemsa traceis deÞnedasfollows:

DeÞnition2. A trace is aninÞnitesequenceof valuationsof S # I # O. Thei th vectorof valuationsin a trace
t is denotedti , wheret i " " (S # I # O).

t|P denotestheprojectionof thetracet over thesetof portsand/orvariablesP.

DeÞnition3. Tuple satisfaction: given a tracet, the tuple t i satisÞesthe systems, denoteds |= ti , if the
following holds:

s |= ti % (i = 0 , $s " S . t0|s = σ0(s)) '
$p " O . t i |p = ψp(t i |(I p # Sp)) '
$s " S . t i +1 |s = ψs(t i |(I s # Sp))
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Wherethesemanticof functionapplicationis assumedto havenosideeffect.

DeÞnition4. Trace satisfaction: An FSTSsystems admitsa tracet (or equivalentlythetracet satisÞesthe
systems), writtens |= t, asfollows:

s |= t % $i " N s |= ti

whereN denotesthesetof naturalnumbersincluding0.

If ! is acyclic eachti anda valuationof the inputsat time i + 1 dictatesan uniqueti +1 . On the contrary,
if ! hasa cycle, theremaybezeroor multiple possibilitiesfor t i +1 . Someauthorshave assumedout cycles
(seefor example(19)), while othershave looked for a Þxed-pointsolution(asdonein (15)). In this paper
we follow theÞrstapproach.Thusevery FSTSis input deter minis tic , i.e. givenaninput thereis only one
possiblebehaviour.

2.1.4 Compatible FSTScomposition

In this sectiona compositionoperatorfor FSTSis deÞned.Onceagain, this is chosento includeSimulink.
A complex systemis composedof subsystemswith interconnectedinputsandoutputsports.Not all systems
canbecomposed.

DeÞnition5. Two FSTSsystemss1=(Ss1 , I s1 , Os1 , σs1
0 (Ss1 ), ! s1

O , ! s1
S , ! s1 ) ands2=(Ss2 , I s2 , Os2 ,

σs2
0 (Ss2 ), ! s2

O , ! s2
S , ! s2 ) arecompatible if andonly if:

5.a Os1 * Os2 = ( , 5.d Ss2 * (Os1 # I s1 ) = ( ,
5.b Ss1 * Ss2 = ( , 5.e I s1 * I s2 = ( ,
5.c Ss1 * (Os2 # I s2 ) = ( , 5.f ! a # ! b is acyclic.

The Þrstcondition ensuresthe two subsystemsdo not raceto write the sameoutput (this would introduce
non-determinism).Thesecond,third andfourthconditionsensurethatstatevariablesarelocalandnotshared
betweencomponents.TheÞfth conditionensuresthatevery input is receivedby a uniquesubsystemandthat
oneoutputcannotbe readby more thanone inputs (this is not a limitation as it canbe seenin the fourth
examplein 2.1.2).Thelastconditionensuresthecomposedsystemdoesnothavecyclic causaldependencies
betweenvariables.

DeÞnition6. Thecompositions1 - F ST S s2 = (S,I ,O, σ0(S), ! O,! S,! ) of two compatibleFSTSis deÞned
asfollows:
6.a I = (I s1 # I s2 ), 6.e ! O = ! s1

O # ! s2
O ,

6.b PO = (Os1 # Os2 ), 6.f ! S = ! s1
S # ! s2

S ,
6.c PS = (Ss1 # Ss2 ), 6.g ! = (! a # ! b).
6.d σ0(S) = (σs1

O (Ss1 ) # σs2
O (Ss2 )) ,

In thefollowing sections- F ST S is denotedwith - whenit will not causeconfusion.

Noticethats1 - s2 is anFSTSbecausethecompatibilityhypothesisensurestherearenocirculardependences
betweenportspreservinginput determinism.As deÞned,- F ST S is a partial functionover theFSTSset,i.e.
it is deÞnedonly for compatibleFSTS.

Someexamplesaregivenin section(2.1.6).

2.1.5 Propertiesof FSTScomposition

Next we statetwo simplepropositions.The propositionsmerelyassertour FSTSformalismhasthe usual
propertiesof other formalismsfor synchronoussystemsin the literature. The resultÞrstappearedwith no



2. Basicmodels 7

proof in (52).

Proposition2.1. (FSTS,- F ST S) is a commutativemonoid,with theidentityelementbeingtheemptyFSTS.

Proof: Follows from theassociativity andcommutativity of theunionoperatorandby thefact that the
identityelementof theunionoperatoris theemptyset.

Proposition2.2. Giventwo FSTSs1 ands2,

s1 - F ST S s2 |= t % s1 |= t|Ps1 ' s2 |= t|Ps2

Proof:

WeÞrstprove , by contradiction.Assumethat:

s1 - F ST S s2 |= t '
(s1 +|= t|Ps1 . s2 +|= t|Ps2 )

It follows by thedeÞnition(4) of tracesatisfaction,that:

$j " N! s1 - s2 |= tj ' (2)

&i " N! s1 +|= ti |ps1 . s2 +|= ti |ps2 (3)

Now pick thesmallesi for which (3) holds.Therearetwo possiblecases.Eitheri = 0 or i > 0.

Casei > 0: By deÞnition(3) of tuplesatisÞabilityandby (2) it follows that&p " (Os1 # Os2 # Ss1 # Ss2 )
suchthat:

t i |p = ψs1×s2
p (t i |Ps1×s2

p ) if p " Os1×s2 (4)

t i |p = ψs1×s2
p (t i−1|Ps1×s2

p ) if p " Ss1×s2

By deÞnition(3) of tuplesatisÞabilityandby (3) it follows that&p " (Os1 # Os2 # Ss1 # Ss2 ) suchthat:

t i |p += ψs1
p (t i |Ps1

p ) if p " Os1 (5)

t i |p += ψs1
p (t i−1|Ps1

p ) if p " Ss1

t i |p += ψs2
p (t i |Ps2

p ) if p " Os2

t i |p += ψs2
p (t i−1|Ps2

p ) if p " Ss2

For the minimal i pick a minimal port for which conditions(2-3) hold with respectto ! s1×s2 . Denotethis
minimal port by p. Weassumethatp " Ps1×s2

O , thecasep " Ps1×s2
S hasasimilar proof.

By deÞnitionof FSTScompositionit follows that eitherp " Os1 or p " Os2 . Assume that p " Os1 . The
proof for p " Os2 is thesameup to achangeof superscipt.Now:

t i |p = ψs1×s2
p (t i |Ps1×s2

p ) from (4)

= ψs1
p (t i |Ps1

p ) by def. of FSTScomp. (6)
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But this contradict(5).

Casei = 0: By deÞnition(3) of tuplesatisÞabilityandby (2) thefollowing musthold: &p " (Os1 # Os2 #
Ss1 # Ss2 ) .

t i |p = σs1×s2
0 if p " Ss1×s2 (7)

t i |p = ψs1×s2
p (t i |Ps1×s2

p ) if p " Os1×s2

By deÞnition(3) of tuplesatisÞabilityandby (3) thefollowing musthold: &p " (Os1 # Os2 # Ss1 # Ss2 ) .

t i |p += σs1
0 (p) if p " Ss1 (8)

t i |p += ψs1
p (t i |Ps1

p ) if p " Os1

t i |p += σs2
0 (p) if p " Ss2

t i |p += ψs2
p (t i |Ps2

p ) if p " Os2

For i = 0, pick a minimal port for which theabove conditionshold with respectto ! s1×s2 anddenoteit p.
If p " Os1×s2 , we canfollow thesameproof asthepreviouscase.Thereforelet p " Ss1×s2 . Assumethat
p " Ps1

S . Theproof for thecasep " Ss2 is thesameup to achangeof superscript.

By deÞnitionof FSTScomposition,giventheassumptionp " Ss1 , from (7) follows that:

t i |p = σs1
0 (p).

But this contradicts(8).

Wenow prove thesecondimplication/ by contradiction.Assumethat:

s1 - F ST S s2 +|= t '
(s1 |= t|Ps1 ' s2 |= t|Ps2 )

It follows by thedeÞnition(4) of tracesatisfactionthat:

$j " N s1 |= tj |ps1 ' s2 |= tj |ps2 ' (9)

&i " N s1 - s2 +|= ti (10)

Now pick i tobethesmallestnumberfor which(10)holds.Therearetwopossiblecases.Eitheri = 0or i > 0.

