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1 Intr oductionto EmbeddedProgramming for Transportation Systems

This paperdescribesa modularcompiation schemdor distributedsynchronougrogramming.Theapproach
is bPrstdescribednathematicallyandthenimplementedasa library to distribute Simulink (59). Application
of theschemas illustratedby developinga controlsystemto coordinaterafbcsignals.

The purposeof the researchis to advanceprogrammingtools for control of large networked systems.For
example, USDOT(® Vehicle Infrastructurelntegration Initiative (54) is rolling out an ad-hocwirelessin-
frastructureto createthe networked roadway. This will enabledistributed operationof the trafc control
infrastructure. Henceour study of the signalcontrolsapplication. Typically, theseare large-scalesystems
with acentralizeccomputingarchitecturecontrollingthousandsf devicesconnectedo atrafbcmanagement
centerover leasedelephondines. For example,the LADOT ATCS systemintegrates1300signalsandmul-
tiple changeablenessagesigns. The Caltransl-5/1-405 freeway managemergystemintegratesa vastsensor
systemcontainingthousand®f inductive loopsand hundredsof camerag49). Otherareasfamiliar to the
authorsthatmotivatethis paperarecontrolfor collaboratingunmanneair vehiclesystemg43) androadside
vehiclesystemdor crashavoidance(50). The controlengineersvorking on thesesystemsarealmostalways
familiar with Simulink andtypically write the bPrstcompilablespecibcatiorof controlin the language.We
try to extend Simulink throughthe compilationschemein this paperto programnetworked control systems
becausdt is well establishedsa high-level specibcatiotanguagean the controlcommunity

The compilationschemerelieson modularityandsepaate codecompilationto help with the sizechallenge
andon distributed syndronousprogrammingto handleconcurreng and synchronization.Modularity was
one of the brst programmingfeaturesintroducedby computerscientiststo deal with large systems. The

ideabehindmodularityis to extendthe divide et impela stratgy to codegeneration:the comple codeis

structuredandsplit into smallerandeasierto handlemodules.Eachmoduleencapsulatea partof the code;
it offers someabstractigh level servicego the restof the systemwhile hiding unnecessargetails. This is

thefundamentaldeabehindtheintroductionof procedureandobjectsin modernprogramminganguages.

The synchronougparadigmwasintroducedin orderto simplify the programmingof reactive systemshid-
ing from the userthe compleity of interleaving andits associateshon determinism(32),(31),(4),(2). The
compilertakescareof translatingthe synchronousysteminto sequental codewhile preservingts semantic
(2). Synchronougrogrammindanguage$ike ESTEREL(5)-(6), LUSTRE(21), SIGNAL (25), or Simulink
(59) aremodularandcompositional Whencontrollerscoordinateover networks, both concurreng andnon-
determinismareenhancedjueto theasynchronousatureof thecommunicatiormedium.In thesynchronous
philosoply, theincreasedcompl«ity shouldbe hiddenfrom the userby handlingit automaticdly in compi-
lation. Thisis now anactive Peldof researclandit is targetedby this paper
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(11)-(19)proposealgorithmsto distribute synchronouprogramsstartingwith a singlesynchronougprogram
andsplitting it into synchronousubsystemtercommunicatinghroughan asynchronousnediumcreating
whatis calleda Globally Asynchronoud.ocally SynchronougGALS) system(3). This approaclpreseres
the synchronousemanticdut doesnot maintainor exploit the modularstructurein the original synchronous
program. For examplethe modulestructurein the original Esterelleprogramis lost in the compiledcode
producedn the approactpresentedn (11). Consequentlymodibcatiornto one moduleof the synchronous
programmay requirere-compilationandre-distritution of the entire system. As the systemgrows in size,
componentipdatesaremorefrequent.As aresultthis approachs no longerpracticable.

Theresearclpresentedn this papertriesto alleviate the global compilationproblemby investigatinga 2 or
multi-stepcompilationapproachn whichthe prststepdealswith thedatadependenciesetweemmodulesand
thesecondstepwith timing asdonein (23). This papershavs the brststepcanpresere the modularstructure
of the synchronougrogramin its compiledsequentialasynchronoussemantigoreservingequivalent. Any
modibcatiorto a moduleof the synchronougrogramwill only requirerecompilationof the alteredmodule.
In this phasethe codeis annotatedvith noderunningtime informationandwith the causalitydependencies
betweerits inputsandoutputs.For examplethe modulein Pgurel hasoutputl dependingninputsl and2,
andit executesn 10 ms.

Module Example et

inputs: Input 1, Input 2; Input 3;

outputs:

Qutput 1 {Input1, Input2};
TS R Qutput 2 {Input2, Input3};
----------------- » Output 1 [ worst case execution time:
= 10 ms;
itz OQutput 20}
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Figurel: A graphicalrepresentationf a Simulink moduleandthe annotatiorof its compiledequivalent

(3) proves sucha mappingto GALS, preservingmodularity exists for a particularclassof synchronous
systems.However, no algorithm computingon a Pnite representationf synchronousystemss given. In
(51) we proposedsuchanalgorithmbasedn CSPstylerendezwous(24). In this papemwe presenta bounded
gueuecompositioralgorithmiits correctnesproof, its applicationto distribute Simulink andits useto develop
acontrolsystentor coordinatedrafPcsignals.The mathematicatesultswithout proof bPrstappearedh (52).

The approachpresentedn this paperis mostsimilar to (39) and(9). In (39) a blocking schemds usedto
distribute discreteevent systems.In the discreteevent systemsetting particularattentionhasto be paidto
avoid deadlockandlivelock, while we prove this is not necessaryor the classof problemwe address.In
(9) microcircuit componentsire composedogetherunderthe assumptiorthat they are Gtallabled,andthe
communicatiorbetweercomponentss modeledusingbx sizedFIFO queues.

The secondcompilation step fulblling timing specibcation®n the target hardware, may be different for

differenthardwarearchitecturesin (23) a hardreal-timeprogramcanbe executedon a platformonly if there
is afeasiblescheduldor it. The compilerprovesthatthe programcanbe executedon thetargetarchitecture
generatinga schedule. The compiler startswith Giotto codeannotatedsimilarly to whatis proposechere.
Using the samesetof annotationghe algorithm proposedn (33) canbe usedto checkif the input/output
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dependenciesf theblocksareconsistenbr if they leadto adeadlock.

Modularity atthe secondstepof compilationmaybeachiezablefor certainhardwarearchitecturesindnotfor
others.Herewe usea secondstepcompilationadequatenly for the signalcontrol problem. We compileto
executeover PentiummachinesonnectedisingTCP/IPsoclets. Thecomputatiorcyclesin signalcontrolare
in theten®of seconds Computatiorandcommunicatioroccurso fastthatwe simply compileto constraint
concurreng acrossnodulesminimally, i.e., only enoughto respectheir input-outputdatadependenciesnd
thenhave eachmodulecomputeandcommunicatesfastaspossible.Thereis no schedulerThusthesecond
stepremainsmodular The synchronougprogramcompilationschemein (12) scheddies computationand
communicatiorto guaraneetiming propertiesfor the Time TriggeredArchitecture(TTA) (45). However, it
is notmodular Thusour modularcompilationresultspertainmainly to the Prststepof compilation.

Thedistribution methodandits propertiesare brstdescribednathematicallyandthenturnedinto program-
ming librariesfor Simulink. We only compileprogramsn which thereareno causaloop.

Synchronouprogramsaremodeledusinga Pnitaryversionof the SynchronougransitionSystemintroduced
in (38), modibedto resembleSimulink. The formalismusedfor the compiledsequentiabsynchronousode
is similarto thel/O automataof (36). Synchronousindasynchronousompositioroperatorarethendebned.
The synchronousompositionoperatoris Simulink-like. The asynchronousompositionoperatoris similar

to theoneusedin KahnProcessNetworks (26), (27), (29), but we assumeahat communicatiorgueueshave

boundedsizesothey canberealizedby reliableFIFO channels.

An implementationalgorithmto map synchronougprogramsto asynchronousnesis thengiven andit is
proventhattheimplementatiormappreseresthe synchronousemanticén thesenseof (3). Themainresult
is thatthe implementatioris a monomorphisnwith respecto the synchronousindasynchronousomposi-
tions. The monomorphismis our argumentthat a local changecanbe handlediocally andthata subsystem
canbere-usedn differentsystems.

Thetheoreticalresultsarethentransformednto software. The architectureof the BSDPlibrary andits per
formancesarepresentedTheresultsin this paperapplyonly to Simulink programswithout causaloops(see
section2) usedwith discretebxed-ratesolver. In (12) Simulink programaredistributedover TTA networks.
The BSDP library canbe usedon ary kind of netwvork: our compilationtargetsexecutionin a network of
sequentiamachineommunicatingover ary reliable FIFO channelsvith boundedmemory This execution
modelbtsthe GALS architecture The classof Simulink programswe considerie within the endochronous
programg3).

The brstcompilationstepdoesno globalschedulingcomputation.Thusif ablockis changedpnly theblock
itself needsto be re-compiled. On the otherhand,our methodsonly presere the synchronousemantian

the senseof the logical orderof computation.It doesnot try to meetary real-timedeadlineqasdone,for

example,in (42)). Thetaskis carriedout in the secondcompilationstep. This stepin the implementation
presentedn this papermerely enablegshemto computeand communicateasfastas possibleover TCP/IP
channels.

