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Abstract

The Software Architecture Model (SAM) is a general
software architecture model basedon a dual formalism
combiningPetri netsand temporal logic. A SAM model
containsa hierarchical setof compositions,each of which
consistsof a setof components,a setof connectors, anda
setof constraints.Thispaperproposesa formalmethodfor
analyzingSAMmodelsin both element(either component
or connector)level and compositionlevel. Thebasicidea
is to simulatePetri netbehaviors in termsof fair transition
systems. The properties of individual componentsand
connectors are verified either by deductivereasoningor
model checking. The properties of the entire systemis
inferred from the propertiesof its constituents.A detailed
casestudy of an electronic commerce systemshowsour
approach to formally modeling, refining and analyzing
softwarearchitecturemodels.

Keywords: Software architecture, SAM, Petri net,
temporal logic, verification

1 Intr oduction

SAM is a generalsoftware architecturemodel for de-
velopingandanalyzingsoftwarearchitecturespecifications
[14], and has beendevelopedin the past 4 yearsat the
Florida InternationalUniversity. The theoreticalbasisof
SAM is a combinationof two complementaryformal no-
tions: predicatetransitionnets (PrTNs for short) [4] and
lineartimefirst ordertemporallogic [9]. PrTNsareusedto
definethebehavior modelsof componentsandconnectors,
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and temporallogic is usedto specify properties(or con-
straints)of componentsandconnectors.Thesoundmathe-
maticalfoundationof SAM canhelpto detectandeliminate
designerrorsearly in the developmentcycle, avoid costly
fixesat theimplementationstage,andthusto reduceoverall
developmentcostandto increasethequalityof thesystem.

Formalverificationis apromisingwayto ensurethecor-
rectnessof softwareproducts[3]. However, the taskis not
trivial except for toy programs[1]. To ensurethe correct-
nessof largesystems,it’sextremelychallenging.It haslong
beenunderstoodthattheonly hopefor verifyingalargepro-
gramis bydecomposingit intomany smallmodules,andes-
tablishingpropertiesof eachindividual modulewhile con-
sideringtherestof theprocessesasits environment.

Thispaperproposessuchawayto formally analyzesoft-
warearchitecturemodelsin SAM. The basicideafor ele-
mentverificationis to simulatePetrinetbehaviors in terms
of fair transitionsystems.Propertiesof thesystemsarever-
ified eitherby deductivereasoningor modelchecking.The
verification can be done interactively using the Stanford
TemporalProver tools (STeP) [8]. For compositionlevel,
we infer propertiesof the entireprogramfrom the proper-
ties of its constituents.The methodaccordswell with the
SAM methodologyfor softwarearchitecturemodelingand
development.

The restof the paperareorganizedasfollows: Section
2 givesa brief introductionto SAM andits theoreticalba-
sis. Section3 proposesour verificationmethod.Section4
presentsa detailedcasestudy which shows how to apply
our methodto formally modeling, refining and analyzing
softwarearchitecturemodels.Section5 is theconclusion.

2 The basisof SAM

In SAM, a softwarearchitectureis definedby a hierar-
chicalsetof compositions,in whicheachcompositioncon-
sistsof a setof components,a setof connectors,anda set



of constrainsto besatisfiedby the interactingcomponents.
All of componentsandconnectorsaredescribedby a dual
formalismof PrTNsandtemporallogic. In this paper, we
usethe conventionsin [6] for PrTNs,andthe conventions
in [9] for temporallogic.

2.1 The PrTNs

A PrTN consistsof (1) a finite net structure( � , � , 	�
 ,
(2) an algebraicspecificationSPEC, and(3) a net inscrip-
tion ( � , 
 , � , ����
 . ( � , � , 	�
 is theessentialnetstructure,
where ����� is the set of nodessatisfyingthe condition��������� . � is calledthesetof places(graphicallyrep-
resentedby circles) and � is called the set of transitions
(representedby boxes). 	 is thesetof arcsandis calledthe
flowrelationsatisfyingthecondition: 	������ �!�"��� � .

ThealgebraicspecificationSPECis a meta-languageto
definethe tokens, labels,and constraintsof a PrTN. The
underlyingspecificationSPEC= ( # , OP, Eq) consistsof a
signatureS = ( # , OP) anda setEq of S-equations.Signa-
tureS = ( # , OP) includesasetof sorts # anda family OP=
(OP$&%('*)*)*)*' $,+-' $.
 of sortedoperationsfor /�% , ..., /0+ , /213# . For
each/413# , we useCON$ to denoteOP ' $ (the0-aryopera-
tion of sort /�
 , i.e. thesetof constantsymbolsof sort / . The
S-equationsin Eqdefinethemeaningsandpropertiesof op-
erationsin OP. Weoftensimplyusefamiliaroperationsand
their propertieswithout explicitly listing therelevantequa-
tions.

