Enhancing Partial-Order Reductionvia Proces<Llustering

TwanBasten
Dept. of ElectricalEng.,Eindhosen University of Technology
POBox 513,NL-5600MB Eindhosen, The Netherlands
e-mail: a.a.basten@tue.nl

DraganBoSn&ki
Dept. of ComputingScienceEindhoven University of Technology
POBox 513,NL-5600MB Eindhoven, The Netherlands
e-mail: dragan@win.tue.nl

Abstract

Partial-order reductionis a well-known technique to
copewith the state-space»glosionproblemin the verifi-
cation of concurentsystemslsingthe hierarchical struc-
ture of concurent systemsye presentan enhancemensf
thepartial-orderreductionschemeof [12, 19]. A prototype
of the new algorithm has beenimplementecn top of the
verificationtool SPIN.Thefirstexperimentakesultsare en-
couraging.

Key words: concurreng, stateexplosion,formal verifica-
tion, partial-ordereduction,(LTL) modelchecking, SPIN

1. Intr oduction

Over the last decadesthe compleity of computersys-
temshasbeenincreasingrapidly, with a tendeng towards
distribution and concurreng. The correctfunctioning of
thesecomplex systemss becominganeverlargerproblem.
Many verificationandproof techniquesave beeninvented
to solve this problem.An importantclassof techniquesre
thosebasednafully automaticexhaustvetraversalof the
statespaceof aconcurrensystem Well-known representa-
tivesarethe variousmodel-checkingechniques.

An infamougproblemcomplicatinganexhaustvetraver-
salof the statespaceof a concurrensystemis the stateex-
plosion,causedy thearbitraryinterleaving of independent
actionsof the variouscomponentof the system. Several
techniquedave beendevelopedto copewith this problem.
Partial-order reductionis a very prominentone (see, for
example,[1, 7, 8, 11, 12, 18, 19, 20, 21, 27]). It exploits
the independencef actionsto reducethe statespaceof a
systemwhile preservingpropertiesof interest. Whengen-
eratinga statespacejn eachstate,a subsetof the enabled
actionssatisfying certaincriteria is chosenfor further ex-
ploration.Following [12, 19], we call thesesetsamplesets.

The traditionalapproacho partial-orderreduction(see,
for example,[12, 19)) dealswith systemsseenasan un-
structurectollectionof sequentiaprocessesunningin par
allel. However, mary systemshave inherenthierarchical
structurejmposeckitherexplicitly by thelanguageisedfor
the systemspecificationthat groupsprocesse blocksor
similarconstructge.g.,SDL, UML), orimplicitly by thein-
terconnectiongmongprocessesin this paper we present
a partial-orderreductionalgorithmthat exploits the hierar
chicalstructureof a system.

Our startingpointis the partial-orderalgorithmof Holz-
mannand Peled[12, 19]. This algorithmis implemented
in the verificationtool SPIN [9] andhasprovento be suc-
cessfulin copingwith the state-spacexplosion. It is also
sufficiently flexible to allow extensiongseefor instancethe
extensiondor timedsystemsn [4, 17]). Thealgorithmuses
a notion of safetyto selectamplesets. The safetyrequire-
mentis imposedvia syntacticalcriteriato avoid expensve
computationgluring the state-spacéraversal. Thesecrite-
ria give amplesetscontainingeitherall enabledactionsof
asingleprocesr all enabledactionsof all processesOur
ideais to introducea gradationof the safetyrequirement
basedon the hierarchicaktructureof a system.To thisend,
we introducethe conceptof a clusteringhierarchyto cap-
turethe systemhierarchyandtheinduced(in)dependencies
amongprocesses. This generalizationallows ample sets
consistingof actionsfrom different,but not necessarilyall,
processes.Our clusterbasedalgorithmis a true general-
ization of the partial-ordefreductionalgorithmof [12, 19].
It canalsobe seenasa versionof the algorithm of Over
man[18], adaptedor clusteringhierarchieandLTL model
checking.We implementedur algorithmontop of thever-
ification tool SPIN. Theresultsobtainedwith the prototype
areencouragingin particular consideringhatavisuallan-
guageis beingdevelopedfor SPIN[15] thatcombinesnat-
urally with our clusterbasedeductionalgorithm.



The remainderof this paperis organizedas follows.
Section2 explains the state-spacexplosion problemand
the basicconceptsthat play a role in this paper Section
3 presentssomeknown theoreticalresultson partial-order
reductionas well as the reductionalgorithm of [12, 19].
In Section4, we presentour clusterbasedpartial-order
reductionalgorithm. Section5 givesexperimentalresults.
Finally, Section6 containsconcludingremarks.
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2. Preliminaries

State spacesof concurrent systems Concurrenisystems
typically consistof a numberof processesunningin paral-
lel. To exchangdanformation,theseprocessesommunicate
via messageand/orsharednemory Theleft partof Figure
1 shows the very simple concurrentsystemexanpl e. It
consistof threeprocesses0, P1, andP2, eachoneexe-
cutinga sequencef two actions.Assumingthatthereis no
communicatiorand,thus,all actionscanbe executednde-
pendently the right part of Figure 1 shavs the statespace
of systemexanpl e.

