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Abstract

A simpleformal framework for representingsafetyand
progresspropertiesof concurrent systemsis introduced.
Theframework is basedonEnhancedCharacteristicFunc-
tions(ECF),which leadto simpledefinitionsof operations
such as hiding and processproduct. Two distinct compo-
sitionsare proposed:Thenetworkcompositionthat mod-
els networksof devices,and the specificationcomposition
that enablesa constraint-basedapproach to building spec-
ifications. A part-wisedesignandverificationapproach is
proposed.Thisapproach mayavoid stateexplosionin the
verificationof implementationsfor constraint-basedspeci-
fications.

1. Intr oduction

We proposea simple formal framework for the speci-
fication and implementationof concurrentsystems. The
formalism is basedon EnhancedCharacteristicFunctions
(ECFs)[15], and a processin this framework is called an
ECF process. We show how to apply ECF processesto
specifyingasynchronouscircuit componentsand how we
can useECF processesfor verifying safetyand progress
propertiesof networks of circuit components. Besides
presentinga simple formalism, our main contributions
are a constraint-basedapproachto building specifications
that includeprogresspropertiesanda part-wiserefinement
methodthatallows usto avoid stateexplosionin theverifi-
cationof implementations.

Theconstraint-basedapproachto building specifications
canbeusefulwhenbehaviorsinvolvea largedegreeof con-
currency. A similar approachhasbeenappliedin different
formalisms:[3] discusseshow aconstraint-basedspecifica-
tion approachis supportedin LOTOS.[7] advocatestheuse
of the “weave” operationfor building specificationsfrom
constraints.Theusageof theweave in [8] and[2] demon-
strateshow combiningbehavioral constraintscan lead to
concisespecificationsof non-trivial behaviors. [11] and

[12] define the weave for Petri nets and demonstrateits
applicationin specifyingasynchronouscircuits. In [14], a
constraint-basedspecificationtakesadvantageof chaincon-
straintsto introducetiming requirementsinto specifications.

OurECFmodelis heavily inspiredby theXDI modelof
TomVerhoeff [15] andtheX

�
DI modelof Mallon etal[10].

We usethesamesetof labels,andour interpretationof the
labelsis the same. Thereare,however, somedifferences
betweenthetwo models.Mostnotably, wedonot focusex-
clusivelyondelay-insensitive(XDI) processesor X

�
DI pro-

cesses.Rather, we considera largerdomainof processes.
Althoughthis largerdomainof processeshasits limitations
[4], it allows for a simpler formalism. Furthermore,our
modeldealswith hiding separately, hasa differentdefini-
tion for theproductof processesanddifferentiatesbetween
thenetwork compositionandthespecificationcomposition.
Finally, in the ECF modelwe offer a formal definition of
snippets[11, 12] and we proposea new part-wisedesign
methodthatappliesto specificationsexpressedasa specifi-
cationcompositionof snippets.

Ourprogresscriteriaarecloselyrelatedto finalizationin
ProcessSpacesfrom [13]. TheProcessSpacesmodelfrom
[13], however, requiresaseparatespecificationfor eachcor-
rectnessconditionthat is to be addressed.ECF processes,
on theotherhand,capturesafetyandprogressconcernsat
thesametime.

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

2. Labelsand processes

An ECFprocess
�

is a triple ����� ���
	 � ����� � ��
 , where ��� �
is an input alphabet,

	 � � is anoutputalphabet.We stipu-
late that ��� � and

	 � � aredisjoint. Thealphabetof process�
, denotedby ��� � is ��� ����	 � � . An enhancedcharacteris-

tic function(ECF)is a function
� � ����� ��� ���������

, which
mapstracesto a setof labels

�
. By attachinga label to a

tracewespecifytheprogressandsafetypropertiesof apro-
cessafterhaving executedthesequenceof communication
eventsrepresentedby thetrace.We borrow thesetof labels



from [15]: ���! #"$�
%&�(')�
*&�,+.-
The interpretationof labelsis as follows. After a process
hasexecuteda tracelabeledwith

*
, the processguaran-

teesprogressby eventuallyproducingan output. In other
words,a tracelabeledwith

*
putsa processin a transient

state,thus,traceslabeledwith
*

arecalledtransienttraces.
In atransientstate,aprocessmaybecapableof receivingan
input. A tracelabeledwith

'
bringstheprocessin anindif-

ferent state,thussucha traceis calledan indifferenttrace.
After having executedan indifferenttrace,a processdoes
notguaranteeto produceanoutput,neitherdoestheprocess
demandaninputfrom its environment.A tracelabeledwith%

is calleda demandingtraceandbringsa processto a de-
mandingstate.In a demandingstate,a processdemandsan
inputbut doesnotguaranteeto produceanoutput,although
producinganoutputmaybepossible.A tracelabeledwith"

is a failure traceandbringsa processto a failure state.
An outputendingin a failure stateindicatesthat the pro-
cesscancausea failureby producingthatoutput. Because
failuresmustbeavoidedby theenvironment,aninput end-
ing in afailurestateindicatesthattheenvironmentmustnot
providethatinput. A tracelabeledwith

+
is amiracletrace

andbringsa processto a miraclestate.An input endingin
amiraclestateindicatesthattheenvironmentcauseda mir-
acleby producingthat input. Becausemiraclescannotbe
performedby a process,anoutputendingin a miraclestate
indicatesthattheprocesscannotproducethatoutput.