Casei > 0: By deÞnition(3) of tracesatisfactionandby (9) it follows that: &p " (Os1 # Os2 # Ss1 # Ss2 ) .

t i |p = ψs1
p (t i |Ps1

p ) if p " Os1 (11)

t i |p = ψs1
p (t i−1|Ps1

p ) if p " Ss1

t i |p = ψs2
p (t i |Ps2

p ) if p " Os2

t i |p = ψs2
p (t i−1|Ps2

p ) if p " Ss2

(12)

By deÞnition(4) of tracesatisfactionandby (10) it follows that: &p " (Os1 # Os2 # Ss1 # Ss2 ) .

t i |p += ψs1×s2
p (t i |Ps1×s2

p ) if p " Os1×s2 (13)

t i |p += ψs1×s2
p (t i−1|Ps1×s2

p ) if p " Ss1×s2
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For theminimal i for whichconditions(10)holds,pick aminimal port for whichconditions(9-10)holdwith
respectto ! s1×s2 . Denotethis minimal port asp. We assumethatp " Os1×s2 . Thecasep " Ss1×s2 hasa
similar proof.

By deÞnitionof FSTScompositionit followsthateitherp " Os1 or p " Os2 . Assumethatp " Os1 (theproof
for p " Os2 is thesameup to achangeof superscipt).Now:

t i |p += ψs1×s2
p (t i |Ps1×s2

p ) from (13)

= ψs1
p (t i |Ps1

p ) by def. of FSTScomp. (14)

But this contradicts(11).

Casei = 0: By deÞnition(4) of tuplesatisÞabilityandby (10) follows that:&p " (Os1 # Os2 # Ss1 # Ss2 ) .

t i |p = σs1
0 (p) if p " Ss1 (15)

t i |p = ψs1
p (t i |Ps1

p ) if p " Os1

t i |p = σs2
0 (p) if p " Ss2

t i |p = ψs2
p (t i |Ps2

p ) if p " Os2

&p " (Os1 # Os2 # Ss1 # Ss2 ) .

t i |p += σs1×s2
0 (p) if p " Ss1×s2 (16)

t i |p += ψs1×s2
p (t i |Ps1×s2

p ) if p " Os1×s2

For i = 0 pick a minimal port for which theabove conditionshold with respectto ! s1×s2 . Denotethis port
with p. If p " Os1×s2 , we canfollow thesameproof asthepreviouscase.Thereforep " Ss1×s2 . Assume
thatp " Ss1 . Theproof for thecasep " Ss2 is thesameup to achangeof superscript.By deÞnitionof FSTS
composition,giventheassumptionp " Ss1 , from (16) follows that:

t i |p += σs1
0 (p)

but this contradict(15).

Thisconcludetheproof.

2.1.6 FSTScompositionexamples

Considerthe Simulink systemin Þgure(3.a). The systemis composedof two blocks similar to the one
describedin section2.1.2.Bothmultiply theinputbut they dosoby differentfactors;

Thecomposedsystemis describedas:I = {p1, p2}, O = {p2, p3}, S = ( , σ0(S) = ( , ! S = ( , ! O = {ψp2

def
=

2 ) p1, ψp3

def
= (3 ) p2)}, ! = {(p1, p2), (p2, p3)} .

Thecomposedsystemhastheexpectedsemantic.It multipliestheinputby 6.

It mayapearthatthecompatibilityconditionsasdeÞnedin (5.a)aretoo restrictive, ruling out systemswhere
theoutputof a block is feededto morethanonesubsystem.This is not thecaseasillustratedby theexample
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Figure3: Simulink systemscomposedof multiple blocks

in Þgure(3.b).

Thesystemhasthreesubsystems.Two of themarethegain blocksdescribedin thepreviousexamples.The
third oneis theduplicateblock thatis formally describedas:I = {i 1}, O = {oa, ob}, S = ( , σ0(S) = ( , ! S =

( , ! O = {ψoa

def
= i 1, ψob

def
= i 1}, ! = {(i 1, oa), (i 1, ob)}.

Thecompositionof thethreeblockis describedwith thefollowing FSTS:I = {i 1, oa, ob}, O = {oa, ob, o1, o2},

S = ( , σ0(S) = ( , ! S = ( , ! O = {ψoa

def
= i 1, ψob

def
= i 1, ψo1

def
= 3) oa, ψo2

def
= 3) ob}, ! = {(i 1, oa), (i 1, ob),

(oa, o1), (ob, o2)}.

2.2 AsynchronousSystems

Therearemany asynchronoussystemformalismsin the literature.Oneof themis theasynchronousversion
of STS,calledtheAsynchronousTransitionSystem(ATS) model,introducedby Benveniestein (4). In ATS
anasynchronoussystemis a couple(Pa, Ba) wherePa is thesetof I/O portsandBa thesetof thepossible
behaviors. A behavior is an inÞnitesequenceof valuationsanda valuationis a couple(port number, value).
Thesimplicity of themodelmakesit easyto handleit mathematically, but we seeka Þnitaryformalismto be
theoutputof analgorithm.

Insteadweuseautomataaugmentedwith queuevariables.Wecall themReactiveAutomata(RA). A reactive
automatonis a labeledÞniteautomatoncommunicatingthroughsharedqueues.It is a discreteversionof the
IO-automatadescribedin (36)augmentedwith communicationports.V denotesthesetof variables,P theset
of portsandfor any port p in P, β(p) is thebound(maximumcapacity)of thequeuep. Formally anRA is a
tuple(L, l0, V, σ0(V ), PI , PO, T) where

• L is aÞnitesetof locationsof theautomaton;

• l0 is theinitial location,l0 " L;

• V is aÞnitesetof variablesreadandwrittenonly by theRA;

• σ0(V ) is theinitial valueof thestatevariables;
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• PI is aÞnitesetof communicationports,consideredasenvironmentalqueuesreadby this RA;

• PO is aÞnitesetof communicationports,consideredasenvironmentalqueues,writtenby thisRA;

• T is aÞnitesetof labeledtransitionsof theform (li , l f , (c,A)) whereli , l f " L, c is abooleancondition
over thevaluesof theelementsin V . A is deÞnedby thefollowing grammar:
A 0 ?p(v) wherep " PI andv " V
A 0 !p(v) wherep " PO andv " V
A 0 v := f (V1) wherev " V , V1 1 V, f " F(V1) is thesetof functionswith thestandardsyntaxof a term
in Þrstorderlogic (see(16)),wherethesymbolsoccouringareeitherfunctionsymbolsor variablesymbols
in V1.

In thefollowing sectionsP denotesthesetPI # PO.

An exampleof anRA is givenin Þgure(4) andis fomalizedasthefollowing RA:

({W, P, S}, W, {v1, v2}, {0, 0}, {input }, {output},
{(W, P, Tr ue,?input (v1), (P, S, Tr ue, v2 := v1 + 1), (S, W, Tr ue, !output(v2)})

Figure4: A simplereactiveautomaton

2.2.1 RA semantic

Thesemanticof anRA is in termsof runsandtraces.

DeÞnition7. A run of a Reactive Automatonis an inÞnitesequenceof (location, var iables valuation ,
tr ansi tion , ports valuati on) tuples.

The actionsarereads(denoted?p(v)), writes (denoted!p(v)), computations(denotedv := f (V )), andthe
silent action(denotedε). The silent actionis introducedto denotethe receptionor transmissionof datain
an input or outputqueuedueto anactionof theenvironment.A transitionwith an input actionremovesthe
elementat theheadof aninputportandwritesit to aninternalstatevariable,while a transitionwith anoutput
actionaddsthevalueof avariableto thetail of anoutputport.

DeÞnition8. A reactiveautomatontrace is a tuple,whereeachelementof thetupleis aninÞnitesequenceof
valuationsfor a particularvariableof thereactive automaton.Thei th valuationof a variablev in a tracet is
denotedby (t|v)i .

Thefollowing is a representationof theinitial partof a runof theRA in Þgure(4) for theinputport valuation
{1} andtheoutputport valuation( :
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(W, (0, 0), Tr ue 0 ?I nput (v1), (< 1 >, ( )) ,
(P, (1, 0), Tr ue 0 v2 := v1+ 1; , (( , ( )) ,

(S, (1, 2), Tr ue 0 !Output (v2), (( , ( )) , (W, (1, 2), 2 , (( , < 2 > )) , ...

whereW, PandSarethewait for input, ProcessInput andSendOutput locationrespectivelly andthesecond
elementis avaluationof v1 andv2, andthethird elementis avaluationfor thetwo portsI nput andOutput.

