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Abstract

ActionLanguage Veri er (ALV) is anin nite-state sym-
bolic modelcheder. ALV can verify (or falsify, by gener
ating counterexamples)tempoal logic propertiesof sys-
temsthat can be modeledusinga combinationof boolean
logic and linear arithmetic expressionson boolean, enu-
merated and (possiblyunbounded)integer variables and
parameterizednteger constants. In this paper we apply
ALV to theveri cation of parameterizedierarchical state
madinespeci cations.We extendthe standad notationfor
hierarchical state madinesby introducing primitives for
explicit speci cation of asyntronousprocessesand their

nite and parameterizednstantiations. e de ne the for-
mal semanticsof theseprimitives, whele the statesof the
parameterizedprocessesre mappedto integer variables
usingthecountingabstractiontechnique We applythepre-
sentedapproad to the speci cationandanalysisof an air-
port groundtraf ¢ contmller andverify several correctness
propertiesof this speci cationusingALV.

1 Intr oduction

HierarchicalstatemachinegHSMs) have beenvery in-
uential in speci cation of computersystemsafter David
Harel's seminalwork on Statechart§21]. Variationson
HSMs have becomepart of popularobjectorienteddesign
language$5], aresupportedby commerciadesignsupport
tools [22], in uenced the requirementsspeci cation lan-
guages[23], and have beeninvestigatedfrom automated
veri cation perspectie[6, 7, 17, 18]. In this paperwe are
focusingonautomatederi cation of parameterize¢tHSMs.
In additionto including well-known conceptsrom State-
charts,we extendthe HSMs using an instantiationopera-
tor asa way of specifyingthe asynchronougomposition
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of HSMs. A parameterizedHSM containsparameterized
componentsvhichcanbeinstantiatedarbitrary(unbounded
but nite) numberof times. In orderto verify parameter
ized HSMswe translatethemto the Action Languageand
thenusethe Action LanguageVeri er to modelchecktheir
CTL properties Althoughthe Action Languagéranslation
is donemanuallyatthis point, it canbeautomatedbasecbn
the HSM semanticaisedin this paper

Action Languageis a speci cation languagefor reac-
tive software systemq13]. The Action LanguageVeri er
(ALV) [1, 16] consistsof 1) a compilerthat corverts Ac-
tion Languagespeci cationsto symbolic representations,
and?2) anin nite-state symbolicmodelcheclerwhich veri-
es (orfalsi es by generatingounterexamples)CTL prop-
ertiesof Action Languagespeci cations. ALV specializes
on systemsspeci ed with linear arithmeticconstraintson
integer variables. It usesthe CompositeSymbolicLibrary
[28, 29 asits symbolic manipulationengine. Composite
SymbolicLibrary integratesmultiple symbolicrepresenta-
tions: BDDs for boolearandenumeratedariablespolyhe-
dral or automatarepresentationfor integer variables,and
BDDs for boundedntegervariables.

Since Action Languageallows speci cationswith un-
boundedinteger variables, xpoint computationsare not
guaranteedo corverge. ALV usesconserative approxi-
mationtechniquesreachabilityand acceleratiorheuristics
to achiere corvergence. ALV usesthe countingabstrac-
tion technique[19] for veri cation of parameterizedys-
tems[26, 27]. Countingabstractiongenerates setof in-
tegervariablesanda setof lineararithmeticconstrainton
thesevariablesto representhe behaior of arbitrarynum-
berof nite stateprocessedn thispapemwe usethisfeature
of ALV to verify parameterizetHSMs.

Our resultsdemonstratehatin nite statemodelcheck-
ing tools canbe effective in verifying propertiesof param-
eterizedhierarchicalstatemachines.Model checkingin -
nite statesystemsspeci ed by lineararithmeticconstraints,
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Figure 1. An airpor t ground netw ork.

suchasthe onestargetedby ALV, hasbeenan active re-
searchareain the automatedreri 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 symbolicrepresentationsAddition-
ally, Action Languageprovideshigh level constructssuch
asthe ability to declareparameterizegrocesseswhich is
supportedy ALV usingautomatedatountingabstraction.

