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Abstract

An improvementis proposedfor thealgorithmdescribed
in [3] which allows the constructionof the statespaceas-
sociatedto a system.Theimprovementconcernsthe load
balancingstrategy. Differentmessage-passingimplementa-
tionson a clusterof workstationsarealsodiscussed.

1. Introduction

Two mainapproachesto automaticallyfind bugsin soft-
wareandhardwarearetesting(simulation)andformal ve-
rification. Due to the high degreeof concurrency which is
usuallypresent,testingis often not sufficient to guarantee
correctnessto a satisfactory degree. Verification, namely
formally proving thatasystemhasthedesiredproperties,is
thereforebecominga moreandmorewidespreadpractice.

Model checking,a techniquefor verifying finite state
systems,is usedas verification techniquein control logic
of hardware designs,communicationprotocolsor device
drivers. Theprocedurenormallyusesanexhaustive search
of thestatespaceof thesystemto determineif somespeci-
ficationis trueor not.

Despitethedevelopmentsin thelastyears,theso-called
statespaceexplosionstill limits the applicationof model
checking.While partialorderreductionor symbolicmodel
checkingreducesthestatespaceby severalordersof mag-
nitude, typical verification tasksstill last dayson a single
workstationor are even (practically) undecidabledue to
memoryrestrictions.

Sincemodelcheckingis aresourceintensiveapplication,
it is naturalthata lot of interestexistsin developingparallel
or distributedmodelcheckingtools.

The paperis organizedasfollows. Section2 describes
the problemwhich is treated.Section3 discussthe previ-
ously proposedparallelizationtechniques.The particular
caseswhich are consideredin this paperare presentedin
Section4. Samesectiondescribesthe proposedtechnique

to obtaina goodload balance.Testsdescribedin Section
5 confirm the theoreticalresults. Concludingremarksare
drawn in Section6.

2. Problems in the state space exploration

The first task in modelcheckingis to convert a design
into a formalismacceptedby amodelcheckingtool (mode-
ling). A modelcanberepresentedasa graph:it hasanini-
tial state,eachvertex is a stateof thesystem(e.g.valuesof
thevariables),andeachedgeis a valid transitionfrom state
to anotherstateanotherstate. It is necessaryto statethe
propertiesthat the designmustsatisfy (specification):for
hardwareandsoftwaresystems,it is commonto usetempo-
ral logic, which canasserthow thebehavior of the system
evolvesover time. Ideally theverificationis completelyau-
tomatic:anerrortracecanbeusedasa counterexamplefor
thecheckedpropertyandcanhelp thedesignerin tracking
down wheretheerroroccurred.

While thechoiceof systemmodelis importantfor ease
of modelingin a givensituation,the only thing that is im-
portantfor modelcheckingis thatthesystemmodelcanbe
translatedinto someform of state-transitiongraph(Kripke
structure).

The translationfrom a systemdescriptionto a state-
transition graph usually involves an exponentialblow-up
(e.g., � booleanvariablesimplies

� �
states).This is called

the state-explosionproblem. Statespacedoesnot fit into
memoryor statespacefits in memory, but is too large for
beingexploredentirely (e.g.,accessto hashtablebecomes
slowerasthenumberof statesgrows).

The model-checkingalgorithmscan be classifiedinto
globalandlocal algorithms.Globalalgorithmsrequirethat
the underlyingtransitionsystemis completelyconstructed
while local algorithmscomputethe necessarypart of the
transition systemon-the-fly. Global algorithmstypically
computethefix pointsin aninductivemannerwhile thelo-
calalgorithmsdecidetheproblemby depth-first-search.



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

In statespaceexploration various traversalsare used:
breadth-firstsearchfor examplein exhaustiveconstruction,
reachabilityanalysis,shortestpath,or depth-firstsearchin
cycle detection. To avoid cyclesand recomputationsit is
necessaryto storevisitedstatesin statetables.

Reachabilityanalysisis doingalsoaforwardexploration
from the initial stateby breadth-firstor depth-firstsearch,
storesall encounteredstatesin memory, andenablessimple
verifications(likedeadlocks,stateinvariants,safetyproper-
ties).

Reachabilityanalysisis a key componentin modelche-
cking. For mostsafetyproperties,modelcheckingcanbe
reducedto reachabilityanalysis.Thus,for safetyproperties,
verificationis possibleif reachabilityanalysisis possible.

