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Abstract

A simpleformal framevork for representingsafetyand
progress properties of concurent systemss introduced.
Theframevorkis basedon EnhancedCharacteristicFunc-
tions (ECF), which lead to simpledefinitionsof opeiations
sud as hiding and processproduct. Two distinct compo-
sitions are proposed: The networkcompositionthat mod-
els networksof devices,and the specificationcomposition
that enablesa constrint-basedappmoad to building spec-
ifications. A part-wisedesignand verificationapproad is
proposed.This appmadc mayavoid stateexplosionin the
verificationof implementationgor constaint-basedspeci-
fications.

1. Intr oduction

We proposea simple formal framework for the speci-
fication and implementationof concurrentsystems. The
formalismis basedon EnhancedCharacteristidunctions
(ECFs)[15, and a processin this framework is called an
ECF process. We shov how to apply ECF processeso
specifyingasynchronougircuit componentsand how we
can use ECF processedor verifying safetyand progress
propertiesof networks of circuit components. Besides
presentinga simple formalism, our main contributions
are a constraint-basedpproachto building specifications
thatincludeprogresgropertiesanda part-wiserefinement
methodthatallows usto avoid stateexplosionin the verifi-
cationof implementations.

Theconstraint-basedpproacho building specifications
canbeusefulwhenbehaiorsinvolve alargedegreeof con-
curreng. A similar approacthasbeenappliedin different
formalisms:[3] discussetow aconstraint-basespecifica-
tion approachs supportedn LOTOS.[7] adwcategheuse
of the “weave” operationfor building specificationgrom
constraints.The usageof the weave in [8] and[2] demon-
strateshow combiningbehaioral constraintscan lead to
concisespecificationsof non-trivial behaiors. [11] and
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[12] definethe weave for Petri nets and demonstratets
applicationin specifyingasynchronousircuits. In [14], a
constraint-basespecificationakesadvantageof chaincon-
straintsto introducetiming requirementito specifications.

Our ECFmodelis heavily inspiredby the XDI modelof
Tom Verhoef [15] andthe X2DI modelof Mallon etal[10].
We usethe samesetof labels,andour interpretatiorof the
labelsis the same. Thereare, however, somedifferences
betweerthetwo models.Most notably we do notfocusex-
clusively ondelay-insensitie (XDI) processesr X2DI pro-
cesses.Rather we considera larger domainof processes.
Althoughthis largerdomainof processehasits limitations
[4], it allows for a simpler formalism. Furthermoreour
modeldealswith hiding separatelyhasa differentdefini-
tion for the productof processeanddifferentiatedetween
thenetwork compositiorandthe specificatiorcomposition.
Finally, in the ECF modelwe offer a formal definition of
snippets[11, 12] andwe proposea new part-wisedesign
methodthatappliesto specificationgxpressedsa specifi-
cationcompositionof snippets.

Our progresgriteriaarecloselyrelatedto finalizationin
ProcessSpacedgrom [13]. TheProcessSpacesnodelfrom
[13], however, requiresaseparatspecificatiorfor eachcor
rectnesconditionthatis to be addressedECF processes,
on the otherhand,capturesafetyand progresoncernsat
thesametime.

Due to spacelimitations we have omitted ary proofs.
Proofsandadditionalinformationcanbefoundin [1].

2.Labelsand processes

An ECFprocessP is atriple (i.P, 0.P,f.P), wherei.P
is aninput alphabetp.P is an outputalphabet.We stipu-
latethati. P ando.P aredisjoint. The alphabebf process
P, denotedby a.P isi.P U o.P. An enhanceaharacteris-
tic function(ECF)is afunctionf.P : (a.P)* — A, which
mapstracesto a setof labelsA. By attachinga labelto a
tracewe specifythe progressandsafetypropertieof apro-
cessafter having executedthe sequenc®f communication
eventsrepresentelly thetrace.We borrow the setof labels



from[15]:
A={L,A,0,V, T}

The interpretationof labelsis asfollows. After a process
hasexecuteda tracelabeledwith V, the processguaran-
teesprogresdy eventually producingan output. In other
words,atracelabeledwith V putsa processn atransient
state thus,tracedabeledwith V arecalledtransientraces.
In atransienstateaprocessnaybecapablef recevingan
input. A tracelabeledwith O bringsthe processn anindif-
ferent state thussuchatraceis calledanindifferenttrace.
After having executedan indifferenttrace,a procesdoes
notguarante¢o produceanoutput,neitherdoestheprocess
demandaninputfrom its ervironment.A tracelabeledwith
A is calledademandingraceandbringsaprocesgo ade-
mandingstate.ln ademandingstate,a processlemandsan
inputbut doesnot guarante¢o produceanoutput,although
producinganoutputmay be possible.A tracelabeledwith
1 is afailure traceandbringsa procesdo a failure state.
An outputendingin a failure stateindicatesthat the pro-
cesscancausea failure by producingthat output. Because
failuresmustbe avoidedby the ervironment,aninput end-
ing in afailurestateindicateghattheernvironmentmustnot
providethatinput. A tracelabeledwith T is amiracletrace
andbringsa procesgo a miraclestate.An input endingin
amiraclestateindicateshatthe environmentcaused mir-
acleby producingthatinput. Becausamiraclescannotbe
performedby a processanoutputendingin a miraclestate
indicateghatthe processannotproducethatoutput.
Traceslabeledwith eitherd, A, or V are calledlegal
traces,while traceslabeledwith either L or T arecalled
illegal traces. The setof legal tracesfor processP is de-
notedby1.P. lllegaltracesdefinethebehaiorsof aprocess
wherea failure or miraclehasoccurred. We requirethatall
extensionsof illegal tracesarealsoillegal. More formally,
anECFfor aprocessnustbe | -persistenand T -persistent:

fPt=1 = (Mu:we(@aP) :fPtu=1) (1)
fPt=T = Mu:u€e(@P) :fPtu=T) (2)

We write PROC (I, O) to denotethesetof all processes
with inputalphabetl andoutputalphabe®.

2.1. ECF processes and state graphs

We oftendepictECFprocesseby meanof stategraphs.
We startby creatingan initial state,which is labeledwith
f.P.e. Next we createa distinct statefor eachone-symbol
tracea and label the statewith f.P.a. We also createa
transitionfor eachsymbola, suchthatthe transitionleads
from the initial stateto the state correspondingo one-
symboltracea. Inputsymbolsarepostfixedwith aquestion
markandoutputsymbolsarepostfixedwith anexclamation

mark. We continuethis processnductively, creatinganin-
finite graph,which containsa distinct statefor eachtrace.
A graphcanbe reducedf subgraphstemmingfrom two
statesarethesame.Suchtwo statesareequivalent,andcan,
consequentlype memed.

For example all statedabeledwith | areequialent,be-
causeof | -persistenceror thatreasonall transitiondeav-
ing statedabeledwith | areselfloops.A similarargument
holdsfor T states.In orderto reducethe clutter, we omit
selfloopson T and.L statesvhenwe depictprocessewith
stategraphs.
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Figure 1. A specification of a WIRE

Figure1b shaws the stategraphcorrespondingo a pro-
cesghatspecifiea WIRE. NoticethattheWIRE is initially
in a O state. Thatis, neitherthe WIRE nor its erviron-
menthave ary obligationfor producinga communication
action. Furthermoreafterthe WIRE hasreceivedaninput,
theWIRE is in a V statewhereit is obligedto producean
output.

In orderto reduceclutterfurther, we mayomit the states
labeledwith L and T label,whichresultsin the stategraph
of Figurelc. Whenthe T andthe L statearenotshavn, we
stipulatethatall missingtransitionson outputsymbolslead
to the T stateandall missingtransitionson input symbols
leadto the L state.

2.2. Safety and Progress Violations

Safetyand progressviolations canboth be presentn a
process. A safetyviolation manifestsitself by the pres-
enceof afailure statethat canbe reachedy an output. A
progressviolation manifestsitself by the presenceof so-
called unhealthystates In an unhealthystateprogresss
requiredbut cannotbe satisfied.For example,a V statere-
quiresprogressdyy the processbut, becausall outputsead
to the T state,no outputcanbe produced.We call traces
leadingto sucha stateV-unhealthytraces andwe call a
processthat containsa V-unhealthytracea V-unhealthy
procesg10].

A similar obsenation canbe madefor A stateswhere
progresds requiredfrom the ervironmentbut the environ-
mentcannotprovide aninput. A traceleadingto sucha
stateis calleda A-unhealthytraceanda processontaining



a A-unhealthytraceis a A-unhealthyprocessA processs
unhealthyif it is eitherV or A-unhealthy
Safetyandprogressiolationscanarisein variousways:
as a result of composinghealthy processe®r as a result
of hiding outputsymbolsfrom a healthyprocessWe have
choserto includeprocessewith safetyandprogresssiola-
tionsin ourdomainof ECFprocessesxcludingunhealthy
processeandrequiringthat the processdomainbe closed
underproductandhiding would requiremore complicated
definitions of thesetwo operations. For similar reasons,
[10] alsoincludesunhealthyprocesses the X2DI domain.
TheXDI model[15] doesnotincludeunhealthyprocesses.

3. Refinement

Therefinementelationdefinesvhetheroneprocessm-
plementsanother If processP is refinedby process), de-
notedby P C (), we saythat processP is implemented
by process). WhenP C @, thenprocesqs) is atleastas
safeasprocessP. Furthermoreprocessy) makesat most
asmary progresslemand®nits ervironmentasprocess,
andprocessy) makesat leastasmary progresgjuarantees
asprocessP.

Our refinementrelationis basedthe orderamongtrace
labels[15]:

ICACOCVET 3)

A justificationfor theorderonlabelsis asfollows: A failure
traceis worsethanatracethatdoesnotfail. Forthatreason,
1 istheleastelemenin thepartialorderonlabels.A trace
thatdemandsan input but doesnot guaranteen outputis
worsethanatracethatdoesnot demandaninput nor guar
anteeanoutput,soA C O. A tracethatmakesno progress
demand®r guaranteess worsethanatracethatguarantees
outputprogresshenced C V. Finally, producinga mira-
cleis alwaysbetterthananythingelse thusT is thegreatest
of all thelabels.