We appliedtheapproactpresentedh this papeito asim-
ple airport groundnetwork systemshavn in Figurel. In
this example,the groundnetwork consistsof two runways,
two taxiways,anda singlegate.An arriving airplanelands
usingrunway rl, navigateson taxiway t1, crossesunway
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 accidentaanddeadlock.
We speci ed the control logic for this exampleusing pa-
rameterizedHSMs asshowvn in Figure2. We modeledthe
groundnetwork asa hierarchicalstatemachinewhich con-
sistsof synchronoustatemachineshat modelindividual
resourcese.g.,staterl modelsrunway rl. Eachairplane
is modeledas a hierarchicalstate machine(Airplane )
which consistof substateshatmodelthe statusof the air-
plane, e.g., statelanding  modelslanding status. The
state Airplane[*] denotesasynchronousomposition
of arbitrary numberof Airplane  statemachines. The
whole systemis modeledasthe synchronousomposition
of Airplane[*] and the statemachinesmodelling the
groundnetwork resourcegrl , r2 ,t1 ,t2 , andg).

Therestof thepaperis organizedasfollows. In Section?
we de ne the HSM notationandits semanticsin Section3
wede ne theparameterizetHSMs. In Sectiord we discuss
theveri cation of parameterizetHSMsusingALV. Finally,
in Section5, we give our conclusions.

2 Hierarchical State Machines

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

2.1 Modes

A modé denotesa controlpoint. It is representetdy an
annotatedectangle A modeis calledactiveif theHSM is
currentlyat that mode. Therearetwo typesof modes:ba-
sic modesandcomplex modes A complex modedescribes
a hierarchyandit is composedf submodesvhich canbe
either basicmodesor complex modes. A complex mode
can be one of two types: an OR-modeor an AND-mode
An OR-modeis constructedby connectingts submodesia
transitions.If an OR-modeis active, thenexactly oneof its
submodess alsoactive. One of the submode®f an OR-
modeis identi ed asthe initial modeand representedy
anincomingcurvedarc. An AND-modeis constructedy
separatingts submodegy dashedines. An AND-mode
denotexconcurrenexecutionof its submodesIf an AND-
modeis active, thenall of its submodesirealsoactive.

We denotethe set of all mode namesin an HSM as
M ode Givenamodem, Sub(m) denoteghe setof modes
which are the submodef m. A modem; is the super
modeof themodem, (Sup(my) = my) if m, isasubmode
of my, i.e.,my 2 Sub(m;). A modem; is saidto be an
ancestorof the modem;, if eitherm; is a supermode of
m, or m; is an ancestorof the supermodeof m,. Simi-
larly, m; is saidto be a descendantf m if eitherm; is a
submodeof m, or m;'s supermodeis adescendandf m,.
Desdqm) denoteghesetm's descendantsiwo modesm;
andm, arecalledpeermodesif they aresubmode®f the
samenode. The lowest-commomancestorof m; andmsy,
LC A(m1;my), is de ned asthe modethatis an ancestor
of bothm; andm, andwhich doesnot have a descendant
thatis the ancestoof bothm; andm,. Thetop-mostpeer
ancestorof m; with respecto my, TPA(mMy; my), is the
ancestoof m; thatis asubmodef thelowest-commoran-
cestorof m; andm,. A modem is active if andonly if
m:act = true.

We de ne three functions S; SA; SD M ode !

F ormul a which map modesto 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) denotethe constraintonthe
ancestorandthe descendantsf m, respectiely. They are
recursvely de ned asfollows:
mj:act SA(mi) if my = Sup(m) and
m; isanOR-mode

ml:act" SA(my) if my = Sup(m) and

SA(m) = ;

(m) 22 Sub(my).mp6m M1 iS@NAND-mode
SD(m3)

tr ue if m istherootmode

1We usetheword modeheresincewe usetheword stateto referto the
con®guration®f the hierarchicaktatemachines.
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Figure 2. Hierarchical state machine speci cation

if mis abasicmode

8
m:act
g V12 Sub(m) M1 :act)

( if misan
N mi:act OR-mode
= m12 Sub(m)
SD(m) = ) SD(mi)) * miact
§ V I i
( m12 Sub(m) SD(ml)) If misan
Am:act AND-mode

L
wherethe expressionwith the exclusive-or operator( )
denoteghat exactly one of the submode®f anactive OR-
modeshouldbeactive.