Syst em exanpl e
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P1: b0; bil;
P2: c0; c1;
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Figure 1. A simple concurrent system.

The numbers00 through 08, 10 through 18, and 20
through28represenstatef systemexanpl e. Thestates
encodeall relevantinformationof exanpl e suchasvalues
of variablesandlocal programcounters.Theinitial stateof
the systemis 00 (markedwith a smallarrow). Thelabeled
arronsin Figurel correspondo statechange®r transitions
of the system. The labelslink transitionsto actionsof the
system. Note that parallelarrons in Figure1 areassumed
to have identicalactionlabels.

The exampleof Figure 1 illustratesa well-known prob-
lem complicatingthe verification of concurrentsystems.
Clearly, eachof the processesn exanpl e canonly be
in three different states. However, Figure 1 shavs that

the completestatespaceof exanpl e consistsof 27 (=3°)
states. The statespaceof a systemwith a fourth process
(executingtwo actions)alreadyconsistof 81 (=3%) states,
whereaghe statespaceof a systemconsistingof two pro-
cessesconsistsof only 9 (=3?) states. This exampleil-
lustratesthat the statespaceof a concurrentsystemmay
grow exponentiallyif thenumberof processes thesystem
increases. This phenomenons known as the state-space
explosion. Obviously, the state-spacexplosion compli-
catesverificationtechniqueshatarebasednanexhaustve
traversalof the entirestatespaceof a concurrensystem.

Labeled transition systems Thenotionof a statespaces
the mostimportantconceptin this paper To formally rea-
sonaboutstatespacesye introducethe notionof alabeled
transitionsystem

Definition 2.1 (Labeledtransition system) A labeled
transitionsystempor simplyanlLTS,is a6-tuple(S, §, A, T,
IT, L), where

Sis afinite setof states

§ € Sistheinitial state;

Ais afinite setof actions

7 : Sx A — Sisa(partial)transitionfunctior

IT is afinite setof booleanpropositions

L : S— 2 is astatelabelingfunction

Thefirst four elementdn the definitionof anLTS have al-
readybeendiscussedn the previous paragraph.Proposi-
tionsandstatelabelsareincludedin the definitionbecause
they play arole whenoneis interestedn verifying specific
propertiesof a concurrensystem.Beforeexplainingthese
lasttwo elementdn somemoredetail, we introducesome
auxiliarynotions.Let7 = (S, §, A, 7, IT, L) besomel.TS.

An actiona € A is saidto be enabledin a states € S,
denoteds > iff 7(s, a) is defined. The setof all actions
enabledn states is denotecenableds): enableds) = {a €
Als —a>}. States is adeadlo stateiff enableds) = @.

In the previous paragraphthe notion of a transitionhas
alreadybeenmentioned.Formally, transitionfunction t of
LTST inducesasetT C Sx A x Sof transitionsdefined
asT ={(s,a,9) |s,S €¢ Shac AArS =1(s,a)}. To
improve readability we write s 2 ¢ for (s,a,s) eT. Be-
sidesthe numberof statesof a concurrentsystem,alsothe
numberof transitionsof the systemis afactorcomplicating
verification. The LTS of Figure1 has54 transitions.

An executionsequencef LTS 7 is a (finite) sequence
of subsequentransitionsin T. Formally, for ary natural
numbern € IN, statess € Swithi € INand0 <i < n,
andactionsa; € Awithi € INandO <i < n, thesequence

ag ag an_1 . .
S —> S — ... S-1 — S is anexecutionsequencef

lengthn of T iff § a sypforalli e INwithO <i < n.
States, is saidto bereacablefrom sj. A stateis reachable



in 7 iff it is reachabldrom S. The LTS of Figure 1 has
90 executionsequencesf length six all startingfrom the
initial stateandleadingto deadlockstate28.

Propertiesof concurrent systems Therearemary differ-
ent kinds of propertiesof concurrentsystemsthat design-
ersareinterestedn. We mentionthreewell-known classes
of properties. For eachof theseclassesyerificationtech-
niguesexist thatarebasedn anexhaustve traversalof the
statespaceof a concurrensystem.Hence the state-space-
reductiontechniquepresentedn this papercan be useful
to improve theseverification techniques. In the remain-
der, neitherthe detailsof the specificatiorof propertiesnor
the detailsof the verificationtechniquesreveryimportant.
Hence we only give aninformal explanation.

Thefirst classof propertieds the presencer absencef
deadlocks.lt is clearthat deadlockpropertiescanbe ver-
ified in a straightforvard way by meansof an exhaustve
state-spactraversal.

