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Abstract

Animprovementis proposedor thealgorithmdescribed
in [3] which allows the constructionof the statespaceas-
sociatedto a system.Theimprovementconcernsthe load
balancingstrategy. Differentmessge-passingmplementa-
tionson a clusterof workstationsare alsodiscussed.

1. Introduction

Two mainapproacheto automaticallyfind bugsin soft-
ware andhardwarearetesting(simulation)andformal ve-
rification. Dueto the high degreeof concurreng which is
usually presenttestingis often not sufficient to guarantee
correctnesgo a satishictory degree. Verification, namely
formally proving thata systemhasthedesiredpropertiesijs
thereforebecominga moreandmorewidespreagractice

Model checking,a techniquefor verifying finite state
systemsjs usedas verification techniguein control logic
of hardware designs,communicationprotocolsor device
drivers. The procedurenormally usesan exhaustie search
of the statespacenf the systemto determinef somespeci-
ficationis trueor not.

Despitethe developmentsn the lastyears the so-called
statespaceexplosion still limits the applicationof model
checking.While partial orderreductionor symbolicmodel
checkingreduceghe statespaceby several ordersof mag-
nitude, typical verification tasksstill last dayson a single
workstationor are even (practically) undecidabledue to
memoryrestrictions.

Sincemodelcheckings aresourcéntensive application,
it is naturalthatalot of interestexistsin developingparallel
or distributedmodelcheckingtools.

The paperis organizedasfollows. Section2 describes
the problemwhich is treated. Section3 discussthe previ-
ously proposedparallelizationtechniques. The particular
caseswhich are consideredn this paperare presentedn
Sectiond4. Samesectiondescribeghe proposedechnique

to obtaina goodload balance. Testsdescribedn Section
5 confirm the theoreticalresults. Concludingremarksare
drawnin Section6.

2. Problemsin the state space exploration

The first taskin modelcheckingis to corvert a design
into aformalismacceptedy amodelcheckingtool (mode-
ling). A modelcanberepresentedsagraph:it hasanini-
tial state eachvertex is a stateof the system(e.g. valuesof
thevariables) andeachedgeis a valid transitionfrom state
to anotherstateanotherstate. It is necessaryo statethe
propertiesthat the designmust satisfy (specification): for
hardwareandsoftwaresystemsit is commonto usetempo-
ral logic, which canasserthow the behaior of the system
evolvesovertime. Ideally the verificationis completelyau-
tomatic: anerrortracecanbe usedasa countergamplefor
the checled propertyandcanhelpthe designetlin tracking
down wheretheerroroccurred.

While the choiceof systemmodelis importantfor ease
of modelingin a givensituation,the only thing thatis im-
portantfor modelcheckingis thatthe systemmodelcanbe
translatednto someform of state-transitiorgraph(Kripke
structure).

The translationfrom a systemdescriptionto a state-
transition graph usually involves an exponentialblow-up
(e.g.,n booleanvariablesmplies2” states).This is called
the state-&plosion problem. Statespacedoesnot fit into
memoryor statespacefits in memory but is too large for
beingexploredentirely (e.g.,accesgo hashtablebecomes
slower asthe numberof stategyrows).

The model-checkingalgorithmscan be classifiedinto
globalandlocal algorithms.Globalalgorithmsrequirethat
the underlyingtransitionsystemis completelyconstructed
while local algorithmscomputethe necessaryart of the
transition systemon-the-fly Global algorithmstypically
computethefix pointsin aninductive mannemwhile the lo-
cal algorithmsdecidethe problemby depth-first-search.



The explicit-state approach (enumeratre model-
checking) explore statesone by one. Tools like CADP
and SPIN are doing such a forward exploration only
(predecessdunctionnot available).

In state spaceexploration various traversalsare used:
breadth-firssearchfor examplein exhaustive construction,
reachabilityanalysis,shortestath,or depth-firstsearchin
cycle detection. To avoid cycles and recomputationsgt is
necessaryo storevisited statedn statetables.

Reachabilityanalysids doingalsoaforwardexploration
from theinitial stateby breadth-firstor depth-firstsearch,
storesall encounteredtatesn memory andenablesimple
verifications(lik e deadlocksstateinvariants safetyproper
ties).