2.2 Transitions

A transitionmodelsanatomicmodechangeandis repre-
sentedby asolid arrov connectingwo modes.Letty¢ de-
noteatransitionfrom mg to myq, wherems andmgy denote
thesourcemodeandthedestinatiormodeof t, respectiely.
Whenatransitiont¢ is taken, the sourcemodems, some
of its ancestorand all of its descendantbecomenactive,
and the destinationmodemyg andall of its ancestorsand
someof its descendantsecomeactive. We restrictthetran-
sitionssothat,if amodem isthesourceor destinatiormode
of a transition, then Sup(m) mustbe an OR-mode,i.e.,
thereare no transitionsfrom or to the submodeof AND-
modes. Moreover, given a transitiont¢, if mg (mg) is a
descendantf a submodeof an AND-modethenmgy (ms)
mustbe a descendanof the samesubmodeof that AND-
mode,i.e., for all t¢, for all m, if Sup(m) is an AND-
mode,thenmg 2 Desc(m) if andonly if mq 2 Desqm).

Transitions can be labeled with three elds

of the airpor t ground network contr ol system.

trigger[cond=generate where trigger is the trigger
event of the transition, generate is the event generated
by the transition, and cond is a booleancombinationof
predicatesn theform in (m:sm). The cond andgenerate
elds areoptional. The predicatein (m:sm) denotesthat
thesubmodesm of the OR-modem is currentlyactive. We
modelthe eventsusingbooleanvariables.A transitioncan
betakenif thetriggereventandthe cond aretrue (if cond
is not given, it is assumedo 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 denotesthis transition semanticsthe transition
formula Let f (tf¢) denotethe transition formula for
the transitiontf¢. We write the transition formula as
f(tme) = o(tn?) ~ u(th?¢) whereg(tn¢) is called the
guard and statesthat the trigger event and the cond are
true, and u(ty¢) is called the updateand setsthe value
of the trigger event to false and the generatedevent (if it
exists) to true in the next state. A transitionpreseresthe
valuesof all the eventsthatit doesnot update. Whenthe
modems is active, thetransitiont}¢ canbetakenprovided
thattheg(t¢) evaluatesto true. If thereis morethanone
transitionoriginatingfrom the samemodeandif theguards
of morethanoneof themevaluateto true atthe sametime,
thenoneof thetransitionss takennondeterministically

Now, we will de ne the semanticf executinga tran-
sition. Let LU : Mode Mode! Formula denotethe
mappingfrom a pairof modegmj; m;), wherems, is ade-
scendanbf mq, to aformulawhich denoteghe stateof m»
andits ancestorap to m; aftera transitionexits m,. We
useprimedmodeso denotehevaluesof theattributesafter



thetransitionis taken(m:act is thevalueof theact attribute
of modem atthe currentstate whereasn®act is thevalue
of the act attribute of modem at the next state,after the
transitionis taken).

8
3 m%:act® : m3:act if my 2 Sub(m;)
2

LU (mq1;my) =

: mY:act? if m, 62Sub(m;)
LU (my; Sup(mz))
LetLD : Mode! Formuladenotethemappingfrom

amodem to aformulawhich denoteghe stateof modem
andall its descendantafterm is exited by a transition.

if m is abasicmode

8 : m%act
§ Vm":act" if m isanOR-mode

- m12 Sub(m)
LD (m) (mq:act) LD (my))
Vmozact" if m is anAND-mode
m12 Sub(m) LD (ml)
Let Left : Mode Mode! Formula denotethe

mappingfrom apairof modegmy; m,) to aformulawhich
denoteghestateof m,, its descendantsndits ancestorsip
to my, afteratransitionexits m,.

8
3 LD (m3) ifmy=m;
Lef t(my; m2) = 32 LU (my;Sup(my)) if mp2
ALD (m,) Desdmi)

Whenatransitiontmg is taken,thedestinatiormodemy,
all of its ancestorsandsomeof its descendantsecomeac-
tive. Below we de ne theeffect of executingatransitionon

thedestinatiormodeandits ancestorandits descendants.

LetEnU : Mode Mode! Formula denotethe
mappingfrom a pair of modes(mi;my), wherem, is a
descendandf mq, to a formulawhich denoteghe stateof
modem; andits ancestorsipto m; afteratransitionenters
ms.

8 m9:act » m9:act if my 2
i 5 2
% Sub(m3)
EnU(mi;my) =
E EnU(mg; Sup(my)) if my 62
Am3:act Sub(m3)

LetEnD : Mode! Formula denotethe mapping
from a modem to a formula which denotesthe state of
modem andall its descendantafterm is enterecby atran-
sition.