Tokensof a PrTN aregroundtermsof the signatureS,
writtenMCON5 . Thesetof labelsisdenotedbyLabel57698:

( 8 is thesetof sortedvariablesdisjoint with OP). Eachla-
bel canbea multiple setexpressionof the form ;�<=%(>?% , ...,<@+=>A+CB . Constraintsof a PrTN are a subsetof first order
logic formulas(wherethe domainsof quantifiersarefinite
andany freevariablein a constraintappearsin thelabelof
someconnectingarcof the transition),andthusareessen-
tially propositionallogic formulas.Thesubsetof first order
logical formulascontainsthe S-termsof sort bool over 8 ,
denotedasTermDFE ' GIH&HKJ 6L8M
 .

Thenetinscription( � , 
 , � , �!�0
 associateseachgraph-
ical symbolof the net structure( � , � , 	�
 with an entity
in SPEC, andthusdefinesthe staticsemanticsof a PrTN.
Eachplacein aPrTNis adatastructureandacomponentof
theoverall systemstate.Thesortof eachplace(a member
of # in SPEC) definesits valid values,i.e. propertokens.
Therefore,we associateeachplaceN in � with a subsetof
sortsin # , andgive the sort assignment� : �PORQS6T#U
 .
Mapping 
 : 	VO Label5 6L8M
 is a sort-respectinglabeling
of thePrTN. Mapping � : ��O TermDFE ' GIH&HKJ 698:
 is a well-
definedconstrainingmappingof N, which associateseach
transition W in � with a first orderlogic formuladefinedin
theunderlyingalgebraicspecification.

A marking � of a PrTN is a mapping, �XO MCON5 ,

fromthesetof placesto multi-setsof tokens.An occurrence
modeof aPrTN is asubstitutionYM�Z;0>C%\[^]_%a`cb_bcbc`&>d+e[] + B , which instantiatestypedlabelvariables.We use fhgiY
to denotetheresultof instantiatinganexpressionf with Y ,
in which f canbeeithera labelexpressionor a constraint.
Givena marking � , a transition W21j� , andanoccurrence
modeY , W is enabledif thefollowing conditionis satisfied:k N�glNm1��nbo6T
p6qNF`KWK
\g@Yj�r�M6qNA
K
Fs��t69WK
ug@Y

The firing of an enabledtransition W at marking � and
occurrencemode Y returns the marking ��v defined by�!vw6xNC
y�P�M6qNA
{z�
{6xNF`&WK
\|Z
p69W}`9NA
 , for all N~1�� . We
call ��v the W -successorof � , denotedby �!W,��v . A run �
for PrTN � in initial mark ��� is an infinite sequenceof
markings: ��� ����`K�3%�`&�!�@`cbcb_b , for eachpair of mark-
ings 69�!�&`K������%c
 , thereis anenabledtransition W�� suchthat� � W � � �o��% .

Given a PrTN � andan initial marking � � , we define
thecomputationof � with the initial marking � � to bethe
set of all possibleruns. We use �4����N�6L�F
 to denotethe
computationof aPrTN � .

An example (the dining philosophers) Figure1 shows
aPrTNwhich modelsthewell-known diningphilosophers’
problem.
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Figure1. A PrTNmodelof thediningphilosophers

Therearethreeplaces( Think, Chopstick andEat) and
two transitions(Pickup andPutdown) in the PrTN. In the
underlyingspecificationSPEC= ( # , OP, Eq), where # in-
cludeselementarysortssuchas Integer andBoolean,and
alsosortsPHIL andCHOPderivedfrom Integer. # alsoin-
cludesstructuredsortssuchassetandtupleobtainedfrom
theCartesianproductof theelementarysorts;OP includes
standardarithmetic and relational operationson Integer,
logical connectiveson Boolean,setoperations,andselec-
tion operationon tuples;andEq includesknown properties
of theaboveoperators.

Thenetinscription( � , 
 , � , � � 
 is asfollows:

� Sortsof places:

� (Think) = Q (PHIL),



� (Eat)= Q (PHIL � CHOP� CHOP),

� (Chopstick)= Q (CHOP)

� Arc definitions:


 (f1) = ; phB , 
 (f2) = ;�� ch1,ch2�4B ,

 (f3) = ;�� ph,ch1,ch2�4B , 
 (f4) = ;�� ph,ch1,ch2�4B ,

 (f5) = ; phB , 
 (f6) = ;�� ch1,ch2�4B

� Constraintsof transitions:

� (Pickup)= (ph= ch1) s (ch2= ph � 1),

� (Putdown) = true

� Theinitial marking � � is definedasfollows:

��� (Think) = ; 1, 2, ..., K B , �!� (Eat) = ;�B ,��� (Chopstick)= ; 1, 2, ...,K B .
2.2 Temporal logic

Therequirementspecificationlanguageis linear tempo-
ral logic (LTL). A temporal formula is constructedout of
stateformulasto which we apply the booleanconnectives
andtemporaloperators.Futuretemporaloperatorsinclude�

(always), � (wait-for), � (eventually), � (next), and �
(until). Pastoperatorsinclude � (previously), � (so-far), � z
(once),and � (since).We write NM���Z� asanabbreviation
of
� 6xN�O���
 . A pastformula is onethatcontainsno future

temporaloperators.
A modelfor a temporalformula N is aninfinite sequence

of states�rg /_�@`(/�%a`cb_bcb , whereeachstate/}¡ providesanin-
terpretationfor thevariablesmentionedin N . Thesemantics
of a temporalformula N in a givenmodel � andposition ¢
is denotedby 6T�C`w¢=
¤£ �¥N . For example,
� For a stateformula N , 6T�C`w¢=
¤£ �¥N§¦ /l¡"£ �jN
� 69�C`I¢�
p£ � � N§¦ 6T�C`K¨�
¤£ �¥N for all ¨U©¥¢
� 69�C`I¢�
p£ �ª�nN«¦ 69�C`&¨,
p£ �jN for somë¬©�¢
A model �Vg\/_��`./a%�`_bcbcb satisfiesa temporalformula if69�C`&­�
�£ ��N . A temporalformula N that is valid over a pro-

gram � specifiesapropertyof � , i.e.,statesaconditionthat
is satisfiedby all computationsof � .