Definition 3.1 (Refinement)
Let P and@ beprocessessuc thati.P = i.(Q ando.P =
0.Q). Pisrefinedby @), denotecby P C @, iff:

PCQ = (Vi:te(@P): £PLCEQL)  (4)

Theorem 3.2 (Propertiesof refinement)

The refinement relation C is a partial order on
PROC(I,0). Furthermoe, (PROC(I,0),C) is a com-
pletelattice.
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Figure 2. An example of refinement

3.1. A Refinement Example

Figure 2 shavs an exampleof refinement. Process)
in Figure2 specifiesa “reliable” WIRE. ProcessP, onthe
otherhand,specifiesa“demandinglazy” WIRE. In theini-
tial state processP? demandgrom its ervironmentaninput
onporta. After having recevedaninputon porta, process
P makesno progresgguaranteesThatis, processP may
or may not producean outputon port b. Procesg) imple-
mentsprocess, becausén theinitial stateprocessy does
not demandan input from the ervironment. Thatis, pro-
cessp) makesfewer progresslemand®n the ervironment
thanprocessP. Furthermoreafterhaving recevedaninput
on porta, procesdy) guaranteethatanoutputon portb is
produced.This meansthat process) guaranteeprogress
whereprocessP doesnot. Finally, we noticethatthe same
tracesthatleadto the | statein processP alsoleadto the
1 statein procesgy. Similarly, the sametraceshatleadto
the T statein processP alsoleadto the T statein process
Q. Hence procesg) refinesprocessP.

4. Product

Procesgproductis an operationthat allows us to com-
poseprocessesOur definition of procesgroductis based
ontheproductof tracelabels,definedin Tablel. Theprod-
ucttablecomesfrom Chapter7 of [15].
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Table 1. Product table

The productof labelscaptureghe interactionbetween
two processes. Consider for example, the table entry
A x O = A. Thisentrydescribes statein aninteraction
betweentwo processesvhereone processdemandsan in-
putandanotheprocesshasnoprogresslemand®rguaran-



tees.Theresultof thelabelproducttells usthatthenetwork
of two processeslsodemandsan input from its environ-
ment. A similar agumentexplainswhy V x O = V: If

oneprocesguaranteeprogressandthe otherprocesshas
no progresdemandsand guaranteesthen the network of

thesetwo processeguaranteeprogress.

Becausewe give processbligationsa priority over en-
vironmentobligationswe haveV x A = V. If oneprocess
isin a 'V stateguaranteeingnoutput,andanothemprocess
isin a A state demandingninput, thenthenetwork of two
processewill eventuallyproduceanoutput.

We assumdhat, if onecomponenperformsa miracle,
thenthe productperformsa miracle. For this reasonwe
have T x A = T for ary label A. Finally, if onecomponent
fails,thentheproductfailsaswell. Thus,wehave 1 x \ =
1 for ary label A otherthanT. NoticethatT x L = T.
Thatis, a miraclecuresafailure.

The procesgproductP x (@ is definedby meansof the
trace-wiseproductof the tracesin P and (@, unlessthe T
or | statehasbeenreached.Oncethe productreacheghe
T or L state,the productstaysin thatstate. This property
guaranteethatthe productof two processess againT and
1 persistent.

Definition 4.1 (Product)
Theproductof processesd” and @, denotedby P x @, is
definedas

i.(Px Q)= (1i.PUiQ)—(o.PU0.Q)
0.(PxQ)=o0.PUo0.Q
f.(PxQ)e=fPexf.Q.e
f.P.(ta | a.P) x f.Q).(ta | a.Q))
if f(PxQ)tg{T,L}
f.(PxQ).t

otherwise

f.(PxQ).ta=

With s | A we denoteraces projectedonalphabetA.

Theorem 4.2 (Product properties)
Theproductof processess associativecommutativeidem-
potent,and monotonicwith respecto refinement.

5. Hiding

Hiding conceal®utputportsof aprocessRecallthatour
refinementelationrequiresthatanimplementatiorhasthe
sameinput andoutputportsasa specification.This alpha-
betrestrictionmaycausea problemif animplementations
expressedsa productof processesyhere“internal” con-
nectionshetweenheseprocesseappearasoutputportsin
theproduct. The outputalphabebf the specificatiormight
not includeinternal ports of the implementationthus we
cannotcomparethe implementatiorand the specification.

By meanwf hiding we canhidetheinternalportsandthen
verify whethertherefinemenholds.

Theresultof hidingis a procesghattells uswhatkind of
behaior the ervironmentcanexpectfrom processP when
portsin setA areconcealedSupposéhatthe ervironment
of P hasobsenedthetraceof communicatioractionsgiven
by ¢. Let X (¢) bethe setof all tracesthat processP could
have executedn orderfor theervironmentto obsene com-
municationactionsthatamountto tracet.

