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Abstract

ActionLanguage Veri�er (ALV) is an in�nite-state sym-
bolic modelchecker. ALV can verify (or falsify, by gener-
ating counter-examples)temporal logic propertiesof sys-
temsthat can be modeledusinga combinationof boolean
logic and linear arithmetic expressionson boolean,enu-
merated and (possiblyunbounded)integer variables and
parameterizedinteger constants. In this paper, we apply
ALV to theveri�cation of parameterizedhierarchical state
machinespeci�cations.Weextendthestandard notationfor
hierarchical statemachinesby introducingprimitives for
explicit speci�cation of asynchronousprocessesand their
�nite and parameterizedinstantiations.We de�ne the for-
mal semanticsof theseprimitives,where the statesof the
parameterizedprocessesare mappedto integer variables
usingthecountingabstractiontechnique. Weapplythepre-
sentedapproach to thespeci�cationandanalysisof anair-
port groundtraf�c controller andverifyseveral correctness
propertiesof this speci�cationusingALV.

1 Intr oduction

Hierarchicalstatemachines(HSMs) have beenvery in-
�uential in speci�cation of computersystemsafter David
Harel's seminalwork on Statecharts[21]. Variationson
HSMshave becomepartof popularobjectorienteddesign
languages[5], aresupportedby commercialdesignsupport
tools [22], in�uenced the requirementsspeci�cation lan-
guages[23], and have beeninvestigatedfrom automated
veri�cation perspective [6, 7, 17, 18]. In this paper, we are
focusingonautomatedveri�cation of parameterizedHSMs.
In addition to including well-known conceptsfrom State-
charts,we extendthe HSMs usingan instantiationopera-
tor as a way of specifyingthe asynchronouscomposition

� This work is supportedin partby theNSFgrantCCR-0341365.

of HSMs. A parameterizedHSM containsparameterized
componentswhichcanbeinstantiatedarbitrary(unbounded
but �nite) numberof times. In order to verify parameter-
izedHSMswe translatethemto theAction Language,and
thenusetheAction LanguageVeri�er to modelchecktheir
CTL properties.AlthoughtheAction Languagetranslation
is donemanuallyat thispoint, it canbeautomatedbasedon
theHSM semanticsusedin this paper.

Action Languageis a speci�cation languagefor reac-
tive softwaresystems[13]. The Action LanguageVeri�er
(ALV) [1, 16] consistsof 1) a compiler that convertsAc-
tion Languagespeci�cationsto symbolic representations,
and2) anin�nite-statesymbolicmodelcheckerwhichveri-
�es (or falsi�es by generatingcounter-examples)CTL prop-
ertiesof Action Languagespeci�cations. ALV specializes
on systemsspeci�ed with linear arithmeticconstraintson
integervariables.It usestheCompositeSymbolicLibrary
[28, 29] as its symbolic manipulationengine. Composite
SymbolicLibrary integratesmultiple symbolicrepresenta-
tions:BDDsfor booleanandenumeratedvariables,polyhe-
dral or automatarepresentationsfor integer variables,and
BDDs for boundedintegervariables.

SinceAction Languageallows speci�cationswith un-
boundedinteger variables,�xpoint computationsare not
guaranteedto converge. ALV usesconservative approxi-
mationtechniques,reachabilityandaccelerationheuristics
to achieve convergence. ALV usesthe countingabstrac-
tion technique[19] for veri�cation of parameterizedsys-
tems[26, 27]. Countingabstractiongeneratesa setof in-
tegervariablesanda setof lineararithmeticconstraintson
thesevariablesto representthebehavior of arbitrarynum-
berof �nite stateprocesses.In thispaperweusethisfeature
of ALV to verify parameterizedHSMs.

Our resultsdemonstratethat in�nite statemodelcheck-
ing toolscanbeeffective in verifying propertiesof param-
eterizedhierarchicalstatemachines.Model checkingin�-
nitestatesystemsspeci�edby lineararithmeticconstraints,
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Figure 1. An airpor t ground netw ork.

suchas the onestargetedby ALV, hasbeenan active re-
searchareain theautomatedveri�cation communityin re-
centyears[8, 15, 20, 24, 25] Among the tools developed
basedon the resultsin this area[2, 3, 4], ALV is unique
in combiningmultiple symbolicrepresentations.Addition-
ally, Action Languageprovideshigh level constructssuch
asthe ability to declareparameterizedprocesses,which is
supportedby ALV usingautomatedcountingabstraction.