Safety (somethingbad will never happen)for sequen-
tial programsmeansthat theprogramwill never producea
wrongresult(partialcorrectness).Safetyfor state-transition
graphsrefersto thosepropertieswhoseviolationalwayshas
a finite witness.A run is a sequenceof transitions.Safety
refersto the propertiesthat canbe checked on finite runs.
For example,mutualexclusionis a safetypropertysaying
that ”it cannothappenthatbothprocessesarein their crit-
ical sectionssimultaneously”.Or the boundedovertaking
is a safetypropertysaying”wheneveroneprocesswantsto
enterthe critical section,the otherprocessgetsto enterat
mostoncebeforefirst processgetsto enter”.

Statespaceconstructionis similar to reachabilityanaly-
sis, and,additionally, it storesall transitions;it is usedto
generateLTS (LabeledTransitionSystem),Kripke struc-
ture,or Markov chain.

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

The first category leadto the designof bettermodeling
languages(small languages,formal semantics,built-in ab-
stractions,compositionalityproperties)or to invent better
verificationalgorithmsby operatingonhigher-level models
(abstractions,dataflow analysis,reductions),by exploiting
structureinformation(hierarchicalandcompositionalveri-
ficationor usingsymbolicmodelslikedecisiondiagramsor
Kronecker algebras),by avoiding redundancies(partial or-
ders,symmetries),or by using locality (bounded-memory
algorithms).

Thebruteforcemethodsleadto theuseamorepowerful
machine(increasememoryandprocessingpower to handle
larger statespacesor usea supercomputer)or useseveral
machinesinsteadof one(combinethe resourcesof several
machines).Ideally, � machinescansolveproblems� times
larger.

3. Parallelization of the state space exploration

Parallelizingstatespacegenerationis agoalin itself and
aprerequisitefor deepverifications.

A LabeledTransitionSystem(LTS)is aschematicmodel
to describea programrun givenastransitionsdiagram. A
LTS is a tuple ����� 	�
 �

 ��
 � � � , where 	 is the set of
states,� is thesetof actions,����	�������	 is the tran-
sition relation,and � ����	 is the initial state.A transition
� � 
 ��
 � � ����� indicatesthatthesystemcanmovefrom state
� to state� � by performingaction � . All statesin 	 areas-
sumedto bereachablefrom � � via asequenceof transitions
in � . Therearetwo waysto representanLTS:explicitly, by
enumeratingall its statesandtransactions(the contentsof
statesis irrelevant,theessentialinformationbeinggivenby
actions,i.e. transitionlabels),andimplicitly, by giving its
initial state � � andthe successorfunction succdefinedby
�� "! � 
 ��
 � � � # � � 
 ��
 � � �$�%�
& . An explicit LTS is entirely
generated,contraryto an implicit LTS which is generated
on demand(”on thefly”).

Thebasicsequentialalgorithmfor statespacegeneration
considers' thesetof exploredstates(initially empty), ( ,
thesetof visitedstates(initially containingonly � � ), and � ,
the setof transitions(initially empty). The algorithmhas
thefollowing steps:

while V not empty do
s := oneof (V)
move s from V to E
for all (s,a,s’) in succ(s) do

if s’ neither in E nor in V then
add s to V

add transition (s,a,s’) to T

The generatedstatespaceis finally given by � ')
 ��� . It
is constructedby exploring the transitionrelationsstarting
from the initial state(forward reachability). During this
operation,all explored statesmust be kept in memory in
order to avoid multiple explorationof a samestate. Once
� ')
 �*� is constructed,it can be usedas input for various
verificationprocedures,suchasbisimulation/preorderche-
ckingandtemporallogic model-checking.

Therearetwo mainoperations:(1) computingthe tran-
sition function i.e. given � , computeall � � 
 ��
 � � �$� succ( � )
(done # 	�# times)which is languagedependentand(2) de-
tectingalreadyknown states,i.e. determinewhether � � is
in ' or in ( (done # �$# times)by usinghash-tables(like in
CADP, SPIN)or B-trees.

Statesare vectorsof values(e.g. Petri net markings,
variable value). Since their contentsis sometimesnot
needed(e.g.for equivalencechecking,actionbasedmodel-
checking,or Markov chain solution), statesare also as-
signeduniquenumbers.Thenthehash-table(or B-tree)en-
suresthemappingstatevectorto a uniquenumber.



