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Abstract

The Softwae Architectue Model (SAM) is a geneal
softwae architecture model basedon a dual formalism
combiningPetri netsand tempoal logic. A SAM model
containsa hierarchical setof compositionsead of which
consistsof a setof componentsa setof connectos, and a
setof constaints. Thispaperproposes formal methodfor
analyzingSAMmodelsin both element(either component
or connector)level and compositionevel. Thebasicidea
is to simulatePetri netbehavios in termsof fair transition
systems. The properties of individual componentsand
connectos are verified either by deductivereasoningor
model cheking. The properties of the entire systemis
inferred from the propertiesof its constituents.A detailed
casestudy of an electionic commece systemshowsour
appmoad to formally modeling refining and analyzing
softwae architectuie models.

Keywords:  Softwae architectue, SAM, Petri net,
tempoal logic, verification

1 Intr oduction

SAM is a generalsoftware architecturemodel for de-
velopingandanalyzingsoftwarearchitecturespecifications
[14], and hasbeendevelopedin the past4 yearsat the
Florida InternationalUniversity. The theoreticalbasisof
SAM is a combinationof two complementanformal no-
tions: predicatetransitionnets (PrTNs for short) [4] and
lineartime first ordertemporallogic [9]. PrTNsareusedto
definethe beha/ior modelsof component@andconnectors,
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and temporallogic is usedto specify properties(or con-
straints)of component&ndconnectors The soundmathe-
maticalfoundationof SAM canhelpto detectandeliminate
designerrorsearly in the developmentcycle, avoid costly
fixesattheimplementatiorstage andthusto reduceoverall
developmentcostandto increasehe quality of the system.

Formalverificationis apromisingway to ensurethe cor-
rectnesf softwareproducts[3]. However, the taskis not
trivial exceptfor toy programg[1]. To ensurethe correct-
nesf largesystemsit’ sextremelychallenging It haslong
beerunderstoodhattheonly hopefor verifying alargepro-
gramis by decomposing into mary smallmodulesandes-
tablishingpropertiesof eachindividual modulewhile con-
sideringtherestof the processeasits ervironment.

This papermproposesuchawayto formally analyzesoft-
ware architecturemodelsin SAM. The basicideafor ele-
mentverificationis to simulatePetrinetbehaiorsin terms
of fair transitionsystemsPropertieof the systemsarever-
ified eitherby deductive reasoningor modelchecking.The
verification can be done interactvely using the Stanford
TemporalProver tools (STeP)[8]. For compositionlevel,
we infer propertiesof the entire programfrom the proper
ties of its constituents.The methodaccordswell with the
SAM methodologyfor softwarearchitecturenodelingand
development.

The restof the paperare organizedasfollows: Section
2 givesa brief introductionto SAM andits theoreticalba-
sis. Section3 propose®ur verificationmethod. Section4
presentsa detailedcasestudy which shavs how to apply
our methodto formally modeling, refining and analyzing
softwarearchitecturamodels.Section5 is the conclusion.

2 The basisof SAM

In SAM, a software architectureis definedby a hierar
chicalsetof compositionsin which eachcompositioncon-
sistsof a setof componentsa setof connectorsanda set



of constraindo be satisfiedby the interactingcomponents.

All of component@andconnectorsaredescribedoy a dual
formalismof PrTNsandtemporallogic. In this paper we
usethe corventionsin [6] for PrTNs,andthe corventions
in [9] for temporallogic.

2.1 ThePrTNs

A PrTN consistsof (1) afinite netstructure(P, T', F),
(2) an algebraicspecificationSPEC and(3) a netinscrip-
tion (¢, L, R, mo). (P, T, F) is theessentiahetstructure,
where P U T is the setof nodessatisfyingthe condition
PNT = 0. P is calledthe setof places(graphicallyrep-
resentecby circles)andT is calledthe setof transitions
(representebly boxes). F is the setof arcsandis calledthe
flowrelationsatisfyingthecondition: F C P x TUT x P.