Weappliedtheapproachpresentedin thispaperto asim-
ple airport groundnetwork systemshown in Figure1. In
this example,thegroundnetwork consistsof two runways,
two taxiways,anda singlegate.An arriving airplanelands
usingrunway r1, navigateson taxiway t1, crossesrunway
r2, and navigateson taxiway t2 to reachgateg, whereit
parks. A departingairplanestartsfrom gateg, navigates
on taxiway t2 andtakesoff usingrunway r2. The control
logic for sucha systemmustavoid accidentsanddeadlock.
We speci�ed the control logic for this exampleusing pa-
rameterizedHSMsasshown in Figure2. We modeledthe
groundnetwork asa hierarchicalstatemachinewhich con-
sistsof synchronousstatemachinesthat model individual
resources,e.g.,stater1 modelsrunway r1. Eachairplane
is modeledas a hierarchicalstatemachine(Airplane )
which consistsof substatesthatmodelthestatusof theair-
plane, e.g., state landing modelslanding status. The
stateAirplane[*] denotesasynchronouscomposition
of arbitrary numberof Airplane statemachines. The
whole systemis modeledasthe synchronouscomposition
of Airplane[*] and the statemachinesmodelling the
groundnetwork resources(r1 , r2 , t1 , t2 , andg).

Therestof thepaperis organizedasfollows. In Section2
wede�ne theHSM notationandits semantics.In Section3
wede�ne theparameterizedHSMs.In Section4 wediscuss
theveri�cation of parameterizedHSMsusingALV. Finally,
in Section5, wegiveourconclusions.

2 Hierar chical StateMachines

In this sectionwe de�ne theHierarchicalStateMachine
(HSM) notationandits semantics.

2.1 Modes

A mode1 denotesa controlpoint. It is representedby an
annotatedrectangle.A modeis calledactiveif theHSM is
currentlyat thatmode. Therearetwo typesof modes:ba-
sic modesandcomplex modes. A complex modedescribes
a hierarchyandit is composedof submodeswhich canbe
either basicmodesor complex modes. A complex mode
can be oneof two types: an OR-modeor an AND-mode.
An OR-modeis constructedby connectingits submodesvia
transitions.If anOR-modeis active, thenexactlyoneof its
submodesis alsoactive. Oneof the submodesof an OR-
modeis identi�ed as the initial modeand representedby
an incomingcurvedarc. An AND-modeis constructedby
separatingits submodesby dashedlines. An AND-mode
denotesconcurrentexecutionof its submodes.If anAND-
modeis active, thenall of its submodesarealsoactive.

We denotethe set of all mode namesin an HSM as
M ode. Givena modem, Sub(m) denotesthesetof modes
which are the submodesof m. A modem1 is the super-
modeof themodem2 (Sup(m2) = m1) if m2 is asubmode
of m1, i.e., m2 2 Sub(m1). A modem1 is saidto be an
ancestorof the modem2 if eitherm1 is a super-modeof
m2 or m1 is an ancestorof the super-modeof m2. Simi-
larly, m1 is saidto bea descendantof m2 if eitherm1 is a
submodeof m2 or m1'ssuper-modeis adescendantof m2.
Desc(m) denotesthesetm's descendants.Two modesm1

andm2 arecalledpeermodes, if they aresubmodesof the
samenode. The lowest-commonancestorof m1 andm2,
LC A(m1; m2), is de�ned asthe modethat is an ancestor
of bothm1 andm2 andwhich doesnot have a descendant
that is theancestorof bothm1 andm2. Thetop-mostpeer
ancestorof m1 with respectto m2, TPA(m1; m2), is the
ancestorof m1 thatis asubmodeof thelowest-commonan-
cestorof m1 andm2. A modem is active if andonly if
m:act = tr ue.

We de�ne three functions S;SA; SD : M ode !
F ormul a which mapmodesto formulas. Given a mode
m, S(m) is theformuladenotingthatm is currentlyactive.
We de�ne S(m) asS(m) = SA(m) ^ SD(m) wherethe
formulasSA(m) andSD(m) denotetheconstraintson the
ancestorsandthedescendantsof m, respectively. They are
recursively de�ned asfollows:

SA(m) =

8
>>>>>>>>>><

>>>>>>>>>>:

m1 :act ^ SA(m1) if m1 = Sup(m) and
m1 is anOR-mode

m1 :act ^ SA(m1) if m1 = Sup(m) andV
m2 2 Sub(m1 ) ,m2 6= m

m1 is anAND-mode
SD (m2)

tr ue if m is therootmode

1Weusethewordmodeheresinceweusethewordstateto referto the
con®gurationsof thehierarchicalstatemachines.
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Figure 2. Hierarchical state machine speci�cation of the airpor t ground netw ork contr ol system.

SD (m) =

8
>>>>>>>>>><

>>>>>>>>>>:

m:act if m is a basicmode

(
L

m1 2 Sub(m) m1 :act) if m is an
^ (

V
m1 2 Sub(m) m1 :act OR-mode

) SD (m1)) ^ m:act

(
V

m1 2 Sub(m) SD (m1)) if m is an
^ m:act AND-mode

wherethe expressionwith the exclusive-or operator(
L

)
denotesthatexactly oneof thesubmodesof anactive OR-
modeshouldbeactive.