Thusmathematicallya run is a sequenceof tupleslike theoneabove. The i th tuple in a run r is denotedby
r i andits elementareextractedusingprojection,for exampler i |location denotesthelocationelementof the
tupler i .

Givena run, theassociatedtrace canbecomputedby examiningtheupdateactionon every variableof the
RA, i.e. the i th elementof the sequenceassociatedwith the statevariablev is given by the i th updateon
thatvariable.A variablev canbeupdatedin two possibleways: becauseof a readaction?p(v), or because
of a computationactionv := f (V ). Givena RA run r = < r0, r 1, r 2, ... > , (t|v) is computedextractinga
sequence< rk0 , r k1 , ... from r suchthat for all ki r ki |action is an updateactionfor v andfor all j += ki

r j |action is not anupdateactionfor v. An updateactionfor v is an input actionon the form ?p(v) for any
port p or anupdateactionon theform v := f (V ), for any functionf .

For thepreviousrun, theassociatedtraceis < (0, 1, ...), (0, 2, ...) > wheretheÞrstandthesecondsequences
arethesuccessivevaluationsof v1 andv2 respectively.

DeÞnition9. Tuple satisfaction: Givena reactive automatonrun r , we saythatthetupler i satisÞesa RA w,
denotedw |= r i if f thefollowing holds:

(i = 0 , (r 0|loc = l0 ' r 0|V = σ0(V ) ' $p " P0 r0|p = ( )) '
(r i |action = ε , $v " V . r i |v = r i +1 |v '

$p " PO . (r i |p = r i +1 |p . r i +1 |p = tai l (r i |p)) '
$p " PI . (r i |p = tai l (r i +1 |p)) . (r i |p = r i +1 |p)) .

(&(s, s′, (c,a)) " T , r i |location = s ' r i +1 |location = s′ '
c |= r i |(V # P) ' r i +1 |(V # P) = act(a, r i |(V # P)))

Observe that the valuesof a port may changevaluewithout any input or outputby the component,by its
environment,simulatingthe receptionof a messagethroughthat port, throughan ε-transition. At the same
time,by thedeÞnitionof act in thenext paragraph,input actionson emptyinput portsandoutputactionson
full outputportsarenotdeÞned.Henceinputandoutputactionsareblocking.

Assumefor now thatPI # PO = {p1, .., pm} andthatV = {v1, .., vn}. Thenthefunctionact is deÞnedas
follows:
act(a,σ(p1), .., σ(pm ), σ(v1), .., σ(vn)) =

!
""""""""""#

""""""""""$

(σ(p1), .., σ(pm ),
σ(v1), .., σ(vj −1), σ(f )(σ(vi 1 ), .., σ(vi k )) , σ(vj +1 ), .., σ(vn))

if a = Òvj := f (vi 1 , .., vi k )Ó
(σ(p1), .., σ(pj −1), push(σ(vi ), σ(pj )) , σ(pj +1 ), .., σ(pm ),
σ(v1), .., σ(vn))

if a = Ò!pj (vi )Ó ' ¬f ul l (σ(pj ))
(σ(p1), .., σ(pj −1), tail (σ(pj )) , σ(pj +1 ), .., σ(pm ),
σ(v1), .., σ(vi−1), head(σ(pj )) , σ(vi +1 ), .., σ(vn))

if a = Ò?pj (vi )Ó ' ¬empty(σ(pj ))

whereσ(.) denotesthevariableandport valuation.The function f ul l , empty, head, tai l andpush arethe
standardoperationsover boundedsizequeues.Assumethesemanticof functionapplicationto be thesame
usedin thecaseof FSTS.In particular, a functionevaluationhasnosideeffects.



2. Basicmodels 13

DeÞnition10. Run satisfaction: A run r satisÞesa reactiveautomatonw, denotedw |= r iff:

$i " N w |= r i

DeÞnition11. Trace satisfaction: A tracet satisÞesa RA w, denotedw |= t iff thereis a run r suchthat
w |= r andt is associatedto r .

Wenow deÞneacompositionoperator- RA for reactiveautomata.

DeÞnition12. Given two reactive automata(L 1, l10, V 1, σ1
0(V 1), P1

I ,P1
O, T1) and(L 2, l20, V 2, σ2

0(V 2), P2
I ,

P2
O T2) they arecompatible if thefollowing conditionhold:

V 1 * V 2 = ( ' P1
O * P2

O = ( ' P1
I * P2

I = ( .

TheÞrst conjunctrequiresthevariablesof eachRA to be local. The last two saythat two distinctautomata
cannotwrite thesameportor readthesameport.

DeÞnition13. Reactiveautomatoncomposition: Giventwo compatiblereactiveautomataw1 = (L 1, l10, V 1,
σ1

0(V 1), P1
I ,P1

O, T1) andw2 = (L 2, l20, V 2, σ2
0(V 2), P2

I , P2
O T2) Their compositionw1 - RA w2 is deÞnedas

theautomaton(L , l0, V , σ0(V ), P, T) where:

1. L =
l1∈L 1,l 2∈L 2%

{{(w1, l1), (w2, l2)}}

2. l0 = {(w1, l10), (w2, l20)}

3. V = V 1 # V 2

4. σ0(V ) = σ0(V )1 # σ0(V )2

5. PI = (P1
I # P2

I )

6. PO = (P1
O # P2

O)

7. T = {(s,d, c,a)|((s|L 1, d|L 1, c,a) " T1) ' (s|L 2 = d|L 2)) . ((s|L 2, d|L 2, c,a) " T2) ' (s|L 1 = d|L 1))}
This is aninterleaving of theexecutionsof thetwo original automata.

Lemma 2.3. (RA,- RA ) is a commutativemonoid,with theidentityelementbeingtheemptyRA.

Proof: Follows from the associativity andcommutativity of the union operator, andthe fact that the
identity elementof theunionoperatoris theemptyset.Pleasenot that theemptyRA is theidentity element
in thesensethat,if composedwith anautomatonw, thereultingautomatonis bisimilar to w.
&

w∈W w denotesann-arycompositionof RAÕs. Lemma(2.3)shows this is well-deÞnedastheusualexten-
sionof thebinaryoperator- RA .

DeÞnition14. Givena run w of theautomaton
&

w∈W w, theprojectionof theproductto oneof the factors
w " W is formally deÞnedasfollows:
$i " N . (r |w)i |location = l ' (w, l ) " (r i |locatio n ) '

$v " V w . (r |w)i |v = (r i |v) '
(r i |tr ansiti on) " w , (r |w)i |tr ansit ion = (r i |tr ansiti on) '
(r i |tr ansiti on) /" w , (r |w)i |tr ansit ion = ε '
$p " (Pw

O # Pw
I ) . (r |w)i |p = (r i |p)

Every tuple r i of the run of the productis projectedto the variablesandlocationsof w andthe tuple with
transitionnotbelongingto w|T arereplacedwith asilenttransition.
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Lemma 2.4. Giventwocompatiblereactiveautomataw1 andw2 andgivena run r of their composition,the
followingholds:

(w1 - w2 |= r ) , (w1 |= r |w1 ' w2 |= r |w2)

Proof: Follows from theobservation thatevery r i in r belongsto r |w1 or to r |w2. This is sobecause
the transitionin eachtuple belongsto oneof the two automataor it is an ε action. If the actionbelongsto
r |w1, by deÞnitionof RA composition,it doesnot modify the location,variablesor outputportsof w2 and
viceversa.

RA canbeeasilycompiledto runonasequentialmachine.A productof reactiveautomatacouldbecompiled
in a few ways.Thecompositioncanbecarriedoutgeneratinga third automaton,or thetwo originalautomata
canberun in parallelaslongasthefollowing hyphothesis(embeddedin ourdeÞnitionof satisfaction)holds:

Hyphothesis2.5. Thecommunicationqueuesare FIFO queues,the valuesare not lost and their order is
maintained.

In thesecondapproachthecompositioncanbeimplementedwithin asinglemachinebetweenprocessesusing
monitorsandsemaphors(see(22)), aswell aswith 3-way handshakesprotocolsover a network (see(47)).
This meanswe cancomposeRAs locatedat differentsitesacrossnetworks. In section4 we will explorean
approachthattakesfull advantageof thedistributionof thecode(maximisingpipelinegain).