The paperis organizedasfollows. Section2 introducesaformalismfor Simulink-like synchronousystems,
andonefor sequentiabsynchronousompiledcode. The problemis thereformulatedmathematically Sec-
tion 3 presentdhe compilationscheme comparesdt with one usedby Simulink, and proves that the map
preseresthe synchronousemantic.The maintheoremsupportingthe distribution of Simulink programsis
thenpresentedSectiond introduceghe BDSPlibrary andits performancesAn applicationto trafbccontrol
is thendescribedn section5. Section6é summarizesheresultsin the paperanddescribeguture work.



2 Basicmodels

2.1 SynchronousSystems

Several synchronousystemformalismsexist in the literature. The basicideabehindall of themis a system
evolving throughdiscretesteps At every stepall thevariablesareupdatedandthey do notchangevaluesuntil
thenext stepis taken.

2.1.1 STSandFSTS

The SynchronoudransitionSystemformalism,wasintroducedoy MannaandPnueliin (38). STSdescribes
a systemasa tuple of typedstatevariablesandtransitions.Its behaiour is describedhroughtraces,.e. an
inPnitesequencef statesvherea stateis avaluationof all the variablesof the system.

In this paperthe Finitary STS(FSTS)formalismis used. The FSTSis choserto relateto Simulink. A system
is describedn term of input and outputports, andinternal statevariables. The evolution of the systemis
capturedby a setof functionsusedto computethe outputandupdatethe state.

Debpnitionl. A Finitary SynchronousTransition System(FSTS)is atuple(S,1, O, 0o, ¥0, ¥s,! ) where:

l.a Sisthebnitesetof statevariablesof the system.

1.b | isthePnitesetof input portsof thesystem. andS arerequiredto bedisjoint.

1.c O isthePnitesetof outputportsof the system.O andS arerequiredto be disjoint. O andl arenot
necessarillydisjoint (thisis neededor feedbaclasillustratedin the secondexamplein section2.1.2).

1.d o0o(S) is theinitial valuationof the statevariables.co(s) denotegheinitial valueof thevariables " S.
l.e ! o isasetof computabldunctionsindexedby the outputports,usedto computethe systemoutputs.y
denoteghefunctionindexed by the outputporto.

1.f ! g is asetof computablefunctionsindexed by the statevariables,usedto computethe next system
state.1)s denoteghefunctionindexed by the statevariables. 1.9 ! is anagyclic partialorderover| # O
expressinghe causalityrelationbetweerinputandoutputports. Assumefor examplethatthe outputo; is the
sumof thetwo imputsi; andi,. Theno; dependsiponi; andi,, writteni; ! o andip ! o. If P is asetof
portsthen$p " P .p! p’iswrittenasP ! p'.

Theconceptd andl arelinked:! is dePnedasfollows:

(., B)" % (&hp" ' o.a" Ip' 5=0p) 1)
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In thefollowing sectiond® = S#O#1 and! = ! o#! g andsuscriptaareusedwhenmorethanoneFSTS

areused(e.g.! ¢ refersto thesetof outputportfunctionsof the FSTSs;).

A Simulinkblock canbedescribedy its I/O ports,statevariablesandthefunctionusedto updatehem.Later
we captureSimulink usingFSTSto make it work in a distributed computingervironment. Someexamples
aregivenin thenext section(2.1.2).

2.1.2 FSTSexamples

Considerthe simpleSimulink systemin bgure(2.a). It is composedf a singlegain block. It readsfrom the
input porti; andoutputsits valuemultiplied by two ontheport o;.

________________
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(a) (b)

Figure2: Two examplesof Simulink systems

This systemcanbedescribedasan FSTS(S,1 ,0,00(S),! o0,! s,! ) whereS=(,1 ={i1}, 0 ={01}, 00(S)
def

:(! ! S :(1! (0] :{1%1 = 2) il}’! :{(i]_,O]_)}.
Noticethatfor theexamplein bgure(2.a)l * O = (. In theexamplein bgure(2.b),I * O = (. It isablock
thatacceptswo inputsi; andi, andhastwo outputso; ando,. 01 ando, aretwicei andi, respectiely.

As aresultoy is four timesii. This systemcan be describedasthe FSTS(S, 1,0, 0o(S),! o,! s,! ),

whereS = (, 1 = {is, 01}, 0= {01,001, 50(S) = (, ! s = (! 0 = {tho, = 2) in, 00, € 2) 01}, 1 =

{(i1,01), (01, 0) }.

2.1.3 FSTSsemantics

The semantids givenin termsof traces.Givena setof variablesV, o(V) denotesa valuationof themand
" (V) thesetof possiblevalueassumedby thevariablesn V.
As for STSsystemstraceis debPnedasfollows:

Debnition2. A trace is aninPnite sequencef valuationsof S# | # O. Theit" vectorof valuationsn atrace
t isdenoted;, wheret; " " (S# | # O).

t|P denoteghe projectionof thetracet over the setof portsand/orvariablesP .

Debnition3. Tuple satisfactiornt given a tracet, the tuplet; satisPeshe systems, denoteds F t;, if the
following holds:

SEt % (i=0, $s" S.to|s= o0(s)) "'
$p" O.tilp= Yp(ti[(1p# Sp)) '
$s" S.tisa|s= Ys(ti|(ls# Sp))
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Wherethe semanticf functionapplicationis assumedo have no sideeffect.

Debnitiond. Trace satisfaction An FSTSsystems admitsatracet (or equivalentlythetracet satisbeshe
systems), writtens | t, asfollows:

SEt% $i"NsF
whereN denoteghe setof naturalnumberdncludingO.

If I is agyclic eacht; anda valuationof theinputsattimei + 1 dictatesan uniquetj.; . Onthe contrary
if I hasacycle,theremaybe zeroor multiple possibilitiesfor tj+1 . Someauthorshave assumeaut cycles
(seefor example(19)), while othershave looked for a bxed-pointsolution (asdonein (15)). In this paper
we follow the brstapproach.Thusevery FSTSis input deter minis tic, i.e. givenaninputthereis only one
possiblebehaiour.

2.1.4 Compatible FSTScomposition

In this sectiona compositionoperatorfor FSTSis debPned.Onceagain, this is chosento include Simulink.
A comple systemis composedf subsystemsvith interconnectedhputsandoutputsports. Not all systems
canbecomposed.

DePnition5. Two FSTSsystemss; =(S®, | 5, 0%, og*(S%), ! &, ! &,! 5t) ands,=(S%2, |2, O%,
02(S%2), I &, 1 &, | %2) arecompatibleif andonly if:

5.a 05t * O% = (, 5dSS2* (OSt#151) = (,

5b S%1* S%2 = (| 5.elst* |52 = (|

5.c SSt* (OS2#1%2)=(, b5f ! ,#! pisaogyclic.

The brstcondition ensureghe two subsystemslo not raceto write the sameoutput (this would introduce
non-determinism)The secondthird andfourth conditionsensureghatstatevariablesarelocal andnot shared
betweercomponentsThe bfth conditionensureshatevery inputis recevedby a uniquesubsystenandthat
one outputcannotbe readby morethanoneinputs (this is not a limitation asit canbe seenin the fourth
examplein 2.1.2). Thelastconditionensureshe composedystemdoesnot have cyclic causaldependencies
betweervariables.

Debnition6. Thecompositions; - stsS2 =(S,1,0, 00(S),! o, s,! ) of two compatibleFSTSis debned
asfollows:

6.al =(15#1%), 6elo=! S#1 %
6.0 Po = (Ot # 0%2), 6f1g=! T#! g,
6.c Ps = (S # S%), 6.9!=( a#! ).

6.d 00(S) = (03 (S%) # 0 (S%)),
In thefollowing sections g sts is denotedwith - whenit will not causeconfusion.

Noticethats; - s isanFSTSbecaus¢he compatibilityhypothesissnsureshereareno circulardependences
betweerportspreservingnput determinism.As debPned; rsts is a partialfunctionoverthe FSTSset,i.e.
it is debnednly for compatibleFSTS.

Someexamplesaregivenin section(2.1.6).
2.1.5 Propertiesof FSTScomposition

Next we statetwo simple propositions. The propositionsmerely assertour FSTSformalism hasthe usual
propertiesof otherformalismsfor synchronousystemsin the literature. The resultbrstappearedvith no
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proofin (52).

Proposition2.1. (FSTS; rsTs) is a commutativenonoid,with theidentityelemenbeingtheemptyFSTS.

Proof. Follows from the associatiity andcommutatvity of the union operatorandby the factthatthe
identity elemenibf theunionoperatoiis theemptyset. |

Proposition2.2. Giventwo FSTSs; ands;,
S1- FSTS S2 ’: t% s1 ’: t|P51 'Sy ’: t‘PSZ
Proof:

We brstprove, by contradiction. Assumethat:

S1- FsTsS2F t
(s1f t|PS . sy #= t|P52)

It follows by thedebnition(4) of tracesatisaction,that:

$ "N si- S ETY 2)
& " NI s1# tj|p*. spE ti|p> 3)

Now pick thesmalles for which (3) holds. Therearetwo possiblecasesEitheri = Oori > 0.

Case > 0: By debnition(3) of tuple satisbabilityandby (2) it follows that& " (OS5t # OS2 # S5t # S52)
suchthat:

lp= ug S (ulPg®) i pr O @
ti‘p: @Z)Slxsz(tifl“:)pSlXSZ) |f p" SS]_XSZ

By debnition(3) of tuplesatisbabilityandby (3) it followsthat& " (OSt # OS2 # S5t # SS2) suchthat:

tilp = Ypi(tilPg) ifp" O (5)
tilp = ¢pi(ti-1|Pgt) ifp" S™
tilp= ¢2(ti|P5?) ifp" O%
tilp = ¥g2(ti-1|Pg?) if p" S

For the minimal i pick a minimal port for which conditions(2-3) hold with respecto ! s, xs,. Denotethis
minimal portby p. We assumehatp " P31 ™2, thecasep " P! hasasimilar proof.