2.2 Transitions

A transitionmodelsanatomicmodechangeandis repre-
sentedby a solidarrow connectingtwo modes.Let tm d

m s
de-

notea transitionfrom ms to md, wherems andmd denote
thesourcemodeandthedestinationmodeof t, respectively.
Whena transitiontm d

m s
is taken,thesourcemodems, some

of its ancestorsandall of its descendantsbecomeinactive,
and the destinationmodemd and all of its ancestorsand
someof its descendantsbecomeactive. Werestrictthetran-
sitionssothat,if amodem is thesourceordestinationmode
of a transition, then Sup(m) must be an OR-mode,i.e.,
thereareno transitionsfrom or to the submodesof AND-
modes.Moreover, given a transitiontm d

m s
, if ms (md) is a

descendantof a submodeof an AND-modethenmd (ms)
mustbe a descendantof the samesubmodeof that AND-
mode,i.e., for all tm d

m s
, for all m, if Sup(m) is an AND-

mode,thenms 2 Desc(m) if andonly if md 2 Desc(m).
Transitions can be labeled with three �elds

tr igger[cond]=generate where tr igger is the trigger
event of the transition, generate is the event generated
by the transition, and cond is a booleancombinationof
predicatesin theform in (m:sm). Thecond andgenerate
�elds areoptional. The predicatein (m:sm) denotesthat
thesubmodesm of theOR-modem is currentlyactive. We
modeltheeventsusingbooleanvariables.A transitioncan
be taken if the triggereventandthecond aretrue (if cond
is not given, it is assumedto be true by default). Taking
the transition setsthe trigger event to false and setsthe
generatedevent (if it exists) to true. We call the formula
which denotes this transition semanticsthe transition
formula. Let f (tm d

m s
) denotethe transition formula for

the transition tm d
m s

. We write the transition formula as
f (tm d

m s
) = g(tm d

m s
) ^ u(tm d

m s
) where g(tm d

m s
) is called the

guard and statesthat the trigger event and the cond are
true, and u(tm d

m s
) is called the updateand setsthe value

of the trigger event to falseand the generatedevent (if it
exists) to true in the next state. A transitionpreservesthe
valuesof all the eventsthat it doesnot update. Whenthe
modems is active,thetransitiontm d

m s
canbetakenprovided

that theg(tm d
m s

) evaluatesto true. If thereis morethanone
transitionoriginatingfrom thesamemodeandif theguards
of morethanoneof themevaluateto true at thesametime,
thenoneof thetransitionsis takennondeterministically.

Now, we will de�ne the semanticsof executinga tran-
sition. Let LU : M ode� M ode ! F ormul a denotethe
mappingfrom apairof modes(m1; m2), wherem2 is ade-
scendantof m1, to a formulawhichdenotesthestateof m2

andits ancestorsup to m1 after a transitionexits m2. We
useprimedmodesto denotethevaluesof theattributesafter



thetransitionis taken(m:act is thevalueof theact attribute
of modem at thecurrentstate,whereasm0:act is thevalue
of the act attribute of modem at the next state,after the
transitionis taken).

LU (m1 ; m2) =

8
>><

>>:

: m0
1 :act ^ : m0

2 :act if m2 2 Sub(m1)

: m0
2 :act^ if m2 62Sub(m1)

LU (m1 ; Sup(m2))

Let LD : M ode! F ormul a denotethemappingfrom
a modem to a formulawhich denotesthestateof modem
andall its descendantsafterm is exitedby a transition.

LD (m) =

8
>>>>>>>>>><

>>>>>>>>>>:

: m0:act if m is a basicmode

: m0:act^ if m is anOR-modeV
m1 2 Sub(m)

(m1 :act ) LD (m1))

: m0:act^ if m is anAND-modeV
m1 2 Sub(m) LD (m1)

Let Lef t : M ode � M ode ! F ormul a denotethe
mappingfrom apairof modes(m1; m2) to aformulawhich
denotesthestateof m2, its descendants,andits ancestorsup
to m1, aftera transitionexits m2.

Lef t(m1 ; m2) =

8
>><

>>:

LD (m2) if m1 = m2

LU (m1 ; Sup(m2)) if m2 2
^ LD (m2) D esc(m1)

Whenatransitiontm d
m s

is taken,thedestinationmodemd,
all of its ancestors,andsomeof its descendantsbecomeac-
tive. Below wede�ne theeffectof executingatransitionon
thedestinationmodeandits ancestorsandits descendants.

Let EnU : M ode� M ode ! F ormul a denotethe
mappingfrom a pair of modes(m1; m2), wherem2 is a
descendantof m1, to a formulawhich denotesthestateof
modem2 andits ancestorsupto m1 aftera transitionenters
m2.

E nU (m1 ; m2) =

8
>>>><

>>>>:

m0
1 :act ^ m0

2 :act if m2 2
Sub(m1)

E nU (m1 ; Sup(m2)) if m2 62
^ m0

2 :act Sub(m1)

Let EnD : M ode ! F ormul a denotethe mapping
from a modem to a formula which denotesthe stateof
modem andall its descendantsafterm is enteredby atran-
sition.

E nD (m) =

8
>>>>>>>>>><

>>>>>>>>>>:

m0:act if m is a
basicmode

m0:act ^ E nD (m:init ) if m is an
OR-mode

m0:act^ if m is anV
m1 2 Sub(m) E nD (m1) AND-mode

Let En : M ode� M ode! F ormul a denotethemap-
pingfrom apairof modes(m1; m2), wherem2 is adescen-
dantof m1, to a formulawhich denotesthestateof m2, its
descendants,andits ancestorsup to m1, after a transition
entersm2.