The secondclassof propertiesare the so-calledlocal
properties. Local propertiesof a concurrentsystemare
propertieghattypically dependnly onthe stateof asingle
procesof the systemor on the stateof a singlesharedob-
ject. The questionwhetheror not a statesatisfyingsome
local propertyis reachableis essentiallyalso verified by
meansof a state-spac¢raversal. To verify whethera sys-
temstatesatisfiesalocal property it is importantto encode
all relevantinformationconcerninghe propertyin the state
labelingof the LTS representinghe statespaceof the sys-
tem. Thus, at this point, the reasonfor including a setof
boolearpropositionsandanaccompaying statelabelingin
thedefinitionof anLTS becomespparentFor moredetails
ontheverificationof local propertiessee[7, 11, 20].

The third classof propertiesare those expressiblein
(next-time-free) Lineartime TemporalLogic (LTL). Also
LTL propertiesareformulatedin termsof the propositions
in an LTS. It is beyond the scopeof this paperto give a
formal definitionof LTL; theinterestedeadetis referredto
[16]. Thetechniquefor verifying LTL formulaeis referred
to as(LTL) modelchecking.Again, the detailsarenotim-
portant.For moreinformation,see for example,[12].

3. Partial-Order Reduction

Section3.1 givesresults,known from the literatureon
partial-orderreduction(see,for example,[1, 7, 8, 11, 12,
18, 19, 20, 21, 22)), that are neededo prove that our re-
ductiontechniquepreseresdeadlockslocal propertiesand
next-time-freeLTL. Section3.2 presentghe partial-order
reductionalgorithm of Holzmannand Peled[12, 19]. In
Section3.3, we briefly discusimplementatiorissues.

3.1 Basictheoretical framework

The basicidea of state-space-reductiaiechniquesfor
enhancingerificationis to restrictthepartof thestatespace
of aconcurrensystenthatis exploredduringverificationin
sucha way that propertiesof interestare presered. There
areseveraltypesof reductiontechniquesin this paperwe
focus on partial-order reduction. This techniqueexploits
theindependencef propertiesfrom the possibleinterleas-
ings of the actionsof the concurrentsystem. It usesthe
factthatthe state-spacexplosionis oftencausedy thein-
terleaving of independenéctionsof concurrentlyexecuting
processesf thesystem(seeFigurel).

To be practically useful, a reductionof the statespace
of a concurrensystemmustbe achieved during the traver-
sal of the statespace. Thus, it mustbe decidedper state
which transitions andhencewhich subsequengtatesmust
beconsideredLet 7 = (S, §, A, 7, I1, L) besomeLTS.

Definition 3.1 (Reduction) For ary so-called reduction
functionr : S — 24, we definethe (partial-order)re-
ductionof 7 with respectto r asthe smallestLTS 7, =
(S.§, A v, I, Ly) satisfyingthefollowing conditions:

e SCS§&=57n CrandL, =LN(S x2M);
e for everys € § anda e r(s) suchthatz(s, a) is
defined,z; (s, @) is defined.

Note that theserequirementsmply that, for everys € §
anda € A, if 7; (s, a) is defined thenalsoz (s, @) is defined
andr (s, a) = (s, a).

It maybeclearthatnotall reductiongresereall properties
of interest. Thus,dependingon the propertieghata reduc-
tion mustpresere, we have to defineadditionalrestrictions
onr. To this end,we needto formally capturethe notion of
independencetroducedearlier Actions occurringin dif-
ferentprocessemaystill influenceeachother, for example,
whenthey accesglobalvariables.Thefollowing notion of
independencdefineghe absencef suchmutualinfluence.
Intuitively, two actionsare independentff, in every state
wherethey arebothenabled(1) theexecutionof oneaction
cannotdisablethe otherand(2) theresultof executingboth
actionsis alwaysthesame.

Definition 3.2 (Independence)Actionsa, b € Awith a #
b areindependeniff, for all states € Swith s 2 ands —b>,

e 7(S, Q) —b> andz (s, b) —a>, and
e 7(7(S,a),b) = 1(r(s, b), Q).

An exampleof independenéctionsaretwo assignmento
or readingsrom local variablesin distinctprocessesNote
thattwo actionsaretrivially independenif thereis no state
in which they arebothenabled.It is straightforvardto see



that,in our runningexampleof Figurel, all actionsaremu-
tually independent.

The first classof propertieswe are interestedn is the
presenceor absenceof deadlocks. To presere deadlock
statef anLTSin areduced.TS, thereductionfunctionr
mustsatisfythe following two conditions(calledprovisos):

CO r(s) = @ iff enableds) = #.

C1 (persistency)For ary s € S andexecutionsequence

s=5030>5131> ...aiilsnoflengthneIN\{O}

withg & r(s) foralli (0 <i < n), actionan_1 is
independentf all actionsin r (s).

Thebasicideabehindthepersisteng provisois that,during
the state-spac#raversal,transitionscausedoy actionsthat
areindependenbf all the actionschosenby the reduction
functioncanbeignored.

Theorem 3.3 (Deadlock presewation [7, Theorem#.3])
Let r be a reduction function for LTS 7 that satisfies
provisosC0O andC1. Any deadlockstatereachablen 7 is
alsoreachablen thereduced TS 7; andvice versa.