8
m©%act if misa
% basicmode
o. s .
m%act® EnD (m:init )  if misan
Enb (m) = OR-mode
§ Q;lozact" if misan
. 12 Sub(my END (M1)  AND-mode

LetEn: Mode Mode! Formuladenotehemap-
ping from apairof modeqm3; m,), wherem, is adescen-
dantof m1, to aformulawhich denoteghe stateof m», its
descendantgndits ancestorap to ms, after a transition
enteram,.

8
3 EnD (my) if mi = m»
En(mi;mz) = 2 EnU(mg;Sup(mz)) ifmy2
AEND (m,) Desgm;)

LetIdND : Mode! Formula denotethe mapping
from a modem to a formulawhich denoteghatfor all the
modeswhich are not descendantsf m, the act attribute
remainghe samein the next state.

N

m%act = m:act
m62Desc(m)

Similarly, 1dD : Mode! Formula is the mapping
from a modem to a formulawhich denoteghatfor all the
modeswhich are the descendantsf m, the act attribute
remainshe samein the next state.

AN

IdND(m) =

1dD(m) = m%act = m:act

m2 Desc(m)

Now, we cande ne thesemanticf atransitiont}? as
[t721 = S(mg)” Lef t(mz;ma)» En(ma; m2)
AN D (ms) ~ f (t7

wheremsz = TPA(mMy;my), my = TPA(m2; m;), and
ms = LC A(my; my). Then,thesemanticof amodem is
de ned asfollows:

f alse if m is abasicmode

Wtw = LOA(my . mp) ltma]  1f M is anOR-mode
— m12 Sub(m) |[m1]|
[m]= v
m32 Sub(m) (IIm3]_
(J dD (ms)”
tm 2 ,ma= LCA(my,mz)

()]

if m isanAND-mode



3 ParameterizedHSMs

We incorporatean instantiationoperatorto HSMs asa
way of specifying asynchronougompositionof a set of
identical statemachines.The instantiationoperatoris rep-
resentedby thesufx “[n]” thatis appendedo a complex
modenamewheren canbeanumberdenotingthe number
of instantiationsor it canbethe**” charactedenotingthe
arbitrarynumberof instantiations We call a modewith ar
bitrary numberof instantiationsa parameterizednode For
instancejn Figure2, Airplane is aparameterizedhode.
Thesemanticof themodeinstantiatioris de ned as

M In]l= Mil
1in
whereM; denotesthe HSM that is obtainedfrom M by
appending to eachmodename.We explain the semantics
of parameterizedhodesbelow.

3.1 Parameterized Modes

We useanabstractiontechniquecalledcountingabstrac-
tion [19] to de ne the semanticof parameterizeanodes.
Countingabstractioris usedto abstracthelocal statesof a
setof identicalcomponentsTheabstractedystendoesnot
keeptrack of the stateof eachcomponentrather it keeps
track of the numberof componentsn eachstate. This is
achieved by introducinga setof integer variables,one per
state countingthe numberof componentén thatstate.

We extendthenotationwe introducedsofar by introduc-
ing the superscripP to denotethe parameterizedase.We
associate counterm:c with eachmodem, which denotes
thenumberof instance®f the parameterizedtatemachine
thatareactivein m. We de ne SP; SAP;SDP : M ode!
Formula asSP(m) = SAP(m) ~ SDP(m) whereSA
andSD arerecursvely de ned asfollows:

mi:c> 0~ SAP(my) if my = Sup(m)
andm; isan
OR-mode
SA"(m)= _ (piic> 07 SA”(my) if my = Sup(m)
mp2 Sub(my),my6 m andml Isan
SD P (m,) AND-mode
true if m is therootmode
8 m:c > 0 if misa
basicmode
(W mi:c> 0 if misan
P - mp2 Sub(m) 1+
SD™(m) ASDP(my)) » mic> 0 OR-mode
my2 Sub(my M1:C> 0 if misan
~SD¥(my)) » mc> 0 AND-mode