By dePnitionof FSTScompositionit follows thateitherp " OSt orp " 0%2. Assumethatp " OS:. The
prooffor p" OS2 is thesameup to achangeof supersciptNow:

tilp= Ypr 2 (ti|Pgr*%2) from (4)
= ¢3(tPs)  bydef.of FSTScomp. (6)
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But this contradict(b).
Casel = 0: By debnition(3) of tuple satisbabilityandby (2) the following musthold: & " (OS5t # OS2 #
SS1 # S52)
tilp= ogt % if pr S51%%2 @)
ti‘pz wFS);LXSz(ti‘PSlXSz) |f p" OSlXSz

By debnition(3) of tuple satisbabilityandby (3) thefollowing musthold: & " (OS5t # OS2 # S5t # S52) |
tilp= og'(p)  ifp" S™ (8)
tilp= Ypi(ti|Pgr) ifp" O
tilp= og’(p)  ifp" S
tilp= Y2(ti|Pg2) ifp" O%

Fori = 0, pick aminimal port for which the abose conditionshold with respecto ! s, «s, anddenoteit p.
If p" O%1*%2 we canfollow the sameproof asthe previous case.Thereforeletp " S51%52, Assumethat
p" PS'. Theprooffor thecasep” S%2 isthe sameupto achangeof superscript.

By debnitionof FSTScompositiongiventheassumptiorp " Sst, from (7) follows that:
tilp= 05" (p).

But this contradicty8).

We now prove thesecondmplication/ by contradiction Assumethat:

S1- FsTsS2fF
(s1F t|PSt" sy F t|P®2)

It follows by thedepPnition(4) of tracesatishctionthat:

$§ "N s F t|p™" s2F tj[p? 9)
& " N s1- Syt (20)

Now picki to bethesmallesnumberfor which(10) holds. Therearetwo possiblecasesEitheri = Oori > 0.

Case > 0: By debnition(3) of tracesatishctionandby (9) it followsthat: &p " (OSt # OS2 # SSt # S52) |

tilp= ¢gi(ti|Pgt) ifp" O (11)
tilp= ¥gt(ti-1|Pg) ifp" S
tilp= yg2(ti|Pg2) ifp" O%
tilp = ¥p2(ti—a|Pg2) ifp" S
(12)
By debnition(4) of tracesatisactionandby (10)it followsthat: & " (OS: # OS2 # SSt # S52) |

tilp# g S2(tj|Pgr®2)  if p" O%*% (13)
tilp= Yt (tia|Pgrs2) ifp" S5
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For theminimali for which conditions(10) holds,pick a minimal port for which conditions(9-10) hold with
respecto! s, xs,. Denotethis minimal portasp. We assumahatp " OS1*52. Thecasep " S°1*%2 hasa
similar proof.

By dePnitionof FSTScompositionit followsthateitherp” OSt orp" OS2. Assumethatp " OS! (theproof
forp" O%2 isthesameupto achangeof superscipt)Now:

tilpe  YSS2(t|PsX®)  from (13)

= Yt (ti|Pgt) by def. of FSTScomp. (14)
But this contradictq11).
Case = 0: By debnition(4) of tuplesatispabilityandby (10) followsthat: & " (OSt # OS2 # S5t # S52) .
tilp=og'(p) ifp" S (15)

tilp= ypi(ti|Pst) ifp" O
tilp= og?(p) ifp" S
tilp= ¢p2(ti|P5?) ifp" O%
& " (OSt # OS2 # S # S%2)

tilp# ag" % (p) if p" S5 (16)
ti|p$ ,l/JSlXSZ(ti‘PS;LXSz) |f p" OSlXSz

Fori = 0 pick aminimal port for which the above conditionshold with respecto ! s, «s,. Denotethis port
with p. If p" OS1*52 we canfollow the sameproof asthe previous case. Thereforep " S51*52, Assume
thatp" SSt. Theprooffor thecasep " S*2 is thesameupto achangeof superscriptBy debnitionof FSTS
compositiongiventheassumptiorp " SSt, from (16) follows that:

tijp= og'(p)

but this contradict(15).

This concludethe proof.

2.1.6 FSTScompositionexamples

Considerthe Simulink systemin bgure(3.a). The systemis composedof two blocks similar to the one

describedn section2.1.2.Both multiply theinput but they do soby differentfactors;
Thecomposeaystemis describedas:| = {p1,p2}, O ={p2,p3}, S=(,00(S) =(,! s=("! 0 = {¥p, aef

2) p1, Ups = 3)p)h ! = {(P1,p2), (P2, p3)} -

Thecomposedadystemhasthe expectedsemanticlt multipliestheinputby 6.

It may apearthatthe compatibility conditionsasdebnedn (5.a)aretoo restrictive, ruling out systemswvhere
the outputof a blockis feededto morethanonesubsystemThis is not the caseasillustratedby the example
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Figure3: Simulink systemsomposedaf multiple blocks

in bgure(3.b).

The systemhasthreesubsystemsTwo of themarethe gain blocksdescribedn the previous examples.The

third oneis the duplicateblock thatis formally describedas:| = {i1}, O ={0a,0p}, S=(, 00(S) =(,! s =
def . def

(,!' 0= {%oy = i1,%0, = i1},! ={(i1,0a),(i1,00)}.

Thecompositiorof thethreeblockis describedvith thefollowing FSTS:l ={i1, 04, 0p}, O = {04, Op, 01, 02},

S=(,00(S)=(,! s=(.! 0= {tho, = i1, %0, T i1, 00, €' 3) 0a 0, € 3) 0p},! ={(i1,04), (i1, O).

(0a, 01), (Op, 02) }.

2.2 AsynchronousSystems

Therearemary asynchronousystemformalismsin the literature. Oneof themis the asynchronousersion
of STS,calledthe AsynchronoudlransitionSystem(ATS) model,introducedby Berveniestdn (4). In ATS
anasynchronousystemis a couple(P,, B3) wherePy is the setof I/O portsandB 5 the setof the possible
behaiors. A behaior is aninbnitesequencef valuationsanda valuationis a couple(port number value).
Thesimplicity of the modelmakesit easyto handleit mathematicallybut we seeka bnitaryformalismto be
the outputof analgorithm.

Insteadwe useautomataaugmentedvith queuevariables.We call themReactve Automata(RA). A reactve
automatonis a labeledpniteautomatorcommunicatinghroughsharedjueueslt is a discreteversionof the
I0-automatadescribedn (36) augmentedvith communicatiorports.V denoteghe setof variablesP the set
of portsandfor ary portpin P, 5(p) is the bound(maximumcapacity)of the queuep. FormallyanRA is a
tupIe(L, |0, V, O’o(V), P, Po,T) where

e L isabPnitesetof locationsof theautomaton;

lg is theinitial location,lg " L;

V is abnitesetof variablesreadandwritten only by the RA;

oo(V) is theinitial valueof the statevariables;
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e P, isabnitesetof communicatiorports,consideredservironmentalqueueseadby this RA;
e Pg is aPbnitesetof communicatiorports,consideredservironmentalqueueswritten by this RA;

o T isabPnitesetof labeledtransitionsof theform (1, It , (c,A)) wherel;, s " L, cisabooleancondition
overthevaluesof theelementsn V. A is debPnedy thefollowing grammar:

A 0 ?p(v) wherep" P, andv" V

A 0 Ip(v) wherep" Po andv ™ V

A0 v:=f(Vi)wherev" V,V; 1 V,f "F(V,) isthesetof functionswith the standardgsyntaxof aterm
in Prstorderlogic (see(16)), wherethe symbolsoccouringareeitherfunctionsymbolsor variablesymbols
in V.

In thefollowing sectiond? denoteghesetP, # Pg.

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

{W,P,S} W, {v1,Vv2}, {0, 0}, {input }, {output },
{(W, P, True,?input (v1), (P, S, True, vy := v1 + 1), (S, W, True, loutput(vz) })

True — Tmput(vy)

W

wait for imput

'\ processing mput

Tme - vy =v;+1
Trme — loutput(vy 2 !

S

Figure4: A simplereactve automaton

2.2.1 RA semantic

Thesemantioof anRA is in termsof runsandtraces.

Debnition7. A run of a Reactve Automatonis an inPnite sequencef (locaion, variables valuation,
tr ansition, ports valuati on) tuples.

The actionsarereads(denoted?p(v)), writes (denotedp(v)), computationgdenotedv := f (V)), andthe
silentaction(denotede). The silentactionis introducedto denotethe receptionor transmssionof datain
aninput or outputqueuedueto anactionof the ervironment. A transitionwith aninput actionremovesthe
elementatthe headof aninput portandwritesit to aninternalstatevariable while atransitionwith anoutput
actionaddsthevalueof avariableto thetail of anoutputport.

Debnition8. A reactve automatortrace is atuple,whereeachelementf thetupleis aninbnitesequencef
valuationsfor a particularvariableof the reactve automaton.Thei®" valuationof a variablev in atracet is
denoteddy (t|v);.

Thefollowing is arepresentatioof theinitial partof arun of theRA in bgure(4) for theinput portvaluation
{1} andtheoutputportvaluation(:
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(W,(0,0), True O 2 nput (V1), (< 1>, (),
(P,(1,0), True 0 v2 := vi+1;,((L (),
(S, (1,2), Trye O 'Output (V2), ((, (1), (W, (1,2),2,((,< 2>)), ...

whereW, P andS arethewait for input, Process$nput andSendOutputlocationrespectielly andthe second
elements avaluationof v; andv,, andthethird elements a valuationfor thetwo portsl nput andOutput.