A few remarksare in order First, Theorem4.3 in [7]
doesnot statethat ary deadlockreachablein a reduced
LTS is alsoreachablen the original LTS. However, this
resultfollows directly from proviso CO. Second|[7] usesa
slightly strongerdefinition of independenceHowever, the
proofof Theoremd.3in [7] carriesoverto our settingwith-
out change.Finally, several authorspresentedtate-space-
reductionalgorithmsthatpresere deadlockg8, 18, 20].
ConsideringFigure 1, it is easyto define a reduction
functionsatisfyingprovisosCOandC1thatreduceshelL TS
of Figure1 to a singleexecutionsequencérom state00 to
state?28. Clearly, thisreductionpreseresdeadlockstate?8.
The secondclassof propertieswe discussare the local
properties. A local propertyis a booleancombinationof
propositionsn IT whosetruth value cannotbe changedoy
two independenactions: Thatis, a property¢ is local iff,
for all statess € Sandindependenactionsa, b € A such

thats 3, s —b>, and ¢ hasdifferenttruth valuesin states
s andz (s, a), the truth valuesof ¢ in s andin z(s, b) are
thesame.An LTS satisfiesa local property¢ iff thereis a
reachablestatethat satisfiesp. Typical examplesof local
propertiesare propertieshat dependonly on the stateof a
singleprocessr sharedobject. To guaranteg¢hata reduc-
tion of a statespacepresereslocal properties,it suffices
thatthereductionfunctionr satisfieghefollowing require-
ment(in additionto COandC1).
C2 (cycle proviso) For ary cyclesy ka S1 & s
S = o of lengthn € IN\ {0}, thereis ani € IN with
0 <i < nsuchthatr(s) = enableds).

Theorem 3.4 (Local-property presewation) Let r be a
reductionfunction for LTS 77 satisfyingprovisos CO, C1,
andC2; let ¢ bealocal property LTS T satisfiesp iff the
reduced. TS 7; satisfiesp.

Proviso C2 preventsthe so-calledignoring problem’iden-
tified in [20]. Informally, this problemoccurswhenare-
ductionof a statespacdgnoresthe actionsof anentirepro-
cess. Proofsof (variantsof) Theorem3.4 canbe foundin
[7, 11, 2Q]. In fact, thesereferenceshow that C2 canbe
wealenedif oneis only interestedn the preserationof lo-
cal properties.The strongerproviso givenabove is needed
for thepreserationof next-time-freeLTL propertieswhich
is thethird classof propertieswve areinterestedn. For ary
LTL formulag, prop(¢) is thesetof propositionsn ¢.

Definition 3.5(Invisibility) An actiona € Ais ¢-invisible
in states € Siff t(s, a) isundefinedr, for all = € prop(¢),
m € L(s) & 7 € L(z(s,a)). Action a is globally ¢-
invisibleiff it is ¢-invisiblefor all s € S.

Informally, an actionis globally ¢-invisible iff it cannot
changehetruth valueof formula¢.

C3 (invisibility) For ary states € S, all actionsin r (s)
areglobally ¢-invisible orr (s) = enableds).

Theorem 3.6 (Next-time-freeLTL presewation [19, 21])
Let r be a reductionfunction for LTS 7 satisfying CO,
C1,C2,andC3; let ¢ beanext-time-freeLTL formula. T
satisfiesp iff thereduced TS 7, satisfiesp. (See[16] for a
definitionof thesatishctionof anLTL formulaby anLTS.)

3.2 The algorithm of Holzmann and Peled

Giventhethreetheorem=f the previoussubsectionthe
challengeis to find interestingreductionfunctionsand ef-
ficient algorithmsimplementingthe correspondingeduc-
tions. A well-known reductionalgorithm is the one de-
scribedin [12, 19]. The mostimportantaspectf the al-
gorithm are the following: (1) It is basedon a depth-first
searchDFS) of the statespaceof a concurrensystemand
(2) it usesa reductionfunction basedon the processstruc-
ture of the system.For details,the readeris referredto the
original referenceg12, 19]. In this paper we concentrate
on the reductionfunction. To this end,we introducea no-
tion of processe our framework of LTSs.

Let7 = (5§ A, 1,11, L) beanLTS. We assumehat
a setof processe® is associatedvith 7 asfollows. Each
P € P is asetof actions,i.e., P € A. We requirethat
theprocessepatrtitionthe setof actions: A = Upp P and,
forall P,Q € Pwith P # Q, PN Q = #. Function
Pid : A — P givesfor eachactionthe processt is con-
tainedin. Not every partitioningof actionsis a meaningful



processstructure. Concurreng within processess not al-
lowed. Thus,we requirethat,for any pairof distinctactions
a, b € A belongingto the sameprocessn P andary state
s € Ssuchthata, b € enableds), b ¢ enabledz (s, a)).
That is, eachtwo actionsfrom a single processthat are
simultaneouslyenabledin a given statemustdisableeach
other Clearly, this restrictiondisallons concurreng within
processesyhereast doesallow choices.

Thefollowing definitionis crucialin the formulationof
the aborementionedeductionfunction. It dependsn the
classof propertieneis interestedn.