Traceslabeledwith either
'

,
%

, or
*

arecalled legal
traces,while traceslabeledwith either

"
or
+

arecalled
illegal traces. The setof legal tracesfor process

�
is de-

notedby /�� � . Illegaltracesdefinethebehaviorsof aprocess
wherea failureor miraclehasoccurred.We requirethatall
extensionsof illegal tracesarealsoillegal. More formally,
anECFfor aprocessmustbe

"
-persistentand

+
-persistent:� � � � 0 �1" 2 �43657�8579:� ��� ��� � �8� � � � 0 57�;"<� (1)� � � � 0 �1+ 2 �43657�8579:� ��� ��� � �8� � � � 0 57�;+<� (2)

We write =?>A@?B ��CD�
E?� to denotethesetof all processes
with inputalphabet

C
andoutputalphabet

E
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WeoftendepictECFprocessesby meansof stategraphs.
We startby creatingan initial state,which is labeledwith� � � � h . Next we createa distinctstatefor eachone-symbol
trace i and label the statewith

� � � � i . We also createa
transitionfor eachsymbol i , suchthat the transitionleads
from the initial state to the statecorrespondingto one-
symboltracei . Inputsymbolsarepostfixedwith aquestion
markandoutputsymbolsarepostfixedwith anexclamation

mark. We continuethis processinductively, creatinganin-
finite graph,which containsa distinct statefor eachtrace.
A graphcanbe reducedif subgraphsstemmingfrom two
statesarethesame.Suchtwo statesareequivalent,andcan,
consequently, bemerged.

For example,all stateslabeledwith
"

areequivalent,be-
causeof

"
-persistence.For thatreason,all transitionsleav-

ing stateslabeledwith
"

areself loops.A similarargument
holdsfor

+
states.In orderto reducethe clutter, we omit

self loopson
+

and
"

stateswhenwedepictprocesseswith
stategraphs.

i j
+
' jlk * m�n

"
ipo
jlk ' *jlk

ipo
c) Simplifiedgraphb) Stategrapha)Schematic

Figure 1. A specification of a WIRE

Figure1b shows thestategraphcorrespondingto a pro-
cessthatspecifiesaWIRE.NoticethattheWIRE is initially
in a

'
state. That is, neither the WIRE nor its environ-

menthave any obligationfor producinga communication
action.Furthermore,aftertheWIRE hasreceivedaninput,
theWIRE is in a

*
state,whereit is obligedto producean

output.
In orderto reduceclutterfurther, wemayomit thestates

labeledwith
"

and
+

label,whichresultsin thestategraph
of Figure1c. Whenthe

+
andthe

"
statearenotshown,we

stipulatethatall missingtransitionsonoutputsymbolslead
to the

+
stateandall missingtransitionson input symbols

leadto the
"

state.

FHG�FHGrqVZKs�WDautvZe\_^`wxQfSed]QTW6Y#Yzy|{}S]~}Z�af{�S�\_Y
Safetyandprogressviolationscanboth be presentin a

process. A safetyviolation manifestsitself by the pres-
enceof a failurestatethatcanbereachedby anoutput. A
progressviolation manifestsitself by the presenceof so-
calledunhealthystates. In an unhealthystateprogressis
requiredbut cannotbesatisfied.For example,a

*
statere-

quiresprogressby theprocess,but, becauseall outputslead
to the

+
state,no outputcanbe produced.We call traces

leadingto sucha state
*

-unhealthytraces, andwe call a
processthat containsa

*
-unhealthytracea

*
-unhealthy

process[10].
A similar observation canbe madefor

%
stateswhere

progressis requiredfrom theenvironmentbut theenviron-
ment cannotprovide an input. A traceleadingto sucha
stateis calleda

%
-unhealthytraceandaprocesscontaining



a
%

-unhealthytraceis a
%

-unhealthyprocess.A processis
unhealthyif it is either

*
or
%

-unhealthy.
Safetyandprogressviolationscanarisein variousways:

as a result of composinghealthyprocessesor as a result
of hiding outputsymbolsfrom a healthyprocess.We have
chosento includeprocesseswith safetyandprogressviola-
tionsin ourdomainof ECFprocesses.Excludingunhealthy
processesandrequiringthat the processdomainbe closed
underproductandhiding would requiremorecomplicated
definitionsof thesetwo operations. For similar reasons,
[10] alsoincludesunhealthyprocessesin theX

�
DI domain.

TheXDI model[15] doesnot includeunhealthyprocesses.

3. Refinement

Therefinementrelationdefineswhetheroneprocessim-
plementsanother. If process

�
is refinedby process� , de-

notedby
��� � , we say that process

�
is implemented

by process� . When
��� � , thenprocess� is at leastas

safeasprocess
�

. Furthermore,process� makesat most
asmany progressdemandsonits environmentasprocess

�
,

andprocess� makesat leastasmany progressguarantees
asprocess

�
.

Our refinementrelationis basedthe orderamongtrace
labels[15]: "���%��;'���*���+

(3)

A justificationfor theorderonlabelsis asfollows: A failure
traceis worsethanatracethatdoesnot fail. For thatreason,"

is theleastelementin thepartialorderon labels.A trace
that demandsan input but doesnot guaranteean outputis
worsethana tracethatdoesnot demandaninput nor guar-
anteeanoutput,so

%���'
. A tracethatmakesnoprogress

demandsor guaranteesis worsethanatracethatguarantees
outputprogress,hence

'v�v*
. Finally, producinga mira-

cleis alwaysbetterthananythingelse,thus
+

is thegreatest
of all thelabels.

Definition 3.1(Refinement)
Let
�

and � beprocesses,such that ��� �v� ����� and
	 � ���	 ��� .

�
is refinedby � , denotedby

��� � , iff:

��� � � � 3 0 � 0 9:� ��� ��� � �8� � � � 0 ��� � ��� 0�� (4)

Theorem3.2(Propertiesof refinement)
The refinement relation

�
is a partial order on=?>A@<B ��CD�
E?� . Furthermore,

� =?>A@<B ��C��,E?���(��� is a com-
pletelattice.