E n(m1 ; m2) =

8
>><

>>:

E nD (m2) if m1 = m2

E nU (m1 ; Sup(m2)) if m2 2
^ E nD (m2) D esc(m1)

Let I dN D : M ode ! F ormul a denotethe mapping
from a modem to a formulawhich denotesthat for all the
modeswhich are not descendantsof m, the act attribute
remainsthesamein thenext state.

I dN D (m) =
^

m62Desc(m)

m0:act = m:act

Similarly, I dD : M ode ! F ormul a is the mapping
from a modem to a formulawhich denotesthat for all the
modeswhich are the descendantsof m, the act attribute
remainsthesamein thenext state.

I dD(m) =
^

m2 Desc(m)

m0:act = m:act

Now, wecande�ne thesemanticsof a transitiontm 2
m 1

as

[[tm2
m1 ]] = S(m1) ^ Lef t(m3 ; m1) ^ E n(m4 ; m2)

I dN D (m5) ^ f (tm2
m1 )

wherem3 = TPA(m1; m2), m4 = TPA(m2; m1), and
m5 = LC A(m1; m2). Then,thesemanticsof a modem is
de�ned asfollows:

[[m]]=

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

f alse if m is a basicmode

W
t

m 2
m 1 ,m= LCA(m1 ,m2 ) [[t

m2
m1 ]] if m is anOR-mode

_
W

m1 2 Sub(m) [[m1 ]]

V
m3 2 Sub(m) ([[m3 ]]_ if m is anAND-mode

(I dD(m3)^V
t

m 2
m 1 ,m3 = LCA(m1 ,m2 )

: g(tm2
m1 ))



3 ParameterizedHSMs

We incorporatean instantiationoperatorto HSMs asa
way of specifyingasynchronouscompositionof a set of
identicalstatemachines.The instantiationoperatoris rep-
resentedby thesuf�x “[ n]” that is appendedto a complex
modenamewheren canbea numberdenotingthenumber
of instantiationsor it canbethe“*” characterdenotingthe
arbitrarynumberof instantiations.We call a modewith ar-
bitrarynumberof instantiationsa parameterizedmode. For
instance,in Figure2, Airplane is aparameterizedmode.
Thesemanticsof themodeinstantiationis de�ned as

[[M [n]]]=
_

1� i � n

[[M i ]]

whereM i denotesthe HSM that is obtainedfrom M by
appendingi to eachmodename.We explain thesemantics
of parameterizedmodesbelow.

3.1 Parameterized Modes

Weuseanabstractiontechniquecalledcountingabstrac-
tion [19] to de�ne the semanticsof parameterizedmodes.
Countingabstractionis usedto abstractthelocal statesof a
setof identicalcomponents.Theabstractedsystemdoesnot
keeptrack of the stateof eachcomponent,rather, it keeps
track of the numberof componentsin eachstate. This is
achievedby introducinga setof integer variables,oneper
state,countingthenumberof componentsin thatstate.

Weextendthenotationweintroducedsofarby introduc-
ing thesuperscriptP to denotetheparameterizedcase.We
associatea counterm:c with eachmodem, which denotes
thenumberof instancesof theparameterizedstatemachine
thatareactive in m. We de�ne SP ; SAP ; SD P : M ode!
F ormul a asSP (m) = SAP (m) ^ SD P (m) whereSA
andSD arerecursively de�ned asfollows:

SAP (m) =

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

m1 :c > 0 ^ SAP (m1) if m1 = Sup(m)
andm1 is an
OR-mode

m1 :c > 0 ^ SAP (m1) if m1 = Sup(m)V
m2 2 Sub(m1 ) ,m2 6= m

andm1 is an
SD P (m2) AND-mode

tr ue if m is therootmode

SD P (m) =

8
>>>>>>>>>><

>>>>>>>>>>:

m:c > 0 if m is a
basicmode

(
W

m1 2 Sub(m) m1 :c > 0 if m is an
^ SD P (m1)) ^ m:c > 0 OR-mode

(
V

m1 2 Sub(m) m1 :c > 0 if m is an
^ SD P (m1)) ^ m:c > 0 AND-mode

Below, we present the transition semanticsfor pa-
rameterizedmodes, basedon the notation for the non-
parameterizedcasein Section2. Let Dec(c) � c0 = c � 1
andI nc(c) � c0 = c + 1.