SinceLTL is anextensionof first-orderlogic, thededuc-
tive systemfor LTL includesaxiomsandrules from first-
order logic, as well as thoseaxiomsand rules specificto
temporaloperators.Typical rulesinclude:
� Modusponens:NF`TN�O^�4®��
� Chain: N�O����=`&�{O¯�4°±®"N�O��2°

Theinterestedreaderis referredto [9, 10] for detailedpre-
sentationof temporallogic andverificationtechniques.

Two importantclassesof propertiesare: safetyand re-
sponse.

� Safetypropertiesarethosethatcanbeexpressedby a
formula

� N , for somepastformula ² .

� Responsepropertiesarethosethatcanbeexpressedby
a formula N����³�2� , for somepastformula N and � .

The example (continued) For the dining philosophers,
thefollowing propertiesareof interest:

� MutualExclusion1:k NC´!1y;�µ@`_bcbcbc`&¶¥B�b �n· 6��:NA´F` �21�¸�¹�Wsº�:NC´"�³µ�` �21!¸�¹�WK

� Response:k NC´!1y;�µ@`_bcbcbc`&¶¥B�b*�e6��mNC´7` �21�¸�¹�WK


2.3 SAM modelsand their correctness

Formally, a software architecturemodel in SAM con-
sistsof a setof compositions�»�¼;a� % `.� � `cb_bcbl`(�u½=B and
ahierarchicalmappinǵ relatingcompositions.Eachcom-
position �¬�¾�¿;��uÀnÁ(`.�u+�Á}`(�n5aÁ(B consistsof a set �¬ÀnÁ of
components,a setof �u+�Á of connectors,anda set �n5aÁ of
compositionsconstraints.An element�u��Â¤��6w#?�qÂa`.Ã{��Â_
 , ei-
thera componentor a connector, in a composition�u� hasa
propertyspecification#?��Â (a temporallogic formula)anda
behavior model Ã{��Â (a PrTN).Eachcompositionconstraint
in �n5aÁ is alsodefinedby a temporallogic formula. Thein-
terfaceof a behavior model Ã{��Â consistsof a setof places
(called ports) that is the interactionamongrelevant com-
ponentsand connectors. Eachpropertyspecification# � Â
only usesthe ports as its atomic predicatesthat are true
in a given marking if they containappropriatetokens. A
compositionconstraintis definedas a propertyspecifica-
tion. However, it oftencontainsportsbelongingto multiple
componentsand/orconnectors.A component�u��Â canbe
refinedinto a lower-level composition�UÄ , which is defined
by ´F6w�¬��Â_
Å���UÄ .

The correctnessof a SAM model is definedby the fol-
lowing criteria[7]:

� ElementCorrectness: The propertyspecification# � Â
holds in the correspondingbehavior model Ã±�qÂ , i.e.Ã±�qÂj£ ��#?�qÂ . Note we use Ã±��Â hereto denotethe set
of behaviorsor executionsequencesdefinedby Ã{��Â ;

� CompositionCorrectness: Theconjunctionof all con-
straintsin �n5aÁ of �u� is implied by the the conjunc-
tion of all the propertyspecification#7�qÂ of �u��Â , i.e.Æ # � ÂÇ® Æ � 5 Á . An alternative weaker but accept-
ablecriterion is that theconjunctionof all constraints
in � 5 Á holds in the integratedbehavior model Ã � of
composition� � , i.e. Ã � £ � Æ � 5 Á .

1Thenotation È�É�Ê=Ë Ì denotesa tuple,whosefirst elementis É�Ê and
theremainingelements,if any, arenot interesting.



� RefinementCorrectness: The property specification#?��Â of a component�u�qÂ is implied by thecomposition
constraints� $IÍ of its refinement� Ä with � Ä �Ç´�6T� � Â0
 ,
i.e.
Æ � $�Î ®�# � Â . An alternativeweakerbut acceptable

criterionis that # � Â holdsin the integratedlower level
behavior model Ã Ä of � Ä , i.e. Ã Ä £ ��# � Â .

Thesecorrectnesscriteriaaretheverificationrequirements
of SAM models.In thenext sections,wewill show how el-
ementcorrectnessandcompositioncorrectnessareverified.
Refinementcorrectnessis outof thescopeof thispaperand
will betreatedelsewhere.