Below, we presentthe transition semanticsfor pa-
rameterizedmodes, basedon the notation for the non-

parameterizedasein Section2. LetDeqc) c®=c¢ 1
andinc(c) c°=c+ 1L
8 .
Dedmi: )" if my 2
% Dedm;:c) Sub(m1)
LU P(m1;m2) =
E Dedm;: )" if m, 62
© LU ”(m1;Sup(mz2)) Sub(mi)
8 . .
Dedm:c) if misa
% basicmode
q_eo(m:c)" if misan
LD P(m) = _ (. 25u(m M1:c> 0" OR-mode
LD F(my))
Qeo(m:c)" if misan
© 2 Sub(my LD T(M1)  AND-mode
8 P )
3 LD “(m2) if my=my
P . -
Lef t(m1;mz) = 3 LUT(mi;Sup(mz)) if my 2
ALD P(my) Desqm;)
8 .
I nc(mq:c)? if my 2
% I nc(m2:c) Sub(m3)
EnUf(mi;m;y) =
E EnUT(my;Sup(my)) if my 62
Al nc(mz:c) Sub(m3)
8 . .
I nc(m:c) if misa
% basicmode
P _ I nc(m:c)” if misan
EnD "~ (m) = EnD P (m:init ) OR-mode
% Vwc(m:c)" if misan
: 12 Sub(m) END P(m;) AND-mode
8 » .
3 EnD “(m3) ifmy=m;
P . —
En®(mi;mz) = 32 EnU”(mi;Sup(my)) ifm,2
AEnND £ (my) Desqm;)



\%

P — 0.~ — .
IdNE (m) = \/ mEDesc(m) mo.c— m:c
I dD " (m) = m2 Dese(m) M :C= MiC
[tm2]” = SP(mi)~ Lef t”(ma;mi) A Enf(ma;my)

IdND " (ms) ~ f (t2

wheremsz = TPA(mMy;my), my = TPA(mM2; m;), and
ms = LCA(mq;my).

f alse ifmisa
basicmode
W my P . .
tw ,m= LCA(m1,m3) |[t7n1 if misan
|[m]|P: —  m12 Sub(m) [m.]” OR-mode
V . .
a2 Sub(my IMal"_ if misan
(}dD " (m3)" AND-mode

tm % ,m3= LCA(m1,m2)

s g(tm)

3.2 Avoiding Redundancy

It is possibleto determineall the active modesin an
HSM just by looking at the basicmodesi.e., the setof ba-
sic modesthat are active 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 submodedbased
onthefollowing equivalences:

8 P

3 mi2Sub(m M1C if m isanOR-mode

me= 2 maic if m is anAND-mode
' andm; 2 Sub(m)

We canreducethe numberof counterdy eliminatingthe
countersfor the complex modesand inferring their values
from the countersof their submodesasedon the equiva-
lencesgiven above. To achieve this, in the functionsSAP
andSDP , we replacethe constraintsn the form m:c > 0,
wherem is acomple«mode with Gt(m:c) whichis de ned
as:

8 m:c> 0 if m is abasicmode
12 Sub(my Ot(Ma:c)  if misanOR-mode
Gt(m:c) =
g Gt(mi:c) if misan
AND-modeand

m3y 2 Sub(m)

Additionally, in the functionsLU ”, LD P, EnUP, and
EnDP, for every complex mode m, we get rid of the
I nc(m:c) and Dedm:c) constraints. This reductionim-
proves the efciency of the veri cation by reducingthe
numberof integervariablesn the parameterizedystem.

4 \Veri®cation of HSMs Using ALV

Figure3 shavsthetranslatiorof theHSM for theairport
groundcontrol givenin Figure2 to Action Language.An
Action Languagespeci cation consistsof integer, boolean
andenumeratedariables,parameterizeéhteger constants
anda setof modulesandactionswhich are composedis-
ing synchronousand asynchronougsompositionoperators
[13, 16]. Note that, a parameterizednteger constantis
anunspeci edconstantwhich cantake an arbitraryinteger
value. SemanticallyeachAction Languagenodulecorre-
spondsto a transitionsystemwith a setof statesa setof
initial statesanda transitionrelation. Thetop level module
is always calledthe main module. The variabledeclara-
tions of a modulede ne the setof statesof that module.
Theinitial expressiomf a modulede nesthe setof initial
statesof that module. A moduleexpression(which starts
with the nameof the module)de nesthetransitionrelation
of the modulein termsof its actionsand submoduless-
ing asynchronousindsynchronougompositionoperators.
Eachactionin an Action Languagespeci cationde nes a
singleexecutionstep. In anactionexpressionprimedvari-
ablesdenotethe next-statevaluesfor the variablesandun-
primedvariablesdenotethe current-statealues.