The algebraicspecificationSPECis a meta-languagéo
definethe tokens, labels, and constraintsof a PrTN. The
underlyingspecificationSPEC= (S, OP, Eq) consistof a
signatureS = (S, OP) anda setEq of S-equations.Signa-
tureS = (S, OP) includesasetof sortsS andafamily OP=
(OPs1,... sn,s) Of sortedoperationdor s, ..., s,, s € S. For
eacls € S, we useCON; to denoteOP , (theO-aryopera-
tion of sorts), i.e. thesetof constansymbolsof sorts. The
S-equationsn Eqdefinethemeaningandpropertiesof op-
erationgn OP. We oftensimply usefamiliar operationsand
their propertieswithout explicitly listing therelevantequa-
tions.

Tokensof a PrTN are groundtermsof the signatureS,
writtenMCONg. Thesetof labelsis denotedy Labels(X)
(X is thesetof sortedvariablesdisjointwith OP). Eachla-
bel canbe a multiple setexpressiorof the form {k; 21, ...,
knzn}. Constraintsof a PrTN are a subsetof first order
logic formulas(wherethe domainsof quantifiersarefinite
andary freevariablein a constraintappearsn the label of
someconnectingarc of the transition),andthusareessen-
tially propositionalogic formulas.The subsebf first order
logical formulascontainsthe S-termsof sortbool over X,
denotedasTermop,poor (X ).

Thenetinscription(y, L, R, mg) associateseachgraph-
ical symbolof the net structure(P, T', F') with an entity
in SPEC andthusdefinesthe staticsemanticf a PrTN.
Eachplacein aPrTNis adatastructureandacomponenbf
the overall systemstate. The sortof eachplace(a member
of S in SPEQ definesits valid values,i.e. propertokens.
Thereforewe associateachplacep in P with a subsebf
sortsin S, andgive the sortassignmenty : P — p(S).
MappingL: F' — Labels(X) is a sort-respectindabeling
of the PrTN. MappingR: T — Termop,o0 (X) is awell-
definedconstrainingmappingof N, which associategach
transitiont in T with afirst orderlogic formuladefinedin
theunderlyingalgebraicspecification.

A markingm of a PrTN is a mapping,P — MCONg,

from thesetof placeso multi-setsof tokens.An occurrence
modeof aPrTNis asubstitutionn = {z1 < ¢1,...,2,
¢n }, Which instantiategypedlabelvariables.We usee : «
to denotethe resultof instantiatingan expressiore with a,
in which e canbe eithera label expressionor a constraint.
Givenamarkingm, atransitiont € 7', andanoccurrence
modeq, t is enabledf thefollowing conditionis satisfied:
Vp:p e P(L(p,t) :a Cm(p)) AR(t) : &

The firing of an enabledtransitiont at markingm and
occurrencemode « returns the marking m’ defined by
m'(p) = m(p) — L(p,t) + L(t,p), for all p € P. We
call m' the t-successoof m, denotedoy mtm'. A run o
for PrTN = in initial mark mg is aninfinite sequenceof

markings:oc = mg, m1,ma, ..., for eachpair of mark-
ings (m;, m;11), thereis anenabledransitiont; suchthat
mit;miyq.

Givena PrTN « and an initial markingmg, we define
the computationof = with theinitial markingmg to bethe
setof all possibleruns. We use Comp(w) to denotethe
computatiorof aPrTN .

An example (the dining philosophers) Figurel showvs
aPrTNwhich modelsthewell-known dining philosophers’
problem.

Think Pickup Chopstick

f3

f5 Q Eat f6

4

Putdown
Figurel. A PrTN modelof thedining philosophers

Therearethreeplaces( Think, Chopsti& and Eat) and
two transitions(Pickup and Putdown) in the PrTN. In the
underlyingspecificationSPEC= (S, OP, Ed), whereS in-
cludeselementarysortssuchas Integer and Boolean,and
alsosortsPHIL andCHOPderivedfrom Integer. S alsoin-
cludesstructuredsortssuchassetandtuple obtainedfrom
the Cartesiarproductof the elementarysorts;OP includes
standardarithmetic and relational operationson Integer,
logical connectveson Boolean,setoperationsand selec-
tion operationon tuples;andEq includesknown properties
of theabove operators.