2.3 Problemformulation

Given the deÞnitionof FSTSand RA in the previous sections,we can now formally deÞneour problem.
Figure3 illustratestheresearchprogram.First we needto Þnda way to associateRA andFSTStraces,that
is to saywe needa tracemapχ :TRA 0 TF ST S whereTRA andTST S arethesetof tracesof STSandRA
respectively. In (3) thefollowing deÞnitionof χ is given:

DeÞnition15. t ′ = χ(t) % $i " N $v " V . (t|v)i = t ′i |v

We needto Þnda way to implementFSTSasRA while preservingthesynchronoussemantic,that is to say
weneedto Þndanimplementationmapφ :FSTS0 RA suchthatthefollowing holds:

$w " RA $s " FST S . w = φ(s) , (r |= t % s |= χ(t)) (17)

If thisholdsthenφ mapsasynchronoussystemintoanasynchronoussystemwhilepreservingthesynchronous
semantic.It hasbeenprovedin (3) thatfor thesetof endochronousprogramssuchaφ exists. In section3 we
deÞneaφ for theclassof FSTS.

So far we have just obtainedwhat a Simulink compilerdoes,or what is donein (2). Given suchmapswe
cannow formulateourproblem(similarly to whatis donein (3)) asfollows: we seekacompositionoperator
- RA suchthat,for any two FSTSs1 ands2 andRA w1 andw2, thefollowing holds:

w1 = φ(s1) ' w2 = φ(s2) ,
(w1 - RA w2 |= t % s1 - ST S s2 |= χ(t)) (18)

If this holdsandif thecompositionoperator- RA canbeimplementedacrossa network thenthis constitutes
a way to distribute the synchronoussystems1 - ST S s2 acrossa network while preservingits synchronous
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semantic.It hasbeenproved in (3) that whenthe pair (s1, s2) is isochronousthansuchan operatorexists.
In section3 we prove thatproperty(18) holdsif the two synchronoussystemarecompatible(asdeÞnedin
section2.1). Thusweclaimφ is amonomorphismbetween(FSTS,- F ST S) and(RA, - RA ).

Figure5: A graphicalrepresentationof property(18)
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3 Theoretical results

3.1 Implementation of FSTSsystems

In this sectionφ, amappingof FSTSsinto RAs is given. It is thenproventhattheφ satisÞes(17).

φ is deÞnedby thefollowing algorithm:

Algorithm #
Inputs: anFSTSs=(S, I , O, σ0(S), ψO, ψS, ! )
Outputs:AnRAr =(L, l0, V, σ′0(V ), PI , PO, T) that implementstheinput system
1 PI := {pj |j " I \O}
2 PO := {pj |j " O\I }
3 V = I # O # S
4 $i " (I # O) . σ′0(i )| = 0
5 $j " S . σ′0(j ) = σ0(j )
6 l0 := lr oot
7 (N , E) := CG(! |(I # O), (I # O), r oot, leaf )
8 For all n " N addln in L
9 For all (n, n′, j ) " E do
10 if j " (I \O) thendo
11 add(ln , ln! , (tr ue, ?pj (j ))) to T
12 od
13 if j " (O\I ) thendo
14 addln,j in L
15 add(ln , ln,j , (tr ue, j := ψj (V |Pj ))) to T
16 add(ln,j , ln! , (tr ue,!pj (j ))) to T
17 od
18 if j " (O * I ) thendo
19 add(ln , ln! , (tr ue, j := ψj (V |Pj ))) to T
20 od
21 od
23 Let < beany linearizationof ! |S
24 (N , E) := CG(< ), (S), leaf , r oot)
25 For all n " N addln in L
26 For all (n, n′, j ) " E do
27 add(ln , ln! , (tr ue, j := ψj (V |Pj )) to T
28 od
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Algorithm CG (ComputeGraph)
Input: (! , P, r oot, leaf ) where ! is a partial orderovera setP, thesetP, andtwo labelsr oot, leaf
Output: A graph(N odes, Edges)
1 N odes := {r oot, leaf }
2 Edges := (
3 % max-intis aglobalvariablethatholdsthehighest

% integerusedto labelanode
counter := max 2 int + 1

4 $ linearizationw = (w1, w2, ..., wm ) of ! in Pdo
5 pointer = r oot
6 For all i " [1, m] do
7 if (pointer, n, wi ) " Edgesdopointer = n
8 elsedo
9 addncount er to N odes
10 add(pointer, ncount er , wi ) to Edges
11 pointer := ncount er
12 counter + +
13 od
14 od
15 od
16 Replacethesinksin N odes andEdgeswith leaf

The algorithmis guarantedto terminatefor every FSTS.All the for loopsterminatein Þnitely many steps
becausethesetof variablesandportsof anFSTSis Þnite. If ! is not acyclic thenthealgorithmcannotbe
appliedbecause! wouldnotbelinearizable.

Somelemmasarenow proved.

Lemma 3.1. ComputeGr aph(! , P, r oot, leaf ) producesan acyclic graph with source, namedr oot, and
sink,namedleaf . Everypath in thegraph fromsource to sinkhasoneandonly oneedge labelledwith an
elementof P. Moreover if p′ ! p and{p,p′} 1 P thentheedge labelledp′ appears before theonelabelled
p in everypathfromr oot to leaf .

Proof: Every timeanedgeis added(on line 11), it doesnotcreatea loopbecauseit connectsanexisting
nodeto anew one.Line 17doesnotcreateany loopsinceit ßattensall thesinksinto asinglesink. Therefore
thegraphis acyclic, it hasa sourcer oot anda singlesink leaf . By constructionevery pathcorrespondsto
a linearizationof ! in V Thereforeanelementp′ of P appearsasa labelonly oncein a pathandit appears
beforeall thep for which (p′, p) "! .

Lemma 3.2. For all w in φ[F STS] andeveryinÞniterun r of w, r visitsthelocationlleaf andlr oot inÞnitely
often.

Proof: Proof: Theautomatongeneratedby algorithmφ areobtainedlinking two graphsgeneratedby
ComputeGr aph, sothatthesourceof oneis thesink of theother. Theonly nodessharedby thetwo graphs
arer oot andleaf . Eachgraphis acyclic, hasÞnitelymany states,onesourceandonesink by lemma(3.1).
Sinceevery run correspondto an inÞnitelengthpathin thecombinedgraphandthe two graphsareacyclic
l leaf andlr oot arevisitedaninÞniteamountof times.

From lemma(3.2), we seethat any run r = < r0, r 1, r 2, ... > of an RA in φ[F STS] hasan inÞnitesubse-
quence< r i 0 , r i 1 , r i 2 , ... > suchthat$k " N r i k |location = lleaf and$k " N r i += r i k , r i |location += lleaf .
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Thuswecanwrite r equivalentlyasr = < u0, u1, u2, ... > whereu0 = < r0, ..., r i 0 >, u1 = < r i 0+1 , ..., r i 1 >
, u2 = < r i 1+1 , ..., r i 2 > andsoon. We call theseui Õs cycles. We canalsodeÞnethefunctioncycle(r, n), for
a run r andn " N ascycle(r, n) = r i n |V, i.e. asthevaluationof V at thenth visit to l leaf , whereV is theset
of variablesof theRA.

In thefollowing, theinitializationof thestatevariablesis consideredthe0th write of thevariables.

Lemma 3.3. Letw = φ(s). In everycycleall theinput portsof w are readonceandonlyonce. Similarly all
theoutputportsandall thevariablesof w are writtenonceandonly onceeverycycle. If v′ ! v in s thenvÕ
is writtenbeforev in everycycleof w.

Proof: Proof: Follows from lemma(3.1)andthedeÞnitionof algorithmφ.

Lemma 3.4. For a givenrun r of an RAφ(s) " φ(F STS), let t betheassociatedtrace. Thenthefollowing
holds$i " N $v " V . (t|v)i = cycle(r, i )|v. Moreover:

($i " N ! $v " O . (t|v)i = cycle(r, i )|v = ψv(χ(t)i |I v # Sv)'
$v " S . (t|v)i +1 = cycle(r, i )|v = ψv(χ(t)i |I v # Sv)) '

$v " S . (t|v)0 = cycle(r, 0)|v = σ0(v)

Proof: By lemma(3.3)in everycycleavariableis writtenonceandonly oncebeforehitting lleaf . When
a run hits thelocationlleaf for thei th time,all thevariableshave beenwritten exactly i times.Write actions
areintroducedby φ in lines15,19and23. Everywrite to v is ψv appliedto t|V. By lemma(3.3)we thenget
(t|v)i = ψv(( t|Vv )i ). Theresultthenfollows by deÞnition(15)of χ.