In Action Languageasynchronougompositionof two
actionsa; anday, denoteda; | ay, is de ned asthe dis-
junction of their transitionrelations. However, an action
preseresthe valuesof the variableswhich are not mod-
ied by itself. Two actionsa; anda, can also be com-
bined with synchronousompositiona; & a,. Semantics
of synchronousompositioncorrespondso conjunctionif
two actionsarealwaysenabled However, if onecomponent
of synchronousompositionis not enabledin a state,this
would deadlockhecomposedystenif conjunctionis used
asits semanticsTo preventthis,in suchastate thedisabled
componentmakesasynchronougdle transitionandstaysin
the samestatewhich allows othercomponentso progress.
Formalsemantic®f Action Languages givenin [26].

The Action Languagéranslationof the HSM speci ca-
tion in Figure 2, shavn in Figure 3, follows the HSM se-
manticswe describedn the previoussectionsThereis one
enumeratedariableto encodeeachOR-modein the HSM
speci cation. Eachcomplex modeis representedvith a
module. Eachtransitionin the HSM speci cationis rep-
resentedby oneactionin the Action Languageransilation.
Then,the overall transitionrelationis de ned by combin-



module main()

enumerated srl, sr2, stl, st2, sg {empty, occupied};
open boolean land, taxiilE, taxii2E, taxii2w, fly, park, takeoff;
initial: land and 'taxiilE and !taxii2E and !taxii2w and !fly and !park and 'takeoff;
module Airplane()
enumerated state {flow, landing, taxiingl, taxiing2, takingoff, parking};
initial: state=flow;
al: state=flow and srl=empty and land and state'=landing and !land' and taxiilE';
a2: state=landing and stl=empty and taxiilE and state'=taxiingl and 'taxiilE' and taxii2E";
a3: state=taxiingl 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';
ab: 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 ltaxii2w’;
a7: state=takingoff and fly and state'=flow and !fly";
Airplane: al | a2 | a3 | a4 | a5 | a6 | a7 ;
endmodule
module r1()
initial: srl=empty;
rll: srl=empty and land and !land’ and taxiilE' and srl'=occupied;
rl2: srl=occupied and taxiilE and stl=empty and srl'=empty and !taxiilE' and taxii2E";
rl: ril | ri1z;
endmodule
module t1()
initial: stl=empty;
t11: stl=empty and taxiilE and stl'=occupied and taxii2E' and ltaxiilE";
t12: stl=occupied and taxii2E and sr2=empty and st2=empty and
sg=empty and stl'=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;
gl: 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 91| 92
endmodule
module EnvEvent()
/I this module generates the environment events nondeterministically

EnvEvent: land'=land or land
endmodule
module EventConstraint()
/I this module specifies that at any execution
/I can be consumed and at most one event
endmodule
main: (Airplane()* &r1() &t1) & r2()
spec: AG(EX(true))
spec: AG(srl=occupied and stl=occupied

spec: AG(stl=occupied
endmodule

Figure 3. Action Langua ge speci cation

& 12()

step at most one event
can be generated

& g() | EnvEvent() & EventConstraint();

=> AX(srl=occupied))
and (sr2=occupied or

sg=occupied) => AX(stl=occupied))

for the airpor t ground contr ol model given in Figure 2.



ing the transitions(or submodespf OR-modeswith asyn-
chronouscomposition| , andthesubmodesf AND-modes
with synchronougomposition&.

In the Action Languagetranslation,the eventsare rep-
resentedasbooleanvariables. The eventvariablesare de-
claredto beopenwhich meanghattheir updateshaveto be
explicitly stated(i.e., they do not presere their value un-
lessit is explicitly stated).We declarean eventconstaint
modulewhich is synchronouslycomposedwith the restof
the system. This modulerestrictsthe transitionrelationso
that at eachexecutionstepat mostone event canbe con-
sumedandat mostoneeventcanbegeneratedWe alsode-
clareanernvironmeneventmodulewhichis asynchronously
composedvith theHSM. This modulenondeterministically
generateshe eventsthataregeneratedyy the ervironment.
Althoughthe Action Languagespeci cationin Figure3 is
generatednanually we believe that it can be automated
basedon the translationapproachwe followed for the ex-
amplein Figure2.