Thenetinscription(p, L, R, mg) is asfollows:

e Sortsof places:
© (Think) = p(PHIL),



p(Eat)= p(PHILx CHOPxCHOP),
p(Chopstick)= p(CHOP)

e Arc definitions:
L(f1) = {ph}, L(f2) = {<ch1,ch2},
L(f3) = {<ph,chl,ch2}, L(f4) = {<ph,chl,ch2},
L(f5) = {ph}, L(f6) = {<ch1,ch2>}

e Constraintof transitions:
R(Pickup)= (ph=chl)A (ch2=pho 1),
R(Putdawvn) =true

e Theinitial markingm, is definedasfollows:

mo(Think) = {1, 2, .., K}, me(Eat) = { },
mo(Chopstick)= {1, 2, ...,K}.

2.2 Temporallogic

The requiremenspecificationanguagés lineartempo-
ral logic (LTL). A tempoal formulais constructedut of
stateformulasto which we apply the booleanconnecties
andtemporaloperators.Futuretemporaloperatorsnclude
O (always),V (wait-for), ¢ (eventually),O (next), andi/
(until). Pastoperatorsncludes (previously),H (so-far), ¢
(once),andS (since). We write p =~ ¢q asanabbreiation
of O(p — ¢). A pastformulais onethatcontainsno future
temporaloperators.

A modelfor atemporaformulap is aninfinite sequence
of statess : sy, s1, - - ., Whereeachstates; providesanin-
terpretatiorfor thevariablesmentionedn p. Thesemantics
of atemporalformulap in agivenmodels andpositionj
is denotedby (o, j) |= p. For example,

o Forastateformulap, (o,j) =p & sjEp
e (0,j) EOp & (0,i) =pforalli>j
e (0,j) EOp & (0,i) =pforsomei > j

A modelo : sg, s, ... satisfiesa temporalformula if
(0,0) = p. A temporalformulap thatis valid over a pro-
gramP specifiesapropertyof P, i.e.,statesaconditionthat
is satisfiedby all computation®f P.

SincelTL is anextensionof first-orderlogic, thededuc-
tive systemfor LTL includesaxiomsandrulesfrom first-
orderlogic, aswell asthoseaxiomsand rules specificto
temporaloperatorsTypical rulesinclude:

e Modusponensp,p — qF ¢
e Chainip = ¢q,q = Orkp— or

Theinterestedeaderiis referredto [9, 10] for detailedpre-
sentatiorof temporallogic andverificationtechniques.

Two importantclassesof propertiesare: safetyandre-
sponse

e Safetypropertiesarethosethatcanbe expressedy a
formulaOp, for somepastformula.

e Responsgropertiesarethosethatcanbeexpressedy
aformulap =~ <q, for somepastformulap andg.

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

e Mutual Exclusiort:
Vph € {1,...,K}.0~(< ph,_>€ Eat
A< ph®1l,_>€ Eat)

e Response:
Vph € {1,...,K}.O(< ph,_>€ Eat)

2.3 SAM modelsand their correctness

Formally, a software architecturemodelin SAM con-
sistsof a setof compositionsC' = {C4,Cs,...,Cr} and
ahierarchicamappingh relatingcompositionsEachcom-
positionC; = {Cp,;,Chr;,Cs;} consistsof a setC,,, of
componentsa setof C,,; of connectorsanda setC, of
compositiongonstraintsAn elementC;; = (S;;, B;;), ei-
thera componenbr aconnectorin acompositionC; hasa
propertyspecificationS;, (atemporallogic formula)anda
behaiior model B;; (aPrTN). Eachcompositionconstraint
in Cg, is alsodefinedby atemporallogic formula. Thein-
terfaceof a behaviior model B;; consistsof a setof places
(called portg) that is the interactionamongrelevant com-
ponentsand connectors. Each property specificationS;,
only usesthe ports as its atomic predicateshat are true
in a given markingif they containappropriatetokens. A
compositionconstraintis definedas a property specifica-
tion. However, it oftencontaingportsbelongingto multiple
componentsand/orconnectors.A componentC;; canbe
refinedinto a lower-level compositionCy, which is defined
by h(Ci;) = C.