Several parallelanddistributedapproachesare treating
differentproblems(explicit or symbolicmodelchecking)or
differentmachinearchitectures(SIMD, MIMD, shared-or
distributed-memory).Theresultsaresplit acrossmany sci-
entificfields: massively parallelanddistributedcomputing,
formalverification,performanceevaluation,Petrinets.The
main ideaof theunderlyingalgorithmsis similar: thestate
graphis partitionedamongprocessors,i.e., eachprocessor
ownsa subsetof thestatespace.Thedifferencesarein the
way thestatespaceis partitioned(partitionfunction).

Given for examplea model with + booleanvariables,
thereis a super-exponentialnumberof waysto slice a set
of statesinto two parts: , - . . Thereforeaheuristicapproach
is needed.

A first attemptat parallelizingstatespacegenerationis
that of [1]. Two typesof processorsnodeswereconside-
red: generatorswhich computethetransitionfunction,and
tabulatorsfor statestorageandsearch.Thestatesetis par-
titionedbetweenthetabulatorsusingahashfunction / .

A partition function / : state 0 processorid canbe ei-
therahashfunction(generalbytestringhashingin [3], uni-
versalhashingin [7], weightedsumsof Petri net placesin
[2], subsetof Petrinetplacesin [4]) or a functionbasedon
lexicographicorderingasin [5] (apreliminaryrandomwalk
in thestatespaceis usedto obtaina samplingof reachable
states;thesesamplestatesarelexicographicallysortedin +
intervalsand /21 3 4�5�6 if f state3 is in the 6 -th interval).

In [3] it is consideredthe problemof parallelconstruc-
tion of a labeledtransitionsystem.A staticpartition func-
tion / is defined. Eachmachine7 computesandstoresan
LTS fragment: 829�5;: 3)<�8�= /21 3 4�5>7 ? , @A9�5;: 1 3 B C�B 3 D 4�<
@$= /21 3 D 4
5�7 ? , E�9�5�: C�<%E$= FA1 3 B C�B 3 D 4
<G@29 ? . Eachstate
hasagloballyuniquenumber+�1 3 4 : 3
<�829 if f +�1 3 4 moduloH 5�7 , whereH is thenumberof processors.Eachmachine7
receivestriplesof theform 1 +GI number, C)I action, 3
I state
vector)suchthat /21 3 4
5;7 , inserts3 in its local statetable
andgivesto 3 a uniquenumber+�1 3 4 , computesthesucces-
sors 1 3 B C D B 3 D 4 of 3 , andif /21 3 D 4J5�7 then 3 D is storedlocally,
else 1 +�1 3 4 B C D B 3 D 4 is sentto /21 3 D 4 . Thealgorithmproposed
in [3] canbepresentedin 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 empty do
if V_i not empty
s:=oneof(V_i);
move s from V_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

else Send(n(s),a,s’) to h(s’)

else if L_i not empty then
(n,a,s):=oneof(L_i);
subtract (n,a,s) from L_i
if s neither in E_i nor in V_i then
c:=c+p; n(s):=c;
add s to V_i, n(s) to S_i
add a to A_i, (n,a,n(s)) to T_i

else if Receive_i not empty then
(n,a,s):=oneof(Receive_i)
add (n,a,s) to L_i

else termination_procedure
merge_LTS_fragments

Distributed terminationdetection(all machineshave pro-
cessedall theirstatesandnomoremessagesarein transitin
thequeues)is donein [3] by a two-wave algorithm. Since
eachfragmentof apartitionedLTSis notaconnectedgraph
andhassparsestatenumbers,a merge-like procedureen-
surescontiguousstatenumbers.Experimentsweredoneon
threepracticalcase-studieswith millions of statesandtran-
sactions.

In [3] it is assumedthatstatevectorsaredistributeduni-
formly andthepartitionfunctionis /AK 1 3 4 = (integervalueof
bit string 3 ) - modulo L moduloH , whereL is a primenum-
ber. Hashingseemsto distribute thestatesevenly between
machines:accordingto [3], if +29 is thenumberof stateson
machine7 , thespatialbalance,M�N O 9 P QA+29 R +AQ is in range1-
1.5,but thenumberof crossarcsis harderto control(being
in range20%-60%).

Remappingwasstudiedin [2] and[5] usingclasses,i.e.,
setof states(e.g.,100states/class).Eachstatebelongsto a
singleclass(alwaysthesame)givenby a partitionfunction
/�I state 0 classid. Eachclassis storedon oneproces-
sor (which maychange)givenby anarray @ replicatedon
eachmachine(@ :classid 0 processorid). Classesmove
betweenprocessorsto balanceload. Experimentalresults
showsthattheremappingCPUoverheadbelow 5%leadsin
thecaseof 8 processorsto a minor improvement.