Thusmathematicallya run is a sequencef tupleslike the oneabove. Theit" tuplein arunr is denotedby
ri andits elementareextractedusingprojection,for exampler;|locaion denoteshelocationelementf the
tupler;.

Givenarun, the associatedrace canbe computedoy examiningthe updateactionon every variableof the
RA, i.e. thei™ elementof the sequencassociatedvith the statevariablev is given by thei" updateon
thatvariable. A variablev canbe updatedn two possibleways: becausef areadaction?p(v), or because
of a computationactionv := f (V). GivenaRA runr =< rq,rq,rp,... >, (t|v) is computedextractinga
sequences ry,,rk,,... fromr suchthatfor all k; ry, |action is anupdateactionfor v andfor all j # k;
rj |action is notanupdateactionfor v. An updateactionfor v is aninput actionon the form ?p(v) for ary
port p or anupdateactionontheformv := f (V), for ary functionf .

For the previousrun, theassociatedraceis < (0,1, ...), (0, 2,...) > wherethe brstandthe secondsequences
arethesuccessie valuationsof v; andv, respectiely.

DePnition9. Tuple satisfactiont Givenareactve automatorrunr, we saythatthetupler; satisPega RA w,
denotedw E r; iff thefollowing holds:

(i=0, (roliec=1lo" rolV=00(V)" $p" Porolp= ()"
(rilaction = €, $v" V .rilv=ris|Vv'
$p" Po . (rilp=ri+1|p. ri+1|p= tail(ri|p)) "
$p" P . (rilp=tail(ri+1[p)) . (rilp= ri+1[p)) .
(&s,s',(c,@) " T, Triliocation = S ' Ti+1 |locaion = S’
CEri|(V#P) " rix|(V#P)=ad(ari|(V#P))

Obsenre that the valuesof a port may changevaluewithout ary input or outputby the componenthy its
environment,simulatingthe receptionof a messagehroughthat port, throughan e-transition. At the same
time, by the debnitionof act in the next paragraphinput actionson emptyinput portsandoutputactionson
full outputportsarenotdebPnedHenceinputandoutputactionsareblocking.

Assumefor now thatP, # Po = {p1,..,pm} andthatV = {vi,..,v,}. Thenthefunctionact is debPnedas
follows:
aCt(av U(pl)! ey U(pm), J(Vl)v T U(Vn)) =
I
(U(pl)’ ey U(pm),
o(V1), ., o(Vj—1), a(f )(a(Viy), ... (Vi) o (Vj+1), ..y (Vi)
ifa=Qy = f(vi,,.,V,)O
# (U(pl)’ "1 U(pj —1)! pUSh(U(Vi)! U(pj )) ) U(pj +1 )1 o U(pm),

o(v1), .., a(Vn)) _ . ]

if a=Qp;(vi)O"' —full(o(p))
(U(pl)! ) U(pj —l)!tall (U(pj )) ’ U(pj +1 )1 ) U(pm),
o(v1),..,a(vi-1), head(o(p;)), o(Vi+1), .., o(Vn))

if a=Cpj (vi)O" —empty(a(p;))

Lo
U7

whereo(.) denoteghe variableandport valuation. The functionf ull, empty, head, tail andpush arethe
standarcbperationsover boundedsize queues.Assumethe semanticof function applicationto be the same
usedin thecaseof FSTS.In particular a functionevaluationhasno sideeffects.
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DePnition10. Run satisfactiornt A runr satispesireactve automatorw, denotedwv F r iff:

$i" NwF T

Debnition1l. Trace satisfaction A tracet satisPesa RA w, denotedw F t iff thereis arunr suchthat
w F r andt is associatedo r.

We now debnea compositionoperator ra for reactive automata.

DePnition12. Giventwo reactie automataL !, 1§, V1, od(v1), PLPS, T1) and(L?, I3, V2, 6d(V?), P2,
P T?) they arecompatible if thefollowing conditionhold:

Vl*v2:( L pé* PO: ! Pll* P|2:(_

The brdg conjunctrequiresthe variablesof eachRA to belocal. Thelasttwo saythattwo distinctautomata
cannotwrite the sameport or readthe sameport.

DePnitionl3. Reactive automaton composition Giventwo compatiblereactve automatav, = (Ll, FRVAS
od(VY), PLPS, TY) andw, = (L2, 13, V2, 03(V?), P2, P3 T?2) Theircompositionws - ra Wy is debnedas
theautomator(L, lo, V, 0o(V), P, T) where:

1L l1ELbgpel ? ({We D), (Wa, 1))

2. 1o = {(wy,13), (w2, 13)}

3. V=Vvi#y?

4. oo(V) = oo(V) 1 # 0o(V)?

5. P, =(PL# P?)

6. Po = (P # P3)

7. T={(s,d,c,a)|(s|L,d|L1,c,a) " TH" (s|L2= d|L2)). ((s|L2 d|L2,c,a) " T2)" (s|L1= d|L1)}

Thisis aninterleaving of the executionsof thetwo original automata.

Lemma 2.3. (RA,- ra) is a commutativanonoid,with theidentityelemenbeingthe emptyRA.

Proof: Follows from the associatiity and commutatvity of the union operatoy andthe fact thatthe
identity elementof the union operatoris the emptyset. Pleasenot thatthe emptyRA is the identity element

in the sensdhat,if composedvith anautomatorw, thereultingautomatoris bisimilarto w. [ |

& . % .
wew W denotesann-ary compositionof RAG. Lemma(2.3) shavs this is well-dePnedasthe usualexten-

sionof thebinaryoperator ra.

Debpnition14. Givenarunw of the automaton& wew W, the projectionof the productto oneof the factors
w " W is formally debPnedasfollows:
$i"N. (r|w)i|locati0n =1 (W, I) ! (ri|location) ‘
$v" VY (rlw)ilv = (rilv)
(riltransition) " W, (|w)iltr ansit ion

(ri '

transiti on) 7 W, (I'|w)itr ansit ion

$p" (PE#PM) . (rlw)ilp= (rilp)

Every tupler; of the run of the productis projectedto the variablesandlocationsof w andthe tuple with
transitionnotbelongingto w|T arereplacedwith asilenttransition.

(ri ‘tr ansiti on) '
€




2. Basicmodels 14

Lemma 2.4. Giventwo compatiblereactiveautomataw; andw, andgivenarun r of their compositionthe
following holds:

(Wi- Wa Er), (wiFrjwg' waf riwy)

Proof: Follows from the obsenationthateveryr; in r belongsto r |w; or to r|w,. Thisis sobecause
the transitionin eachtuple belongsto one of the two automataor it is an e action. If the actionbelongsto
riwi, by depbnitionof RA composition,it doesnot modify the location, variablesor outputportsof w, and
viceversa. |

RA canbeeasilycompiledto run onasequentiamachine A productof reactive automatacouldbecompiled
in afew ways. Thecompositioncanbecarriedout generatinga third automatonpr thetwo original automata
canberunin parallelaslong asthefollowing hyphothesigembeddedn our debnitionof satishction)holds:

Hyphothesis 2.5. The communicatiomgqueuesare FIFO queuesthe valuesare not lost and their order is
maintained.

In thesecondapproachhecompositioncanbeimplementedvithin asinglemachinebetweerprocessessing
monitorsand semaphorgsee(22)), aswell aswith 3-way handsha&s protocolsover a network (see(47)).
This meanswve cancomposeRAs locatedat differentsitesacrossnetworks. In sectiond4 we will explorean
approachhattakesfull advantageof the distribution of the code(maximisingpipelinegain).

2.3 Problemformulation

Given the debnitionof FSTSand RA in the previous sections,we cannow formally dePneour problem.
Figure3illustratestheresearchprogram.First we needto Pnda way to associatdRA andFSTStraces that
is to saywe needatracemapy :Tra 0 Trsts WhereTra andTsts arethe setof tracesof STSandRA
respectiely. In (3) thefollowing debnitionof y is given:

Debnitionl5. t' = x(t) % $i " N$v" V . (t|y)i = t{|v

We needto Pnda way to implementFSTSasRA while preservinghe synchronousemanticthatis to say
we needto Pndanimplementatiormap¢ :FST RA suchthatthefollowing holds:

$w" Ra $s" Fsts.w=¢(s), (rFt%spE x(t) (17)

If thisholdsthen¢ mapsasynchronousysterninto anasynchronousystemwhile preservinghesynchronous
semanticlt hasbeenprovedin (3) thatfor the setof endotironousprogramssucha ¢ exists. In section3 we
debnea ¢ for theclassof FSTS.

Sofar we have just obtainedwhata Simulink compilerdoes,or whatis donein (2). Given suchmapswe
cannow formulateour problem(similarly to whatis donein (3)) asfollows: we seeka compositionoperator
- RA Suchthat,for ary two FSTSs; ands,; andRA w; andws, thefollowing holds:

Wy = ¢(S1) ' W2 = @(s2) (18)
(W1- RaW2 FE 9% s1- sT5S2 F X(1))

If this holdsandif the compositionoperator ra canbeimplementedacrossa network thenthis constitutes
a way to distribute the synchronousystems; - sts Sy acrossa network while preservingits synchronous
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semantic.It hasbeenprovedin (3) thatwhenthe pair (s1, S2) is isochronousthansuchan operatorexists.
In section3 we prove thatproperty(18) holdsif the two synchronousysem arecompatible(asdebPnedn
section2.1). Thuswe claim ¢ is amonomorphisnbetweenFSTS,- Fsts) and(RA, - ra).

L ,  STS L

- R A
—* =ik
4._ .