The correctnes®f a SAM modelis definedby the fol-
lowing criteria[7]:

e ElementCorrectness The property specificationsS;;
holdsin the correspondingoehaior model B;,, i.e.
B;; = S;,. Notewe useB;; hereto denotethe set
of behaviors or executionsequencedefinedby B;; ;

e CompositionCorrectness The conjunctionof all con-
straintsin Cg, of C; is implied by the the conjunc-
tion of all the property specificationS;, of Cj,, i.e.
ASi; F ACs;. An alternatve wealer but accept-
ablecriterionis thatthe conjunctionof all constraints
in Cs, holdsin the integratedbehaior model B; of
compositionC;, i.e. B; = A Cs,.

1Thenotation< ph,_ > denotesatuple,whosefirst elemenis ph and

theremainingelementsif ary, arenotinteresting.




e RefinementCorrectness The property specification
Si; of acomponent;; is implied by the composition
constraints’;, of its refinement’, with C, = h(C};),

i.e. A Cs, F S;;. An alternatve wealer but acceptable

criterionis thatS;; holdsin theintegratediower level
behaior model B, of Cy, i.e. By = S;;.

Thesecorrectnesgriteria arethe verificationrequirements

of SAM models.In the next sectionswe will shov how el-
ementcorrectnesandcompositioncorrectnesareverified.
Refinementorrectnesss out of the scopeof this paperand
will betreatedelsavhere.

3 Formal analysisof SAM models
3.1 Fair transition systems

Our analysismethodis basedon STeP In STeR specifi-
cationsaregivenin lineartime temporallogic asdescribed
in Section2.2. Reactve systemarebasicallyexpressedy
fair transitionsystemqFTS for short). We assumehatall
variablesthat describestatesof programsor that appeatin
formulasspecifyingpropertiesof programsaretakenfrom
theuniversalsetof variables). For eachz € V, its primed
versionz' is alsoin V. To expressthe syntaxof anFTS,we
assumen underlyingfirst-orderlanguageover V. We de-
fine a states to beaninterpretatiorof 1, assigningo each
variableu € V avalues[u] overits domain.We denoteby
¥ thesetof all states.

An FTS< V,0,7T,J,C > is definedby the following
components:

o V = {u,..
ables

S unt €V A finite setof systenvari-

e O: Theinitial condition

e T A finite setof transitions Eachtransitionr € T is

afunction
7% 5 2%

mappingeachstates € ¥ into a (possiblyempty)set
of statesr(s) C X. Eachstatein 7(s) is calleda 7-
successoof s.
We saythatthetransitionr is enabledon the states if
7(s) # 0. Otherwisewe saythatr is disabledons.

e J C T : A setofjusttransitions.
e C C T : A setof compassionat&ansitions.

Eachtransition T € 7T is representeddy a first-order
formula p,(V, V'), called the transition relation Thus,
the states’ is a 7-successopf the states if the formula
p-(V, V') evaluatesto true. The enablednessf the tran-
sition 7 can be expresseddy the formula En(r) : 3V’ :
pr(V,V').

Let S bean FTS for which the abore componenthave
beenidentified. We definea computatiorof S to beanin-

finite sequencef V-statess : sg, s1, s2, - - ., Satisfyingthe
following requirements:

e Initiation: sg isinitial, i.e.,so = ©.

o Consecution:For eachj = 0,1, ..., thestates;, is
a r-successopf the states;, i.e., s;y1 € 7(s;), for
somer € 7.

e Justice: For eachr € [J it is not the casethat  is
continuallyenabledoeyond somepointin o but taken
atonly finitely mary positionsin .

e CompassionFor eachr € C it is notthecasethatr is
enabledninfinitely mary statesn o buttakenatonly
finitely mary positionsin o.

For asystemS, we denoteby Comp(S) the setof all com-
putationof S.