Definition 3.7 (safety) An actiona € A is safeiff it isin-
dependenfrom ary (other)actionb € A with Pid(b) #
Pid(a). An actiona € A is safefor a givennext-time-fiee
LTL formula¢ iff it is independentrom ary actionb € A
with Pid(b) # Pid(a) andglobally ¢-invisible.

As mentionedthealgorithmof [12, 19] performsthereduc-
tion of the statespaceduringa DFS.A DFSusesa stak to
storepartially investigatedstates Thereductionis obtained
by definingfor eachstatea so-calledampleset Note that
thedefinitionusessafetyand,hencedepend®nthe partic-
ular classof propertiego beverified.

Definition 3.8 (Reductionfunction amplg Let s € S
Considerthe set SP of processesP € P such that
enableds) N P # ¢, for all a € enableds) N P, a is
safe(for somenext-time-freeLTL formula ¢), andz(s, a)
is not on the DFS stack. If SPis empty then define
amplgs) = enableds); otherwise chooseanarbitraryele-
mentP of SPanddefineamplgs) = enableds) N P. Set
amplgs) is saidto betheamplesetfor s.

It is not difficult to verify thatreductionfunctionamplesat-
isfiesprovisosCO0throughC3 givenin the previoussubsec-
tion. COfollows easilyfrom Definition 3.8. C1 andC3 fol-
low from the safetyrequirementn Definition 3.8. Finally,
C2 follows from the requirementn Definition 3.8 thatthe
stateresultingfrom the executionof anactionin theample
setcannotbe onthe DFSstackunlesgheamplesetconsists
of theentiresetof enabledactions.As aresult,thereduction
via amplepreseresdeadlockgTheoren3.3),local proper
ties(Theorem3.4),andnext-time-freeLTL (Theorem3.6).

3.3 Implementation in SPIN

SPIN [9] is a tool supportingthe automaticverifica-
tion of deadlock-Jocal-,andnext-time-freeLTL properties.
Specificationof concurrentsystemare written in the lan-
guagePROMELA. Thepartial-ordefreductioralgorithmof
[12, 19 hasbeenimplementedn SPIN. To allow for the
efficient computationof ample setsduring a DFS, suffi-
cient conditionsfor the safetyof actionsare derived from

the PROMELA specificationbeforestartingthe DFS (see
[12])). For instancea sufiicient conditionfor the safetyof
anactionthatcanbe derivedfrom a PROMELA specifica-
tion is thatit doesnottouchary globalobjectssuchasvari-
ablesor communicatiorchannels. Anothergoodreference
for readerdnterestedn implementatiorissuesconcerning
partial-ordereductionis [7].

4. Cluster-basedPartial-Order Reduction

We motivateour improvementof partial-ordereduction
by meansof two differentspecificationf the samecon-
currentsystemgivenin Figure2. Specificatiorexanpl el
hastwo global variablesandfour processesgachof them
executinga singleactionassigninga valueto one of these
variables.Clearly, noneof the actionsis independentf all
the otheractions,which by Definition 3.7 meanghatnone
of the actionsis safe. Thus, reductionfunction ample of
Definition 3.8 yields no reduction. The interestedreader
could verify thatthe LTS correspondindo the concurrent
systemhas?25 statesand40 transitions.

Specificatiorexanpl e2 in Figure2 is avariantof ex-
anpl el with the processeglusteed in pairs. The two
clustersencapsulatehe dependenciebetweenprocesses.
As aresult, all actionswithin one clusterareindependent
of all actionswithin the otherone. Ourideais to augment
anLTS with a hierarchyof clustersandto generalizeDefi-
nitions 3.7 and3.8to clusters.Thus,it is possibleto reduce
the statespaceof the systemof Figure2 to anLTS thatin-
cludesall interleavings of actionswithin clustersC0 and
C1 but only a singleinterleasing of actionsfrom different
clusters(seeFigure 2), while preservingall propertiesof
interest.

Let7T = (S §, A, 7,11, L) beanLTS with processe®.

Definition 4.1 (Clustering) A clusterof processe P is
simply a setof processesA clusteringC < 27 of Pis a
setof clusterspartitioningP, i.e., P = UcecC and,for all
C, D € Cwith C # D, CN D = #. A clusteringhierarchy
H for P is a finite orderedset {Co, C1, ..., Cn_1}, Where
n € IN\ {0}, of clusteringsof P suchthat, for all i € IN
with0 <i < n,

e [Ci| <|Ci-1]land
e for eachC € (j_1, thereexistsa D € (; suchthat
C c D.

Foranyi € INwith O <i < n, clusteringC; is calledlevel
i of thehierarchy Level C; is abovelevel Cj iffi > j;itis
belowC;j iffi < j.

Clearly, Definition 4.1 implies that eachlevel in a clus-
tering hierarchyis a coarseningof all lower levels. Also
note that the maximum number of levels in a cluster
ing hierarchyis limited by the numberof processesn
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Figure 2. Two specifications of a concurrent system and areduced state space.