1]

Iy “Ra 17

Figure5: A graphicalrepresentationf property(18)



16

3 Theoretical results

3.1 Implementation of FSTSsystems

In this sectiong, a mappingof FSTSsnto RAsis given. It is thenproventhatthe ¢ satisbegl7).
¢ is debPnedvy thefollowing algorithm:

Algorithm #
Inputs: an FSTSs=(S, 1,0, 60(S), Yo, ¥s,! )
Outputs:AnRAr =(L, lo, V, 05(V), Pi, Po, T) thatimplementsheinput system

$i" (1#0).04()|=0

$j " S.o0() = ooli)

0= lroat

(N,E) = CG(! [(I #0O),(I #0),root,leaf)
Foralln" N addl, inL

Forall (n,n’,j) " E do

10 ifj " (1\O) thendo

11 add(ln, In, (true,?p;(j))) to T

12 od

13 ifj " (O\l)thendo

14 addlpj inL

15 add(ln, Inj, (true,j = ¢ (V|P;)) toT
16 add(lnj,ln, (true,!p(j))) toT

17 od

18 ifj " (O* 1) thendo

19 add(ln, o, (true,j == ¢ (V|P;))) toT
20 od

21 od

23 Let< beary linearizationof ! |g

24 (N,E) := CG(<),(S),leaf,root)

25 Foralln" N addl, inL

26 Forall(n,n’,j)" E do

27 add(lp,ln, (true;j = ¢ (VIP;)) to T
28 od

O©ooO~NOOUITA,WNPEF
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Algorithm CG (Compute Graph)
Input: (! ,P,root, leaf ) where! isa partial orderoverasetP, thesetP, andtwo labelsroa, |eaf
Output A graph(N odes, E dges)
N odes := {roa,leaf }
2 Edges:= (
3 % max-intis aglobalvariablethatholdsthe highest
% integerusedto labelanode
counter := max 2 int+ 1
4 $linearizationw = (W1, Wo,...,Wn) of I inPdo
5  pointer = rodt
6 Foralli" [1,m]do
7 if (pointer,n,w;) " Edgesdopointer = n
8

elsedo
9 addncounter tO N chs
10 add(pointer, Ncounter, W) to Edges
11 pOInter : ncounter
12 counter + +
13 od
14 od
15 od

16 Replacehesinksin N odes andE dgeswith leaf

The algorithmis guarantedo terminatefor every FSTS.All the for loopsterminatein Pnitely mary steps
becausehe setof variablesandportsof an FSTSis Pnite. If | is notagyclic thenthe algorithmcannotbe
appliedbecause would notbelinearizable.

Somelemmasarenow proved.

Lemma 3.1. ComputeGraph(! , P, root, leaf ) producesan acyclic graph with source namedroa, and
sink, namedieaf . Everypathin the graphfrom source to sinkhasoneand only oneedge labelledwith an
elemenof P. Moreoverif p’! pand{p,p'} 1 P thentheedg labelledp’ appeas before the onelabelled
p in everypathfromrocat to leaf .

Proof: Everytimeanedgeis addedonline 11),it doesnotcreatealoop becausét connectanexisting
nodeto anew one.Line 17 doesnot createary loop sinceit Battensall the sinksinto a singlesink. Therefore
the graphis agyclic, it hasa sourceroat andasinglesink leaf . By constructionevery pathcorrespondso
alinearizationof ! in V Thereforeanelementy’ of P appearsasa labelonly oncein a pathandit appears
beforeall thep for which (p/,p) "! . [ |

Lemma 3.2. For all win ¢[F ST S] andeveryinbniterunr of w, r visitsthelocationl|eas andl, g0 inPnitely
often.

Proof. Proof: The automatorgeneratedy algorithm¢ are obtanedlinking two graphsgeneratedy
ComputeGr aph, sothatthe sourceof oneis the sink of the other The only nodessharedoy the two graphs
arerod andleaf . Eachgraphis agyclic, hasbnitelymary statespnesourceandonesink by lemma(3.1).
Sinceevery run correspondo aninbnitelengthpathin the combinedgraphandthe two graphsareagyclic
lieat @andl;qor arevisitedaninbPniteamountof times. [ |

Fromlemma(3.2), we seethatany runr =< rgq,rq,r2,... > of anRA in ¢[F STS] hasaninbnite subse-
quence< fiy,ri,,li,,... > suchthat$k " Nr;, [location =ljear and$k " Nrj = rj, , ri|locaion # lear.
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Thuswe canwrite r equivalentlyasr = < ug, Uy, Uz, ... > whereug =< rg, ..., i, >, U1 =< Fjg+1, .0y iy >

,Up =< I 41,...,Ti, > andsoon. We call theseu; @ cycles We canalsodePnehe functioncycle(r, n), for
arunr andn " N ascycle(r,n) =r;, |V, i.e. asthevaluationof V atthen™ visit to leaf , WhereV is the set
of variablesof the RA.

In thefollowing, theinitialization of the statevariabless consideredhe 0 write of thevariables.

Lemma 3.3. Letw = ¢(s). In everycycleall theinput portsof w are readonceandonly once Similarly all
the outputportsandall the variablesof w are writtenonceandonly onceeverycycle If v/ I vin s thenvO
is written before v in everycycleof w.

Proof: Proof: Follows from lemma(3.1) andthe debnitionof algorithm¢. ]

Lemma 3.4. For agivenrunr ofanRA¢(s) " ¢(FSTS), lett betheassociatedrace Thenthefollowing
holds$i * N$v" V . (t|v)i = cycle(r,i)|v. Moreover:

(i " N $v" O.(t]y)i = cycle(r,i)[v=y(x(t)illv#S))’
$v" S (th)is = cycle(r, )V = (XDl # S,))’
$v" S. (tly)o= cycle(r,0)|v = oo(v)

Proof: By lemma(3.3)in everycycleavariableis written onceandonly oncebeforehitting l,eas . When
arun hitsthelocationl ey for thei™ time, all the variableshave beenwritten exactly i times. Write actions
areintroducedby ¢ in lines15,19and23. Everywrite to v is ¢, appliedto t|V. By lemma(3.3) we thenget
(tlv)i = ¥v((t]\v,)i)- Theresultthenfollows by depPnition(15) of . |

Thebrsttheorenmstatedbelov assertalgorithme constructanRA implementingof an FSTSwhile preserv-
ing its semanticsn the senseof x.

Theorem 3.5. Algorithm ¢ satisbeproperty(17),i.e.
$w" RAS$s" FSTS.w= ¢(s), (rEt%sE x(t)

Proof: Firsttheleft to right (, ) implicationis proved by contradiction. Assumethat the implication
doesnothold. Thenthefollowing musthold:

&" FSTS, & " $, w= ¢(s)" RA.WE t' sk x(t)

where$ is thesetof tracesof w. Lets= (S, |, 00o(S),! o,! s,! ).
Sinces # x(t), by debnitionof FSTSsatispbabilitythe following musthold:

& " N.st x(t)
By debnition4 and5 of FSTSsatishctionit followsthat: & " N.& " (O# S) .
v' O, xilvE d(x@®illv# Sy)° (19)

vt S i>0, x(®)ilvE Yu(x(ti-)|lv#Sy)
vt St i=0, x(®)ilvE ao(v) (20)
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Assumev " O° (theproof for thecasev " S* is similar). Sinceby hyphotesisv £ t, by lemma(3.4) the
following holds:
$i" N.Sv" O.tijv=(x®)ili,us,) (21)

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

x(ilv = ti|v

But this contradictdepPnition(15) of x. Hencethe brstimplicationof thetheoremholds.

Theprooffor theright to left (/ ) is now given. It is shovn thatfor any tracet’ of anFSTSs thereis arunr
of ¢(s) with associatedracet suchthatt’ = y(t).

Considertherunr constructeatycle by cycle asfollows. Fix ary linearizationof ! |oy . Thislinearization
correspondo anuniquepathfrom |, q¢ t0 l1eat , Whereeachedgelabelupdatesa variablein the ordergiven
by the linearization. Extendthe linearizdion with the total order debnedon line (22) of ¢ sothatthe state
variablesin S follow all the othersin the order This orderbxesnow a uniquecycle from |, oot backto itself,

whereby lemma(3.3) eachvariableis updatedonceandonly onceandin the ordergiven by this extended
linearization.

Coonsidetherunstartingfrom locationly with all thevariablesnitializedto og(V). At thebegining of every
cycle, throughthroughe transition,all the outputportsareemptiedandall the externalinputsare supplied.
Thentherun goesthroughthe cycle identibedby the selectedlinearization. The valuewritten in eachports
pv in thei' cycleis (t/)|y. Thevaluewrittenin eachvariablev in theit" cycleis (t/)|y.

Thisrunis associatd by constructiorto atracet suchthatt’ = y(t). We needto shaw thatit satispesv. By
lemma(3.4) thevaluesof thevariablesandof the portsarethe onessatisfyingw.

It is left to shav thatthatw would not deadlockat ary point of therun. All the reactve automatagenerated
through¢ have no sink statesandsinceall theirtransitionshave only tr ue guardsthereis alwaysatransition
enabled.This meanghatthe executionof w canbe blocked only on areadfrom anemptyinput queueor a
write onafull outputqueue.

The externalinput portsarewritten at the begining of each cycle of the constructedun and,by lemma(3.3),
the queueis thenreadonceandonly oncesothereareno blocking readson an externalinput queue.At the
endof the cycle the queues emptypreventingwriteson full queuesat the begining of the next cycle.

Theexternaloutputportsareemptiedatthe begining of eachcycle of theconstructedunand,by lemma(3.3),
they arewritten onceandonly oncepercycle. Hencethereareno blockingwriteson externaloutputqueues.