Reachabilityanalysisis a key componenin modelche-
cking. For mostsafetyproperties modelcheckingcanbe
reducedo reachabilityanalysis.Thus,for safetyproperties,
verificationis possiblef reachabilityanalysisis possible

Safety (somethingbad will never happen)for sequen-
tial programameanghatthe programwill never producea
wrongresult(partialcorrectness)Safetyfor state-transition
graphgefersto thosepropertiesvhoseviolationalwayshas
afinite witness. A runis a sequencef transitions. Safety
refersto the propertiesthat canbe checled on finite runs.
For example,mutual exclusionis a safetypropertysaying
that”it cannothappenthatboth processesrein their crit-
ical sectionssimultaneously”. Or the boundedovertaking
is a safetypropertysaying"whenever oneprocessvantsto
enterthe critical section,the otherprocessgetsto enterat
mostoncebeforefirst procesgetsto enter”.

Statespaceconstructioris similar to reachabilityanaly-
sis, and, additionally it storesall transitions;it is usedto
generatel TS (Labeled Transition System),Kripke struc-
ture,or Markov chain.

Two approachesanbe consideredn fighting the state
explosion problems[3]: clever methodsor brute-force
methods.

Thefirst category leadto the designof bettermodeling
languagegsmalllanguagesformal semanticspuilt-in ab-
stractions,compositionalityproperties)or to invent better
verificationalgorithmsby operatingon higherlevel models
(abstractionsgataflow analysisreductions)py exploiting
structureinformation (hierarchicaland compositionaleri-
ficationor usingsymbolicmodelslik e decisiondiagramsor
Kronecler algebras)by avoiding redundancieg¢partial or-
ders,symmetries)or by usinglocality (bounded-memory
algorithms).

Thebruteforce methoddeadto theuseamorepowerful
maching(increasenemoryandprocessingowerto handle
larger statespacer usea supercomputerdr useseveral
machinednsteadof one (combinethe resource®f several
machines)ldeally, n machinesansolve problemsn times
larger.

3. Parallelization of the state space exploration

Parallelizingstatespacegenerations a goalin itself and
aprerequisitdor deepverifications.

A LabeledTransitionSystem(LTS)is aschematienodel
to describea programrun given astransitionsdiagram. A
LTSisatuple M = (S,A,T,s0), whereS is the setof
states A is the setof actions,I’ C S x A x § is thetran-
sition relation,andsg € S is theinitial state. A transition
(s, a,s’) € T indicateghatthe systemcanmove from state
s to states’ by performingactiona. All statesn S areas-
sumedo bereachabldrom sq via asequencef transitions
in T'. Therearetwo waysto represenanLTS: explicitly, by
enumeratingall its statesandtransactiongthe contentsof
stateds irrelevant, the essentialnformationbeinggivenby
actions,i.e. transitionlabels),andimplicitly, by giving its
initial statesy andthe successofunction succdefinedby
s = {s,a,5")|(s,a,s") € T}. An explicit LTS is entirely
generatedcontraryto animplicit LTS which is generated
ondemand”on thefly”).

Thebasicsequentiahlgorithmfor statespacegeneration
considersE the setof exploredstateg(initially empty),V,
thesetof visitedstateqinitially containingonly sq), andT’,
the setof transitions(initially empty). The algorithm has
thefollowing steps:

while V not enpty do
s : = oneof (V)
move s fromV to E

for all (s,a,s’) in succ(s) do
if s neither in Enor in V then
add s to V

add transition (s,a,s’) to T

The generatedstatespaceis finally given by (E,T). It
is constructeddy exploring the transitionrelationsstarting
from the initial state (forward reachability). During this
operation,all explored statesmust be keptin memoryin
orderto avoid multiple exploration of a samestate. Once
(E,T) is constructedjt canbe usedasinput for various
verificationproceduressuchasbisimulation/preordeche-
cking andtemporallogic model-checking.

Therearetwo main operations:(1) computingthe tran-
sition functioni.e. givens, computeall (s, a,s’) €sucds)
(done|S| times)which is languagedependenand (2) de-
tecting alreadyknown states,.e. determinewhethers’ is
in E orin V (done|T'| times)by usinghash-tableglike in
CADP, SPIN)or B-trees.

Statesare vectorsof values(e.g. Petri net markings,
variable value). Since their contentsis sometimesnot
needede.g.for equivalencechecking,actionbasednodel-
checking, or Markov chain solution), statesare also as-
signeduniquenumbers.Thenthe hash-tablgor B-tree)en-
sureshe mappingstatevectorto a uniquenumber



Several paralleland distributed approachesre treating
differentproblemgexplicit or symbolicmodelchecking)or
differentmachinearchitecturefSIMD, MIMD, shared-or
distributed-memory) Theresultsaresplit acrossmary sci-
entific fields: massvely parallelanddistributedcomputing,
formal verification,performancevaluation,Petrinets. The
mainideaof the underlyingalgorithmsis similar: the state
graphis partitionedamongprocessorsie., eachprocessor
ownsa subsebf the statespace.The differencesarein the
way the statespaces partitioned(partitionfunction).