3 Formal analysisof SAM models

3.1 Fair transition systems

Our analysismethodis basedon STeP. In STeP, specifi-
cationsaregivenin linear-time temporallogic asdescribed
in Section2.2. Reactivesystemsarebasicallyexpressedby
fair transitionsystems(FTSfor short). We assumethatall
variablesthatdescribestatesof programsor thatappearin
formulasspecifyingpropertiesof programsaretaken from
theuniversalsetof variablesÏ . For each>y1mÏ , its primed
version >Av is alsoin Ï . To expressthesyntaxof anFTS,we
assumean underlyingfirst-orderlanguageover Ï . We de-
fine a states to beaninterpretationof Ï , assigningto each
variable Ð�1:Ï a value /�Ñ Ð Ò over its domain.We denotebyÓ

thesetof all states.
An FTS �ÕÔU`(Ö�`&×e`.Ø�`KÙ�� is definedby the following

components:
� ÔX�X;_Ð7%0`cb_bcbc`&ÐA+dBy�ÚÏ : A finite setof systemvari-

ables.

� Ö : The initial condition.

� × : A finite setof transitions. EachtransitionÛ�1m× is
a function Û�g Ó OÝÜ�ÞS`
mappingeachstate /�1 Ó into a (possiblyempty)set
of statesÛ76w/�
e� Ó . Eachstatein Û76T/�
 is calleda Û -
successorof s.
We saythatthetransitionÛ is enabledon thestates ifÛ76T/�
±ß��� . Otherwise,we saythat Û is disabledon s.

� Øà��× : A setof just transitions.

� Ùy�á× : A setof compassionatetransitions.

Each transition Ûâ1ã× is representedby a first-order
formula ä�åi6wÔÅ`(Ô�væ
 , called the transition relation. Thus,
the state /0v is a Û -successorof the state / if the formulaä�åi6wÔÅ`(Ô�vç
 evaluatesto true. The enablednessof the tran-
sition Û can be expressedby the formula ¸2èÅ69Û 
:gnéiÔ"v gä å 6wÔÅ`(Ô�vç
 .

Let � beanFTS for which the above componentshave
beenidentified. We definea computationof � to bean in-
finite sequenceof Ï -states�¥gi/ � `(/ % `./ � `cbcb_bc` satisfyingthe
following requirements:

� Initiation: /_� is initial, i.e., /_�"£ �ªÖ .

� Consecution:For each¢!��­i`_µ@`_bcbcb}` thestate/ ¡&��% is
a Û -successorof the state / ¡ , i.e., / ¡&��% 1ZÛ76T/ ¡ 
 , for
someÛ�1�× .

� Justice: For each Û�1�Ø it is not the casethat Û is
continuallyenabledbeyondsomepoint in � but taken
at only finitely many positionsin � .

� Compassion:For eachÛ!1�Ù it is not thecasethat Û is
enabledon infinitely many statesin � but takenatonly
finitely many positionsin � .

For a system� , we denoteby �4��� N�6æ�n
 thesetof all com-
putationof � .

3.2 From PrTNs to FTS models

Given a PrTN �V�«6Têm`.#CNAf�]a`&ë�èF/�
 as definedin sec-
tion 2.1, we define a correspondingFTS by �Fìí���ÔÅ`}Ö�`&×h`(Ø�`�ÙM� , where

� Thesetof local variables:Ôî�ï;_ð0ñ�£&N�1�� B .
� Initial conditions:

Ö��¯òñaó E 6Lð ñ �á� � 6qNA
K


� For every transition t in � and every Y in the set
of occurrencemodes Yô# , there is a corresponding
transition Ûlõ ' ö , whosetransitionrelationis definedas

ä å�÷Lø ù�úcûIü�^69f0èÅ69Û õ ' ö 
ÅOPýô6LÛ õ ' öd
K
 , where

f0èÅ6LÛlõ ' ö 
Å��� 69WK
ug@Y�s òñaó E 69ð ñ þ 
{6xN�`KWK
ug@Yô


ýô6LÛ õ ' öA
Å�Pòñ�ó E 6Lð vñ �Çð0ñ±z�
p6qNF`&WK
Ug�Y�|º
p6LW}`TNA
ug@Yô

The set of all possibletransitions ×ÿ� ;0Û õ ' ö³£CWj1�¥s�Yº1!Yô#uB

� Weakfairness:Ø~�Ç×
� Strongfairness:Ùm�Ç�



Reducing label substitutions Therecould be many re-
dundanttransitionsin the resultingFTS, i.e. thesetran-
sitionsnever occurdue to the label constrainsof a PrTN.
Consequently, the label constraintscansometimesreduce
the numberof transitionsin largescale.We usuallyapply
the label constraintsto reducingtransitionsbeforesetting
aboutformal specificationandverificationof themodels.

Theorem1 (Soundnessof the transformation) Given a
PrTN � , suppose� ì ����ÔU`(Ö�`.×h`.Øm`�Ù�� be the FTSob-
tainedfrom � usingtheabovetransformationrules.