4.1 Parameterized Verifi cation

The countingabstractiortechnique[19] is integratedto
ALYV in orderto verify propertiesof parameterizedystems
with arbitrary numberof nite statemodules. In Action
Language,a module can be marked to be parameterized
which is denotedby the sufx “*”. Note that, in the Ac-
tion Languagdranslationshavn in Figure3 the parameter
ized modein the HSM speci cationin Figure2 is marked
to be parameterizedWhena moduleis marked to be pa-
rameterized ALV generatesn abstracttransition system
in which the local variablesof the parameterizeanodule
is replacedby a setof integer variables,one integer vari-
ablefor eachvaluationof the local variablesof the param-
eterizedmodule. Theseinteger variableskeeptrack of the
numberof instancesf the parameterizeanodulein each
local state(which corresponddo a valuationof the local
variables). An additionalparameterize@onstantis intro-
ducedto denotethe numberof instanceof the parameter
izedmodule.Countingabstractiorpreseresthe CTL prop-
ertiesthat do not involve the local statesof the abstracted
processesWhen propertiesof a systemareveri ed using
thecountingabstractiontheresultwill holdfor any number
of instanceof the parameterizednoduleandif a counter
exampleis generatedt correspondso a concretecounter
example. Note that countingabstractiontechniqueworks
only for moduleswith nite numberof local states.

Counting abstractiontechniquemay generatea large
numberof (unboundedintegervariablego encodehelocal
stateof theparameterizedhodules Hence ef cient veri -
cationwith integervariabless crucial for the scalability of
parameterizederi cation. ALV specializesn veri cation
of suchsystems.

ALV is a symbolic model checler for CTL which
usesfcient symbolicrepresentation®r integervariables.
ALV computeghe truth setof a given temporalproperty
basedn theleastandgreatestxpoint characterizationsef
CTL operatorslt usedterative xpoint computationstart-
ing from the xpoint for theinnermostemporaloperatoiin
theformula.

ALV usesthe CompositeSymbolicLibrary [28, 29 as
its symbolicmanipulatiorengine.CompositeéSymbolicLi-
brary integratesmultiple symbolicrepresentationsBDDs
for booleanand enumeratedsariables,polyhedralor au-
tomatarepresentationfor integervariables andBDDs for
boundedinteger variables. CompositeSymbolic Library
provides an abstractinterface which is inherited by ev-
ery symbolicrepresentatiothatis integratedto thelibrary.
Originally, ALV was developedusing a Polyhedralrepre-
sentationfor linear arithmetic constraints[15, 28. Re-
cently, it hasbeenextendedwith anautomataepresentation
for linear arithmeticconstraintg10, 11]. ALV also uses
BDDs to encodebooleanandenumeratedariables.These
symbolicrepresentationsanbe usedin differentcombina-
tions. For example, polyhedraland automatarepresenta-
tions canbe combinedwith BDDs usinga disjunctie rep-
resentation.ALV also supportsef cient representatiomf
boundedarithmeticconstraintsisingBDDs [9].

In the presenceof unboundedinteger variables(such
asthe onesgenerateddy the countingabstractionymodel
checkingis undecidableHence ALV usesconsenrative ap-
proximationtechniquesluringveri cation. Therearethree
possibleoutcomesvhenoneusesALYV to verify a parame-
terizedsystem:1) ALV veri es the propertywhich means
that the propertyis provably correct,2) ALV generates
counterexamplewhich meanghatthe propertyis provably
incorrect,and3) ALV stateghatit is unableto verify or fal-
sify the property ALV usesseveral heuristicsto minimize
theoccurrencef thethird outcomeasmuchaspossible.

The undecidabilityof the model checkingproblemfor
unboundedsystemdmplies thatthe xpoint computations
are not guaranteedo corverge. ALV usesseveral con-
senative approximationheuristicsto achieve corvergence
[12, 14, 15, 1€]: 1) Truncated xpoint computationsto
computelower boundsfor least xpoints andupperbounds
for greatestxpoints, 2) Wideningheuristicsbothfor poly-
hedra[15] and automatarepresentation§l?] to compute
upperboundsfor least xpoints (andtheir dualsto com-
pute lower boundsfor greatestxpoints), 3) Approximate
reachabilityanalysisusinga forward xpoint computation
and widening heuristics,4) Accelerationsbasedon loop-
closureswhich extract disjunctsfrom the transitionrela-
tion thatpresere the boolearandenumeratedariablesbut
modify theintegervariables andthencomputeapproxima-
tionsof thetransitve closuresof theintegerpart.