Given for example a model with n booleanvariables,
thereis a superexponentialnumberof waysto slice a set
of statesnto two parts:2%" . Thereforea heuristicapproach
is needed.

A first attemptat parallelizingstatespacegeneratioris
that of [1]. Two typesof processorsiodeswere conside-
red: generatorsvhich computethe transitionfunction, and
takulatorsfor statestorageandsearch.The statesetis par
titionedbetweerthe takbulatorsusinga hashfunction 4.

A partition function h: state— processaid canbe ei-
therahashfunction(generabyte stringhashingn [3], uni-
versalhashingin [7], weightedsumsof Petrinetplacesin
[2], subseDf Petrinetplacesin [4]) or afunctionbasedon
lexicographicorderingasin [5] (apreliminaryrandomwalk
in the statespaceis usedto obtaina samplingof reachable
statesthesesamplestatesarelexicographicallysortedin n
intervalsandh(s) = m iff states is in them-th interval).

In [3] it is consideredhe problemof parallelconstruc-
tion of a labeledtransitionsystem.A staticpartition func-
tion h is defined. Eachmachinei computesandstoresan
LTS fragment:S; = {s € S|h(s) =i}, T; = {(s,a,5') €
T|h(s") =i}, A; = {a € A|F(s,qa,s") € T;}. Eachstate
hasa globally uniquenumbern(s): s € S; iff n(s) modulo
p = i, wherep is thenumberof processorsEachmachine
recevestriplesof theform (n : numbera : action,s : state
vector)suchthath(s) = i, insertss in its local statetable
andgivesto s auniquenumbern(s), computeshesucces-
sors(s,a’, s') of s, andif h(s') = i thens' is storedlocally,
else(n(s),a’, s') is sentto h(s'). The algorithmproposed
in [3] canbe presentedn asimplifiedway asfollows:

process Distributor (i=1..p)

c:=i; L_i={}; E_.i={}
V_i={}; Receive_i={}
if (h(s0)=i)
n(s0):=c; V_i:={s0}; S_i:={n(s0)}
while V_i or L_i or Receive_i
not enpty do
if V_i not enpty

s: =oneof (V_i);

nove s fromV_i to E i
for all (s,a,s’) in succ(s) do
if h(s')=i add (n(s),a,s’) to L_i

el se Send(n(s),a,s’) to h(s’)

else if L_i not enpty then
(n,a,s):=oneof (L_i);

subtract (n,a,s) fromL_i

if s neither in E.i nor in V_i then
c:=c+p; n(s):=c;

add s to Vi, n(s) to S_i

add a to Ai, (n,a,n(s)) to T_i

else if Receive_i not enpty then
(n, a,s):=oneof (Receive_i)
add (n,a,s) to L_i
el se term nati on_procedure
merge LTS fragnents

Distributed terminationdetection(all machineshave pro-
cessedall their statesandno moremessagearein transitin
the queues)s donein [3] by a two-wave algorithm. Since
eachfragmentof apartitionedL TS is notaconnectedjraph
and hassparsestatenumbers,a memge-like procedureen-
surescontiguousstatenumbers Experimentsveredoneon
threepracticalcase-studiewith millions of statesandtran-
sactions.

In [3] it is assumedhatstatevectorsaredistributeduni-
formly andthepartitionfunctionis k4 (s) = (integervalueof
bit string s)> modulor modulop, wherer is a prime num-
ber Hashingseemdo distribute the statesevenly between
machinesaccordingto [3], if n; is the numberof stateson
machinei, the spatialbalancemax; ; n;/n; is in rangel-
1.5, but the numberof crossarcsis harderto control(being
in range20%-60%).

Remappingvasstudiedin [2] and[5] usingclassesi.e.,
setof stateqe.g.,100states/class)Eachstatebelongsto a
singleclass(alwaysthe same)givenby a partitionfunction
h : state— classid. Eachclassis storedon one proces-
sor (which may change)ivenby anarrayT replicatedon
eachmachine(T":classid — processaid). Classegnove
betweenprocessorso balanceload. Experimentalresults
shavsthattheremappingCPU overheadelov 5% leadsin
the caseof 8 processorso a minorimprovement.