LU P (m1 ; m2) =

8
>>>><

>>>>:

D ec(m1 :c)^ if m2 2
D ec(m2 :c) Sub(m1)

D ec(m2 :c)^ if m2 62
LU P (m1 ; Sup(m2)) Sub(m1)

LD P (m) =

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

D ec(m:c) if m is a
basicmode

D ec(m:c)^ if m is an
(
L

m1 2 Sub(m) m1 :c > 0^ OR-mode
LD P (m1))

D ec(m:c)^ if m is anV
m1 2 Sub(m) LD P (m1) AND-mode

Lef tP (m1 ; m2) =

8
>><

>>:

LD P (m2) if m1 = m2

LU P (m1 ; Sup(m2)) if m2 2
^ LD P (m2) D esc(m1)

E nU P (m1 ; m2) =

8
>>>><

>>>>:

I nc(m1 :c)^ if m2 2
I nc(m2 :c) Sub(m1)

E nU P (m1 ; Sup(m2)) if m2 62
^ I nc(m2 :c) Sub(m1)

E nD P (m) =

8
>>>>>>>>>><

>>>>>>>>>>:

I nc(m:c) if m is a
basicmode

I nc(m:c)^ if m is an
E nD P (m:init ) OR-mode

I nc(m:c)^ if m is anV
m1 2 Sub(m) E nD P (m1) AND-mode

E nP (m1 ; m2) =

8
>><

>>:

E nD P (m2) if m1 = m2

E nU P (m1 ; Sup(m2)) if m2 2
^ E nD P (m2) D esc(m1)



I dN D P (m) =
V

m62Desc(m) m0:c = m:c
I dD P (m) =

V
m2 Desc(m) m0:c = m:c

[[tm2
m1

]]P = SP (m1) ^ Lef tP (m3 ; m1) ^ E nP (m4 ; m2)
I dN D P (m5) ^ f (tm2

m1 )

wherem3 = TPA(m1; m2), m4 = TPA(m2; m1), and
m5 = LC A(m1; m2).

[[m]]P =

8
>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>:

f alse if m is a
basicmode

W
t

m 2
m 1 ,m= LCA(m1 ,m2 ) [[t

m2
m1 ]]P if m is an

_
W

m1 2 Sub(m) [[m1 ]]P OR-mode

V
m3 2 Sub(m) ([[m3 ]]P _ if m is an

(I dD P (m3)^ AND-modeV
t

m 2
m 1 ,m3 = LCA(m1 ,m2 )

: g(tm2
m1

))

3.2 Avoiding Redundancy

It is possibleto determineall the active modesin an
HSM just by looking at thebasicmodes,i.e., thesetof ba-
sic modesthat areactive determinesall the active modes.
For the parameterizedHSMs this resultsin the following
property: Given a complex modem, the counterm:c can
be de�ned in termsof the countersof its submodesbased
on thefollowing equivalences:

m:c =

8
>><

>>:

P
m1 2 Sub(m) m1 :c if m is anOR-mode

m1 :c if m is anAND-mode
andm1 2 Sub(m)

Wecanreducethenumberof countersby eliminatingthe
countersfor the complex modesandinferring their values
from the countersof their submodesbasedon the equiva-
lencesgivenabove. To achieve this, in the functionsSAP

andSD P , we replacetheconstraintsin theform m:c > 0,
wherem is acomplex mode,with Gt(m:c) whichis de�ned
as:

Gt(m:c) =

8
>>>>>>>><

>>>>>>>>:

m:c > 0 if m is abasicmode

W
m1 2 Sub(m) Gt(m1 :c) if m is anOR-mode

Gt(m1 :c) if m is an
AND-modeand
m1 2 Sub(m)

Additionally, in the functionsLU P , LD P , EnU P , and
EnD P , for every complex mode m, we get rid of the
I nc(m:c) and Dec(m:c) constraints. This reductionim-
proves the ef�ciency of the veri�cation by reducingthe
numberof integervariablesin theparameterizedsystem.

4 Veri®cation of HSMs Using ALV

Figure3 showsthetranslationof theHSM for theairport
groundcontrol given in Figure2 to Action Language.An
Action Languagespeci�cationconsistsof integer, boolean
andenumeratedvariables,parameterizedinteger constants
anda setof modulesandactionswhich arecomposedus-
ing synchronousandasynchronouscompositionoperators
[13, 16]. Note that, a parameterizedinteger constantis
anunspeci�edconstantwhich cantake anarbitraryinteger
value. Semantically, eachAction Languagemodulecorre-
spondsto a transitionsystemwith a setof states,a setof
initial statesanda transitionrelation.Thetop level module
is alwayscalled the main module. The variabledeclara-
tions of a modulede�ne the set of statesof that module.
The initial expressionof a modulede�nes thesetof initial
statesof that module. A moduleexpression(which starts
with thenameof themodule)de�nesthetransitionrelation
of the modulein termsof its actionsandsubmodulesus-
ing asynchronousandsynchronouscompositionoperators.
Eachactionin an Action Languagespeci�cationde�nes a
singleexecutionstep. In anactionexpressionprimedvari-
ablesdenotethenext-statevaluesfor thevariablesandun-
primedvariablesdenotethecurrent-statevalues.

In Action Languageasynchronouscompositionof two
actionsa1 anda2, denoteda1 | a2, is de�ned as the dis-
junction of their transitionrelations. However, an action
preserves the valuesof the variableswhich are not mod-
i�ed by itself. Two actionsa1 and a2 can also be com-
binedwith synchronouscompositiona1 & a2. Semantics
of synchronouscompositioncorrespondsto conjunctionif
two actionsarealwaysenabled.However, if onecomponent
of synchronouscompositionis not enabledin a state,this
woulddeadlockthecomposedsystemif conjunctionis used
asits semantics.To preventthis,in suchastate,thedisabled
componentmakesasynchronousidle transitionandstaysin
thesamestatewhich allows othercomponentsto progress.
Formalsemanticsof Action Languageis givenin [26].