4.2 Experiments

After wetranslatedheHSM modelof theairportground
network traf ¢ controlin Figure2 to the Action Language
speci cationshavn in Figure3, we veri ed severalcorrect-
nesspropertieausingALV. The rst  ve propertiesve ver
ied were:

AG(EX(true))
AG(srl=occupied and stl=occupied
=> AX(srl=occupied))
AG(stl=occupied and
(sr2=occupied or st2=occupied)
=> AX(stl=occupied))
AG(st2=occupied and sg=occupied
=> AX(st2=occupied))
AG(sg=occupied and st2=occupied
=> AX(sg=occupied))

and sr2=occupied

We veri ed the ve propertiedistedabove bothfor con-
cretenumberof airplaneg2, 4, 8, 16, 32 and64) andarbi-
trary numberof (parameterizedairplanes.The rst prop-
erty denotesabsencenf deadlock. Other propertiesmake
surethatthe airplanedollow therulesof the airporttopol-
ogywhenthey aremoving acrosgherunwaysandtaxiways.
We veri ed onemorepropertyindicatingthatat arny reach-
ablestateof the systemthereis at mostoneairplanein the
taxiing2  state. To specifythat propertyfor the concrete
casesve wroteinvariantsin thefollowing form:

AG(statel=taxiing2 => state2!=taxiing2 and
state3!=taxiing2 and ...)
wherestate i denoteshe state variableof thei'th in-

stanceof the Airplane module. Note that sinceeachin-
stantiationof the Airplane  moduleis identical, proving
this property ensuresthat the property holds for ary in-
stantiation. For the parameterizedase,we declaredan
auxiliary integer variablecount which is initialized to O,
andis incrementedvhenan Airplane  moduleentersthe
taxiing2  stateandis decrementedvhen an Airplane
module exits the taxiing2  state. We thenveri ed the
propertyAG(count<=1)

Table 1 shaws the transitionsystemconstructiontime,
veri cation time and memoryusage. The rst ve rows
show theresultsfor the concretecaseswith 2, 4, 8, 16, 32
and64 instancef the Airplane  moduleandthe bottom
row (denotedby P) shavstheresultsfor the parameterized
case. For the experimentswe useda machinewith a 2.8
GHertz Pentium4 processorand2 GBytesof main mem-
ory.

For the concretecaseshe speci cationis a nite state
modelandALV worksasaBDD basednodelchecler(i.e.,
doesnot useary arithmeticconstraintmanipulation). The
xpoint computationdor the rst ve propertiecornverged
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;8iterationsfor thecasewith 4 airplanes2?2 iter-
ationsfor the caseswith 8, 16,32 and64 airplanesand23
iterationsfor the parameterizedase.

Note thatthe transitionsystemconstructiortime for the
parameterizedtasetakes longer than the concretecases.
There are two reasonsl) for the parameterized¢tasethe
countingabstractionis being computedduring the transi-
tion systemconstructionand 2) the parameterized¢aseis
using linear arithmetic constraintmanipulationduring the
transitionsystenconstructiorwhichis moreexpensvethan
booleariogic manipulation.

The veri cation time for the parameterizedaseis be-
tweenthe veri cation timesfor the concretecaseswith 32
airplanesand 64 airplanes.In termsof memoryusagepa-
rameterizeccaseperformseven betterand useslessmem-
ory thanthe concretecasewith 8 airplanes. More impor-
tantly, the resultwe obtain for the parameterized¢aseis
much strongerthan ary of the concretecases. From the
veri cation resultsfor the parameterized¢asewe can de-
ducethatthe airport groundtraf ¢ control modelgivenin
Figure2 satis esthepropertiedistedabovefor any number
of airplanes.

5 Conclusions

In this paper we extendedthe standarchotationfor the
hierarchicalstate machinesby introducing primitives for
explicit speci cation of asynchronouprocessesnd their

nite andparameterizethstantiations We usedthe count-
ing abstractiontechniquein de ning the semanticof the
parameterizethstantiationoperator We shavedthat hier
archicalstatemachinespeci cationscanbetranslatedo the
Action Languageandtheir propertiescanbeveri ed using
the Action LanguageVeri er. The Action LanguageVeri-
er is anin nite-state symbolicmodel checler which can
verify parameterized\ction Languagespeci cationsusing
automatectountingabstraction.We showved that this fea-
ture of the Action LanguageVeri er canbe usedto verify
parameterizetiierarchicalstatemachinespeci cationsau-
tomatically As acasestudy we modeledanairportground
traf ¢ controlsystemusingthehierarchicaktatemachines,
translatedhespeci cationto theAction Languageandver-



i ed its propertieshothfor different,concretenumberof in-
stantiationsandfor arbitrarynumberof instantiationsusing
the Action LanguageVeri er.
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