TheÞrsttheoremstatedbelow assertsalgorithmφ constructsanRA implementingof anFSTSwhile preserv-
ing its semanticsin thesenseof χ.

Theorem3.5. Algorithmφ satisÞesproperty(17), i.e.

$w " RA $s " F STS . w = φ(s) , (r |= t % s |= χ(t))

Proof: First the left to right (, ) implication is provedby contradiction.Assumethat the implication
doesnothold. Thenthefollowing musthold:

&s " F STS, &t " $, w = φ(s) " RA. w |= t ' s +|= χ(t)

where$ is thesetof tracesof w. Let s= (S, I , Oσ0(S), ! O, ! S, ! ).

Sinces +|= χ(t), by deÞnitionof FSTSsatisÞability, thefollowing musthold:

&i " N .s +|= χ(t)i

By deÞnition4 and5 of FSTSsatisfactionit follows that: &i " N .&v " (O # S) .

v " O , χ(t)i |v += ψv(χ(t)i |I v # Sv) ' (19)

v " S ' i > 0 , χ(t)i |v += ψv(χ(t i−1)|I v # Sv)

v " S ' i = 0 , χ(t)i |v += σ0(v) (20)
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Assumev " Os (theproof for thecasev " Ss is similar). Sinceby hyphotesisw |= t, by lemma(3.4) the
following holds:

$i " N . $v " O . t i |v = ψv(χ(t)i |I v∪Sv ) (21)

Pick i to be the minimal for which (19) holds. Pick thenv to be oneof the minimal (with respectto ! s)
variablesfor which (19)holds.It thenfollows from (19)and(21) that:

χ(t)i |v += ti |v

But this contradictdeÞnition(15)of χ. HencetheÞrstimplicationof thetheoremholds.

Theproof for theright to left (/ ) is now given. It is shown thatfor any tracet ′ of anFSTSs thereis a run r
of φ(s) with associatedtracet suchthatt ′ = χ(t).

Considertherun r constructedcycle by cycle asfollows. Fix any linearizationof ! |O∪I . This linearization
correspondto anuniquepathfrom lr oot to l leaf , whereeachedgelabelupdatesa variablein theordergiven
by the linearization. Extendthe linearization with the total order deÞnedon line (22) of φ so that the state
variablesin S follow all theothersin theorder. This orderÞxesnow a uniquecycle from lr oot backto itself,
whereby lemma(3.3) eachvariableis updatedonceandonly onceandin the ordergiven by this extended
linearization.

Coonsidertherunstartingfrom locationl0 with all thevariablesinitializedto σ0(V ). At thebeginingof every
cycle, throughthroughε transition,all theoutputportsareemptiedandall theexternalinputsaresupplied.
Thentherun goesthroughthecycle identiÞedby theselectedlinearization.Thevaluewritten in eachports
pv in thei th cycle is (t ′i )|v. Thevaluewritten in eachvariablev in thei th cycle is (t ′i )|v.

This run is associatedby constructionto a tracet suchthatt ′ = χ(t). We needto show thatit satisÞesw. By
lemma(3.4) thevaluesof thevariablesandof theportsaretheonessatisfyingw.

It is left to show that thatw would not deadlockat any point of therun. All thereactive automatagenerated
throughφ havenosinkstates,andsinceall their transitionshaveonly tr ueguards,thereis alwaysatransition
enabled.This meansthat theexecutionof w canbeblockedonly on a readfrom anemptyinput queueor a
write ona full outputqueue.

Theexternalinput portsarewritten at thebegining of each cycle of theconstructedrun and,by lemma(3.3),
thequeueis thenreadonceandonly oncesothereareno blockingreadson anexternalinput queue.At the
endof thecycle thequeueis emptypreventingwriteson full queuesat thebeginingof thenext cycle.

Theexternaloutputportsareemptiedatthebeginingof eachcycleof theconstructedrunand,by lemma(3.3),
they arewrittenonceandonly oncepercycle. Hencetherearenoblockingwritesonexternaloutputqueues.

Thisconcludeourproof.

3.2 Implementation of Simulink systems

A Simulinkprogramgoesthroughthefollowing phases:it startsin theinitializationphasecomputingsample
timesandparameters,determiningthe block executionorderandallocatingmemory. Thenthe loop phase
starts,wherethefollowing stepsarerepeated:readthe input (input step),computetheoutputandpropagate
it (outputstep)andupdatethestate(statestep).Lastin theterminationphasethememoryis released.

In Simulink programswithout causalloops, the orderof computationproducedin the initialization stepis
computedthrougha linearizationof thecausalityrelationbetweeninputsandoutputs.
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Figure6: Implementationof aSimulink System

The algorithmusedby Simulink (Real-Time workshop)for the simulation(implementation)of a systemis
hencedifferentfrom theonegiven in theprevioussection.For singleratesystemswith no causalloopsthe
maindifferenceis thatanFSTSis not mappedinto a RA ableto receive its inputsin all thepossibleorders,
but only in a particularorder. ThesubroutineCG is no longernecessaryandline 7 is replacedwith a routine
that constructsa singlepathgraph. Alternativelly we canjust passto the CG routinea linearizationof !
insteadof ! . In thenext sectionsφsim denotesthealgorithmwith thismodiÞcations.

All theclaimsandproof of theprevioussectionwill hold for φsim aswell. However in thenext sectionsit is
showedthatφ canbedistributedwith fewerassumptionthanφsim .

3.3 Distrib ution of FSTSsystems

We have seenin theprevioussectionthat thereis a mapφ betweenFSTSandRA satisfyingproperty(17).
Wenow prove thatthecompositionoperator- RA asintroducedin section2.2satisÞesproperty(18).

Sincetwo differentRAs may be runningon differentmachines,they do not sharethe samenotion of time.
But, if we areusing - RA , thenwe canclaim the following: if a variablev in oneRA is valuatedbefore
writing onaportPandontheothersideavariablev′ is valuatedafterreadingfrom Pthenwecanbesurethat
v hasbeenvaluatedbeforev′. For theclassof reactive automataimplementinganFSTS,i.e. ψ[F STS] this
is formalizedby thefollowing observation:

Proposition 3.6. Considertwo compatibleRAw1 = φ(s1) andw2 = φ(s2) with variablesv1, v3 of w1 and
w2 respectivelyanda port p2 written by w1 andreadby w2. If in each cycleof w1, v1 is written before p2 is
written andin each cycleof w2, p2 is readbefore v3 is written by w2, thenv1 is written for thei th timeafter
v3 is written for thei th timein w1 - RA w2.

Proof: Sincethe two RA arecompatibleonly oneautomatoncanwrite on any port. By hyphothesis
only w1 writesonp2 andby (2.5)nomessagesarelost. Hence,sinceeveryreadoperationremovesanelement
from thequeueandthatthequeuesareinitially empty, for w2 to bereadingfrom p2 (i )th times,w1 musthave
written p2 (i )th times.By hyphothesisfor w2 to bewriting v3 for thei th time, it musthave readp2 i th times.
Thus,by hyphothesisonw1 v1 hasbeenwrittenat leasti th times.

Wehaveclaimedin section2.2that- RA canbeimplementedacrosscomunicatingmachines.Hence,weargue
thatwecandistributeaSimulink-likesynchronoussystemacrossanetwork with thefollowing theorem:

Theorem 3.7. Thecompostionoperator - RA satisÞesproperty(18), i.e. for any two compatibleFSTSs =
(Ss, I s, Os, I s

O, ! s
O, ! s

S, ! s) ands′ = (Ss!
, I s!

, Os!
, I s!

O , ! s!

O, ! s!

S , ! s!
) thefollowing holds:

$t " $ . φ(s) - RA φ(s′) |= t % s - ST S s′ |= χ(t)
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Proof: The theoremis proved proving the two implicationsseparately, startingwith the left to right
(, ) implication, now proved by contradiction. Assumethat the thesisdoesnot hold. Than the &s,s′ "
F STS, &w, w′ " RA, &t " $r×r !

.

w = φ(s) ' w′ = φ(s′) ' (22)

(w - RA w′) |= t ' (23)

(s - ST S" s′) +|= χ(t) (24)

where$w×w!
denotesset of tracesof w - RA w′. Assumew = (L w, lw0 , V w, V w

0 , Pw
I , Pw

O , Tw) and w′ =
(L w!

, lw
!

0 , V w!
, V w!

0 , Pw!

I , Pw!