P. A clustering hierarchy for exanpl e2 consisting
of three levels (numberedO, 1, and 2) is the follow-
ing: {{{P0}, {P1}, {P2}, {P3}},{C0 = {PO,P1},C1 =
(P2, P3}}, {{PO, P1, P2, P3}}}.

LetH = {Co, ..., Cn-1}, with n € IN\ {0}, beacluster
ing hierarchyfor P. Foralli € INwith 0 <i < n, function
Cid® : P — ¢; yieldsfor agivenprocesghelevel- clus-
ter it belongsto; thatis, givena processP « P andlevel
i e INwith0 <i < n, Cid"V(P) = C with C € ; the
uniqueclustersuchthatP € C.

Definition 4.2 (Level- safety) Leti € INwithO <i < n.
Actiona € Aisleveld safe(for agivennext-time-freeLTL
formula ¢) iff it is independenbf ary actionb € A with
Cid" (Pid(b)) # Cid" (Pid(a)) (andglobally ¢-invisible).

In theaboveclusteringhierarchyfor exanpl e2, all actions
arelevel-1and(trivially) level-2 safe,but notlevel-0 safe.

Given a clusterC < P, let actiongC) = UpcP.
Furthermore,for ary states € S, let enableds,C) =
actiongC) N enableds).

Definition 4.3 (Reductionfunction camplg Let s € S
Let, for eachlevel C; € H, SG bethesetof clustersC € C;
suchthat enableds, C) # @, for all a € enableds, C),
a is level-i safe(for somenext-time-freeLTL formula ¢),
andz (s, a) is notonthe DFSstack.If thesetSG is empty
for all levelsCj, thendefinecamplés) = enableds); oth-
erwise, choosea level i suchthat the set SG is non-
empty selectan arbitrary elementC of SG, and define
camplds) = enableds, C).

It is interestingo obsene thatfunctionampleof Definition
3.8 is a specialcaseof function campleof Definition 4.3
with a trivial hierarchyof only one level that consistsof
trivial clusterseachcontainingonly oneprocess.

Theorem4.4 Thereductionof anLTS obtainedvia reduc-
tion functioncampleof Definition 4.3 preseresdeadlock-,
local-,andnext-time-freeLTL properties.

Proof. It is straightforvardto prove that camplesatisfies
provisosC0,C1,C2,andC3 of Section3.1. Thearguments

arethe sameasin Section3.2,whereit is arguedthatfunc-
tion ampleof Definition 3.8 satisfiestheseprovisos. The
desiredresultfollowsfrom Theorems3.3,3.4,and3.6. O

Consideragainthe concurrensystemof Figure2. Thefig-
ureshovsareducedstatespaceof thissystem.n eachstate,
the valuesof variablesu andv aregivenwith L meaning
thatavalueis undefined The setsof actionschoserin each
stateareamplesetsasdefinedby functioncampleof Defini-
tion 4.3. Thereducedstatespacehas13 statesand12 tran-
sitions. This meangreductionsof the completestatespace,
consistingof 25 statesand 40 transitions,of 48%in states
and70% in transitions. (Recallthat standardoartial-order
reductionyieldsnoreductions.)

In practice, the largest state-spaceeductionsare ob-
tainedby choosingthe amplesetsassmall aspossible. A
simplewayto obtainsmallamplesetsis to searchthelevels
in a clusteringhierarchyfor suitableclustersin increasing
order

Anotherpracticalissueis how to obtainusefulclustering
hierarchies.Sucha clusteringshouldmaximizethe depen-
denciesbetweenprocessesvithin a clusterand minimize
the dependenciedetweenclusters. It is our aim to ob-
tainsuchhierarchiestatically derivedfrom theconcurrent-
systemspecificationIn thatway, we avoid the overheadf
forming a hierarchyon-the-flyby inspectingdependencies
betweerprocesseduringtheDFS.Onepossibilityto derive
ahierarchyin astaticway s to preprocesshe systemspec-
ification andto clusterprocessed®asedon sharedobjects.
Anotheroption is to usethe existing hierarchicalor mod-
ular structureof a specification;mary contemporaryspec-
ification and modelinglanguagesuchas UML and SDL
includestandardierarchicaktructuringmechanismsA fi-
naloptioncouldbetheuseof advancedstatisticaklustering
techniquegbasedon run-timeinformation)asdescribedn
[14].