TheAction Languagetranslationof theHSM speci�ca-
tion in Figure2, shown in Figure3, follows the HSM se-
manticswe describedin theprevioussections.Thereis one
enumeratedvariableto encodeeachOR-modein theHSM
speci�cation. Eachcomplex mode is representedwith a
module. Eachtransitionin the HSM speci�cation is rep-
resentedby oneactionin theAction Languagetranslation.
Then,the overall transitionrelationis de�ned by combin-



module main()
enumerated sr1, sr2, st1, st2, sg {empty, occupied};
open boolean land, taxii1E, taxii2E, taxii2W, fly, park, takeoff;
initial: land and !taxii1E and !taxii2E and !taxii2W and !fly and !park and !takeoff;
module Airplane()

enumerated state {flow, landing, taxiing1, taxiing2, takingoff, parking};
initial: state=flow;
a1: state=flow and sr1=empty and land and state'=landing and !land' and taxii1E';
a2: state=landing and st1=empty and taxii1E and state'=taxiing1 and !taxii1E' and taxii2E';
a3: state=taxiing1 and sr2=empty and st2=empty and sg=empty and taxii2E

and state'=taxiing2 and !taxii2E' and park';
a4: state=taxiing2 and sr2=empty and takeoff and state'=takingoff and fly' and !takeoff';
a5: state=taxiing2 and sg=empty and park and state'=parking and taxii2W' and !park';
a6: state=parking and st2=empty and taxii2W and state'=taxiing2 and takeoff' and !taxii2W';
a7: state=takingoff and fly and state'=flow and !fly';
Airplane: a1 | a2 | a3 | a4 | a5 | a6 | a7 ;

endmodule
module r1()

initial: sr1=empty;
r11: sr1=empty and land and !land' and taxii1E' and sr1'=occupied;
r12: sr1=occupied and taxii1E and st1=empty and sr1'=empty and !taxii1E' and taxii2E';
r1: r11 | r12;

endmodule
module t1()

initial: st1=empty;
t11: st1=empty and taxii1E and st1'=occupied and taxii2E' and !taxii1E';
t12: st1=occupied and taxii2E and sr2=empty and st2=empty and

sg=empty and st1'=empty and park' and !taxii2E';
t1: t11 | t12;

endmodule
module r2()

initial: sr2=empty;
r21: sr2=empty and takeoff and sr2'=occupied and fly' and !takeoff';
r22: sr2=occupied and fly and sr2'=empty and !fly';
r2: r21 | r22;

endmodule
module t2()

initial: st2=empty;
t21: st2=empty and taxii2E and sr2=empty and st2'=occupied and park' and !taxii2E';
t22: st2=occupied and park and sg=empty and st2'=empty and taxii2W' and !park';
t23: st2=occupied and takeoff and sr2=empty and st2'=empty and fly' and !takeoff';
t24: st2=empty and taxii2W and st2'=occupied and takeoff' and !taxii2W';
t2: t21 | t22 | t23 | t24;

endmodule
module g()

initial: sg=empty;
g1: sg=empty and park and sg'=occupied and taxii2W' and !park';
g2: sg=occupied and taxii2W and st2=empty and sg'=empty and takeoff' and !taxii2W';
g: g1 | g2;

endmodule
module EnvEvent()

// this module generates the environment events nondeterministically
EnvEvent: land'=land or land';

endmodule
module EventConstraint()

// this module specifies that at any execution step at most one event
// can be consumed and at most one event can be generated
...

endmodule
main: (Airplane()* & r1() & t1() & r2() & t2() & g() | EnvEvent()) & EventConstraint();
spec: AG(EX(true))
spec: AG(sr1=occupied and st1=occupied => AX(sr1=occupied))
spec: AG(st1=occupied and (sr2=occupied or sg=occupied) => AX(st1=occupied))

endmodule

Figure 3. Action Langua ge speci�cation for the airpor t ground contr ol model given in Figure 2.



ing the transitions(or submodes)of OR-modeswith asyn-
chronouscomposition| , andthesubmodesof AND-modes
with synchronouscomposition&.

In the Action Languagetranslation,the eventsarerep-
resentedasbooleanvariables.The event variablesarede-
claredto beopenwhichmeansthattheirupdateshaveto be
explicitly stated(i.e., they do not preserve their valueun-
lessit is explicitly stated).We declarean eventconstraint
modulewhich is synchronouslycomposedwith the restof
thesystem.This modulerestrictsthe transitionrelationso
that at eachexecutionstepat mostoneevent canbe con-
sumedandatmostoneeventcanbegenerated.We alsode-
clareanenvironmenteventmodulewhichis asynchronously
composedwith theHSM.Thismodulenondeterministically
generatestheeventsthataregeneratedby theenvironment.
Although theAction Languagespeci�cationin Figure3 is
generatedmanually, we believe that it can be automated
basedon the translationapproachwe followed for the ex-
amplein Figure2.