O , Tw!
),

FromthedeÞnition(4) of tracesatisfaction(24) is equivalentto:

&i " N . (s - F ST S s′) +|= χ(t)i

Pick the smallesti for which the above conditionholdsanddenoteit with i . From deÞnition(3) of tuple
satisfactionit thenfollows that:

&v " (Ss×s!
# Os×s!

) . χ(t)i |v += ψs×s!

v (χ(t)i |( I s×s!

v # Ss×s!

v )) (25)

Amongstthe variablesat i satisfying(25) pick a minimal onew.r.t. ! s×s! , anddenoteit v, Assumethat
v " Os×s!

. Theproof for thecasev " Ss×s!
is similar. Assumethatin particularv " Os. Theproofsfor the

casev " Os!
is thesameup to asuperscript.

Now by contradictionhyphothesis(23)andlemma(2.4) thefollowing hold:

w |= t

Hence,by lemma(3.4)andby theassumptionthefollowing hold:

$k " N $y " Os . (t|y)k = ψs
y(χ(t)k |(I s

y∪Ss
y ) ) (26)

In particularthisholdsfor y = v andk = i . Sothat:

χ(t)i |v = (t|v)i by deÞnition(χ) of χ

= ψs
v(χ(t)i |(I s

v∪Ss
v ) from (26)by lemma(3.4)

= ψs×s!

v (χ(t)i |I s# s!
v ∪Ss# s!

v
by def. of FSTScomp.

But this contradict(25)hencetheÞrstimplicationis proved.

Theproofof theright to left implication(/ ) is now given. It is shown thatfor any tracet ′ of anFSTSs - s′

thereis a run r of φ(s) - φ(s′) with associatedtracet suchthatt ′ = χ(t).

Considertherun r constructedcycle by cycle asfollows. Let E = ((Os×s!\I s×s!
) # (I s×s!\Os×s!

)) bethe
setof externalinput andouputports.Fix a linearizationof ! |E . This linearization,projectedon theportsof
s identiÞesanuniquepathfrom lr oot to l leaf in φ(s). Similarly whenprojectedon theportsof s′, it identiÞes
anuniquepathfrom lr oot to l leaf in φ(s′). In bothcaseseachlabelof eachedgeof thepathsupdatesavariable
in theordergivenby thelinearization.
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Extendthe linearization with the total ordersdeÞnedon line (22) of phi. Thenthe statevariablesin Ss×s!

follow all theothervariablesin theorder. TheordersÞx a uniquecycle from lr oot backto itself in bothφ(s)
andφ(s′), whereby lemma(3.3) eachvariableis updatedonceandonly onceandin theordergivenby the
selectedtotal order.

Therunstartsfrom location{(φ(s), l s0), (φ(s′), l s
!

0 )} with all thevariablesinitializedto σ0(V ) andσs!

0 (V ). At
thebeginingof everycycle, throughε transitions,all theexternaloutputportsareemptiedandall theexternal
inputsaregiven.Thentherungoesthroughthetwo automataalongthepathsidentiÞedby thejustconstructed
linearization.Thevaluewritten in eachportspv in thei th cycle is (t ′i )|v. Thevaluewritten in eachvariablev
in thei th cycle is (t ′i )|v.

This run is associatedby constructionto atracet ′ suchthatt ′ = χ(t). Weneedto show thatit satisÞesφ(s) -
φ(s′). By lemmas(2.4-3.4)thevaluesof thevariablesandof theportsaretheonessatisfyingφ(s) - φ(s′).

It is left to show thatthatφ(s) andφ(s′) wouldnotdeadlockatany pointof therun. All thereactiveautomata
generatedthroughφ have no sink states,andsinceall their transitionshave only tr ue guards,thereis always
a transitionenabled.This meansthat theexecutionof φ(s) andφ(s′) canbeblockedonly on a readfrom an
emptyinputqueueor awrite ona full outputqueue.

Theexternalinput portsarewritten at thebegining of eachcycle and,by lemma(3.3), thequeueis thenread
onceandonly onceso thereareno blocking readson an external input queue.At the endof the cycle the
queueis emptypreventingwriteson full queuesat thebeginingof thenext cycle.

Theexternaloutputportsareemptiedat thebegining of eachcycle of theconstructedand,by lemma(3.3),
they arewrittenonceandonly oncepercycle. Hencetherearenoblockingwritesonexternaloutputqueues.

Theonly remainingblockingconditionpossibleis on internalinput (i.e. portsthatbelongsto (I s * Os!
) #

(I s!
* Os)). Sincethey arenot internalinputstheseportsareemptyat thebegining of every cycle. They are

writtenonceby oneautomatonandreadonceandonly onceby theother. Hencethey areemptyat theendof
eachcycle.

By lemma(3.6) thewrite actiontake placebeforethereadaction.Thusthereis no blockingreador write on
internalinputs.

Thisconcludesourproof.

3.4 Distrib ution of Simulink systems

As notedin section3.1theimplementationalgorithmusedby MatlabSimulink / RealTime Workshopdiffers
from φ proposedfor FSTSin thesensethat it Þxestheorderin which theinput arereceivedandtheoutputs
arecomputedandpropagatedto theothersubsystems.

Theorem3.7do not extendin thegeneralcasefor φsim . It sufÞcesto considertheFSTSin Þgure(7) (taken
from (3)).

Figure7: ThreeFSTSsystems
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It is easyto seethats0 cannotbecompiledthroughφsim without deadlockingif composedwith s1 or s2. If
it is compiledto accepti 1 beforei 2 thenit will block if composedwith s2. If compiledto accepti 2 beforei 1

it will deadlockwhencomposedwith s1. In reality a Simulink systemsreadsall theinputsbeforecomputing
any of theoutputs.This meansthats0 will deadlockwith boths1 ands2.

ThisshowsthataslongastheMatlabSimulinkinterpreter/ RealtimeWorkshopcompileris used,synchronous
systemscannotbedistributedin thegeneralcase.However it canbedonein thefollowing particularcase:

Theorem 3.8. Given an FSTSs′ =
&

s∈S s, if ! s!
projectedto the ports of each subsystems is a total

order (i.e. the external outputsdependson all the external inputs),thenfor any two compatibleFSTSs =
(Ss, I s, Os, I s

O, ! s
O, ! s

S, ! s) ands′ = (Ss!
, I s!

, Os!
, I s!

O , ! s!

O, ! s!

S , ! s!
) thefollowing holds:

$t " $ . φsim (s) - RA φsim (s′) |= t % s - ST S s′ |= χ(t)

Proof: Since! s!
projectedover thesubsystemsis a total ordertheoutputof CG is a singlepathgraph

with root lr oot andsink lleaf . As a resultφ andφsim producethesameoutput.Thetheoremfollows.
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4 Toolsfor the modular distrib ution of SynchronousPrograms

4.1 BDSParchitecture

In thissectionthesoftwarearchitecturefor thedistributionof Simulinkprograms(seeÞgure(8)) is described.
Wecall thisarchitectureBerkeley DistributedSimulink Program(BDSP)library.

An initial versionof the BDSPlibrary hasbeenimplementedusinga simplerendezvousscheme. The Þrst
versionwasdevelopedasa proof of conceptandwasdescribedin (52). A secondversion,utilising bounded
queuesasdescribedin this sectionis currentlyavailableasabetaversion.

The currentimplementationrelieson the Simulink interpreter. Becauseof it the systemsaredistributedas
follows: ÞrsttheoriginalSimulinkmodelis decomposedinto atomicblocks.Thenall thebrokenconnections
arereplacedwith exter nal 2 l ink boxes(i.e. S-functionboxesweprovide). Theseboxeshidethecomplexity
of thedistribution to theuser.

Input and Output external-link boxesstructur e: the structureof an Input external-link box and of an
Outputexternal-linkboxarethesamebut for theports.While theinputboxhasasingleinputandnooutputs
theoutputbox shouldhave oneoutputandno inputs. Theboxeshave threeparameters:the IP/portpair for
the sender, the IP/port pair for the receiver anda namethat is going to be usedto resolve for the Þrst two
parameters.Thebox usestwo TCPsocketsto communicatewith thequeuemanager. Onesocket is usedto
receivemessagesfrom thequeuemanagerandthesecondis usedto sendmessagesto it.

QueueManager structur e: the structureof the queuemanageris shown in the right sideof Þgure(8). It
consistsof many queues,onefor every input or outputport of theblock. It hasa coupleof TCPsocketsto
comunicatewith theS-functionboxeson themachineanda list of UDP socketsto communicatewith the the
otherqueuemanagers.Every queueis associatedwith two ßags(thedatarequested andqueuef ul l ) anda
counter.