5. Experiments

To validate our clusterbasedreductionalgorithm, we
implementeda prototype on top of the verification tool
SPIN, version3.2.4. We appliedour prototypeimplemen-
tation to several examples. Since PROMELA, the input



without POR standard®OR clusterbasedPOR
N | states| trans]| time | states| trans| time | states| % [ trans| % | time
2 65 108 0.1 60 76 | <0.1 30 | 50 30| 61| <0.1
3 329 784 0.1 304 480 | <0.1 66 | 78 66 | 86 | <0.1
4 | 1657 | 5216| 0.1 | 1532| 2908 0.1 138 | 91 138 | 95 | <0.1
5 8313 | 32680 0.9 | 7688 | 17064 0.7 282 | 96 282 | 98 | <0.1

Table 1. Results for the best-case example .

req0l1l
acko1|

level | clusters
2 {C00,C01,C10,C11,
JO0,J1,3}, {R}

1 | {coo,co1,J0},
{C10,C11,J1),
{3, {R}

0 | {coq, {co1,
(C10}, {C11},
{30, {31, {J}, {R}

Figure 3. The Parity Computer .

languageof SPIN, doesnot supportmodular design,we

provided the clusteringhierarchiesoursehes (basedon a

straightforvardinformal analysisof the examples).Our fo-

cusis on the generatiorof statespaceswe did not verify

ary properties.The goal of the experimentss to compare
reductionsin statesand transitionsobtainedvia our algo-

rithm with reductionsobtainedvia SPIN's standardcpartial-

orderreduction. As may be expected,similar to standard
partial-ordereduction pouralgorithmperformsbestfor sys-
temswith a large amountof concurreng. In all caseswe

obsene significantly larger reductionsthan the onesob-

tainedwith standardpartial-orderreduction. Moreover, in

all cases,our algorithm reducesverification times. The

overheadof upgradingthe standardpartial-ordesreduction
engineis mamginalizedby the gain in time becauseof the

smallernumberof generatedtatesandtransitions.

In theremainderwe shaw theresultsof threecasestud-
ies. The experimentswere performedon a Sun Ultra-10
machine,with a 299 MHz UltraSRARC-Ili processoiand
128MB of mainmemory runningthe SunOS5.6 operating
system All theverificationtimesaregivenin seconds.

Best-caseexample.Ourfirst casestudyconsistof variants
of systemexanpl e2 of Figure2. Thesystemswve verified
consistof N pairsof processeandN variables,eachpair

sharingone of thesevariables. The systemwith N=2 cor-

respondgo systemexanpl e2. Tablel shows theresults,
includingthereductiondn statesandtransitionsn percent-
agescomparedo SPIN with standardpartial-orderreduc-
tion. Thenumberdeviatefrom thetheoreticaresultsgiven
in Section4 dueto implementatiordetailsof SPIN. SPIN
addsto eachprocessa specialendtransitionthat is inde-

pendenbf all othertransitions.The standardSPIN partial-
orderreductioncapturegheindependencef thesespecial
endtransitions.Our prototypeimplementatiortakes,in ad-
dition, advantageof the independencef sometransitions
involving sharedvariables,asexplainedin Section4. We
useda hierarchyof two layers with thenontrivial layercon-
sistingof clustersthatcoincidedwith processairs.

Parity Computer. The secondexample, taken from [2],

modelsa Parity Computerwith a tree structure. The sys-
tem consistsof a root module,N client modulesasleaves,
andjoin modulesasintermediatenodes. The systemwith

N=4is showvn in Figure3. Thefigure alsoshows a cluster

ing hierarchythatis immediatelyderivedfrom the modular
structureof the Parity Computer

A client processstartswith nondeterministicallygener
ating a bit valuethatit putsinto the requestvariablethatit
shareswith its parentoin module.Subsequentlyit contin-
uouslywaitsfor anacknavledgmentfrom its parent.Each
time it recevesan acknavledgment,it againsendsan ar-
bitrary bit valueto its parent. A join processcomputeghe
parity (XOR) of its two inputsandtransmitsit upwardsto
its parent,while, simultaneouslysendingan acknavledg-
mentto its children. Eventually parity bits aredeliveredto
theroot process.

Consideragainthe examplein Figure 3. Our cluster
basedpartial-ordefreductionalgorithmtakesadvantageof
thefactthatajoin procesommunicatewith its parentand
its childrenin alternatingorder Becausehe clusterwith
root JoinOis independenof the clusterwith root Joinl,we
canreducethe statespaceby basicallyserializingthe tran-
sitionsinternalto one of theseclusterswith thoseinternal



standard®OR clusterbasedPOR
N states]| trans| time | states| % | trans| % | time
4 1749 4798 0.1 1294 | 26 2352 51 0.1
5 7933 27012 0.8 3938 | 50 6775 75 0.3
6 69615 288678| 10.0| 21620| 69 | 38372 86 0.6
7 320095| 1213520( 47.3 | 25228 | 92 | 44730 98 1.6
82 | 2782640| 15381300| 621.2 | 30377 | 99 | 55828 | >99 2.1

3Becauseof the large memoryrequirementsthis experimentwas performedon a Sun Ultra-Enterprisemachinewith three248 MHz UltraSRARC-II
processorand2304MB of mainmemory runningthe SunOS5.5.1operatingsystem.