3.2 FromPrTNsto FTS models

Givena PrTN 7« = (N, Spec, Ins) asdefinedin sec-
tion 2.1, we define a correspondingFTS by S, =<
V,0,T,J,C >, where

e Thesetof localvariables:V = {v, | p € P}.

e [nitial conditions:

0= A (v = mo(p))

pEP

e For every transitiont in 7= and every « in the set
of occurrencemodesasS , thereis a corresponding
transitionr; , whosetransitionrelationis definedas

C (en(ri.a) = f(7i.0)), Where

Tt,a

en(ria) = R(®) :a A\ (v 2 L(p,t) : )

peP

f(Tt,a) = /\ (v, =vp — L(p,t) : a + L(t,p) : @)
peP

The setof all possibletransitions7 = {1, |t €
TAa€aS}

o Weakfairness.7 =T

e StrongfairnessC = ()



Reducing label substitutions There could be mary re-
dundanttransitionsin the resulting FTS, i.e. thesetran-
sitions never occurdueto the label constrainsof a PrTN.
Consequentlythe label constraintscan sometimegeduce
the numberof transitionsin large scale. We usually apply
the label constraintsto reducingtransitionsbefore setting
aboutformal specificatiorandverificationof themodels.

Theorem 1 (Soundnes®f the transformation) Given a
PrTN «, supposeS, =< V,0,7,7,C > betheFTSob-
tainedfrom= usingthe abovetransformatiorrules.

e For anyrun ¢ = mg,mi,ma,... € Comp(rw),
Yo, € V,i € N, let s;(vy) = my(p), theno' =
50, 81,82, - - - € Comp(Sy)

e For any state sequencesc = sg,51,82,... €
Comp(Sz), Vp € P,i € N, letm;(p) = s;(vp), then
o' =mg,m1,ma,... € Comp(n)

Proof. (1) Supposer = mg, m1,ma, ... € Comp(n). Let
thecorrespondingransitionsequencéetyti ts . . ., andoc-
currencemodelsbe ag, a1, as, . ... By definition, the fol-
lowing predicateholds:

Vi€ N,Yp € P.(mi(p) D L(p,t) : i) A (R(t:) : )

A (miy1 = my(p) — L(p,t) - a; + L(t,p) : ay)
Becaus&rv, € V,so(vp) = mo(p), wegetsy = ©. For
eachi € N, (s;,8i+1) = Tu,q0; holds. Consequently
s0s182 ... IS a run of S; and the correspondingtransi-
tion SequUEeNCES Ty, a0 Tty ,a1 Tts,a0, - - -~ Therefores’ =
50,51, 82, - - - € Comp(Sy).

(2) Supposer = sq, s1, S2,... € Comp(S;). Letthe
correspondingransitionsequenc®ery, o, T a1 Tta,azs - - -
Som; € [mg > follows from the definition of m; and
Tt;.a:- CONsequentlys’ = mg,my, ma,... € Comp(m).
m|

The example (continued) Section 2.1 gives a PrTN
model of the dining philosophers. By applying the
above rules, we can obtain a corresponding=TS § =<
V,0,T7,J,C >, where

o V = {think, chopstick,eat}

e O = (think=1{1,2,...,K})A(eat ={})
A (chopstick = {1,2,...,K})

e Usingthereductionstratey for occurrencanode,we
get
aS = {< ph,chy,chy >—<1,1,2 >,
< ph,chy,chy >—<2,2,3 >,

< ph,chy,chy >—< K, K,1>}
T = {ppickup L &, Pputdown + A | a € aS}v Ppickup is

definedasen(pickup) — f(pickup) where:
en(pickup) = (think D {ph})
A (chopstick D {chy, cha})
f(pickup) = (think' = think — {ph})
A (chopstick' = chopstick — {chy,cha})
A (eat' = eat U {< ph,chy,chs >})

and pputdown 1S defined as en(putdown) —
f (putdown) where:
en(putdown) = (eat D {< ph,chy,chy >})
f(putdown) = (eat’ = eat — {< ph,chy,chy >})
A (think' = think U {ph})
A (chopstick! = chopstick U {chy, chs})

3.3 Verification method basedon STeP

Our verificationmethodis closelyrelatedto the hierar
chical structureof SAM models. In the compositionlevel,
propertief componentaindconnectorsaswell astheen-
tire system,are specifiedby temporallogic formulas. De-
ductive verificationis mostsuitablefor deriving properties
of the entire systemfrom the propertiesof its constituents.
For element(either componenibr connector)analysis,we
transformPrTNsinto FTS modelsbeforeSTePis resorted
to.