This concludeour proof. |

3.2 Implementation of Simulink systems

A Simulink programgoesthroughthefollowing phasesit startsin theinitialization phasecomputingsample
times and parametersgeterminingthe block executionorderandallocatingmemory Thenthe loop phase
starts,wherethefollowing stepsarerepeatedreadthe input (input step),computethe outputand propagte
it (outputstep)andupdatethe state(statestep).Lastin theterminationphasehe memoryis released.

In Simulink programswithout causalloops, the orderof computationproducedin the initialization stepis
computedhrougha linearizationof the causalityrelationbetweerinputsandoutputs.
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Figure6: Implementatiorof a Simulink System

Yscheduler{-)

The algorithmusedby Simulink (Real-Time workshop)for the simulation(implementation)of a systemis
hencedifferentfrom the onegivenin the previous section. For singlerate systemswith no causalloopsthe
maindifferenceis thatan FSTSis not mappednto a RA ableto receve its inputsin all the possibleorders,
but only in a particularorder The subroutineCG is nolongernecessargndline 7 is replacedwith aroutine
that constructsa single pathgraph. Alternativelly we canjust passto the CG routinea linearizationof !
insteadof ! . In thenext sectionspsim denoteghe algorithmwith this modibcations.

All the claimsandproof of the previous sectionwill hold for ¢sim aswell. Howeverin the next sectionst is
shavedthat¢ canbedistributedwith fewer assumptionhanggn, .

3.3 Distribution of FSTSsystems

We have seenin the previous sectionthat thereis a map ¢ betweenFSTSandRA satisfyingproperty(17).
We now prove thatthecompositionoperator- g asintroducedn section2.2 satisbegproperty(18).

Sincetwo differentRAs may be runningon differentmachinesthey do not sharethe samenotion of time.
But, if we areusing- ra, thenwe canclaim the following: if a variablev in one RA is valuatedbefore
writing ona port P andontheothersideavariablev’ is valuatedafterreadingfrom P thenwe canbesurethat
v hasbeenvaluatedbeforev’. For the classof reactie automataimplementingan FSTS,i.e. [F ST S] this
is formalizedby thefollowing obsenration:

Proposition 3.6. Considertwo compatibleRAw1 = ¢(s1) andw, = ¢(s2) with variablesvy, vs of wy and
W» respectivelyanda port p, written by w; andreadby w». If in ead cycleof wy, v is written before p; is
written andin ead cycleof w,, ps is readbefore v is written by wy, thenv, is written for theit" time after
vy is written for thei®™ timein wy - ra Wo.

Proof: Sincethe two RA are compatibleonly one automatorcanwrite on ary port. By hyphothesis
only w1 writesonp, andby (2.5)no messagearelost. Hence sinceevery readoperatiorremosesanelement
from thequeueandthatthe queuesareinitially empty for w, to bereadingfrom p, (i)™ times,w; musthave
written p, (i) times.By hyphothesidor w, to bewriting v for theit" time, it musthave readp, it" times.
Thus,by hyphothesisonw; v; hasbeenwritten atleasti™ times. |

Wehave claimedin section2.2that- ra canbeimplementedicrossomunicatingnachinesHenceweargue
thatwe candistribute a Simulink-like synchronousystemacrossa network with the following theorem:

Theorem 3.7. Thecompostiomperator— RA satisbesproperty(18) i.e. for anytwo compatibleFSTSs =
(S5,1%,0%5,18,1 &, &,! %) ands' = (SS',IS',OS',IS ! SO,! $ .1 5) thefollowing holds:

$t" $.¢(5)- raH(S)Ft% s-sTsS F X(1)
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Proof: The theoremis proved proving the two implicationsseparatelystartingwith the left to right
(, ) implication, now proved by contradiction. Assumethat the thesisdoesnot hold. Thanthe &s,s’ "
FSTS,&w,w' " RA, & " $"*" .

W= g(s)" W = g(s)" (22)
(W- ra W) E (23)
(s- sts' S) f X(1) (24)

where$"*W denotessetof tracesof w - ra W. Assumew = (LY, 1%, V¥, V¥, PW, PY, TW) andw’ =
(LY I VW VY PP T,

Fromthedebnition(4) of tracesatistction(24) is equivalentto:

& " N.(s- gstsS) #E x(b)i

Pick the smallesti for which the abore condition holds and denoteit with i. From debnition(3) of tuple
satisfictionit thenfollows that:

& " (S # O L x()ily = ¢S (x(t)i|(1$°° # SP*°) (25)

Amongstthe variablesat i satisfying(25) pick a minimal onew.r.t. ! 5., anddenoteit v, Assumethat
v" O%*S Theprooffor thecasev " S5*% issimilar Assumethatin particularv " OS. Theproofsfor the
casev " O° isthesameupto asuperscript.

Now by contradictionhyphothesig23) andlemma(2.4) thefollowing hold:
wEt
Hence by lemma(3.4) andby theassumptiorthe following hold:

$k" NSy " O°. (thyk = vy(x(Dklasuss)) (26)

In particularthis holdsfor y = v andk = i. Sothat:

x(Dilv = (t|v)i by dePnition(y) of x
= ¢§(X(t)i\(|§u33) from (26) by lemma(3.4)
= WXS!(X('[)i!Is#S!USs#S! by def. of FSTScomp.

But this contradict(25) hencethe brstimplicationis proved.

Theproof of theright to left implication(/ ) is now given. It is shavn thatfor ary tracet’ of anFSTSs - &
thereisarunr of ¢(s) - ¢(s') with associatedracet suchthatt’ = x(t).

Considertherunr constructedatycle by cycle asfollows. LetE = ((OSXS!\I $xs') # (I SXS!\OSXS!)) bethe

setof externalinputandouputports. Fix alinearizationof ! |g. Thislinearization projectedon the portsof

s identibesanuniquepathfrom I; oo 10 l1e4r in ¢(S). Similarly whenprojectedontheportsof ¢/, it identibes
anuniquepathfrom I, oqt toljeas in @(8'). In bothcaseeachlabelof eachedgeof thepathsupdates variable
in theordergivenby thelinearization.



3. Theoetical results 22

Extendthe linearizaton with the total ordersdebnedon line (22) of phi. Thenthe statevariablesin gsxs
follow all the othervariablesin the order The ordersbx a uniquecycle from |, ot backto itself in both ¢(s)
and¢(s'), whereby lemmay(3.3) eachvariableis updatedonceandonly onceandin the ordergiven by the
selectedotal order

Therunstartsfrom location{(¢(s), I3), (#(s'), |3! )} with all thevariablesnitializedto oo (V) andag! (V). At
thebegining of every cycle, throughe transitionsall the externaloutputportsareemptiedandall the external
inputsaregiven. Thentherun goesthroughthetwo automatalongthepathsidentipedby thejust constructed
linearization.Thevalue written in eachportspy in thei" cycleis (t))|v. Thevaluewrittenin eachvariablev
in theit" cycleis (t!)|y.

Thisrunis associatedy constructiorto atracet’ suchthatt’ = x(t). We needto shav thatit satisPeg(s) -
¢(s). By lemmas(2.4-3.4)the valuesof the variablesandof the portsarethe onessatisfying(s) - ¢(s').

It is left to shaw thatthat¢(s) and(s’) would notdeadlockatany pointof therun. All thereactie automata
generatedhrough¢ have no sink statesandsinceall their transitionshave only tr ue guardsthereis always
atransitionenabled.This meanghatthe executionof ¢(s) and¢(s’) canbeblocked only on areadfrom an
emptyinput queueor awrite on afull outputqueue.

Theexternalinput portsarewritten at the begining of eachcycle and,by lemma(3.3), thequeueis thenread
onceandonly onceso thereare no blocking readson an externalinput queue. At the end of the cycle the
gueues emptypreventingwriteson full queuesatthe begining of thenext cycle.

The externaloutputportsare emptiedat the begining of eachcycle of the constructedand, by lemma(3.3),
they arewritten onceandonly oncepercycle. Hencethereareno blockingwrites on externaloutputqueues.

Thle only remainingblocking condition possibleis on internalinput (i.e. portsthatbelongsto (1S * OS') #
(15 * O%)). Sincethey arenotinternalinputstheseportsareemptyat the begining of every cycle. They are
written onceby oneautomatorandreadonceandonly onceby the other Hencethey areemptyatthe endof
eachcycle.

By lemma(3.6) the write actiontake placebeforethe readaction. Thusthereis no blocking reador write on
internalinputs.

This concludesour proof.

3.4 Distribution of Simulink systems

As notedin section3.1theimplementatioralgorithmusedby Matlab Simulink/ RealTime Workshopdiffers
from ¢ proposedor FSTSin the sensehatit Pxesthe orderin which theinput arereceived andthe outputs
arecomputedandpropagtedto the othersubsystems.

Theorem3.7 do not extendin the generalcasefor ¢sim . It sufPcesto considerthe FSTSin bgure(7) (taken
from (3)).

Figure7: ThreeFSTSsystems
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It is easyto seethatsy cannotbe compiledthroughgsi,, without deadlockingf composedvith s; or s,. If
it is compiledto accepti 1 beforei, thenit will blockif composedvith s,. If compiledto accepti, beforei;
it will deadlockwhencomposedvith s;. In reality a Simulink systemgeadsall theinputsbeforecomputing
ary of the outputs.This meanghatsy will deadlockwith boths; ands;.