Table 2. Results for the Parity Computer .

standard®OR

clusterbasedPOR

states| trans | time

states| % | trans| % | time

| 16384 | 67073 3.6 12897 21| 44460 34| 11|

Figure 4. Concurrent Alternating-Bit

to the otherone. SPIN’s standardeductionalgorithmdoes
notgive ary reductionbecausell transitiongnvolve global
variables. As Table 2 shaws, the reductionwith cluster
basedpartial-ordereductionis quiteimpressve.
Thereductionwith clusterbasedpartial-ordereduction
is slightly worse(thoughof the sameorder of magnitude)
thanthe reductionreportedin [2] for the sameexamples,
obtainedwith the Next heuristic. However, it is difficult to
draw ary final conclusionsboutthecomparatie efficiency
of thetwo techniquedasednly onthisoneexample.First,
the input languagesn which the modelsare specifiedare
different,whichinevitably leadsto differencesn themodel.
Second,the Parity-Computerexampleis one of the best
casedor the Next heuristicand,asthe authorsnotethem-
sehesin [2], thereare mary examplesfor which partial-
orderreductiongivesbetterresultsthanthe Next heuristic.

Concurrent Alter nating-Bit Protocol. Finally, we con-
sider the Concurrent Alternating-Bit Protocol (CABP)
of [13]. The CABP hassix componentsasdepictedn Fig-
ure4. Eachcomponents modeledasa separatg@rocess.

The CABP usesthe standardalternating-bitschemeto
avoid communicationerrors. ComponentA fetchesdata
from its ervironment and transmitsthis data repeatedly
through channelK until an acknavledgmentis receved
from D. A doesnotwait for a negative responsdeforere-
transmitting.Channelk is unreliablein thesensehatit can
corruptor losedata.Therole of B is to forwardsuccessfully
receved datato the ervironment;eachcorrectreceptionis
acknavledgedto C. C transmitsacknavledgmentgepeat-
edlyviaunreliablechannel. D recevesacknaledgments
from L andpasseshemto A.

As for the Parity Computeyalsofor the CABP the stan-
dardreductionalgorithm doesnot produceary reduction;
all transitionsinvolve communicationgshroughglobal syn-

Protocol.

chronougrendez-wus)channelsThe clusterbasedreduc-
tion algorithm, however, capitalizeson part of the concur
reng/ betweerthe systemmodules astheresultsin Figure
4 show. The hierarchyconsistsof two levels, with non-
trivial level {A}, {K, B}, {C}, and{L, D}. This clustering
exploits the independencbetweensomeof the actionsin
cluster{K, B} andthoseoutsidethis cluster aswell asthe
independencbetweensomeactionsin cluster{L, D} and
thoseoutside{L, D}. The implementationis suchthatno
otherproces<lusteringimprovestheresults.

6. Conclusion

Themaincontribution of this paperis anenhancemerdf
thepartial-ordefreductionrschemeof [12, 19]. Usingthein-
herentstructureof concurrensystemsye improve theway
the safety(i.e., independencandinvisibility) of actionsis
determinedsyntacticallyduringthe compilationof the sys-
temspecification.Theresultingamplesetsmay containac-
tionsfrom morethanoneprocessAlthoughamplesetswith
actionsfrom severalprocesseblave beenconsiderecarlier
(e.g.,[1]), to thebestof ourknowledge theideaof exploit-
ing hierarchicalsystemstructureis not presentn theliter-
ature. We implementedour algorithmon top of SPIN, by
upgradingSPIN’s standardpartial-ordefreductionengine.
The prototypeimplementationhasbeentestedon several
examplesknown from theliteratureandthe obtainedresults
are encouraging: Comparedto SPIN’s standardpartial-
orderreductionalgorithm, significantly larger reductions
of statespacesare obtainedand verificationtimesare de-
creased.

It will be interestingto seehow our approachworks
in combinationwith otherstate-space-reductidreuristics.
Following [6], it is easyto shawv thatour techniqueis fully



compatiblewith symmetryreduction. The two techniques
are orthogonalbecausethey exploit different featuresof
concurrentsystems. We agreewith the conjecturein [2]
that partial-orderreduction(and also our enhancements
compatiblewith the Next heuristic. It seemsthoughthat
clusterbasedpartial-ordereductionandthe Next heuristic
arenot fully orthogonal becausehey captureto someex-
tentthe sameredundanciefn statespaceslt is interesting
to studytherelationbetweerthe Next heuristicandcluster
basedpartial-ordereductionin moredetail.

The main task in the nearfuture is to fully automate
our implementation.In the currentprototype,the cluster
ing hierarchyandsafetylevels mustbe includedmanually
A fully automaticimplementatiorwill allow usto testthe
implementationon larger, real-world examples. We also
planto take advantageof theimprovedpartial-ordereduc-
tion [10] introducedin the latestrelease®f SPIN, aswell
astheintroductionof V-Promela[15]. Anotherinteresting
topic is the study of clusteringheuristics(see,e.qg., [14]).
Goodclusteringheuristicsmight actuallyyield betterclus-
tering hierarchiesthan the onesobtainedfrom the hierar
chicalstructurespecifiedby a systemdesignerFinally, our
clusterbasedalgorithmis compatiblewith the upgradeof
SPIN’s enginefor timed systemdrom [4]. It is very likely
thatit canbe combinedwith techniquedor partial-ordere-
ductionfor timedautomatd3, 5, 17].
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