A verificationsessiorin STeP begins by loadinga pro-
gramor transitionsystemthat describeghe systemof in-
terestandenteringa temporal-logicformulathat expresses
oneor morepropertiego be proved. Theformulabecomes
theroot goalof a proof tree. Verificationcanbe performed
by themodelchecler or by deductve means.

Thebasicverificationrule for safetypropertieds INV:

0 = p, {p}T{p}
Op

By applying a suitablerule, a proof goal is reducedto a
few first-orderverification conditionsor simplertemporal
formulas,whosecorrectnesss usuallyeasierto establish.

4 Software architecture analysis:
study

a case

4.1 An electronic commercesystem

The electronic commercesystem (ECS) is a highly
distributed WWW-based application [5]. In the ECS
problem therearecustomerandsuppliers.Eachcustomer
has a contractwith a supplier for purchasesfrom that
supplier as well as one or more bank accountsthrough
which paymentgo supplierscanbe made. Eachsupplier
provides a catalog of items, acceptscustomerorders,
and maintainsaccountswith eachcustomerfor receving
payment. The ECS systemcanbe conceptuallyillustrated



asaPrTNin Figure2.

<it,up,sid>
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Catalog

<it,cid>

Figure2. A PrTN modelof theECS

In the ECS problem,thereare4 componentssupplier
customer catalog, and bank The interfacesof these
componentarea setof ports(places).Thereare6 simple
connectorsyhich connectthesecomponentsThe arcsare
labeledwith variablesor tuplesof variables. The intuitive
meaningof thesevariablesaregivenin Tablel.

Tablel. Variablesn Figure2
Variable | Description

cid Customers identity
fd Fundof adeal
it Iltem number
0S Orderstatus
gs Querystatus
qt Quantityof items
sid Suppliersidentity
up Unit price

Eachplacehasits type. The basictypesinclude Int,
Bool, Item, UnitPrice, SupplierlD, CustomerID.Actually,
the label of eacharcindicatesthe type of the correspond-
ing place. For example,the label of the arc from p102is
< it,up, sid >, which indicatesthat the type of p102is
p(Item x UnitPrice x SupplierI D). Place9101,p104,
pll5areusedto denotethe suppliers inventory the cus-
tomers buy list, andthe bank's transactiorrecordsrespec-
tively.

4.2 Requirementspecification

Onerequirementf the ECSsystemis:

If the supplierhasproductswhich meetthe customers
needsthedealwill bemade

Therequirementanbe specifiedby the following tem-
porallogic formula:

Req: Vit : O(< it,gtl,_ >€ pl01 A

< it,qt2,_ >€ pl04 A qt1 > qt2
— O(< it, - >€ pl1h))

The propertiesof componentsand connectorsare also
specifiedastemporallogic formulas.
(1) Thesupplier

e Thesupplierwill adwertiseproductsin the catalog.
S1: Vit : O(< it, - >€ pl0l — O(< it, - >€ pl02))

e Thesupplierwill confirmthe orderandprovide order
statusto the customer
S2: Vit : O(O(< it, qtl, - >€ pl01) A
O(< it, qt2, - >€ pl10) A gtl > qt2
— O(< it, _, true >€ pl1l))

(2) Thecustomer

e The customerwill submitrequestto catalogfor the
interestecproducts.
Cl: Vit : O(< it, - >€ pl04d — O (< it, - >€ pl05))

e The customemwill orderthe productif it satisfieshis
needs.
C2: Vit : O(O(< it, qt, - >€ pl04) A
O (< it, , true >€ pl08)
— O(< it qt, - >€ pl09))

e Oncethe merchandisés receved, the customerwill
confirmthe payment.
C3: Vit : O(< it, -, true >€ pll12
— O(<it, - >€ pl13))