� For any run � � ����`K�3%�`K����`_bcb_b�1 �4��� N�69�F
 ,k ð0ñ�1XÔU`K¨r1 ê , let /0�&69ð0ñ@
r� ���&6qNA
 , then �?v��/ � `./ % `./ � `_bcbcb 1��4��� N�6w#?ì 

� For any state sequence � � /_�@`(/�%a`./0��`_bcb_b§1�4����N�6T# ì 
 , k NM1:�n`&¨p1:ê , let �!�.6xNC
¤�ï/0�&69ð0ñ@
 , then�?vd�Ç� � `K� % `K� � `_bcb_bi1��4��� N�69�F


Proof: (1) Suppose�:������`K�3%�`&�!�@`cb_bcbA1M�4��� N�6L�F
 . Let
thecorrespondingtransitionsequencebe W,�cW&%(W��Ubcb_b , andoc-
currencemodelsbe YF��`&YS%�`&Y���`_bcb_b . By definition, the fol-
lowing predicateholds:k ¨S1�ê3` k N�1��nbo69�!�(6qNA
 þ 
p6xN�`KWK
ug@Y��T
Fs:6T�t6LW��I
ug@Y��I
sM6L������%p�³���K6qNA
ôz�
p6qNF`KWK
ug�Y��d|º
p69W}`9NC
ug@Y��I

Because

k ð0ñ:1ÇÔÅ`(/c��6Lð0ñ�
"�V�!��6xNC
 , we get /_�:£ � Ö . For
each ¨³1�ê , 6T/ � `./ ����% 
ª£ � ÛlõLÁ ' ö Á holds. Consequently,/ � / % / � bcb_b is a run of #?ì and the correspondingtransi-
tion sequenceis Ûlõ � ' ö � Ûcõ�� ' ö �.Ûlõ�� ' ö �@`cb_bcb . Therefore �?v��/ � `./ % `(/ � `cb_bcbi1m�4��� N�6T#7ì 
 .

(2) Suppose��� / � `./ % `(/ � `cb_bcbu1��4����N�6T#?ìd
 . Let the
correspondingtransitionsequencebe Ûcõ � ' ö � Ûlõ�� ' ö �}Ûlõ�� ' ö ��`_bcb_b .
So � � 1^Ñ � � � follows from the definition of � � andÛlõLÁ ' ö Á . Consequently, �?vn��� � `K� % `&� � `cbcb_bU1��4��� N�69�F
 .�

The example (continued) Section 2.1 gives a PrTN
model of the dining philosophers. By applying the
above rules, we can obtain a correspondingFTS � ���ÔÅ`}Ö�`&×t`.Ø3`�Ùy� , where

� Ôî�ª;0WK´i¨IèF<C`.]c´ �(NC/_W,¨I]_<C`&f�¹�W(B
� Ö���6LWK´ ¨IèF< �ï;�µ�`.Ü-`_bcb_b}`&¶¥Ba
?sy6Tf�¹�WÅ�ï;pB�
sy6T]c´d�(NA/_W,¨,]c<h�ª;�µ�`.Üi`cbcb_b}`&¶jB�

� Usingthereductionstrategy for occurrencemode,we

get Yô#¥�Z;��yNC´7`.]c´ % `&]c´ � ���O³��µ@`_µ@`.Ü��2`�MNA´F`&]c´ % `.]c´ � ���OÇ��Üi`.Üi` � �2`bcbcb�MNA´F`&]c´C%0`.]c´ �4��� OÇ�r¶y`&¶y`cµ4�4B×���;_ä@ñc�
	 ½�� ñeg=YU`&ä�ñ �0õ�
 H��?+�g=Yj£�Yr1yYô#uB , ä�ñc��	 ½�� ñ is

definedas f0èÅ6xNd¨I]_<=Ð�NC
SOÝýô6xNd¨I]_<=Ð�NC
 where:f0èÅ6qN ¨,]c<=Ð�NA
S�ï69WK´i¨IèF< þ ;.NA´7B�
s:69]c´d�(NA/_W,¨,]c< þ ;�]c´ % `&]c´ � Ba
ýô6qN ¨,]c<=Ð�NA
S�î6LWK´ ¨wèF<ivd�³WK´ ¨IèF<�zr;&NC´?Ba
s:69]c´d�(NA/_W,¨,]c< v ��]c´d�(NA/_W,¨,]c<"zº;�]c´ % `&]c´ � Ba
s:69f�¹�W�vA�³f�¹�W?�3;��yNC´7`.]c´ % `&]c´ � �4B�

and ä�ñ �0õ�
 H��?+ is defined as f0èÅ6xN ÐAW������¤èF
 Oýô6xNdÐdW������¤èF
 where:f0èÅ6qN ÐAW������¤èF
Å��69f�¹�W þ ;��yNA´F`&]_´A%0`.]c´d�4�4B�
ýô6qN ÐAW������pèF
U�ï6Tf0¹�W�vd��f�¹�W�zr;��:NA´F`&]c´ % `.]c´ � �4Ba
s:6LWK´ ¨wèF<ivd�³WK´ ¨IèF<{�y;.NA´7B�
s:69]c´d�(NA/_W,¨,]c<-vd��]c´d�(NA/_W,¨,]c<±�3;�]c´ % `&]c´ � Ba


3.3 Verification methodbasedon STeP

Our verificationmethodis closelyrelatedto the hierar-
chical structureof SAM models. In the compositionlevel,
propertiesof componentsandconnectors,aswell astheen-
tire system,arespecifiedby temporallogic formulas. De-
ductive verificationis mostsuitablefor deriving properties
of theentiresystemfrom thepropertiesof its constituents.
For element(eithercomponentor connector)analysis,we
transformPrTNsinto FTS modelsbeforeSTePis resorted
to.