External-link box to queuemanager interface: The life cycle of an external-link box is the sameof any
Simulinkbox(describedin section3.1). In theinitializationphasetheboxsendsapacketto thequeuemanager
to reserve a queueandpasstheIP/portaddressto theotherendof thepipe. If it is aninput block it requests
its input from thequeuemanagerin theInput Readphase.If thequeueis emptyit blocksuntil somethingis
available.Theßagdatar equested is switchedon if thequeueis empty. If it is notemptythedatais removed
from thequeueandsentto thebox. If it is anoutputblock, in theOuputPhasetheoutputis sentto theQueue
manager. If the queueis not full an ack is sentbackto the outputbox. The box is blocked until the ack is
received. If thequeueis full andthebox is trying to send,theßagF ul l is switchedon. Whenthequeueis
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emptyandtheßagF ul l is onanackis sentto theOutputbox.

Queuemanagerto queuemanagerinterface: thecommunicationprotocolbetweenqueuemanagersneeds
to bereliableandto preservemessageorder. A possiblecandidateis TCP, or aUDPwith aacknowledgment-
timeoutprotocolimplementedon top. Whenanoutputqueueis notemptythequeuemanagerwill try to send
themessageassoonaspossible.It removesthemessagefrom thequeueonly whentheackis received.When
it receivesa messageit will put it on theright queue.If thequeueis full it will dropthepacket (themessage
will notbelost, just retransmittedlater).

Figure8: BDSParchitecture

4.2 Performanceanalisys

Codedistribution may leadto a systemspeed-upthroughconcurrency, but it hasalsoa costoverheadasso-
ciatedwith the rendezvouscommunicationprotocol. In this sectionthis overheadis estimatedfor the Þrst
implementationof theBDSPlibrary asdescribedin section4.1.

We decomposethesystemin Þgure(9) into threesubsystemsrunningon two separatePentium4 850Mhz,
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Figure9: Themodelusedto estimatetheoverhead

512Mb rammachines.Thesourceandthesink gain arelocatedon thesamemachine,while themiddlegain
is run on a secondone. A timestampis recordedby theexternal-link boxesat thebeginningandat theend
of eachtime step. Sincethesourceandsink gain areon thesamemachine,i.e. they arerunningaccording
to thesameclock, thetime stampscanbecomparedto geta conservative estimateof theoverheaddueto the
rendezvousprotocol.Themeasuredoverheadis conservativebecauseit includesthemiddlegaincomputation
timeandthetwo SimulinkprocessesontheÞrstprocessorarecompetingontheÞrstcomputer. Thecomputers
areconnectedthroughashared802.11bwirelessethernet.

Figure10: A conservativeestimateof thedistributionoverhead

Theresultsareplottedin Þgure(10). Theoverheadaverageis smallerthat0.2secondsandthestandarddevia-
tion is closeto 30ms.Thisresultis promisingconsideringthatwearecurrentlyusingtheSimulink interpreter
andnot theReal-timeworkshopcompiler. Evenwith thisoverheadtherequirementsto developclassictrafÞc
controlapplicationsaremet. In orderto usethis approachfor safetycritical applicationsit is necessaryto at
leasthalf theoverhead.Thisshouldbeeasillyachievedmoving from simulationto implementation.
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5 Applications to TrafÞc Signal Control

This sectionfocuseson the problemsfacedduring the developmentandmaintenanceof distributed trafÞc
signalcontrol system.TrafÞcsignalcontrol schemesareperiodicin natureandareusuallyexpressedusing
differenceequations.Becauseof it, tools like Simulink seemto be a naturalcandidatefor their develop-
ment.Modularitypreservingapproachesareneededbecauseof thefrequentsystemupgrades,trafÞcnetwork
changesandbecauseof thesizethesesystemsarereaching.Thecity of Los Angeles,for example,hadmore
than4300trafÞccontrollersoperatingin 2003.As acasestudyanoff-setcontrolfor coordinatedtrafÞclights
is developedusing Simulink and the BDSP library. The performanceof the implementedsystemis then
presented.

5.1 TrafÞc Signal Control Systems

In orderto maximizetheßow andminimize theaveragewaiting time at a signalizedintersection,thecycle
length,deÞnedasthetimeneededto gothroughall thephases,andtheinterval split deÞnedastheratioof the
greentime for thetwo directions,needto beproperlyset.

The algorithmsusedto computethe optimal cycle lengthandinterval splitting canbe organizedinto three
categories:

• pre-timedor Þxedtimecontrollers,basedonhistoricaldatacollectedat theintersection;

• semi-actuatedcontrollers,thatadjuststo sidestreetdemands;

• fully actuatedcontrollers,thatadjuststo bothstreetdemands;

Thedifferentapproachesdiffer in termof effectivenessandcomplexity. While theperformancesof pre-timed
systemsdegradeasthetrafÞcdemanddeviatesfrom theaverageone,theactuatedapproachescompensatefor
thesedeviations.At thesametime theselastapproachesare,quotingdirectly from (7) Òextremely difÞcultto
programÓ.

Thecomplexity of the trafÞcsystemincreaseswhenmultiple trafÞcsignalsarecoordinatedasa signalnet-
work. Signalcoordinationis thenusedto signiÞcantlyincreasetheßow (see(28),(8)). Mainly becauseof the
complexity of thesystem,coordinatedcontrollersareoftenpre-timed.

TrafÞc light operationsare traditionally directedby a trafÞc signalcontroller, deÞnedin (20) as"a device
whichcontrolstheßow of trafÞcatanintersectionaccordingto somepredeterminedrulesof operation".With
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time thesedeviceshave reacheda high level of sophistication.An exampleof sucha device is the2070con-
troller, usedwidely in California,whichsupportspre-timed,semi-actuatedandfully actuatedoperationrules.
It alsosupportsa wide setof sensorsandis equippedwith multiple communicationinterfaces(e.g. RS232,
Ethernet).It is de-factoageneralpurposecomputerusedasaspecialpurposecomputer:it supportsmany pre-
deÞnedrulesthatcanbeadjustedontheÞeldor remotely, usingtheNationalTransportationCommunications
for ITS protocol,a.k.a.NTCIP, setof standardsasdescribedin (55).

Themainproblemis thatadjustmentsarepossibleonly to a limited extent. It is notpossibleto introducenew
rulesof operationwithout goingbackto themanufacturerfor a customdesign.This increasesthecostof the
deviceandits upgrades.Moreover, aspointedout in (20), thecustomdesignproductdoesnotusuallybehave
asspeciÞedby thetrafÞcengineer.

As pointedout in (20), a possiblesolutionis to replacethesedeviceswith generalpurposecomputers,espe-
cially in Òany intersectionthatrequiresconcurrentphase-timingor unusualfeaturesÓ.Thisapproachis usually
theonly choicefor aresearcherseekingto testnew rulesof operationsor new sensordevices(seefor example
thePATH IDS project,(50), (37)).

Figure11: TheLADOT AdaptiveTrafÞcControlSystemArchitecture

Thecomplexity of developingsucha systemgrows with thenumberof controlledintersections.While some
computationcanbecarriedconcurrently(andthey should,in orderto speedup computationandmeetreal-
time constraints)someothers needto besynchronizedbecauseof datadependencies.Thescenariois prone
to error andit is easyto endup with datainconsistenciesor systemdeadlocks.Becauseof changesin the
trafÞcnetwork it is oftennecessaryto upgradeor modify somesubsystems.Thechangesshouldbehandled
locally becausea systemshutdown is costlyandnot acceptableevenduringnight hours.Theproblemgrows
with the sizeof the system.An urbangrid often includeshundredsof instrumentedintersections.The city
of Los Angelescurrentlycoordinatesmorethat 1,300intersectionsasa singlesystem((35)). The LADOT
controlsthis systemin a centralizedmanner, as describedin Þgure11. Every secondthe controllersare
polledto retrieve thedatacollectedby their sensors.Thedatais thenaggregatedin theData Center. Various
interdependentalgorithmsarethenrun to computetheoptimalcycle length,splitsandsignalgroupingbased
uponthisdataandnew timing plans,if necessary, areuploadedonthecontrollers.Thesystemis hierarchically
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organized:at the leaf level thecontrollersareconnectedthroughserialportsto communicationhubs. These
hubsare connectedto ÒKernelsÓ,windows NT machine,throughtwisted pairs. A time division protocol
ensuresthatall thenecessarydataexchangestakeplacewithoutany delayeachsecond.Thekernelmachines
arethenconnectedto the Data Centerthrougha Þberoptic network. The systemwasdesignedso that all
the datafrom the sensorsat the intersectionandall the trafÞc control parametersfor the controllerscanbe
communicatedwithout any delay. An unwantedconsequenceof the designis the difÞculty to upgradeit.
For examplerecentlyLA DOT upgradedthe ATCS systemto provide trafÞc priorities, i.e. trying to give
on-demandgreenlights to delayedbusses.The new TrafÞc Priority System(TPS)operatesautonomously
from ATCS,takingover controlwhennecessary((35)). TPSis a distributedsystem:it doesnot leverageon
the existing communicationandcentralizedcomputinginfrastructure.It wasmoreeconomicalto equipthe
rapidbuscorridorswith a new communicationsystemandleverageon theexisting 2070scontrollersfor the
computationthanto usetheATCSinfrastructure.