(3) Thecatalog

e Customers querywill beproperlyanswered.
Ca: Vit : O(® < it,- >€ pl03 A O < it, - >€ pl06
— O(<it, _, true >€ pl07))

(4) Thebank

e Operationfunds will be transferredupon customers
confirmation.
Ba: Vit : O(< it,_ >€ plld — O(< it,_ >€ pl15))

(5) TheconnectorsEachconnectoractssimply asa pipe.

e T101: Vit: O(< it,_ >€ pl02
— O(<it, - >€ pl03))

T102: Vit:

0O(< 4t, - >€ pl05
— O(<it, - >€ pl06))

e T103: Vit: O(< it,_ >€ pl07

— O(< it, - >€ pl08))
e T104: Vit : O(< it,_ >€ pl09

— O(< it, - >€ pl10))
e T105: Vit: O(< it,_ >€ plll

= O(<it, - >€ pl12))
e T106: Vit:O(< it,_ >€ pl13

— O(<it, - >€ pll4))



4.3 Refinementand analysisof components

Figure 3 shavs a PrTN model of one componentthe
supplier whichis arefinemenbf thatin Figure?2.

<it,qt,oid,up,sid,0s>

1205
<it,qt,up,cid,sid,os>

p110 p111

Figure3. Thesupplier

Theonly local variablein Figure3 which did notappear
beforeis oid, who actsthe role of ordertrackingnumber
Theintuitive functionality of transitionss givenin Table2.

Table2. Transitionsin Figure3

Transition | Functionality
t201 Adenvertizingproducts
t202 AddinganID numberto eachorder
t203 Checkingtheinventory
t204 Maintainingtheinventory
t205 Deliveringtheorder

Usingthe transformatiorrulesin Section3.2,the PrTN
modelcansystematicallftransformednto anFTS model.
Supposeherearethreekinds of itemsin the inventory
andtwo orderrequestsubmitted Propertiesf thesupplier
codedin STePlik e following:
SPEC
PROPERTY S1: Forall
(#2 p101[i]>0
--> <>(f 2 pl02[i]= true))
PROPERTY S2: Forall i:[1..2].
((<>(#2 p110[i]>0)
I\ <>(#2 p110[i]>0)
I\ (2 p110[i]<= §2 p101[i]) )
--> <> (42 pl11[i]> 0
/\ #3 pl11[i]= true))

it[1..3].

After loading both of the FTS modelandthe property
specificationsye arereadyto verify the correctnessf the
system Becausehesystems finite state bothof theabove
propertiesare easily establishedising “ModelChecler” of
STeR The other modelsof componentsare illustrated in
Figure4-6. Their specificationandverificationare similar
to thoseof the Supplierandomitted.

p109 p112

<it,qt,up,cid,sid,o:

<it,qt,cid,sid <it,qt,up,cid,sid,0os>

p104

p103 p115
p210
<it,cid,sid, fd

1213

<it,cid,sid,fd

ploé:::>

Figure5. The catalog

p209
p107 pli4

Figure6. Thebank
4.4 Analysis of compositioncorrectness

Compositioncorrectnes®f the ECSis ensuredby the

constraintsof the componentsand connectors. Formally,

LetT &' {S1,52,C1,C2,C3,Ca,Ba, T101,7102,T103,

T104,T105,T106}. Wecanshov I' - Reg. Thefollowing
is aproofoutline.

(1) < it, qt1, - >€ pl01 = O < it, - >€ p102 (S1)
2)<it,_.>€ pl02 —» & < it,_ >€ pl03 (T101)

(3) < it,qt1, . >€ pl0l = O < it, - >€ pl03  (TL(1),(2)2
(4) < it,qta, - >€ pl04d — & < it, - >€ pl0b (C1

(5) < it,_ >€ pl05 — & < it,_ >€ pl06 (T102)
(6) < it, g2, >€ pl04 - O < it, . >€ pl06  (TL(4),(5))
(7) < it, qt1, - >€ plOIA < it,qt2,. >€ pl04

O <it,_>€plO3AO < it,_>€ pl06  (TL(3),(6))