A verificationsessionin STePbeginsby loadinga pro-
gramor transitionsystemthat describesthe systemof in-
terestandenteringa temporal-logicformulathatexpresses
oneor morepropertiesto beproved.Theformulabecomes
theroot goalof a proof tree.Verificationcanbeperformed
by themodelcheckeror by deductivemeans.

Thebasicverificationrule for safetypropertiesis INV:

ÖªO NF`�;&NFB0× ;.N7B� N
By applying a suitablerule, a proof goal is reducedto a
few first-orderverificationconditionsor simpler temporal
formulas,whosecorrectnessis usuallyeasierto establish.

4 Software architecture analysis: a case
study

4.1 An electronic commercesystem

The electronic commercesystem(ECS ) is a highly
distributed WWW-based application [5]. In the ECS
problem,therearecustomersandsuppliers.Eachcustomer
has a contract with a supplier for purchasesfrom that
supplier, as well as one or more bank accountsthrough
which paymentsto supplierscanbe made. Eachsupplier
provides a catalog of items, acceptscustomer orders,
and maintainsaccountswith eachcustomerfor receiving
payment.The ECSsystemcanbe conceptuallyillustrated



asaPrTN in Figure2.
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Figure2. A PrTNmodelof theECS

In the ECSproblem,thereare4 components:supplier,
customer, catalog, and bank. The interfaces of these
componentsarea setof ports(places).Thereare6 simple
connectors,which connectthesecomponents.Thearcsare
labeledwith variablesor tuplesof variables.The intuitive
meaningof thesevariablesaregivenin Table1.

Table1. Variablesin Figure2
Variable Description

cid Customer’s identity
fd Fundof a deal
it Item number
os Orderstatus
qs Querystatus
qt Quantityof items
sid Supplier’s identity
up Unit price

Each placehas its type. The basic types include Int,
Bool, Item, UnitPrice,SupplierID,CustomerID.Actually,
the label of eacharc indicatesthe type of the correspond-
ing place. For example,the label of the arc from p102 is� ¨wW}`&Ð�N�`./_¨���� , which indicatesthat the type of p102 isQô6Të@W�f0�����±è?¨IW��4°�¨I]cf¤�h#ôÐ�N�N��9¨If0°aë��¾
 . Placesp101,p104,
p115are usedto denotethe supplier’s inventory, the cus-
tomer’sbuy list, andthebank’s transactionrecords,respec-
tively.

4.2 Requirementspecification

Onerequirementof theECSsystemis:
If the supplierhasproductswhich meetthe customer’s

needs,thedealwill bemade.
Therequirementcanbespecifiedby thefollowing tem-

porallogic formula:
Req:

k ¨IW¬g � 6K�r¨IW}`&��W}µ�` �21�N�µ_­iµÅs��¨wW}`.��WKÜ-` �21 NFµ_­��¤s¾��W}µ2©á��WKÜO��h6K�º¨IW}` �21�N�µ@µ! �
K


The propertiesof componentsand connectorsare also
specifiedastemporallogic formulas.
(1) Thesupplier� Thesupplierwill advertiseproductsin thecatalog.

S1:
k ¨IWUg � 6���¨IW}` �21�N�µ_­iµ¤O��e6��º¨IW}` �21 NFµ_­�Ü@
&


� Thesupplierwill confirmtheorderandprovide order
statusto thecustomer.
S2:

k ¨IWUg � 6w�e6��º¨IW}`.��W}µ@` �21�N�µ_­ µ0
Cs�e6��º¨IW}`.��WKÜ-` �21�N�µ@µ0­�
Cs!��W}µ±©á��WKÜOP�h6��r¨IW}` `KW,°�ÐCf��21 NFµ@µ�µ0
&

(2) Thecustomer� The customerwill submit requestto catalogfor the

interestedproducts.
C1:

k ¨IWUg � 6���¨IW}` �21�N�µ_­"��O��e6��º¨IW}` �21 NFµ_­� @
&

� The customerwill order the productif it satisfieshis

needs.
C2:

k ¨IWUg � 6w�e6��º¨IW}`.��W}` �21�N�µ_­"�=
Cs�e6��º¨IW}` `&W,°�ÐAf"�21�N�µ_­�#�
OP�h6��r¨IW}`&��W}` �21�N�µ_­%$�
K

� Oncethe merchandiseis received, the customerwill

confirmthepayment.
C3:

k ¨IWUg � 6���¨IW}` `KW,°�ÐCf2�21 NFµ@µ�ÜOP�h6��r¨IW}` �21 NFµ�µ � 
K

(3) Thecatalog� Customer’squerywill beproperlyanswered.