ThisshowvsthataslongastheMatlabSimulinkinterpreter RealtimeWorkshopcompileris used synchronous
systemgannotbedistributedin the generalcase Howeverit canbe donein thefollowing particularcase:

& |
Theorem 3.8. Givenan FSTSs' = __gs, if | ® projectedto the ports of each subsystens is a total
order (i.e. the external outputsdependson all the external inputs), thenfor any two compatibleFSTSs =
(S5,15,05,18,! &, &, S)ands’' = (S%,1%,0%,18,! 3,! &,! %) thefollowing holds:

$t" $. dsim(S) - RA Psim (S) F t % s- sts S F x(1)

Proof: Since! projectedover the subsystemss atotal orderthe outputof CG is a singlepathgraph
with rootl; oot andsinkljeas . As aresulty andgsim producethe sameoutput. Thetheoremfollows. [ |
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4 Toolsfor the modular distrib ution of SynchronousPrograms

4.1 BDSParchitecture

In this sectionthe softwarearchitecturdor thedistribution of Simulink programgqseebgure(8)) is described.
We call this architectureBerkeley Distributed Simulink Program(BDSP)library.

An initial versionof the BDSP library hasbeenimplementedusinga simplerendezwousscheme The brst
versionwasdevelopedasa proof of conceptandwasdescribedn (52). A secondversion,utilising bounded
gueuesasdescribedn this sectionis currentlyavailableasa betaversion.

The currentimplementatiorrelies on the Simulink interpreter Becauseof it the systemsaredistributedas
follows: brstthe original Simulink modelis decomposethto atomicblocks. Thenall thebrokenconnections
arereplacedwith exter nal 2 link boxes (i.e. S-functionboxeswe provide). Theseboxeshidethecompleity
of thedistributionto theuser

Input and Output extemal-link boxesstructure: the structureof an Input external-link box and of an
Outputexternal-linkbox arethe samebut for the ports. While theinputbox hasa singleinputandno outputs
the outputbox shouldhave one outputandno inputs. The boxeshave threeparametersthe IP/port pair for

the senderthe IP/port pair for the recever anda namethatis goingto be usedto resole for the brsttwo

parametersThe box usestwo TCP socletsto communicatevith the queuemanager Onesocletis usedto

receve messagefom the queuemanageandthe seconds usedto sendmessaget it.

QueueManager structure: the structureof the gueuemanageiis shavn in theright side of bgure(8). It
consistsof mary queuespnefor every input or outputport of the block. It hasa coupleof TCP socletsto
comunicatewith the S-functionboxeson themachineandal list of UDP socletsto communicatevith the the
otherqueuemanagersEvery queueis associatedvith two 3ags(the datar equested andqueuef ull) anda
counter

External-link box to queue managerinterface: Thelife cycle of an external-link box is the sameof ary
Simulinkbox (descrbedin section3.1). In theinitialization phasdghebox sendsa pacletto thequeuemanager
to resene a queueandpassthe IP/portaddresgo the otherendof the pipe. If it is aninput block it requests
its input from the queuemanagein the Input Readphase.If the queueis emptyit blocksuntil somethings
available. TheRagdatar equested is switchedonif thequeues empty If it is notemptythe datais removed
from thequeueandsentto thebox. If it is anoutputblock, in the OuputPhasedhe outputis sentto the Queue
manager If the queueis not full anackis sentbackto the outputbox. The box is blocked until the ackis
receved. If the queueis full andthe box is trying to send,the BagF ull is switchedon. Whenthe queueis
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emptyandthe RagF ull is onanackis sentto the Outputbox.

Queuemanagerto queuemanagerinterface: the communicatiorprotocolbetweergueuemanagersieeds
to bereliableandto presere messagerder A possiblecandidatés TCP, or a UDP with aacknavledgment-
timeoutprotocolimplementedntop. Whenanoutputqueues notemptythe queuemanagewill try to send

themessagassoonaspossible.lt remoresthemessagérom the queueonly whentheackis receved. When

it recevesamessagé will putit ontheright queue.If thequeueis full it will dropthe paclet (the message
will notbelost, justretransmittedater).

Simulink Subsystem _| Simulink Subsystem
(Q) Cueue Manager Queue Manager
ITTT1T1TM ITTT1T1TTM
OTTTTTTM ITTTTTTM
B ] ITTTTTTM B
CITTTTTTT] CTTTTTTTT]
OTTTTTTM ITTTTTTM
| | | |
| i TCPIP sockets i |
‘ OUTPUT S-function box ‘ ‘ OUTPUT S-function box ‘
E QUEUE MANAGER |
‘ OUTPUTS DE-MUX ‘ ‘ TNPUTS DE-MUX ‘ !
(b) |

-8
\

! ‘ SOCEKEETS DE_MUX

‘ TCPTIP sockets

Figure8: BDSParchitecture

4.2 Performanceanalisys

Codedistribution may leadto a systemspeed-ughroughconcurreny, but it hasalsoa costoverheadasso-
ciatedwith the rendezwus communicatiorprotocol. In this sectionthis overheadis estimatedor the brst
implementatiorof the BDSPlibrary asdescribedn section4.1.

We decomposéhe systemin bgure(9) into threesubsystemsunningon two separatdentium4 850 Mhz,



4. Toolsfor the modulardistribution of SyrchronousPrograms 26

Figure9: Themodelusedto estimatehe overhead

512Mb rammachinesThe sourceandthe sink gain arelocatedon the samemachinewhile the middle gain
is run on a secondone. A timestampis recordedby the externatlink boxesat the beginning andat the end
of eachtime step. Sincethe sourceandsink gain are on the samemachine,i.e. they arerunningaccording
to the sameclock, thetime stampscanbe comparedo geta conserative estimateof the overheaddueto the
rendezwusprotocol. Themeasureaverheads conserative becausét includesthemiddlegain computation
time andthetwo Simulink processesnthebrstprocessoarecompetingonthe brstcomputer Thecomputers
areconnectedhroughashared302.11bwirelessethernet.

Rendezvous-based distribution overhead
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Figure10: A conserative estimateof the distribution overhead

Theresultsareplottedin Pgure(10). Theoverheadaverages smallerthat0.2 secondsindthe standardlevia-

tion is closeto 30 ms. Thisresultis promisingconsideringhatwe arecurrentlyusingthe Simulink interpreter
andnotthe Real-timeworkshopcompiler Evenwith this overheadherequirementso developclassictrafioc
controlapplicationsaremet. In orderto usethis approactor safetycritical applicationst is necessaryo at

leasthalf the overhead This shouldbe easillyachiezed moving from simulationto implementation.
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5 Applicationsto Trafbc Signal Control

This sectionfocuseson the problemsfacedduring the developmentand maintenanceof distributedtrafPc
signalcontrol system.Trafbc signal control schemesre periodicin natureandare usually expressedising
differenceequations. Becauseof it, tools like Simulink seemto be a naturalcandidatefor their develop-
ment. Modularity preservingapproacheareneededecaus®f the frequentsystemupgradestrafbcnetwork
changesandbecaus®f the sizethesesystemsarereaching.Thecity of Los Angeles for example,hadmore
than4300trafbccontrollersoperatingn 2003. As a casestudyanoff-setcontrolfor coordinatedrafbclights
is developedusing Simulink andthe BDSP library. The performanceof the implementedsystemis then
presented.

5.1 Trafpc Signal Control Systems

In orderto maximizethe Bow andminimize the averagewaiting time at a signalizedintersectionthe cycle
length,dePnedasthetime neededo gothroughall the phasesandtheinterval split debPnedastheratio of the
greentime for thetwo directions needto be properlyset.

The algorithmsusedto computethe optimal cycle lengthandinterval splitting can be organizedinto three
cateyories:

e pre-timedor bxedime controllers basedn historicaldatacollectedat theintersection;
e semi-actuatedontrollersthatadjustgo sidestreetdemands;
¢ fully actuatedcontrollersthatadjuststo bothstreetdemands;

Thedifferentapproachediffer in termof effectivenessaandcompleity. While the performancesf pre-timed
systemsiegradeasthetrafbcdemandieviatesfrom the averageone,theactuatedapproachesompensatéor
thesedeviations. At the sametime thesdastapproacheare,quotingdirectly from (7) O&tremey difbcultto
programO.

The compleity of the trafbc systemincreasesvhenmultiple trafbc signalsare coordinatedasa signalnet-
work. Signalcoordinationis thenusedto signibcantlyincreasehe Row (see (28),(8)). Mainly becaus®f the
complity of thesystemcoordinatedccontrollersareoften pre-timed.

Trafbc light operationsare traditionally directedby a trafbc signal controller debnedn (20) as"a device
which controlstheRow of trafbcatanintersectioraccordingo somepredeterminedulesof operation™.With
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time thesedeviceshave reacheda high level of sophistication An exampleof sucha device is the 2070con-
troller, usedwidely in California,which supportgre-timed,semi-actuatedndfully actuatedperatiorrules.
It alsosupportsa wide setof sensorsandis equippedwith multiple communicationinterfaces(e.g. RS232,
Ethernet)lt is de-factoageneraburposecomputemusedasa specialpurpose computerit supportanary pre-
debnedulesthatcanbeadjustedn the beldor remotely usingthe NationalTransportatiofCommunications
for ITS protocol,a.k.a.NTCIP, setof standardsisdescribedn (55).