Thetoolsin thispaperwouldopenthewayto distributedimplementationfor ATCS-likesystemsandeasethe
developmentof TPS-likesystems,wherethecontrolcomputesat theintersectioncontrollerandthecoordina-
tion dataßows throughchannelsbetweenintersections.

Usingour tools,thetrafÞcengineercouldrely on Simulink to develop,simulateandtunetheperformanceof
theiralgorithms.Thenthey canobtainanimplementationof their systemdirectlyusingrealTimeWorkshop,
avoiding thecostanddelayassociatedwith goingbackto thevendorfor re-programming.Thesignalwould
becontrolled,to quote(20),Òexactly theway thedesignerthinksit shouldbecontrolled".

5.2 Casestudy: Offset controller for Coordinated TrafÞc Signal

In this sectionan off-set controller for coordinatedtrafÞc lights alongan arterial is developed. The trafÞc
network of interestis describedin 12. A majorhigh trafÞcstreetis intersectedby 4 minor low trafÞcroads.
Theaddressedscenariois apeakhourasymmetricscenario,wherealmostall thetrafÞcßow is in onedirection
of themajorstreetwith almostnegligible turnsandsidestreettrafÞc.Theintersectionspacingis between0.3
and0.5 miles. In this scenario,asshown in (46), the total delayexperiencedby the vehiclesis minimized
usingsignalcoordination.The ideais to creategreenwaveson themain roadso thata car that just got the
right-of-way at theÞrstintersectionwill geta greenat all theintersections(see(28) and(8)). First thecycle
lengthis Þxed. Thenthe controllersaresynchronizedandtheir greenphaseareoffset by d ) v, whered is
thedistancebetweenthetwo intersectionsandv is thetargettrafÞcspeed.In all thepre-timedapproachesas
soonasthetrafÞcspeeddeviatesfrom thedesignspeedtheperformanceworsens.A possiblesolutionto the
problemwasproposedin (1). His approachfollows theactuatedparadigm,wheretheoffset is dynamically
adjustedto reßectthe real trafÞcscenario.At eachcycle theoffset is computedasbefore,but v is now the
averagevehiclespeedmeasuredin real-time.

Figure12: AsymmetricpeakhourtrafÞconamajorroadintersectedby four minor streets

The systemhasbeenimplementedusingSimulink, asin Þgure13. The averagespeedhasbeencomputed
usingtheLighthill andWhitnamtheoryof trafÞcßow addingawhitenoisefactor. Thesensorinput is passed
througha simpleÞlterto make thesystemresistantto insigniÞcantminor speedßuctuations,while adjusting
to signiÞcantandpermanentchanges.
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Figure13: Simulink Model for thedistributedtrafÞccontroller

Thesystembehavior hasbeentestedin theSimulinkenvironment.In thetestscenarioanaccidentishappening
betweenthe Þrstandthe secondintersectionduring the 100th cyclesandit is clearedout during the 180th ,
anda minor onehappenedbetweenthe third andthe fourth oneduring the150th cycle andit is clearedout
duringthe200th . Theoffsetscomputedby thelast threeintersection(theoffset for theÞrstoneis always0)
computedusingthemodelin Þgure13areplottedin Þgure14.

Figure14: Theoffsetascomputedby themodeldescribedin Þgure13

The testhasbeencarriedout on the samehardwareusedin the previous section. In this caseperformance
hasbeenmeasuredasthetotal computationtime neededto carrya step(i.e. from theendof thecycle to the
endof thecomputationof all theoffsets).Thecomputationtime is on average0.3 s (thestandarddeviation
is 6 ms).Weexpectthis resultto improvewhenswitchingfrom Simulink interpretationto directexecutionof
thecodeasgeneratedby Real-Timeworkshop.Eveninterpretingthecodethough,thesystemlargelymetthe
timeconstraintsof theapplicationasdescribedin (20).

In thedevelopmentof suchasystemit wasnotnecessaryto worry aboutsynchronizationandcommunication.
Thesystemis designedandimplementedasif it wasacentralizedsystem.Thenit waseasilydistributedusing
theBDSPlibrary. Thedistributedsystembehavior is provably thesameof thecentralizedone,it is lesscostly
(thereis no needfor thecentralsystem,thecomputationcanbecarriedover theexisting controllers),andit
canbedesignto degradegracefully(becausethereis nosinglepointof failure).
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6 Conclusionand Futur eWork

New affordable,reliableandsmallsensor, communicationandcomputingdevicesareenablingcomplex dis-
tributedsystems,wherecomponentsareupdatedfrequently. Giventhesystemsizeit is necessaryto beable
to handlelocalchangesand updateslocally, without impactingtheoverall system.For example,for theurban
grid trafÞccontrollerssystemdescribedin section5, if anew controlstrategy hasto beimplementedalongan
arteryit shouldnotbenecessaryto shutdown thewholecity network.

The researchpresentedin this paperproposesa two stepcompilationschemefor distributedsynchronous
programming. The Þrst stepcompilesthe modularsequentialcodeinto modularsemanticallyequivalent
sequentialasynchronouscode. In this phasethe codeis annotatedwith noderunningtime informationand
with thecausalitydependenciesbetweenits inputsandoutputs.

Oncethe Þrst stephastaken place, the secondstepcan be executedon the annotatedcompiledmodules
to ensurethat they canbe executedmeetingthe overall timing requirementsandthat they arenot going to
deadlock.If somemodulesaremodiÞed,only they needto be recompiledandthenthe secondstepcanbe
carriedover the old andnew annotationsto ensurethat the modiÞcationsdo not violate time constraintsor
introducedeadlock.Herethesecondstepis developedonly to beadequatefor thesignalcontrolapplication.
The resultingcodeis communicatingover TCP/IP channelsas fast as permittedby the input-outputdata
dependencies.Thereis noglobalschedulerof computationor communication.

TheÞrstcompilationstepis modularstructurepreservingin thesensethatany modiÞcationto a moduleof
thesynchronousprogramwill only requirerecompilationof thealteredmodule. In section3 a compilation
algorithmis presentedandit is provedit preservesthesemanticof thesynchronousprogramin thesequential
asynchronouscompiledcode.Themainresultthenfollows. Theimplementationis provedto beamonomor-
phismwith respectto thesynchronousandasynchronouscompositions.Themonomorphismis ourargument
thata local changecanbehandledlocally andthatasubsystemcanbere-usedin differentsystems.

During thisstep,thecompilationprocessdoesnoglobalschedulingcomputation.Thusif ablock is changed,
only theblock itself needsto bere-compiled.On theotherhand,our methodsonly preserve thesynchronous
semanticin thesenseof thelogical orderof computation.

The theoreticalresultsare then transformedinto software. The architectureof the BSDP library and its
performanceis presented.The resultsin this paperapply only to Simulink programswithout causalloops
(seesection2) usedwith discreteÞxed-ratesolver.

An applicationis exploredin section5, whereanoffsetcontrollerfor anurbancoordinatedarterialdeploying
the Abu-Lebdehspeed-controlalgorithm is implementedin Simulink and compiledto executedistributed
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over PentiummachinesinterconnectedthroughTCP/IPchannels..TrafÞc control systemsareincreasingin
complexity makingthemmorecostly to upgrade.Theapproachpresentedin this papercouldmake updates
easier. Theauthorsarecurrentlyworking on implementingall theATCSfunctionalitiesin theLos Angeles
AdaptiveTrafÞcControlSystemsusingthetoolsdescribedin this paper.
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