Ca:
k ¨IWUg � 6w����¨wW}` �21 NFµ0­ � sm�î�r¨IW}` �21�N�µ_­�&O��e6��j¨IW}` `&W,°�ÐAf"�21"NFµ0­�'@
K


(4) Thebank� Operationfunds will be transferredupon customer’s
confirmation.
Ba:

k ¨IWUg � 6���¨IW}` �21�N�µ@µ(��O��e6��º¨IW}` �21 NFµ@µ� @
&

(5) Theconnectors:Eachconnectoractssimply asa pipe.� T101: k ¨IWÅg � 6K�r¨IW}` �21�N�µ_­�ÜO��h6K�j¨IW}` �21�N�µ_­ � 
K

� T102: k ¨IWÅg � 6K�r¨IW}` �21�N�µ_­� O��h6K�j¨IW}` �21�N�µ_­�&�
K

� T103: k ¨IWÅg � 6K�r¨IW}` �21�N�µ_­)'O��h6K�j¨IW}` �21�N�µ_­�#�
K

� T104: k ¨IWÅg � 6K�r¨IW}` �21�N�µ_­%$O��h6K�j¨IW}` �21�N�µ@µ_­�
K

� T105: k ¨IWÅg � 6K�r¨IW}` �21�N�µ@µ�µO��h6K�j¨IW}` �21�N�µ@µ0Ü�
K

� T106: k ¨IWÅg � 6K�r¨IW}` �21�N�µ@µ �O��h6K�j¨IW}` �21�N�µ@µ(�=
K




4.3 Refinementand analysisof components

Figure 3 shows a PrTN model of one component,the
supplier, which is a refinementof thatin Figure2.
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Figure3. Thesupplier

Theonly local variablein Figure3 which did not appear
beforeis oid, who actsthe role of order trackingnumber.
Theintuitivefunctionalityof transitionsis givenin Table2.

Table2. Transitionsin Figure3
Transition Functionality

t201 Adervertizingproducts
t202 AddinganID numberto eachorder
t203 Checkingtheinventory
t204 Maintainingtheinventory
t205 Deliveringtheorder

Using the transformationrulesin Section3.2, thePrTN
modelcansystematicallytransformedinto anFTSmodel.

Supposetherearethreekinds of itemsin the inventory
andtwo orderrequestssubmitted.Propertiesof thesupplier
codedin STePlike following:
SPEC

PROPERTY S1: Forall i:[1..3].

( * 2 p101[i]>0

--> <>( * 2 p102[i]= true))

PROPERTY S2: Forall i:[1..2].

((<>( * 2 p110[i]>0)

/ + <>( * 2 p110[i]>0)

/ + ( * 2 p110[i]<= * 2 p101[i]) )

--> <> ( * 2 p111[i]> 0

/ +,* 3 p111[i]= true))

After loadingboth of the FTS model and the property
specifications,we arereadyto verify thecorrectnessof the
system.Becausethesystemis finite state,bothof theabove
propertiesareeasilyestablishedusing“ModelChecker” of
STeP. The other modelsof componentsare illustrated in
Figure4-6. Their specificationandverificationaresimilar
to thoseof theSupplierandomitted.
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4.4 Analysis of compositioncorrectness

Compositioncorrectnessof the ECS is ensuredby the
constraintsof the componentsand connectors.Formally,

Let - ú_ûIü�¼; S1,S2,C1, C2, C3, Ca,Ba, T101,T102,T103,
T104,T105,T106 B . Wecanshow -y®��4f�� . Thefollowing
is a proofoutline.
(1) .0/2143�5�14673 8:9<;�=�>�=@?BAC.D/21�3 8:9�;E=�>!F (S1)
(2) .0/2143 8:9<;E=7>�F:?GA,.0/2143 8:9<;�=�>!H (T101)
(3) .0/2143�5�14673 8:9<;�=�>�=@?BAC.D/21�3 8:9�;E=�>IH (TL(1),(2)) 2

(4) .0/2143�5�1�J(3 8:9<;�=�>IKL?BAC.D/21�3 8:9�;E=�>!M (C1)
(5) .0/2143 8:9<;E=7>�M:?GA,.0/2143 8:9<;�=�>!N (T102)
(6) .0/2143�5�1�J(3 8:9<;�=�>IKL?BAC.D/21�3 8:9�;E=�>IN (TL(4),(5))
(7) .0/2143�5�14673 8:9<;�=�>�=�OP.0/2143�5�1�JI3 8:9�;E=�>(K

?BAC.D/21�3 8:9�;E=�>IH@OQAC.D/21�3 8:9�;E=�>IN (TL(3),(6))
(8) A,.0/2143 8:9�;E=7>!HROSAC.0/2143 8:9T;E=7>!N

?BAC.D/21�3 3U1WV(XZY[8:9�;E=7>�\ (Ca)
(9) .0/2143�5�1 6 3 8:9<;�=�>�=�OP.0/2143�5�1 J 3 8:9�;E=�>(K

?BAC.D/21�3 3U1WV(XZY[8:9�;E=7>�\ (TL(7),(8))
(10) .D/21�3 8:9<;E=�>!\:?]AC.0/�1�3 8:9�;E=7>!^ (T103)
(11) .D/21�3�5(1 6 3 8:9�;E=7>�=�O_.0/�1�3�5(1 J 3 8:9T;E=7>IK