4. Case study

We applythe parallelstatespaceconstructioralgorithm
proposedn [3] for a particularcaseandwe combineit with
simpleon-the-flyverification.

Assumethatthenumberof successorsf astateis greater
than1 for several states.Thenit is possibleto constructa
partition function ke which retainsa successostateat the
samecomputingnodeasthat of the sourcestate,andsends
further successostateson differentcomputingnodes(ap-
plying a round-robinfashion). Sucha partition function,
denotedy hq, hasbeentestedonasequentiahndaconcur
rentprogramin [6], shawing betterperformanceshenthe
partitionfunctionh;, proposedn [3]. Testshave beendone



ontwo classicaproblemsn sequentiahndconcurrenpro-
cessing:sorting (bubble sort) and the dining philosophers
problem(symmetricsolution).

Differenttransitionscanleadto the samestateandthe
partition function must point to the sameprocessorgto
avoid redundang). The dravbackof h is the factthatit
duplicatesstates.

Having in mind the big numberof identical codesrun-
ning on millions of workstationg(Internetprotocols,for e-
xample),we consideterethe particularclassof modelsof
distributedsystemdasedn this kind of codes.

More precisely we try to checka model of n concur
rentprocessesunningthesamecode.Frequentlyin asuch
modela stateis definedasan informationincludingthen
(stepor program)countersof the processesnamedhere
processounters We assumehatin thetreatedmodel:

1. the vectorof processcounterspartof a currentstate,
differs thanthe one of the successostatein exactly
onecomponent;

2. thereareexactly n successorsf onestates: the first
one,saysi, differsfrom its predecessan thefirst pro-
cesscounter(andpossiblein otherpartsof the infor-
mationdescribingthe state) the secondstate,say ss,
in the secondorocesgounterandsoon.

In the above conditions,we redefinethe partition func-
tion hy sothat he(s;) = (ha(s) + i) modulop, for all
1=1,...,n.

We statethat for the above classof modelsthe partition
functionhy givesamorebalancedlistributionthanh;. We
try to prove this statemenby examples. We startin this
sectionwith anintuitive representationSomepracticalex-
perimentarereportedn the next section.

Let usconsiderthe following classicalproblemsin con-
current programming: mutual exclusion, dining philoso-
phersandreaders-writerproblems.We build somemodels
in theabove conditionsandinvolving the solutionsenumer
atedin Table1. The checled model propertiesand their
expectedresultsarealsoenumeratedh the sametable.

ExceptDekker’s algorithm for mutual exclusion for 2
processesthe other solutionsare dependingon the num-
bern of processestamport’s bakery algorithmfor mutual
exclusioninvolving n processegassing-the-batosolution
for readers-writergproblem (n processesseveral readers
and several writers) and three solutionsfor simulatingn
philosophers. In the first solution we consideridentical
simulationprocesseg¢symmetric),in the secondonesome
philosopheipicksup theforks in oppositeorder(asymmet-
ric), andin the third only n — 1 philosophersare allowed
into the dining roomatany onetime (roomrestriction).

Figure 1.ashows a partof a graphicalrepresentatioof
the LTS correspondingo the philosophemproblem.A state

Table 1. Problems, solutions and properties

Problem | Solution | Checledproperty Expect

result
Mutual Dekker | Livelock True
exclusion | Lamport | Mutual exclusion True
Deadlockfree True

Dining Symm. | Deadlockfree False
philo- Livelock True

sophers n/2 eatsimultaneous | False
Asymm. | Deadlockiree True
Room Deadlockfree True

Readers | Baton Simultaneousvritings | False
writers Simultaneouseadings| True
Deadlockfree True

reflectsthe statusof the forks (first threebinaryvalues)and
thestatusof theprocessountergnext threevalueshetween
1 and14). Thestateon theleft sideis theinitial state.The
stateson the following columnsare obtainedby actionsof

increasinghe processounters. Somestatesareduplicated
in this representatiofor a moreclearview: a classicalgra-

phicalrepresentationf anLTS usesseveralenteringedges
in a statenode.

Usingthefunctionh; with r = 37, the statedistribution
is that from Figure 1.b. Duplication casesare eliminated
sincethe duplicatedstatesaretreatedby the sameproces-
sor. Usingthefunctionhg, thestatedistributionis thatfrom
Figurel.c. In thisparticularcasenoduplicationwill appear

If we countthe numberof communication;ecessarin
both casegblacktransitions) we seein the caseof hy the
numberis smaller(20 comparedo 23), factthat canhave
animportantinfluenceon the parallelrun time.