8)C <it,. >€ pl03 A < it, . >€ pl06
— O <1, true >€ pl07 (Ca)
(9) < it,qt1, - >€ pl01A < it,qta, - >€ pl04
— O < 1t, _, true >€ pl07
(10) < 4t, - >€ pl07 = O < it,_ >€ pl08
(11) < it gt1, - >€ pl01A < it, qta, - >€ pl04
— O < 1it, ., true >€ pl08
(12)¢ < it, _, true >€ pl04 A
O < ity gta, - >€ pl08
— O < it,qta, - >€ pl09 (C2)
(13) < it, qt1, - >€ plO1A < it, gt2, - >€ pl04
—+ O < it,qta, - >€ pl09
(14) < it, qta, - >€ p109 = O < 4t, qt2, - >€ pl10

(TL(7),(8))
(T103)

(TL(9),(10))

(TL(11),(12))
(T104)

2The notation“TL(1),(2)” denoteghatthe currentformulais derved
from formulas(1) and(2) usingtemporallogic proofrules.



(15)< it,qt1, - >€ plO1A < it, qt2, - >€ pl04

— O < it qtz, - >€ pll0 (TL(13),(14))
(16)® < 4t,qt1, - >€ pl01L A

O < ity qta, - >€ pl10 A gt1 > qta

— & < it qta, -, true >€ plll (S2)
A7) < it, qt1, . >€ pl01 A

< it,qta, - >€ pl04 A gty > qts

— O <t qta, o, true >€ plll
(18) < it, qta, _, true >€ plll

— O < ity qta, _, true >€ pl12
(19) < it, qt1,- >€ pl01 A

< it,qta, - >€ pl04 A gt1 > qt2

— O < it qta, _, true >€ pll2
(20) < it, gto, -, true >€ pl112

- <O <t - >€e pll3 (C3)
(21) < it, qt1, . >€ pl01 A

< it,qta, - >€ pl04 A gt1 > qt2

— O <ty - >€ pll3
(22)< it,_. >€ pl13 = O < it,_ >€ pll4
(23) < it, qt1,- >€ pl01 A

< it,qta, - >€ pl04 A qt1 > qt2

- O <it,.>€epll4d (TL(21),(22))
(24)< it,_ >€ plld —» O < it, . >€ pllh (Ba)
(25) < it, qt1,- >€ pl01 A

< it,qt2, - >€ pl04 A qt1 > qt2

— O <t - >€ pllb

(TL(15),(16))

(T105)

(TL(17),(18))

(TL(19),(20))
(T106)

(TL(23),(24))

Formula (25) is exactly the requirementof the ECS
examplewe want to establish. As we can see,the entire
proofis quite straightforward. We mainly usethetemporal
rules‘chain’ and‘modusponens’in the proof.

5 Conclusion

This papemproposes formal methodfor analyzingsoft-
ware architecturemodelsin SAM. The propertiesof in-
dividual componentsaind connectorsare verified either by
deductve reasoningor modelchecking. The propertiesof
the entiresystemis inferredfrom the propertiesof its con-
stituentsby deductve reasoning.Our verificationmethod
is basedon the STeR In contrastto SMV [11], STeP sup-
ports first-orderreasoningin additionto model checking,
which fits our needswell. However, we only used‘Mod-
elChecler’ of STePin this case for STePdoesnot directly
supporttemporalrulessuchas‘chain’. Our methoddiffers
from themodularproof proposedn [2]. Althoughthemod-
ular proof hassomeadwantagesit dependson the parallel
combinationof moduleswhich canleadto stateexplosion.

Software architectureand architecturedescriptionlan-
guageqADLSs) have recentlybecomeareasof intensere-
searchin software engineeringsociety[13]. Architectural
descriptionsare often intendedto modellarge, distributed,
concurrensystemsTheability to evaluatethepropertiesof

suchsystemaupstreancansubstantiallyiessenthe costof
ary errors.Architecturelevel analysiscanbenefitfrom the
specialcharacteristicef ADLs, whichwill hopefullymake
the task easier[12]. Extractionof thesecharacteristicof
ADLs, especiallyfor SAM, is one of our future research
interests.
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