�
:

jlk%
+

ipo
jbk

i�o'
"

�
� :

jlk'
+

ipo
jbk
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"

Figure 2. An example of refinement
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Figure 2 shows an exampleof refinement. Process�

in Figure2 specifiesa “reliable” WIRE. Process
�

, on the
otherhand,specifiesa“demanding,lazy” WIRE. In theini-
tial state,process

�
demandsfrom its environmentaninput

onport i . After having receivedaninputonport i , process�
makesno progressguarantees.That is, process

�
may

or maynot produceanoutputon port j . Process� imple-
mentsprocess

�
, becausein theinitial stateprocess� does

not demandan input from the environment. That is, pro-
cess� makesfewer progressdemandson theenvironment
thanprocess

�
. Furthermore,afterhaving receivedaninput

on port i , process� guaranteesthatanoutputon port j is
produced.This meansthat process� guaranteesprogress
whereprocess

�
doesnot. Finally, we noticethatthesame

tracesthat leadto the
"

statein process
�

alsoleadto the"
statein process� . Similarly, thesametracesthatleadto

the
+

statein process
�

alsoleadto the
+

statein process� . Hence,process� refinesprocess
�

.

4. Product

Processproductis an operationthat allows us to com-
poseprocesses.Our definitionof processproductis based
ontheproductof tracelabels,definedin Table1. Theprod-
uct tablecomesfrom Chapter7 of [15].

¤ " % ' * +" " " " " +% " % % * +' " % ' * +* " * * * ++ + + + + +
Table 1. Product table

The productof labelscapturesthe interactionbetween
two processes. Consider, for example, the table entry% ¤ '!��% . This entrydescribesa statein an interaction
betweentwo processeswhereoneprocessdemandsan in-
putandanotherprocesshasnoprogressdemandsor guaran-



tees.Theresultof thelabelproducttellsusthatthenetwork
of two processesalsodemandsan input from its environ-
ment. A similar argumentexplainswhy

* ¤ '¥�¦*
: If

oneprocessguaranteesprogressandthe otherprocesshas
no progressdemandsandguarantees,thenthe network of
thesetwo processesguaranteesprogress.

Becausewe give processobligationsa priority over en-
vironmentobligations,wehave

* ¤ %��;* . If oneprocess
is in a

*
state,guaranteeinganoutput,andanotherprocess

is in a
%

state,demandinganinput,thenthenetwork of two
processeswill eventuallyproduceanoutput.

We assumethat, if onecomponentperformsa miracle,
then the productperformsa miracle. For this reasonwe
have

+ ¤�§ �;+ for any label § . Finally, if onecomponent
fails,thentheproductfailsaswell. Thus,wehave

" ¤�§ �"
for any label § otherthan

+
. Notice that

+ ¤ "¨��+ .
Thatis, a miraclecuresa failure.

Theprocessproduct
� ¤ � is definedby meansof the

trace-wiseproductof the tracesin
�

and � , unlessthe
+

or
"

statehasbeenreached.Oncetheproductreachesthe+
or
"

state,theproductstaysin thatstate.This property
guaranteesthattheproductof two processesis again

+
and"

persistent.

Definition 4.1(Product)
Theproductof processes

�
and � , denotedby

� ¤ � , is
definedas

��� ��� ¤ � �£��� ��� ��� ����� ��©���	 � ���&	 ��� �	 � ��� ¤ � �£�1	 � ���&	 ���� � ��� ¤ � � � h �1� � � � h ¤ � ����� h
� � ��� ¤ � � � 0�i �«ª¬¬­

¬¬®
� � � � � 0�i$¯���� ��� ¤ � � ��� � 0�i�¯������ �� �P� � ��� ¤ � � � 0�°9� b+$��".-� � ��� ¤ � � � 0	D±³²�´fµu¶ ��· ´

With ¸�¯�¹ wedenotetracȩ projectedonalphabet¹ .

Theorem4.2(Product properties)
Theproductof processesis associative, commutative, idem-
potent,andmonotonicwith respectto refinement.

5. Hiding

Hidingconcealsoutputportsof aprocess.Recallthatour
refinementrelationrequiresthatanimplementationhasthe
sameinput andoutputportsasa specification.This alpha-
betrestrictionmaycauseaproblemif animplementationis
expressedasa productof processes,where“internal” con-
nectionsbetweentheseprocessesappearasoutputportsin
theproduct.Theoutputalphabetof thespecificationmight
not include internal ports of the implementation,thus we
cannotcomparethe implementationandthe specification.

By meansof hiding we canhidetheinternalportsandthen
verify whethertherefinementholds.

Theresultof hidingis aprocessthattellsuswhatkind of
behavior theenvironmentcanexpectfrom process

�
when

portsin set ¹ areconcealed.Supposethattheenvironment
of
�

hasobservedthetraceof communicationactionsgiven
by 0 . Let º � 0 � bethesetof all tracesthatprocess

�
could

haveexecutedin orderfor theenvironmentto observecom-
municationactionsthatamountto trace0 .