4.1 Parameterized Verification

Thecountingabstractiontechnique[19] is integratedto
ALV in orderto verify propertiesof parameterizedsystems
with arbitrary numberof �nite statemodules. In Action
Language,a modulecan be marked to be parameterized
which is denotedby the suf�x “*”. Note that, in the Ac-
tion Languagetranslationshown in Figure3 theparameter-
izedmodein theHSM speci�cationin Figure2 is marked
to be parameterized.Whena moduleis marked to be pa-
rameterized,ALV generatesan abstracttransitionsystem
in which the local variablesof the parameterizedmodule
is replacedby a setof integer variables,one integer vari-
ablefor eachvaluationof the local variablesof theparam-
eterizedmodule. Theseintegervariableskeeptrackof the
numberof instancesof the parameterizedmodulein each
local state(which correspondsto a valuationof the local
variables). An additionalparameterizedconstantis intro-
ducedto denotethenumberof instancesof theparameter-
izedmodule.CountingabstractionpreservestheCTL prop-
ertiesthat do not involve the local statesof the abstracted
processes.Whenpropertiesof a systemareveri�ed using
thecountingabstraction,theresultwill holdfor any number
of instancesof theparameterizedmoduleandif a counter-
exampleis generatedit correspondsto a concretecounter-
example. Note that countingabstractiontechniqueworks
only for moduleswith �nite numberof local states.

Counting abstractiontechniquemay generatea large
numberof (unbounded)integervariablesto encodethelocal
statesof theparameterizedmodules.Hence,ef�cient veri�-
cationwith integervariablesis crucial for thescalabilityof
parameterizedveri�cation. ALV specializesin veri�cation
of suchsystems.

ALV is a symbolic model checker for CTL which
usesef�cient symbolicrepresentationsfor integervariables.
ALV computesthe truth set of a given temporalproperty
basedon theleastandgreatest�xpoint characterizationsof
CTL operators.It usesiterative �xpoint computationsstart-
ing from the�xpoint for theinnermosttemporaloperatorin
theformula.

ALV usesthe CompositeSymbolicLibrary [28, 29] as
its symbolicmanipulationengine.CompositeSymbolicLi-
brary integratesmultiple symbolic representations:BDDs
for booleanand enumeratedvariables,polyhedralor au-
tomatarepresentationsfor integervariables,andBDDs for
boundedinteger variables. CompositeSymbolic Library
provides an abstractinterface which is inherited by ev-
ery symbolicrepresentationthatis integratedto thelibrary.
Originally, ALV wasdevelopedusinga Polyhedralrepre-
sentationfor linear arithmetic constraints[15, 28]. Re-
cently, it hasbeenextendedwith anautomatarepresentation
for linear arithmeticconstraints[10, 11]. ALV also uses
BDDs to encodebooleanandenumeratedvariables.These
symbolicrepresentationscanbeusedin differentcombina-
tions. For example,polyhedraland automatarepresenta-
tionscanbecombinedwith BDDs usinga disjunctive rep-
resentation.ALV alsosupportsef�cient representationof
boundedarithmeticconstraintsusingBDDs [9].

In the presenceof unboundedinteger variables(such
as the onesgeneratedby the countingabstraction)model
checkingis undecidable.Hence,ALV usesconservativeap-
proximationtechniquesduringveri�cation. Therearethree
possibleoutcomeswhenoneusesALV to verify a parame-
terizedsystem:1) ALV veri�es the propertywhich means
that the propertyis provably correct,2) ALV generatesa
counter-examplewhichmeansthatthepropertyis provably
incorrect,and3) ALV statesthatit is unableto verify or fal-
sify theproperty. ALV usesseveralheuristicsto minimize
theoccurrenceof thethird outcomeasmuchaspossible.

The undecidabilityof the model checkingproblemfor
unboundedsystemsimplies that the �xpoint computations
are not guaranteedto converge. ALV usesseveral con-
servative approximationheuristicsto achieve convergence
[12, 14, 15, 16]: 1) Truncated�xpoint computationsto
computelowerboundsfor least�xpoints andupperbounds
for greatest�xpoints, 2) Wideningheuristicsbothfor poly-
hedra[15] and automatarepresentations[12] to compute
upperboundsfor least �xpoints (and their dualsto com-
pute lower boundsfor greatest�xpoints), 3) Approximate
reachabilityanalysisusinga forward �xpoint computation
and widening heuristics,4) Accelerationsbasedon loop-
closureswhich extract disjunctsfrom the transition rela-
tion thatpreservethebooleanandenumeratedvariablesbut
modify theintegervariables,andthencomputeapproxima-
tionsof thetransitiveclosuresof theintegerpart.