Themainproblemis thatadjustmentsrepossibleonly to alimited extent. It is not possibleto introducenew
rulesof operationwithout going backto the manugcturerfor a customdesign.This increaseshe costof the
device andits upgradesMoreover, aspointedoutin (20), the customdesignproductdoesnot usuallybehae
asspecibedy thetrafbcengineer

As pointedoutin (20), a possiblesolutionis to replacethesedeviceswith generalpurposecomputersespe-
cially in Oag intersectiorthatrequiresconcurrenphase-timingr unusuafeaturesOT his approachis usually
theonly choicefor aresearcheseekingo testnew rulesof operationr new sensodevices(seefor example
the PATH IDS project,(50), (37)).
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Figurell: TheLADOT Adaptive Trafbc Control SystemArchitecture

Thecompleity of developingsucha systemgrows with the numberof controlledintersectionsWhile some
computationcanbe carriedconcurrently(andthey should,in orderto speedup computatiorand meetreal-
time constraintssomeothers needto be synchronizeecausaf datadependenciesThe scenarids prone
to errorandit is easyto endup with datainconsistenciesr systemdeadlocks.Becauseof changesn the
trafbc network it is oftennecessaryo upgradeor modify somesubsystemsThe changeshouldbe handled
locally becausea systemshutdavn is costlyandnot acceptabl@venduring night hours. The problemgrows

with the size of the system.An urbangrid oftenincludeshundredsf instrumentedntersections.The city

of Los Angelescurrently coordinategnorethat 1,300intersectionsasa single system((35)). The LADOT

controlsthis systemin a centralizedmanney as describedin bgurell. Every secondthe controllersare
polledto retrieve the datacollectedby their sensorsThe datais thenaggreatedin the Data Center Various
interdependeralgorithmsarethenrun to computethe optimal cycle length,splitsandsignalgroupingbased
uponthisdataandnew timing plans,if necessarareuploadednthecontrollers.Thesystenis hierarchically
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organized:at the leaf level the controllersare connectedhroughserialportsto communicatiornubs These
hubsare connectedo (Kernel€),windows NT machine,throughtwisted pairs. A time division protocol
ensureghatall thenecessargataexchangesake placewithoutary delayeachsecond.Thekernelmachines
arethenconnectedo the Data Centerthrougha bPberoptic network. The systemwas designedso thatalll
the datafrom the sensorsat the intersectionandall the trafbc control parametergor the controllerscanbe
communicatedvithout ary delay An unwantedconsequencef the designis the difbculty to upgradeit.
For examplerecentlyLA DOT upgradedthe ATCS systemto provide trafbc priorities, i.e. trying to give
on-demandyreenlights to delayedbusses. The new Trafoc Priority System(TPS) operatesautonomously
from ATCS, taking over controlwhennecessary(35)). TPSis a distributedsystem:it doesnot leverageon
the existing communicatiorand centralizedcomputinginfrastructure.lt wasmoreeconomicakto equipthe
rapid bus corridorswith a nev communicatiorsystemandleverageon the existing 2070scontrollersfor the
computatiorthanto usethe ATCSinfrastructure.

Thetoolsin this papemwould opentheway to distributedimplementatiorfor ATCS-like systemsandeasehe
developmentbof TPS-like systemswherethe controlcomputesattheintersectiorcontrollerandthecoordina-
tion datal3ows throughchanneldetweerintersections.

Usingour tools, thetrafbc engineercouldrely on Simulink to develop, simulateandtunethe performancef
their algorithms.Thenthey canobtainanimplementatiorof their systemdirectly usingreal Time Workshop,
avoiding the costanddelayassociateavith going backto the vendorfor re-programmingThe signalwould
be controlled,to quote(20), Oaactly theway the designethinksit shouldbe controlled".

5.2 Casestudy: Offset controller for Coordinated Trafbc Signal

In this sectionan off-set controllerfor coordinatedrafbc lights along an arterialis developed. The trafbc
network of interestis describedn 12. A major high trafbc streetis intersectedy 4 minor low trafecroads.
Theaddressedcenarias apeakhourasymmetricscenariowherealmostall thetrafibc3ow is in onedirection
of themajorstreetwith almostnegligible turnsandsidestreettrafbc. Theintersectiorspacings betweerD.3
and 0.5 miles. In this scenarioasshowvn in (46), the total delay experiencedoy the vehiclesis minimized
usingsignalcoordination. The ideais to creategreenwaveson the mainroadsothata car thatjust got the
right-of-way at the brstintersectiorwill geta greenatall theintersectiongsee(28) and(8)). Firstthecycle
lengthis bxed. Thenthe controllersare synchronizedandtheir greenphaseareoffsetby d ) v, whered is
thedistancebetweerthetwo intersectiongndyv is thetamettrafbcspeedln all the pre-timedapproacheas
soonasthetrafbc speeddeviatesfrom the designspeedhe performancevorsens. A possiblesolutionto the
problemwasproposedn (1). His approachollows the actuatedparadigm wherethe offsetis dynamically
adjustedo refRecttherealtrafbc scenario.At eachcycle the offsetis computedasbefore,but v is now the
averagevehiclespeedneasuredn real-time.

Figure12: Asymmetricpeakhourtrafbcon amajorroadintersectedy four minor streets

The systemhasbeenimplementedusing Simulink, asin bgurel3. The averagespeedhasbeencomputed
usingtheLighthill andWhitnamtheoryof trafbc3ow addingawhite noisefactor Thesensoiinputis passed
througha simpleplterto make the systemresistanto insignibpcaniminor speed3uctuationsyvhile adjusting
to signibcantandpermanenthanges.
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Figure13: Simulink Model for thedistributedtrafioc controller

Thesystenbehaior hasbeentestedn theSimulinkervironment.In thetestscenarianaccidenis happening
betweerthe brstandthe secondntersectionduring the 100" cyclesandit is clearedout during the 180",
anda minor onehappenedetweerthe third andthe fourth oneduringthe 150" cycle andit is clearedout
duringthe 200" . The offsetscomputecby the lastthreeintersection(the offsetfor the Prstoneis aways0)
computedusingthemodelin bgurel3areplottedin bgurel4.
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Figurel14: The offsetascomputedoy themodeldescribedn bgurel3

Thetesthasbeencarriedout on the samehardware usedin the previous section. In this caseperformance
hasbeenmeasured@sthe total computatiortime neededo carry a step(i.e. from the endof the cycle to the
endof the computationof all the offsets). The computatiortime is on average0.3 s (the standarddeviation
is 6 ms). We expectthisresultto improve whenswitchingfrom Simulink interpretatiorto directexecutionof
thecodeasgeneratedby Real-Time workshop.Eveninterpretingthe codethough,the systemlargely metthe
time constraintof theapplicationasdescribedn (20).

In thedevelopmenbf suchasystemnit wasnot necessaryo worry aboutsynchronizationandcommunication.
Thesystems designedandimplementedasif it wasa centralizedsystem.Thenit waseasilydistributedusing
theBDSPlibrary. Thedistributedsystembehaior is provably the sameof thecentralizedne,it is lesscostly
(thereis no needfor the centralsystem the computationcanbe carriedover the existing controllers),andit
canbedesignto degradegracefully(because¢hereis no singlepoint of failure).
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6 Conclusionand Future Work

New affordable,reliableandsmall sensorcommunicatiorandcomputingdevicesareenablingcomple dis-
tributedsystemswherecomponentareupdatedrequently Giventhe systemsizeit is necessaryto be able
to handlelocal changesnd updatedocally, withoutimpactingthe overall system.For example for theurban
grid trafbccontrollerssystendescribedn section5, if anew controlstratey hasto beimplementedalongan
arteryit shouldnotbe necessaryo shutdown thewhole city network.

The researctpresentedn this paperproposesa two stepcompilationschemefor distributed synchronous
programming. The brst step compilesthe modularsequentialcode into modular semanticallyequivalent
sequentiabsynchronousode. In this phasethe codeis annotatedvith noderunningtime informationand
with the causalitydependencielsetweernits inputsandoutputs.

Oncethe brst stephastaken place, the secondstep can be executedon the annotatedcompiled modules
to ensurethatthey canbe executedmeetingthe overall timing requirementsandthatthey are not goingto

deadlock.If somemodulesare modibed,only they needto be recompiledandthenthe secondstepcanbe
carriedover the old andnew annotationgo ensurethat the modibcationgdo not violate time constraintsor

introducedeadlock.Herethe secondstepis developedonly to be adequatdor the signalcontrolapplication.
The resultingcodeis communicatingover TCP/IP channelsas fast as permittedby the input-outputdata
dependencieshereis no globalschedulenf computatioror communication.

The brstcompilationstepis modularstructurepreservingn the sensehatany modibcationto a moduleof
the synchronougprogramwill only requirerecompilationof the alteredmodule. In section3 a compilation
algorithmis presentedndit is provedit preseresthe semanticof the synchronougprogramin the sequential
asynchronousompiledcode.The mainresultthenfollows. Theimplementations provedto be a monomor
phismwith respecto the synchronousindasynchronousompositionsThe monomorphisms our argument
thatalocal changecanbe handledocally andthata subsystentanbere-usedn differentsystems.

During this step,the compilationprocessioesno globalschedulingcomputation Thusif ablockis changed,
only the block itself needgo bere-compiled.On the otherhand,our methodsonly presere the synchronous
semantidn the senseof thelogical orderof computation.

The theoreticalresultsare then transformedinto software. The architectureof the BSDP library and its
performanceas presented.The resultsin this paperapply only to Simulink programswithout causalloops
(seesection?) usedwith discretebxed-ratesolver.

An applicationis exploredin section5, wherean offsetcontrollerfor anurbancoordinatedarterialdeploying
the Abu-Lebdehspeed-controhlgorithmis implementedin Simulink and compiledto executedistributed
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over PentiummachinednterconnectedhroughTCP/IP channels..Trafbc control systemsareincreasingn
complity makingthemmorecostlyto upgrade.The approachpresentedn this papercould make updates
easier The authorsare currentlyworking on implementingall the ATCS functionalitiesin the Los Angeles
Adaptive Trafbbc Control Systemsusingthetoolsdescribedn this paper
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