Xt)={s|se(@aP)*Asl(a.P—-A) =t}

The ervironmentdoesnot know which tracefrom set X ()

processP hasexecuted. For this reason,after observing
tracet, the environmentdoesnot know in whatkind of a
stateprocessP is: L, demandingjndifferent,transientor

T. In orderfor the ervironmentto be ableto copewith

theworstpossibleoutcomeof events theenvironmentmust
assumehatthestateof process is representeldy theleast
labelof all tracesn X (t).

Definition 5.1 (Hiding)
Let P beaprocessandlet A C o.P. Thehiding of symbols
from A in processP is denoteddy |[A :: P]| anddefinedby

i.|[A = P = iP
oJ[A::P]] = oP-—-A
fl[A=P]lt = (Ms:se(aP)* (5)
Asl(aP—A)=t
: f.P.s)

The notationm denoteghe greatestower bound. Theidea
for this definitionof hidingwasintroducedo usby Willem
Mallon [9].

Theorem 5.2 (Propertiesof hiding and product) Hiding
is monotonic, and hiding distributes over product. In
formula,for processe#’ and (@ andsubsetd of o.P

PCQ = [A=PIC[4=Q]
[A:P]l x Q = |[[A=PxQ] if Ana.Q =10
(7

(Substitution theorem)
Let P, Q, R, and S beprocesseslf P C |[A : Q x R]
andR C S, then

PC|[A:QxS] ®)

The Substitutiontheoremis the cornerstoneof hierarchi-
cal refinementpecausét allows usto substitutea compo-
nentin anetwork with animplementatiorof thatcomponent
withoutviolating arny correctnessonditions.
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Figure 3. The network composition
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6. Network composition

Network compositioncomputeghe joint behaior of a
setof devicesconnectedo form a network. For example,
processed’ and() from Figure 3 eachrepresent physi-
cal device. Portsof P and(@ with the samenamearecon-
nectedmeaninghatcommunicatiobetweenP and@ may
take place. The network compositionof P and@, denoted
by P || @, is a processhat modelsthe joint operationof
processe$’ and(@. Formally, the network compositionis
nothing but the productof processesvith one restriction:
no connectiondetweerputputsmayoccur

Definition 6.1 (Network composition)
Thenetwork compositionof P and @, denotecby P || @,
applieswheno.P No.Q = (J, andis equalto P x Q.

Unlike [15], we make no restrictionson connectiondbe-
tweeninputs. Thatis, we canconnectany numberof in-
put portsin orderto createa “composite”input port of the
network. If we areconcernedboutmultiple input connec-
tions, we canconnectinput portsvia explicit fork compo-
nents.

Notice alsothat we leave internal network connections
visible, unlike [10, 15]. More precisely a connectionbe-
tweenan input port and an output port within a network
is seenasan outputport of the network. An internalcon-
nectionbetweenwo input portsis seenasaninput port of
the network. If we wish to make ary of the outputports
of the network invisible, we canapply the hiding operator
Thisapproaclgivesusthefreedom first, to form anetwork
compositiorof ary desirechumberof network components
and,secondto hide arny setof outputsto studythe proper
tiesof theremainder

Because processnay containbothsafetyandprogress
violations,a network compositioncantell usif the network
satisfiesall safetyandprogresgroperties.For example,if
the processompositioncontainsa A-unhealthystate then
deadlockmay occur, becausesomecomponenin the net-
work demandsprogress,but no other componentor the
ervironmentguaranteeshat progresswill be made. Even
thepresencef aO statein anetwork givesusanindication
that the network may, at somepoint, simply stop. Recall
thatin a O stateno device guaranteeso provide an output
andno device demandsninput.

7.An Example

Considerthe network compositionof two WIREs shov
in Figure4. OneWIRE hasinput porta andoutputportm,
andanotherhasinput portm andoutputportb. If thefirst
wire receizesaninputonporta beforethesecondVIRE has
producedan outputon port b, the network mayfail. In the
stategraphof Figure4, we canseethis failure,because¢he
traceamam leadsto the L-state. Thatis, the last symbol
in traceamam is anoutputsymbolthatleadsfrom a legal
stateto the L state.Thisindicateshatwe candetectsafety
violationsby checkingwhetherthereis anoutputtransition
leadingfrom alegal stateto the L -state.
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Figure 4. The network composition of two

WIREs

The statelabelsin the graphsof Figure 4 containin-
formation about progresspropertiesof a network of two
WIRESs. For example,afterthefirst WIRE hasreceivedan
input on port a andhasproducedan outputon portm, the
productendsup in a statelabeledwith V, becauséhe sec-
ondWIRE guaranteethatit will produceanoutputon port
b.

Hiding takesinto accountprogressaandsafetyproperties
of a process. For example,considerprocessP and @ in
Figure5. Theresultof hiding outputm is the specification
of a WIRE, shavn asprocessy) in Figure5b. For exam-
ple,take tracet = aa. Sometracesn X (aa) areaa, ama,
andamam. Their correspondindabelsin processP are
f.P.aa = 1, f.P.ama = V, f.P.amam = 1. BecauseL
is the smallesiof thesdabels,we have by definitionof hid-
ing f.|[m :: P]|.aa = L, which agreeswith f.Q.aa = L.
Becauseénputsleadingto the L statemaynotbe produced
by theervironmenttheresultof hidingforbidstheernviron-
mentto provide aninputthatwould causeaninternalfailure
of aprocess.