º � 0 �£�� ¸�»(¸ 9:� ��� ��� �_¼ ¸8¯ � ��� ��© ¹ �_� 0 -
Theenvironmentdoesnot know which tracefrom set º � 0 �
process

�
hasexecuted. For this reason,after observing

trace 0 , the environmentdoesnot know in what kind of a
stateprocess

�
is:
"

, demanding,indifferent,transient,or+
. In order for the environmentto be able to copewith

theworstpossibleoutcomeof events,theenvironmentmust
assumethatthestateof process

�
is representedby theleast

labelof all tracesin º � 0 � .
Definition 5.1(Hiding)
Let
�

bea processandlet ¹!½ 	 � � . Thehidingof symbols
from ¹ in process

�
is denotedby »¿¾ ¹ �¿�T�rÀ » anddefinedby

���4»¿¾ ¹ �Á�c�rÀ » � ��� �	 �Â»¿¾ ¹ �Á�c�rÀ » � 	 � �;© ¹� �Â»¿¾ ¹ �¿�c�rÀ »Ã� 0 � Ä Å ¸ � ¸ 9:� ��� �����¼ ¸8¯ � ��� �;© ¹ �£� 0�£� � � ��¸lÆ
(5)

Thenotation
Å

denotesthegreatestlower bound.Theidea
for thisdefinitionof hidingwasintroducedto usby Willem
Mallon [9].

Theorem5.2(Propertiesof hiding and product) Hiding
is monotonic, and hiding distributes over product. In
formula,for processes

�
and � andsubset¹ of

	 � ���� � 2 »Ã¾�¹ �¿�T�[À » � »Ã¾�¹ �¿� � À » (6)»¿¾�¹ �Á�c�ÇÀ » ¤ � � »¿¾�¹ �Á�c� ¤ � À »)ÈÃÉ:¹|ÊA��� � �;Ë
(7)

(Substitution theorem)
Let
�

, � , Ì , and Í beprocesses.If
�P� »¿¾�¹ �¿� � ¤ Ì À »

and Ì � Í , then��� »¿¾�¹ �Á� � ¤ Í À » (8)

The Substitutiontheoremis the cornerstoneof hierarchi-
cal refinement,becauseit allows usto substitutea compo-
nentin anetworkwith animplementationof thatcomponent
withoutviolatingany correctnessconditions.



� �Î ÎÏ���ÑÐ �
Figure 3. The netw ork composition

6. Network composition

Network compositioncomputesthe joint behavior of a
setof devicesconnectedto form a network. For example,
processes

�
and � from Figure3 eachrepresenta physi-

cal device. Portsof
�

and � with thesamenamearecon-
nected,meaningthatcommunicationbetween

�
and � may

take place.Thenetwork compositionof
�

and � , denoted
by
�ÒÐ � , is a processthat modelsthe joint operationof

processes
�

and � . Formally, the network compositionis
nothingbut the productof processeswith one restriction:
noconnectionsbetweenoutputsmayoccur.

Definition 6.1(Network composition)
Thenetwork compositionof

�
and � , denotedby

�ÓÐ � ,
applieswhen

	 � � Ê 	 ��� �1Ë , andis equalto
� ¤ � .

Unlike [15], we makeno restrictionsonconnectionsbe-
tweeninputs. That is, we canconnectany numberof in-
put portsin orderto createa “composite”input port of the
network. If we areconcernedaboutmultiple input connec-
tions,we canconnectinput portsvia explicit fork compo-
nents.

Notice alsothat we leave internalnetwork 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-
nectionbetweentwo input portsis seenasaninput port of
the network. If we wish to make any of the outputports
of thenetwork invisible,we canapply thehiding operator.
Thisapproachgivesusthefreedom,first, to form anetwork
compositionof any desirednumberof network components
and,second,to hideany setof outputsto studytheproper-
tiesof theremainder.

Becausea processmaycontainbothsafetyandprogress
violations,a network compositioncantell usif thenetwork
satisfiesall safetyandprogressproperties.For example,if
theprocesscompositioncontainsa

%
-unhealthystate,then

deadlockmay occur, becausesomecomponentin the net-
work demandsprogress,but no other componentnor the
environmentguaranteesthat progresswill be made. Even
thepresenceof a

'
statein anetwork givesusanindication

that the network may, at somepoint, simply stop. Recall
that in a

'
stateno device guaranteesto provide anoutput

andnodevicedemandsaninput.

7. An Example

Considerthenetwork compositionof two WIREsshow
in Figure4. OneWIRE hasinputport i andoutputport Ô ,
andanotherhasinput port Ô andoutputport j . If thefirst
wire receivesaninputonport i beforethesecondWIREhas
producedanoutputon port j , thenetwork mayfail. In the
stategraphof Figure4, wecanseethis failure,becausethe
trace ifÔ�ifÔ leadsto the

"
-state.That is, the last symbol

in trace iTÔ�ifÔ is anoutputsymbolthat leadsfrom a legal
stateto the

"
state.This indicatesthatwecandetectsafety

violationsby checkingwhetherthereis anoutputtransition
leadingfrom a legalstateto the

"
-state.

Ô k
ipo' *Ô k ipo '

+
Ô�o*
"

Ô7o
jlk

"+
jlkÕ

Ö

+

' *

"
ipojbk
Ô k * *Ô k

+ "
ipo � Ô kipo ipo

jlk jlk
Ô k � jlk

Figure 4. The netw ork composition of two
WIREs

The statelabels in the graphsof Figure 4 contain in-
formation aboutprogresspropertiesof a network of two
WIREs. For example,after thefirst WIRE hasreceivedan
input on port i andhasproducedanoutputon port Ô , the
productendsup in a statelabeledwith

*
, becausethesec-

ondWIRE guaranteesthatit will produceanoutputonportj .
Hiding takesinto accountprogressandsafetyproperties

of a process.For example,considerprocess
�

and � in
Figure5. Theresultof hiding output Ô is thespecification
of a WIRE, shown asprocess� in Figure5b. For exam-
ple, take trace0 � i�i . Sometracesin º � i�i � are i�i , ifÔ�i ,
and ifÔAifÔ . Their correspondinglabelsin process

�
are� � � � ifi ��" ,

� � � � ifÔAi ��* ,
� � � � ifÔAifÔ ��"