A betterload balanceis obtainedby hs: usingh;, pro-
cessorP, treats7 states,P; treatsl1l states,P, treats4
states,Ps treats9 states(a spatialbalanceof 2.75), while
usinghe, processotP, treats9 states P, treats7 statesP;
treats9 states P; treats6 stateqa spatialbalanceof 1.5).

The statespacegeneratedy ks is biggerthanthatge-
neratedby h; (dueto stateredundang). We feel thatthe
increaseof the runningtime dueto this redundang canbe
smallerthanthe time reductiondue to the betterload ba-
lance. Practicalexperimentshave shownn thatthis is possi-
ble (seenext section).

A particularcaseis that in which we are interestedto
detectall runsleadingto the samestate(for statisticalprog-
nosesike how mary deadlocksituationscanoccurcom-
paredto the total numberof possibleruns). In this casethe
state-transitiographcanbeviewedasatree,noduplication
will bechecled,andh; is clearlypreferable.

In orderto checksomesafetyproperties,a statecheck
procedurds calledeachtime whena new stateis encoun-



101-,020401
111;020202
111:020102 §—011;040102%
111-,020202*
110-,020104

111:0102015—111:02020T +—011;040201*
101:020401%
111;020202*

111;010101§—111;020101y—011;040101 001;060101
011;040201

011;040102
111;020201 011;040201*

100;010601

101;010401 §101;020401
101;010402

101:010402*
111:010204

111010102 —111;020102"011;040102*
\ 111:020202*

111;010202 \1 11;020202*

Legend:
111;0101 a state

__ transition

110;020104*

111:010202"111:020202*
101;010402%
110;010204*

110;010104K110;020104

= duplicated state
transition to a
duplicated state

(a)

Legend:
@ processor
that treats

S

a state \

processor 0
processor 1

@ processor 2
@ processor 3 $
transition on

the same ) §
processor

110,010204*
010:010106

qeeE.6T

— transition
requiring
a communi- ‘\‘s

i cation between

07
0 o0

gl

the processors
S
@ the processor do

o
<o

not proceed

further with the K‘S \ s
(b) © @

exploration

Figure 1. Philosopher problem, symmetrical

case, n = 3 philosopher s and p = 4 proces-

sors: (a) part of an LTS; (b) distrib ution given
by h1; (c) distrib ution given by hs

tered.Severalcheckscanbe performedsimultaneouslyand
if somecheckfails the distributedterminationprocedurds

called,the LTS fragmentsaaremeigedandcounterexample
is generateqsequencef statesandtransitions).If the pur-

poseof the checkis a statisticalone, the spacestatecon-
structionis continuedandtheresultsof the check-statgro-

cedurecallsarealsomeged.

5. Implementation issues

In [3] the communicatiorprimitivesare built on top of
TCP/IPusingUnix sockets(non-blockingsendandreceve
primitives, deploymentusing rsh). The experimentshave
beenperformedon a typical network of workstationsand
on clusterof PCs.In [3] is shovn thatparallelconstruction
provideslinearspeedugdSy = 0.3 + 0.4N). Performance
measurements/ere donea clusterof 10 Linux PCs(450
MHz, 512Mb RAM) connectedy SCI.

We reiteratethe experimentson anothercomputingplat-
form, a clusterof 8 PCs(1.5 GHz, 256 Mb RAM, running
Linux), connectedy a Myrinet specialnetwork ensuringa
transmissiorof 2Gb/s.

The checkingresultsusing ke as partition function are
presentedn Table2.

Three different message-passingnechanismswere
consideredTCP/IR MPI andPVM. In the experimentse-
portedin Figure2 we have not useary buffering strateyy
(like thatfrom [3]). The first diagramshows a betterper
formancein the MPI ervironment. Supetlinear speed-up
in this caseis explainedby thefactthat MPI time function
doesnot include also the launchingtime of the MPI pro-
cesse®n the clusternodes.Moreover, decreasén compu-
ting time canbeobsened(seeTable3) alsoif thecomputing
processearerunningonthesameprocessorgobviously on

Table 2. Check results depending on the num-
ber of processes and the adopted solution
model

n | Symm Asymm Room Bakery RwW
Setof reachablestates

0(10%) 0(10%) 0(10%) 010%) 0(10%)

0(10%) 010" 0@10*) 0(10%) 0(10%)

5| 0(10% 0(10% 0(10%) 0(10%) 0(10°%)

Pathsleadingto deadlocks

5| 0(10) 0 0 0 0

Pathsleadingto thefinal state(livelock)

4 | 0(10%°) 0(10%) O0(10) 0(10%) 0(10%)

Counterexamplesfor mutualexcl. like prop.