P ———
T 1 T 1
b!
ml, b! a? m! a?,m!
N a’ v m! v a? v
b! b!

a) Beforehidingm

a b

—

Q= |im: P

b!
b) After hidingm

Figure 5. Hiding a connection between two
WIREs

8. Specificationcomposition

We usethespecificatiorcompositiorto specifythecom-
municationbehaiors of one componentas a conjunction
of constraints. Such specificationsare called constraint-
orientedspecifications.As illustratedin Figure 6, a con-
straintcanbe seenasa restrictedview of the communica-
tion behaior of the process.Constraintsare expressedy
specialprocessesalled snippets Oncewe have collected
a completesetof constraintswe combinethe constraints
with the specificationcomposition,resultingin the com-
pletespecificationof the process.Making surethatthe set
of collectedconstraintss completepresentshallengeghat
areinherentto ary methodfor producinga specification.
Becausehe specificationis the startingpoint of a design
processwe cannotprove the correctnessf a specification.
The ability to focuson small aspect®of the behaior, how-
ever, doeshelpin gaininga betterinsightinto the operation
of thedevice.

In orderto presentsomeattractve propertiesinvolving
the specificationcompositionwe introducethe definitions
of roundedproduct, snippet,and output-persistentefine-
ment.We first startwith the definition of the roundedprod-
uct of processesBy roundingwe transforma potentially
unhealthyprocessinto a healthyone. More precisely if
u.P denoteghe setof unhealthytracesof processP, then

Figure 6. Specification composition

by roundingwe transformeachunhealthytracein u. P into
anindifferenttrace. Notice thatanindifferenttracecannot
beunhealthy

Definition 8.1 (Rounding) Let P be a process.Rounding
of processP is denotedby [P] and is definedas follows:
i.[P] =i.P,0.[P] = 0.P,and

£t = {EP -t

For processe® and(@ we write P ® () to denotetheir
roundedproduct[P x Q].

Our seconddefinition concernssnippets A snippetis
a processhat always guaranteeprogressjf an outputis
possibleandneverdemandprogresgromits ervironment.

iftgu.P
ift € u.P 9)

Definition 8.2 (Snippet)
ProcessP is calleda snippetif

1. ProcessP mustmale progressiff anoutputis possible:
For everylegal tracet wehave

(f.Pt=V) & (Ja: a€o.P:f.Pta#T)

2. Theenvironmentof P never guaranteesprogressand
never performsa miracle: For all legal tracest we
have

fPt#A, f.Pc#T,
and (Vb:be€ (i.P):f.Ptb#T)

¢ Fromthedefinitionof asnippetit followsthatasnippet
is ahealthyprocess.

Our third definition pertainsto the output-pesistentre-
finementdenotedby C,. If P C, @, then,on top of the
normal progressand safety requirementsimplementation
) mustbe capableof producingevery outputthat canbe
producedy the specificationP.

Definition 8.3 (Output-persistentrefinement)
Theoutput-pesistentrefinemenbf snippetP by snippet
is denotedoy P C,, () andis definedas

PE,Q = PEQAP=,Q (10)



whee P <, @) standsor process) beingoutput-pesistent
with respecto processP:

P <, Q (‘v’t,a:tel.P/\an.P

: (fPta# T =>£Qta#T))
(11)

Thefollowing propertieshold.

Theorem 8.4 (Properties)

1. C, is apartial orderonprocesses.

2. Snippetsre closedundertheroundedproduct.

3. Theroundedproductof snippetds idempotentcommu-
tative, andassociative

4. Theroundedproductis monotoniavith respecto output-
persistentrefinementi.e.,

PC,Q = PRRC,QQ®R

5. Theproductof snippetswith disjointalphabetis healthy:
For snippetsP and @, whee o.P N 0.Q = (), we have
PQ=PxQ.

Thereasongor theintroductionof snippetsandoutput-
persistentrefinements that somepropertiesabove do not
hold for processeandrefinemenin general.For example,
theroundedproductappliedto processess not associatie
in generalandis alsonot monotonicwith respecto refine-
ment.

Our definition of the specificationcompositionis based
ontheroundedproduct:

Definition 8.5 (Specificationcompaosition)

The specificationcompositionof P and @ applieswhen
P and @ are snippetsand wheno.P N i.Q = (), and
0.Q Ni.P = (. Thespecificationcompositionof P and
Q is denotedby P & @ anddefinechy P ® Q.

Although the formal definitionsof the network compo-
sition andthe specificatiorcompositionaresimilar, the ap-
plicationsof thetwo operationsarequite distinct. You use
the network compositionto modelthe joint behaior of a
collectionof devices. You usethe specificationcomposi-
tion to modelthebehaior of only onedevice by combining
all constraintson the behaior of that device. Behavioral
constraintsof one device and network behaiors canboth
be capturedby the sameformal construct:ECF processes.