. Because
"

is thesmallestof theselabels,wehaveby definitionof hid-
ing
� �Â»¿¾ Ô �Á���rÀ »Ã� ifi �¥" , which agreeswith

� ����� i�i ��" .
Becauseinputsleadingto the

"
statemaynot beproduced

by theenvironment,theresultof hidingforbidstheenviron-
mentto provideaninputthatwouldcauseaninternalfailure
of aprocess.
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Figure 5. Hiding a connection between two
WIREs

8. Specificationcomposition

Weusethespecificationcompositionto specifythecom-
municationbehaviors of one componentas a conjunction
of constraints. Such specificationsare called constraint-
orientedspecifications.As illustratedin Figure6, a con-
straintcanbe seenasa restrictedview of thecommunica-
tion behavior of theprocess.Constraintsareexpressedby
specialprocessescalledsnippets. Oncewe have collected
a completesetof constraints,we combinethe constraints
with the specificationcomposition,resulting in the com-
pletespecificationof theprocess.Making surethat theset
of collectedconstraintsis completepresentschallengesthat
are inherentto any methodfor producinga specification.
Becausethe specificationis the startingpoint of a design
process,we cannotprove thecorrectnessof a specification.
Theability to focuson smallaspectsof thebehavior, how-
ever, doeshelpin gainingabetterinsightinto theoperation
of thedevice.

In orderto presentsomeattractive propertiesinvolving
the specificationcompositionwe introducethe definitions
of roundedproduct,snippet,and output-persistentrefine-
ment.We first startwith thedefinitionof theroundedprod-
uct of processes.By roundingwe transforma potentially
unhealthyprocessinto a healthyone. More precisely, if× � � denotesthesetof unhealthytracesof process

�
, then

ØHÙ
ØRÚ
ØHÛ

Ø

Figure 6. Specification composition

by roundingwe transformeachunhealthytracein × � � into
anindifferenttrace.Noticethatan indifferenttracecannot
beunhealthy.

Definition 8.1(Rounding) Let
�

bea process.Rounding
of process

�
is denotedby ¾ �rÀ and is definedas follows:���Â¾ �rÀ6� ��� � ,
	 �Á¾ �rÀ ��	 � � , and� �Â¾ �rÀ � 0 � Ü � � � � 0 È¿É�0)°9 × � �' È¿É�0 9 × � � (9)

For processes
�

and � we write
�;Ý � to denotetheir

roundedproduct ¾ � ¤ � À .
Our seconddefinition concernssnippets. A snippetis

a processthat always guaranteesprogress,if an output is
possible,andneverdemandsprogressfrom its environment.

Definition 8.2(Snippet)
Process

�
is calleda snippetif

1. Process
�

mustmakeprogressiff anoutputis possible:
For everylegal trace 0 wehave��� � � � 0 �;*��[Þ ��ß i � i 97	 � ���c� � � � 0�iz°��+<�

2. Theenvironmentof
�

never guaranteesprogressand
never performsa miracle: For all legal traces 0 we
have� � � � 0r°�;%&�£� � � � h&°�;+$�àcá�â �Â3 j � j 9ã� ��� ���R�c� � � � 0 j °��+<�

¿Fromthedefinitionof asnippetit followsthatasnippet
is a healthyprocess.

Our third definitionpertainsto theoutput-persistentre-
finementdenotedby

��ä
. If

�å��ä � , then,on top of the
normalprogressand safetyrequirements,implementation� mustbe capableof producingevery output that canbe
producedby thespecification

�
.

Definition 8.3(Output-persistent refinement)
Theoutput-persistentrefinementof snippet

�
by snippet�

is denotedby
��� ä � andis definedas��� ä � � ��� � ¼ ��æ ä � (10)



where
�væ ä � standsfor process� beingoutput-persistent

with respectto process
�

:��æ�ä � � Ä 3 0 � i � 0 9 /�� � ¼ i 9A	 � ������ � � � 0�i[°�;+;2�� ����� 0�i7°��+<� Æ
(11)

Thefollowing propertieshold.

Theorem8.4(Properties)
1.
� ä

is a partial orderonprocesses.
2. Snippetsareclosedundertheroundedproduct.
3. Theroundedproductof snippetsis idempotent,commu-
tative, andassociative.
4. Theroundedproductis monotonicwith respectto output-
persistentrefinement,i.e.,��� ä � 2 ��Ý Ì � ä � Ý Ì
5. Theproductof snippetswith disjointalphabetis healthy:
For snippets

�
and � , where

	 � � Ê 	 � � �çË
, we have��Ý � ��� ¤ � .

Thereasonsfor theintroductionof snippetsandoutput-
persistentrefinementis that somepropertiesabove do not
hold for processesandrefinementin general.For example,
theroundedproductappliedto processesis not associative
in generalandis alsonot monotonicwith respectto refine-
ment.

Our definitionof thespecificationcompositionis based
ontheroundedproduct:

Definition 8.5(Specificationcomposition)
The specificationcompositionof

�
and � applieswhen�

and � are snippetsand when
	 � � Ê������ �èË

, and	 ����Ê:��� �å�éË
. Thespecificationcompositionof

�
and� is denotedby

��ê � anddefinedby
��Ý � .

Although the formal definitionsof the network compo-
sitionandthespecificationcompositionaresimilar, theap-
plicationsof thetwo operationsarequitedistinct. You use
the network compositionto model the joint behavior of a
collectionof devices. You usethe specificationcomposi-
tion to modelthebehavior of only onedeviceby combining
all constraintson the behavior of that device. Behavioral
constraintsof onedevice andnetwork behaviors canboth
becapturedby thesameformalconstruct:ECFprocesses.