?BAC.D/21�3 3U1WV(XZY[8:9�;E=7>!^ (TL(9),(10))
(12) A`.0/2143 3W1UVIX)Y[8:9�;E=�>(K@O

A`.0/2143W5(1�J(3 8:9�;E=�>I^
?BAC.D/21�3�5(1�JI3 8:9�;E=7>!a (C2)

(13) .D/21�3�5(1�6�3 8:9�;E=7>�=�O_.0/�1�3�5(1�J(3 8:9T;E=7>IK
?BAC.D/21�3�5(1�JI3 8:9�;E=7>!a (TL(11),(12))

(14) .D/21�3�5(1�JI3 8:9�;E=7>!a[?]AC.0/2143�5�1�JI3 8:9�;E=!=7> (T104)

2The notation“TL(1),(2)” denotesthat the currentformula is derived
from formulas(1) and(2) usingtemporallogic proof rules.



(15).D/21�3�5(1 6 3 8:9�;E=7>�=�O_.b/21�3�5(1 J 3 8:9T;E=7>IK
?]AC.0/�1�3�5�1 J 3 8:9<;E=I=�> (TL(13),(14))

(16) A,.b/21�3�5(1�673 8:9T;E=7>�=cO
A,.0/�1�3�5(1�J(3 8:9T;E=I=�>dOQ5�146fe05�1�J
?]AC.0/�1�3�5�1�J(3 3�1WV(XZYg8:9T;�=!=!= (S2)

(17) .0/�1�3�5�14673 8:9<;E=7>�=hO
.D/21�3�5(1�JI3 8:9�;E=7>IK@Oi5�146de05(1�J
?]AC.0/�1�3�5�1�J(3 3�1WV(XZYg8:9T;�=!=!= (TL(15),(16))

(18) .0/�1�3�5�1�J(3 3W1UVIXZY:8:9�;E=!=I=
?]AC.0/�1�3�5�1�J(3 3�1WV(XZYg8:9T;�=!=�F (T105)

(19) .0/�1�3�5�1 6 3 8:9<;E=7>�=hO
.D/21�3�5(1 J 3 8:9�;E=7>IK@Oi5�1 6 e05(1 J
?]AC.0/�1�3�5�1 J 3 3�1WV(XZYg8:9T;�=!=�F (TL(17),(18))

(20) .0/�1�3�5�1 J 3 3W1UVIXZY:8:9�;E=!=�F
?]AC.0/�1�3 8:9<;E=!=7H (C3)

(21) .0/�1�3�5�14673 8:9<;E=7>�=hO
.D/21�3�5(1�JI3 8:9�;E=7>IK@Oi5�146de05(1�J
?]AC.0/�1�3 8:9<;E=!=7H (TL(19),(20))

(22) .0/�1�3 8:9�;E=I=�HL?]A,.0/2143 8:9<;E=I=7K (T106)
(23) .0/�1�3�5�14673 8:9<;E=7>�=hO

.D/21�3�5(1�JI3 8:9�;E=7>IK@Oi5�146de05(1�J
?]AC.0/�1�3 8:9<;E=!=4K (TL(21),(22))

(24) .0/�1�3 8:9�;E=I=7K�?]A,.0/2143 8:9<;E=I=�M (Ba)
(25) .0/�1�3�5�1 6 3 8:9<;E=7>�=hO

.D/21�3�5(1 J 3 8:9�;E=7>IK@Oi5�1 6 e05(1 J
?]AC.0/�1�3 8:9<;E=!=�M (TL(23),(24))

Formula (25) is exactly the requirement of the ECS
examplewe want to establish. As we can see,the entire
proof is quitestraightforward. We mainly usethetemporal
rules‘chain’ and‘modusponens’in theproof.

5 Conclusion

Thispaperproposesa formalmethodfor analyzingsoft-
ware architecturemodels in SAM. The propertiesof in-
dividual componentsandconnectorsareverified eitherby
deductive reasoningor modelchecking. The propertiesof
theentiresystemis inferredfrom thepropertiesof its con-
stituentsby deductive reasoning.Our verificationmethod
is basedon the STeP. In contrastto SMV [11], STePsup-
ports first-orderreasoningin addition to model checking,
which fits our needswell. However, we only used‘Mod-
elChecker’ of STePin this case,for STePdoesnot directly
supporttemporalrulessuchas‘chain’. Our methoddiffers
from themodularproofproposedin [2]. Althoughthemod-
ular proof hassomeadvantages,it dependson the parallel
combinationof modules,which canleadto stateexplosion.

Software architectureand architecturedescriptionlan-
guages(ADLs) have recentlybecomeareasof intensere-
searchin softwareengineeringsociety[13]. Architectural
descriptionsareoften intendedto modellarge,distributed,
concurrentsystems.Theability to evaluatethepropertiesof

suchsystemsupstreamcansubstantiallylessenthe costof
any errors.Architecturelevel analysiscanbenefitsfrom the
specialcharacteristicsof ADLs, whichwill hopefullymake
the taskeasier[12]. Extractionof thesecharacteristicsof
ADLs, especiallyfor SAM, is one of our future research
interests.
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