Snippetsareclosedunderthe specificatiorcomposition,
but not underhiding. This discrepang doesnot causeary
problems.In fact, we exploit this property becausalmost
all interestingECF processegan be expressedoy means
of hiding symbolsin a specificationcompositionof snip-
pets. The symbolsthat are hiddenoften sene asinternal
synchronizatiorpointsamongthe snippets. The next sec-
tionsillustratethe useof this specificatiormethod.

We usea textual notationcalledcommandso represent
snippets.A commands a regular expressionfor the legal
tracesetof a snippet.Thebasicbuilding blocksarea? and
al denotinganinputandanoutputaction,respectiely. If £
and F' arecommandsthen E; F' denotegheir concatena-
tion, E | F denotegheunion,andx[E] denotegheKleene
closure.

Thesafetyandprogresgpropertieof thetracesof acom-
mandare definedas follows. First we stipulatethat com-
mandsalways expresssafe snippets. Thus, every illegal
traceobtainedfrom a legal traceby addingan outputsym-
bol is labeledwith T, andevery illegal traceobtainedirom
alegal traceby addingan input symbolis labeledwith L.
Secondlyfrom the definition of a snippet,it follows what
thelabelsarefor legaltraces:if anoutputis possibleaftera
legaltrace,thenthattraceis labeledwith V; otherwisethe
legaltraceis labeledwith O.

Becausea commanddefinesa snippetanda snippetis a
processywe canusecommandso represenECF processes.
For example,acommandor aWIRE is

WIRE = #[a?;b!]

We illustrate the use of commandsand the specifica-
tion compositionin the specificationof an initialized SE-
QUENCER.An initialized SEQUENCERIs anarbiterthat
arbitratesamongrequestshatcanarrive concurrentlyfrom
anumberof differentsourcesThearbiterensureghatonly
onependingrequests grantedat ary time.

ro? re? go!
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*[ro?; go!] *[r17;911] *[(go! | 91!); d7]

Figure 7. Snippets for the SEQUENCER

In Figure 7 we shav threesnippetshat capturethe be-
havior of the SEQJENCER. For each snippetwe have
given a stategraphand a command. In orderto reduce
theclutter, we omittedthe T andthe L statefrom the state
graphsin Figure7. By corvention,all missinginput tran-
sitionsleadto the L stateandall missingoutputtransitions
leadtothe T state.

Thefirst snippetspecifieghatrequests, andgrantsgg
mustalternateand that, after receving requestrq, the ar
biter guaranteeprogress.The secondsnippetis similar to
thefirst, exceptthat it addressethe alternationof r; and
¢1. Finally, thethird snippetexpresseshemutualexclusion
betweengrantsg, andg;. This snippetalso statesthat a
grantanddonesignalmustalternate Moreover, by labeling



theinitial stateof this snippetwith V we requirethatthe
SEQJUENCERdoesnot stopwhenit canissuea grant.

Figure8b shavstheresultof the specificatiorcomposi-
tion of the snippetsf Figure7. Noticethattheinitial state
of thegraphof Figure8b carrieslabel 0, whereaghe prod-
uct of the labelsof theinitial statesof the snippetsfrom
Figure7is V. This meanghatthe labelof theinitial state
of the specificationof the SEQJENCERIs roundeddown
to O, becauseahe SEQUENCERinitially cannotproduce
anoutput. Notice alsothatthe arbiteris in a V stateonly
whenit hasrecevedoneor two requestand a donesignal
d. Initially, we assumehatsignald hasbeenreceved.

d?

V<=—"-—-10

S
le —»g 1
E
7'1?
V=g D
a) Schematic b) Stategraph

Figure 8. A specification of an arbiter

Thespecificatiorof the SEQJENCERinvolvesa signif-
icantamountof concurreng. Requestg, andr; canarrive
independentlpf eachother which contributesto sequences
of eventsthatmaynotbeeasyto ervisionif wewereto gen-
eratethe stategraphdirectly ratherthanby computingthe
specificatiorcompositionof snippets.Thinking in termsof
snippetsallows usto focuson a few aspectof the beha-
ior of the SEQJENCER,which combinedeadto thefinal
specification. It also allows us to give a concisespecifi-
cation:ann input SEQJENCERrequiresonly n + 1 small
shippetswhereashecompletestategraphquickly becomes
prohibitively large.

9. Part-wise designmethod

In this sectionwe outline the part-wisedesignmethod,
which assumesghatwe have expressedh specificationS as
a specificationcompositionof snippetswherethe set A of
“auxiliary internal” symbolsis hidden.

S =1A4: P& Q]

NoticethatS belonggo aprocesslomainthatis largerthan
thedomainof snippetshecausenippetsarenot closedun-
derhiding.