4.2 Experiments

After wetranslatedtheHSM modelof theairportground
network traf�c control in Figure2 to theAction Language
speci�cationshown in Figure3, weveri�ed severalcorrect-
nesspropertiesusingALV. The�rst � ve propertieswe ver-
i�ed were:

AG(EX(true))
AG(sr1=occupied and st1=occupied

=> AX(sr1=occupied))
AG(st1=occupied and

(sr2=occupied or st2=occupied)
=> AX(st1=occupied))

AG(st2=occupied and sg=occupied and sr2=occupied
=> AX(st2=occupied))

AG(sg=occupied and st2=occupied
=> AX(sg=occupied))

We veri�ed the� vepropertieslistedabovebothfor con-
cretenumberof airplanes(2, 4, 8, 16,32 and64) andarbi-
trary numberof (parameterized)airplanes.The �rst prop-
erty denotesabsenceof deadlock. Otherpropertiesmake
surethat theairplanesfollow therulesof theairport topol-
ogywhenthey aremovingacrosstherunwaysandtaxiways.
We veri�ed onemorepropertyindicatingthatat any reach-
ablestateof thesystemthereis at mostoneairplanein the
taxiing2 state. To specifythat propertyfor the concrete
caseswewroteinvariantsin thefollowing form:

AG(state1=taxiing2 => state2!=taxiing2 and
state3!=taxiing2 and ...)

wherestate i denotesthe state variableof the i ' th in-
stanceof the Airplane module. Note that sinceeachin-
stantiationof the Airplane moduleis identical, proving
this property ensuresthat the property holds for any in-
stantiation. For the parameterizedcase,we declaredan
auxiliary integer variablecount which is initialized to 0,
andis incrementedwhenan Airplane moduleentersthe
taxiing2 stateand is decrementedwhen an Airplane
module exits the taxiing2 state. We then veri�ed the
propertyAG(count<=1) .

Table 1 shows the transitionsystemconstructiontime,
veri�cation time and memoryusage. The �rst � ve rows
show theresultsfor theconcretecaseswith 2, 4, 8, 16, 32
and64 instancesof theAirplane moduleandthebottom
row (denotedby P) showstheresultsfor theparameterized
case. For the experimentswe useda machinewith a 2.8
GHertzPentium4 processorand2 GBytesof main mem-
ory.

For the concretecasesthe speci�cation is a �nite state
modelandALV worksasaBDD basedmodelchecker(i.e.,
doesnot useany arithmeticconstraintmanipulation).The
�xpoint computationsfor the�rst � vepropertiesconverged
in the�rst iterationfor all cases.The�xpoint computation
for the last propertytook 11 iterationsfor the casewith 2

Numberof Construction Veri®cation Memory(MB)
Airplanes Time(sec) Time(sec)
2 0.08 0.02 1.68
4 0.21 0.16 4.63
8 0.56 1.08 15.75
16 1.34 3.24 39.80
32 3.25 9.69 64.45
64 10.25 26.21 124.35
P 41.32 13.85 15.15

Table 1. Veri�cation results.

airplanes,18 iterationsfor thecasewith 4 airplanes,22 iter-
ationsfor thecaseswith 8, 16,32 and64 airplanes,and23
iterationsfor theparameterizedcase.

Notethatthetransitionsystemconstructiontime for the
parameterizedcasetakes longer than the concretecases.
There are two reasons1) for the parameterizedcasethe
countingabstractionis being computedduring the transi-
tion systemconstructionand2) the parameterizedcaseis
using linear arithmeticconstraintmanipulationduring the
transitionsystemconstructionwhichis moreexpensivethan
booleanlogic manipulation.

The veri�cation time for the parameterizedcaseis be-
tweentheveri�cation timesfor theconcretecaseswith 32
airplanesand64 airplanes.In termsof memoryusagepa-
rameterizedcaseperformseven betteranduseslessmem-
ory thanthe concretecasewith 8 airplanes.More impor-
tantly, the result we obtain for the parameterizedcaseis
much strongerthan any of the concretecases. From the
veri�cation resultsfor the parameterizedcasewe can de-
ducethat the airport groundtraf�c control modelgiven in
Figure2 satis�esthepropertieslistedabovefor any number
of airplanes.

5 Conclusions

In this paper, we extendedthestandardnotationfor the
hierarchicalstatemachinesby introducing primitives for
explicit speci�cation of asynchronousprocessesand their
�nite andparameterizedinstantiations.We usedthecount-
ing abstractiontechniquein de�ning the semanticsof the
parameterizedinstantiationoperator. We showedthathier-
archicalstatemachinespeci�cationscanbetranslatedto the
Action Languageandtheir propertiescanbeveri�ed using
the Action LanguageVeri�er. The Action LanguageVeri-
�er is an in�nite-state symbolicmodelchecker which can
verify parameterizedAction Languagespeci�cationsusing
automatedcountingabstraction.We showed that this fea-
ture of theAction LanguageVeri�er canbe usedto verify
parameterizedhierarchicalstatemachinespeci�cationsau-
tomatically. As a casestudy, we modeledanairportground
traf�c controlsystemusingthehierarchicalstatemachines,
translatedthespeci�cationto theAction Language,andver-



i�ed its propertiesbothfor different,concretenumberof in-
stantiationsandfor arbitrarynumberof instantiationsusing
theAction LanguageVeri�er.
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