5 0 0 0 0 0

=W
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Figure 2. Comparing implementations - the
results concerning the symmetric solution for
philosopher problem involving processes
and as partition function: (a) speed-ups in
the case of ( states); (b) diff erent
time ratios in the cases and 4

Table 3. Run time decreases by using concur -
rent processes: asymmetric solution for 4 di-
ning philosopher problem ( ) reachable

states, partition function, PVM implemen-
tation)
Processes 1 2 3 4 5

1 processor | 40.98s20.03s14.55s511.73s10.23s
processorg 40.98s10.61s6.16s 4.25s 4.23s
Efficiengy 100% 94% 79% 69% 48%

(@)

(b)

()

Figure 3. Comparing partition function and
—the results concerning Lampor t's bakery
algorithm for mutual exclusion involving
processes (a) speed-ups; (b) distrib ution of
the states in the case of 6 processors; (c)
number of messages send by each processor



Table 4. Spatial balance in the case of philoso-
pher problem, asymmetric solution, pro-

cessor s, diff erent  values
No.reachablstates
1-1.9 1-1.7 1-1.5
1-1.2 1-1.1 1-1.05

asmallerscale).Theefficiency of the parallelimplementa-
tion is alsounderlinedn Table3.

When the numberof reachablestatesincreasesPVM
gives betterresultsthan MPI (Figure 2.b). Furthermore,
dueto thesmallsizeof theimplicit communicatiorbuffers,
MPI and TCP/IP cannotallow the computationsvithout a
buffering strateyy in the caseof problemswith the number
of stategyreaterthan respectiely . In PVM
thebufferingstratay is implicit —sothecodewill beshorter
andtheprobabilityto solve theproblemis higherthanin the
caseof MPI or TCP/IR

In orderto compare performancesvith the  ones,
we have consideredhe casein which we areinterestedn
statisticqtree-likediagrams) Figure3 reflects for onespe-
cific casethebetterloadbalanceobtainedn the caseof
andthe benefitson the speed-upsWe have measuredlso
thespatialbalancethe meanvaluesof severalexperiments
involving severalproblemsolutionsarereportedn Table4.

The duplicationratio due to the use of instead
is presentedn Table5 for a particularcase. Note thatin
the implementationof the  partition function we check
if somestateswere previously visited by the sameproces-
sor, sosomedegreeof redundang is avoided. Without this
checkthe numberof statesincreaseslramatically asit is
shavnin Table6 (lastcolumn, ).

Comparingthetime resultspresentedn Table6 we can
seethatit is possibleto obtaina smallerrunningtime using

instead althoughthe numberof the reachedstatess
biggerin the caseof . The explanationis the fact that

Table 5. State redundanc y when using in
the case of Lampor t's bakery solution for mu-
tual exclusion involving processes (se-
veral states can be identical)

No.processors, 6
, No.states 201920192019201920192019
, No.states 201924832896325335423758
1 1231431611.751.86

Table 6. Reached states and run times in the

case of Lampor t's bakery solution for mutual

exclusion involving processes using
processor s

Partition function
No.statesn diagram 41262 57144 150271
Runningtimein seconds| 160 127 420

a betterload balancecan cover the negative effect of the
duplication.

6. Conclusions and future work

Experimentshave shavn that currently usedheuristics
for partitioningthe statespacearenot optimalandit is room
for improvements Suchanimprovementcanbe obtainedf
the classof problemsis reducedand someparticularparti-
tion functionsareconsidered.

The referenceclassis in our casethe one concerning
classical problemsin concurrentprocessinginvolving a
smallnumberof similar processes.

Thecriteriaof non-redundangin thestatespacewasre-
placedwith a wealer conditionin orderto obtaina better
loadbalancan theimplementationsf a specificalgorithm.

In orderto improve the algorithm efficiency, we intend
to introducein the nearfuture someperiodicalcheckpoints
in orderto inform the processoraboutthe statesvisited by
other processorswe expectto reducein this mannerthe
stateduplicationfactor
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