Ourintentionis to seekoutput-persistentefinementsgor
snippetsP and @ in isolation and then combinethe two
output-persistenefinementso obtainarefinemenbf spec-
ification S. We emphasizehat verifying output-persistent
refinement®f P and( in isolationtendsto besignificantly
lesscomple thanverifying the final refinementbf specifi-
cationS. Thenumberof statesn P & ) canbeof theorder
of the productof the numberof statesof P and@). Thus,
by looking at snippetsP and( in isolation,we may avoid
astateexplosion.

Assumethat snippetP can be refined by the network
compositionof snippetsP, and P;, and that snippet@
canbe refinedby the network compositionof snippetsio
and@:. Assume,furthermore,thattheserefinementsare
output-persistenefinements:

P Eo POHPI
Q Eo QO”QI

BecauseP, and P, have no commonoutputs,and neither
do @y and ; have commonoutputs,we have, by Theo-
rem8.4(5):

P C, RBhoP
Q L, Q@

Recall that snippetsare closed under rounded product.
Thus,Py, ® P; andQo ® @1 aresnippetsHence we canap-
ply monotonicityof roundedoroductwith respecto output-
persistentefinementndtransitiity of output-persistente-
finementwhichleadsto

PRQ C, BhoP ®Qi®Q:

Next we groupsnippetghathave commonoutputs.For ex-
ample,assumehat snippetsP, and@, have commonout-
puts. Thus,we canwrite Py ® Qo = Py & Q9. We alsotake
into accounthatP ® Q = P & ). Hencewe get

P&Q C, (Po& Qo) ® P ® Q1

Finally, we recall that, by Theorem8.4 (5), the rounded
productof snippetswith no commonoutputsis equalto
their network composition:

P&Q T, (P& Qo) |l P | Q1

Now we know thatthespecificatiorcompositiorof snippets
P and( canberefinedwith anetwork of threecomponents.
Recallthatthe output-persistenefinementmpliesthenor-
mal refinement.Furthermorehiding is monotonicwith re-
spectto refinement. Thus,we getour final refinementfor
S

[[A= P&Q] E [[A=: (Po&Qo) [l Pu [l Q1]



Let ussummarizethe designapproachpresentedn this
section:If weareableto expressaprocessasaspecification
compositionof snippetswith internalsymbolshidden,we
canlook in isolationat refinementof individual snippets.
Then, we group snippetswith commonoutputsand each
of thesegroupsof snippetsrepresent&a componentn an
implementatiorof the original specification.

10. Dining philosophers: Specification

The dining philosopherss a canonicalsynchronization
problemthatwasoriginally statedby Dijkstra[6]:

Five philosophersnumberedrom 0 through
4 areliving in a housewherethetableis laid for
them, eachphilosopherhaving her own placeat
the table. Their only problem— besidesthose
of philosophy— is thatthe dish senedis a very
difficult kind of spaghetti,that hasto be eaten
with two forks. Therearetwo forks ateachplate,
so that presentso difficulty: asa consequence,
however, notwo neighborscanbeeatingsimulta-

neously
f fo fi [
2
1
he hy ho »—] = €0
f hy ™ e
0 f1 h2 — 4»62
ho

a)diningtable b) schematiof ascheduler

Figure 9. Dining philosopher s

To keepthe examplesimple,we considerthe casewith
only threephilosophersisingthetableshavn in Figure9a.
We would like to designa device that scheduleshe meals
for the philosophers. Each philosopheris engagedn an
unboundedcycle of thinking followed by eating. When
philosopheli getshungry shesendssignalh; to thesched-
uler, shovn in Figure9b. If bothforks f; and f;;1 arefree,
theschedulesendssignale; to philosophet to inform her
that shecaneat. Whenphilosopheri hasfinisheda meal,
shereleasesheforks. This releaseeventuallyleadsto sig-
nals f; and f;11 to the schedulermeaningthatforks i and
i + 1 arenolongerin use.Theadditionis modulo3.

We specify the behaior of the scheduleras a specifi-
cationcompositionof snippets.First we obsenre that, if a
philosophebecomediungry shewill eventuallyeat. That
is, input h; mustbefollowedby outpute;. Thisobsenation

leadsto thefollowing snippetdori = 0,1, 2
*[h;7;e;!]

Next we turn to the useof the forks. Eachfork canbe ac-
cessedy two philosophersbut only one philosophemay
useit atary time. Thus,for fork 4, signal f; mustbe fol-
lowed by eithersignale; or e; 1. We assumehatinitially
all forks are on the table. Theseobsenrationsleadto the
following snippetthatdescribeshe usageof fork i:

*[(ei! | ei1)); fi?]

The specificatiorof the mealscheduleis the specification
compositiorof the snippetdntroducedabore:

SCH = *[ho?;e0!]
*[hl?; €1 ]
*[hg?; €9 ]
*[ (60! | 62!); f07]
*[(eo! | €1!); /7]
[ (ex! | e2)); f27]

The completestategraphfor this specificationcontains64

statesandwould be hardto find without usingthe specifi-
cationcomposition.

!
!

Sl ol o

11 Dining philosophers: Implementation

Figure 10 shows animplementatiorof the mealsched-
uler consistingof threeSEQUENCERs.We verify thisim-
plementationn afew stepsusingthe part-wiserefinement.