Snippetsareclosedunderthespecificationcomposition,
but not underhiding. This discrepancy doesnot causeany
problems.In fact,we exploit this property, becausealmost
all interestingECF processescan be expressedby means
of hiding symbolsin a specificationcompositionof snip-
pets. The symbolsthat arehiddenoften serve as internal
synchronizationpointsamongthe snippets.The next sec-
tionsillustratetheuseof thisspecificationmethod.

We usea textual notationcalledcommandsto represent
snippets.A commandis a regularexpressionfor the legal
tracesetof a snippet.Thebasicbuilding blocksare ipo andi k denotinganinputandanoutputaction,respectively. If ë
and ì arecommands,then ë�í
ì denotestheir concatena-
tion, ë�»#ì denotestheunion,and îX¾ ë À denotestheKleene
closure.

Thesafetyandprogresspropertiesof thetracesof acom-
mandaredefinedasfollows. First we stipulatethat com-
mandsalways expresssafesnippets. Thus, every illegal
traceobtainedfrom a legal traceby addinganoutputsym-
bol is labeledwith

+
, andevery illegal traceobtainedfrom

a legal traceby addingan input symbolis labeledwith
"

.
Secondly, from the definitionof a snippet,it follows what
thelabelsarefor legal traces:if anoutputis possibleaftera
legal trace,thenthattraceis labeledwith

*
; otherwise,the

legal traceis labeledwith
'

.
Becausea commanddefinesa snippetanda snippetis a

process,wecanusecommandsto representECFprocesses.
For example,a commandfor aWIRE is

WIRE
� îp¾�ipoTí jbk À

We illustrate the use of commandsand the specifica-
tion compositionin the specificationof an initialized SE-
QUENCER.An initialized SEQUENCERis anarbiterthat
arbitratesamongrequeststhatcanarriveconcurrentlyfrom
anumberof differentsources.Thearbiterensuresthatonly
onependingrequestis grantedatany time.

' ï(ð
o

ñ
ð
k

îp¾
ï ð
oTí ñ
ð
k À

* * ò o
ñ
ð
k

ñfó k
îp¾ � ñ

ð
k » ñ ó k � í ò o À

'' ï
ó o

ñfó k
îp¾
ï
ó ocí ñ ó k À

*

Figure 7. Snippets for the SEQUENCER

In Figure7 we show threesnippetsthatcapturethe be-
havior of the SEQUENCER. For each snippetwe have
given a stategraphand a command. In order to reduce
theclutter, we omittedthe

+
andthe

"
statefrom thestate

graphsin Figure7. By convention,all missinginput tran-
sitionsleadto the

"
stateandall missingoutputtransitions

leadto the
+

state.
Thefirst snippetspecifiesthatrequests

ï³ð
andgrantsñ

ðmustalternateand that, after receiving request

ï(ð
, the ar-

biter guaranteesprogress.Thesecondsnippetis similar to
the first, except that it addressesthe alternationof

ï
ó andñfó . Finally, thethird snippetexpressesthemutualexclusion

betweengrants ñ
ð

and ñ ó . This snippetalsostatesthat a
grantanddonesignalmustalternate.Moreover, by labeling



the initial stateof this snippetwith
*

we requirethat the
SEQUENCERdoesnotstopwhenit canissueagrant.

Figure8b shows theresultof thespecificationcomposi-
tion of thesnippetsof Figure7. Noticethattheinitial state
of thegraphof Figure8bcarrieslabel

'
, whereastheprod-

uct of the labelsof the initial statesof the snippetsfrom
Figure7 is

*
. This meansthat the labelof the initial state

of the specificationof the SEQUENCERis roundeddown
to
'

, becausethe SEQUENCER initially cannotproduce
anoutput. Notice alsothat the arbiteris in a

*
stateonly

whenit hasreceivedoneor two requestsanda donesignalò . Initially, weassumethatsignal ò hasbeenreceived.

a)Schematic b) Stategraph

'
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Figure 8. A specification of an arbiter

Thespecificationof theSEQUENCERinvolvesasignif-
icantamountof concurrency. Requests

ï(ð
and

ï
ó canarrive

independentlyof eachother, whichcontributesto sequences
of eventsthatmaynotbeeasyto envisionif wewereto gen-
eratethe stategraphdirectly ratherthanby computingthe
specificationcompositionof snippets.Thinking in termsof
snippetsallows us to focuson a few aspectsof thebehav-
ior of theSEQUENCER,which combinedleadto thefinal
specification. It also allows us to give a concisespecifi-
cation:an ô inputSEQUENCERrequiresonly ô�õ�ö small
snippets,whereasthecompletestategraphquicklybecomes
prohibitively large.

9. Part-wise designmethod

In this sectionwe outline the part-wisedesignmethod,
which assumesthatwe have expresseda specificationÍ as
a specificationcompositionof snippetswheretheset ¹ of
“auxiliary internal” symbolsis hidden.

Í � »¿¾�¹ �Á�£�¦ê � À »
Noticethat Í belongsto aprocessdomainthatis largerthan
thedomainof snippets,becausesnippetsarenotclosedun-
derhiding.

Our intentionis to seekoutput-persistentrefinementsfor
snippets

�
and � in isolation and then combinethe two

output-persistentrefinementstoobtainarefinementof spec-
ification Í . We emphasizethat verifying output-persistent
refinementsof

�
and � in isolationtendsto besignificantly

lesscomplex thanverifying thefinal refinementof specifi-
cation Í . Thenumberof statesin

�ãê � canbeof theorder
of the productof the numberof statesof

�
and � . Thus,

by looking at snippets
�

and � in isolation,we mayavoid
astateexplosion.