Figure 10. A solution to the dining philoso-
phers problem

We first introducetheinternalsymbolsz, y, andz in the

specificatiorof thescheduler:
SCH = *[ho?; 2! eo!]

*[ M7yl ed!]
*[ ha?; 2!; ea!]
*[ (2l el | 215 €2!); fo?]
[ (eo! | ylse!); f17]
[ (er! | ea!); f27]

e



The introductionof symbolsz, y andz is basedon the
schematicof the implementationin Figure 10 and effec-
tively forcesanorderin the assignmenof forks to philoso-
phers. The original pecificationSCH, on the other hand,
doesnot stipulatein which order the forks are assigned.
Without proof we statethat specificationSCH, stipulates
that philosopher®) and1 first getassignedheir left-hand
forks andthentheir right-handforks. Philosophe®, onthe
otherhand,first getsassignederright-handfork andthen
her left-handfork. This approachfollows Dijkstra’s solu-
tion [6] of the dining philosophergproblem,wheresuchan
asymmetryin the sequencef acquiringforks guarantees
theabsencef deadlock.This orderof assignmentanalso
beinferredfrom Figure10. We have

SCH = |[z,y,z = SCH]| (12)

If theinternalsymbolsn SCH, wouldassigrtheforks of
eachphilosopheilin the sameorder, then,asdemonstrated
in [6], theresulting“solution” hasa possibilityof deadlock.
Ourrefinementelationdetectssuchdeadlocksthusequal-
ity 12would nothold.

The snippetghatform SCH, have thefollowing simple
refinements:

*[ho?szlie0!] Co #[ho?52!] & *[2!5e0!]
x[hi?ylell] Co *[h?y!] & *[yler!]
x[ha?;2lieal] T, #[ha?;2!] & #[2);e2!]
*[(zheo! [ 2heal); fo7] Co # [(a!] 21); fo?]
& *[z!;eo!]
& [z ea!]
*[(eo! [ y1); £17]
& x[ylser!]
[(er! [ €21); f27] Co [ (ex! | e2!); fo?]

*[(eo! | yle)); f1?] Co

According to our part-wiserefinementmethodwe we
mustgroupsnippetswith commonoutputsymbolsandtake
their specificationcomposition. The network composition
of thesegroupingsforms a refinementof the scheduler
Thus,we get

SCH C |[z,y,2z =
( x[ho?;2!] & x[hy?;2!]
& x[(a!|21); fo?]) (SEQ)
I *[m?%yl] & *[275e0!]
& *[(eo! | y1); f?]) (SEQ)
| ( x[y?e1l] & *[27;ex!]
& x[(er!|e2!); f27])  (SEQ)

Consequentlythe implementationof SCH consistsof
threeSEQUENCERsconnectedisshovnin Figure10.

The solution to the dining philosophersproblem pre-
sentedin Figure 10 is just a hardware rendition of Dijk-
stras solutionfrom [6]: eachSEQUENCERiIimplementsa
semaphoré¢hatthe philosopheraisein orderto getaccess
to theirforks.

Thesolutioncaneasilybe generalizedo any numberof
philosophersA flat verificationof suchanimplementation
quickly becomesmpossible,evenfor a machine,because
of thestateexplosion.Usingpart-wiserefinementhowever,
our proof obligationsincreaseonly slightly andcansimply
be doneby hand.

12. Conclusions

We have presentech simple formalism for the specifi-
cationandimplementatiorof asynchronousircuits. Three
aspect®f this formalismdesere specialmention: the dif-
ferencebetweerthenetwork compositiorandthespecifica-
tion compositionthe formal definition of snippetsandthe
part-wiserefinemenmethod.

The network compositiormodelsthejoint behaior of a
network of devices,whereeachdevice is representethy a
process.The specificationcomposition,on the otherhand,
modelsthe behaior of just one device as a combination
of snippetswhereeachsnippetrepresentan aspecof the
device’sbehaior. In ourpreviousformalmodelstherewas
no differencebetweertheformal definitionsof the network
compositionandthe specificatiorcomposition.Only when
progresonditionscomeinto play, this differenceemenges.

Theusefulnessf thespecificatiorcompositiorbecomes
apparentvhenwe specifycomplex behaiorsthatinvolve a
large degreeof concurreng. Stategraphsfor suchspecifi-
cationstendto grow quickly and may becomedifficult to
keeptrack of. It hasbeenour experiencethat individual
shippetgendto remainsmallin size,anda list of snippets
tendsto besmallerandeasietto keeptrackof thanthe state
graphthatrepresentshe completebehaior. Furthermore,
focusingon smallindividual aspectf a complex beha-
ior allows usto gaina betterinsightinto the operationof a
device.

The part-wiserefinementmethodallow us to avoid a
stateexplosionin the verification: Insteadof verifying a
completeimplementationthe part-wiserefinementmethod
allows usto verify therefinementf just the snippetsof a
process. The part-wiserefinementcan be usedin combi-
nationwith a stepwiserefinementalsocalled hierarchical
verification. Togetherthey form powerful tools in design
andverification.
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