Assumethat snippet
�

can be refinedby the network
compositionof snippets

�
ð

and
� ó , and that snippet �

canbe refinedby the network compositionof snippets�
ðand � ó . Assume,furthermore,that theserefinementsare

output-persistentrefinements:� � ä �
ð
ÐR� ó

� � ä �
ð
Ð � ó

Because
�
ð

and
� ó have no commonoutputs,andneither

do �
ð

and � ó have commonoutputs,we have, by Theo-
rem8.4(5): � � ä �

ð
Ý�� ó

� � ä �
ð
Ý � ó

Recall that snippetsare closed under roundedproduct.
Thus,

�
ð
Ýx� ó and �

ð
Ý � ó aresnippets.Hence,wecanap-

ply monotonicityof roundedproductwith respectto output-
persistentrefinementandtransitivity of output-persistentre-
finement,which leadsto��Ý � ��ä|�

ð
Ý|� ó Ý �

ð
Ý � ó

Next wegroupsnippetsthathavecommonoutputs.For ex-
ample,assumethatsnippets

�
ð

and �
ð

have commonout-
puts.Thus,wecanwrite

�
ð
Ý �

ð
�1�

ð
ê �

ð
. Wealsotake

into accountthat
��Ý � ����ê � . Hence,weget��ê � � ä ���

ð
ê �

ð
�eÝ�� ó Ý � ó

Finally, we recall that, by Theorem8.4 (5), the rounded
productof snippetswith no commonoutputsis equal to
theirnetwork composition:��ê � ��ä1���

ð
ê �

ð
�8Ð�� ó Ð � ó

Now weknow thatthespecificationcompositionof snippets�
and � canberefinedwith anetworkof threecomponents.

Recallthattheoutput-persistentrefinementimpliesthenor-
mal refinement.Furthermore,hiding is monotonicwith re-
spectto refinement.Thus,we get our final refinementforÍ

»Ã¾ ¹ �Á�c�ãê � À » � »¿¾�¹ �Á�����
ð
ê �

ð
�8Ð�� ó Ð � ó À »



Let ussummarizethedesignapproachpresentedin this
section:If weareableto expressaprocessasaspecification
compositionof snippetswith internalsymbolshidden,we
canlook in isolationat refinementsof individual snippets.
Then, we group snippetswith commonoutputsand each
of thesegroupsof snippetsrepresentsa componentin an
implementationof theoriginalspecification.

10. Dining philosophers:Specification

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

Five philosophers,numberedfrom 0 through
4 areliving in a housewherethetableis laid for
them,eachphilosopherhaving her own placeat
the table. Their only problem— besidesthose
of philosophy— is that thedishservedis a very
difficult kind of spaghetti,that has to be eaten
with two forks. Therearetwo forksateachplate,
so that presentsno difficulty: asa consequence,
however, no two neighborscanbeeatingsimulta-
neously.

÷
ð

ø ó
÷ ó

ø �÷ �

a)dining table

ø
ð

÷
ð÷ ó÷ �

ø �ø óø
ð ù

ðù óù �
b) schematicof ascheduler

Figure 9. Dining philosopher s

To keepthe examplesimple,we considerthecasewith
only threephilosophersusingthetableshown in Figure9a.
We would like to designa device thatschedulesthemeals
for the philosophers.Eachphilosopheris engagedin an
unboundedcycle of thinking followed by eating. When
philosopherú getshungry, shesendssignal

÷Dû
to thesched-

uler, shown in Figure9b. If bothforks
ø û

and
ø ûÁü ó arefree,

theschedulersendssignal
ù û

to philosopherú to inform her
that shecaneat. Whenphilosopherú hasfinisheda meal,
shereleasestheforks. This releaseeventuallyleadsto sig-
nals

ø û
and

ø ûÁü ó to thescheduler, meaningthat forks ú andú õ�ö areno longerin use.Theadditionis modulo ý .
We specify the behavior of the scheduleras a specifi-

cationcompositionof snippets.First we observe that, if a
philosopherbecomeshungry, shewill eventuallyeat. That
is, input

÷�û
mustbefollowedby output

ù û
. Thisobservation

leadsto thefollowing snippetsfor ú �1þX� ö �
ÿ
îp¾ ÷�û oTí ù û k À

Next we turn to theuseof the forks. Eachfork canbeac-
cessedby two philosophers,but only onephilosophermay
useit at any time. Thus,for fork ú , signal

ø û
mustbe fol-

lowedby eithersignal
ù û

or
ù û�� ó . We assumethat initially

all forks areon the table. Theseobservationslead to the
following snippetthatdescribestheusageof fork ú :

îp¾ � ù û k » ù û�� ó k � í ø û o À
Thespecificationof themealscheduleris thespecification
compositionof thesnippetsintroducedabove:

SCH
� îX¾ ÷

ð
oTí ù
ð
k Àê îX¾ ÷ ó oTí ù ó k Àê îX¾ ÷ � oTí ù � k Àê îX¾ � ù

ð
k » ù � k � í ø

ð
o Àê îX¾ � ù

ð
k » ù ó k � í ø ó o Àê îX¾ � ù ó k » ù � k � í ø � o À

Thecompletestategraphfor this specificationcontains64
statesandwould be hardto find without usingthespecifi-
cationcomposition.

11. Dining philosophers: Implementation

Figure10 shows an implementationof the mealsched-
uler consistingof threeSEQUENCERs.We verify this im-
plementationin a few stepsusingthepart-wiserefinement.

S

S
�

�
S

÷ ó÷
ð÷ � ø

ð
ø ó

� ù
ð

ø �

ù óù �

Figure 10. A solution to the dining philoso-
pher s problem

We first introducetheinternalsymbols�
� � , and � in the

specificationof thescheduler:

SCH

ð
� îp¾ ÷

ð
oTí � k í ù

ð
k Àê îp¾ ÷ ó oTí � k í ù ó k Àê îp¾ ÷ � oTí � k í ù � k Àê îp¾ � � k í ù

ð
k » � k í ù � k � í ø

ð
o Àê îp¾ � ù

ð
k » � k í ù ó k � í ø ó o Àê îp¾ � ù ó k » ù � k � í ø � o À



The introductionof symbols� � � and � is basedon the
schematicof the implementationin Figure 10 and effec-
tively forcesanorderin theassignmentof forks to philoso-
phers. The original pecificationSCH, on the otherhand,
doesnot stipulatein which order the forks are assigned.
Without proof we statethat specificationSCH

ð
stipulates

that philosophers
þ

and ö first get assignedtheir left-hand
forksandthentheir right-handforks. Philosopher

ÿ
, on the

otherhand,first getsassignedherright-handfork andthen
her left-handfork. This approachfollows Dijkstra’s solu-
tion [6] of thedining philosophersproblem,wheresuchan
asymmetryin the sequenceof acquiringforks guarantees
theabsenceof deadlock.Thisorderof assignmentcanalso
beinferredfrom Figure10. We have

SCH
� »¿¾ � � � � � �Á� SCH

ð
À » (12)

If theinternalsymbolsin SCH

ð
wouldassigntheforksof

eachphilosopherin the sameorder, then,asdemonstrated
in [6], theresulting“solution” hasapossibilityof deadlock.
Our refinementrelationdetectssuchdeadlocks;thusequal-
ity 12wouldnothold.

Thesnippetsthat form SCH

ð
have thefollowing simple

refinements:

îX¾ ÷
ð
oTí � k í ù

ð
k À7��ä îp¾ ÷

ð
oTí � k À�ê îr¾ � k í ù

ð
k ÀîX¾ ÷ ó oTí � k í ù ó k Àz��ä îp¾ ÷ ó oTí � k À�ê îr¾ � k í ù ó k Àîp¾ ÷ � ocí � k í ù � k À7� ä îX¾ ÷ � oTí � k À�ê î)¾ � k í ù � k ÀîX¾ � � k í ù

ð
k » � k í ù � k � í ø

ð
o Àz� ä îr¾ � � k » � k � í ø

ð
o Àê îr¾ � k í ù

ð
k Àê îr¾ � k í ù � k Àîp¾ � ù

ð
k » � k í ù ó k � í ø ó o À7� ä îr¾ � ù

ð
k » � k � í ø ó o Àê îr¾ � k í ù ó k Àîp¾ � ù ó k » ù � k � í ø � o À7� ä îp¾ � ù ó k » ù � k � í ø � o À

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

SCH
� »¿¾ � � � � � �Á�� î�¾ ÷

ð
oTí � k À�ê îr¾ ÷ � oTí � k Àê îr¾ � � k » � k � í ø

ð
o À�� (SEQ)Ð � î�¾ ÷ ó oTí � k À�ê îr¾ � ocí ù

ð
k Àê îr¾ � ù

ð
k » � k � í ø ó o Àl� (SEQ)Ð � î�¾ � oTí ù ó k À�ê îr¾ � oTí ù � k Àê îr¾ � ù ó k » ù � k � í ø � o Àb� (SEQ)À »

Consequently, the implementationof SCH consistsof
threeSEQUENCERsconnectedasshown in Figure10.

The solution to the dining philosophersproblem pre-
sentedin Figure 10 is just a hardware rendition of Dijk-
stra’s solutionfrom [6]: eachSEQUENCERimplementsa
semaphorethat thephilosophersusein orderto getaccess
to their forks.

Thesolutioncaneasilybegeneralizedto any numberof
philosophers.A flat verificationof suchanimplementation
quickly becomesimpossible,even for a machine,because
of thestateexplosion.Usingpart-wiserefinement,however,
our proof obligationsincreaseonly slightly andcansimply
bedoneby hand.

12. Conclusions

We have presenteda simple formalismfor the specifi-
cationandimplementationof asynchronouscircuits. Three
aspectsof this formalismdeserve specialmention:thedif-
ferencebetweenthenetwork compositionandthespecifica-
tion composition,theformal definitionof snippets,andthe
part-wiserefinementmethod.

Thenetwork compositionmodelsthejoint behavior of a
network of devices,whereeachdevice is representedby a
process.Thespecificationcomposition,on theotherhand,
modelsthe behavior of just one device as a combination
of snippets,whereeachsnippetrepresentsanaspectof the
device’sbehavior. In ourpreviousformalmodels,therewas
nodifferencebetweentheformaldefinitionsof thenetwork
compositionandthespecificationcomposition.Only when
progressconditionscomeinto play, thisdifferenceemerges.

Theusefulnessof thespecificationcompositionbecomes
apparentwhenwespecifycomplex behaviorsthatinvolvea
largedegreeof concurrency. Stategraphsfor suchspecifi-
cationstendto grow quickly andmay becomedifficult to
keeptrack of. It hasbeenour experiencethat individual
snippetstendto remainsmall in size,anda list of snippets
tendsto besmallerandeasierto keeptrackof thanthestate
graphthat representsthe completebehavior. Furthermore,
focusingon small individual aspectsof a complex behav-
ior allows usto gaina betterinsight into theoperationof a
device.

The part-wiserefinementmethodallow us to avoid a
stateexplosion in the verification: Insteadof verifying a
completeimplementation,thepart-wiserefinementmethod
allows usto verify therefinementsof just thesnippetsof a
process.The part-wiserefinementcanbe usedin combi-
nationwith a stepwiserefinement,alsocalledhierarchical
verification. Togetherthey form powerful tools in design
andverification.
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