4. Case study

We applytheparallelstatespaceconstructionalgorithm
proposedin [3] for aparticularcaseandwecombineit with
simpleon-the-flyverification.

Assumethatthenumberof successorsof astateisgreater
than1 for several states.Thenit is possibleto constructa
partition function / - which retainsa successorstateat the
samecomputingnodeasthatof thesourcestate,andsends
further successorstateson differentcomputingnodes(ap-
plying a round-robinfashion). Sucha partition function,
denotedby / - , hasbeentestedonasequentialandaconcur-
rent programin [6], showing betterperformancesthenthe
partitionfunction /AK proposedin [3]. Testshavebeendone



ontwo classicalproblemsin sequentialandconcurrentpro-
cessing:sorting(bubblesort) andthe dining philosophers
problem(symmetricsolution).

Different transitionscanleadto the samestateand the
partition function must point to the sameprocessors(to
avoid redundancy). The drawbackof S�T is the fact that it
duplicatesstates.

Having in mind the big numberof identicalcodesrun-
ning on millions of workstations(Internetprotocols,for e-
xample),we considerheretheparticularclassof modelsof
distributedsystemsbasedon this kind of codes.

More precisely, we try to checka model of U concur-
rentprocessesrunningthesamecode.Frequently, in asuch
modela stateis definedasan informationincluding the U
(stepor program)countersof the processes,namedhere
processcounters.We assumethatin thetreatedmodel:

1. the vectorof processcounters,partof a currentstate,
differs than the one of the successorstatein exactly
onecomponent;

2. thereareexactly U successorsof onestate V : the first
one,say V W , differsfrom its predecessorin thefirst pro-
cesscounter(andpossiblein otherpartsof the infor-
mationdescribingthe state),the secondstate,say V T ,
in thesecondprocesscounter, andsoon.

In the above conditions,we redefinethe partition func-
tion S�T so that S�T X V Y Z%["X S�T X V Z�\�] Z modulo ^ , for all
]_[�` a b b b a U .

We statethat for theabove classof modelsthepartition
function S�T givesa morebalanceddistribution than SAW . We
try to prove this statementby examples. We start in this
sectionwith anintuitive representation.Somepracticalex-
perimentsarereportedin thenext section.

Let usconsiderthefollowing classicalproblemsin con-
current programming: mutual exclusion, dining philoso-
phersandreaders-writersproblems.We build somemodels
in theaboveconditionsandinvolving thesolutionsenumer-
atedin Table 1. The checked model propertiesand their
expectedresultsarealsoenumeratedin thesametable.

ExceptDekker’s algorithm for mutual exclusion for c
processes,the other solutionsare dependingon the num-
ber U of processes:Lamport’sbakery algorithmfor mutual
exclusioninvolving U processes,passing-the-batonsolution
for readers-writersproblem( U processes,several readers
and several writers) and three solutionsfor simulating U
philosophers. In the first solution we consideridentical
simulationprocesses(symmetric),in the secondonesome
philosopherpicksup theforks in oppositeorder(asymmet-
ric), and in the third only UGd>` philosophersareallowed
into thedining roomatany onetime (roomrestriction).

Figure1.ashows a partof a graphicalrepresentationof
theLTS correspondingto thephilosopherproblem.A state

Table 1. Problems, solutions and proper ties

Problem Solution Checkedproperty Expect
result

Mutual Dekker Livelock True
exclusion Lamport Mutualexclusion True

Deadlockfree True
Dining Symm. Deadlockfree False
philo- Livelock True
sophers U_e c eatsimultaneous False

Asymm. Deadlockfree True
Room Deadlockfree True

Readers Baton Simultaneouswritings False
writers Simultaneousreadings True

Deadlockfree True

reflectsthestatusof theforks (first threebinaryvalues)and
thestatusof theprocesscounters(next threevaluesbetween
1 and14). Thestateon theleft sideis theinitial state.The
stateson the following columnsareobtainedby actionsof
increasingtheprocesscounters.Somestatesareduplicated
in this representationfor a moreclearview: a classicalgra-
phicalrepresentationof anLTS usesseveralenteringedges
in a statenode.

Usingthefunction SAW with f$[hg i , thestatedistribution
is that from Figure 1.b. Duplication casesare eliminated
sincethe duplicatedstatesaretreatedby the sameproces-
sor. Usingthefunction S�T , thestatedistribution is thatfrom
Figure1.c. In thisparticularcasenoduplicationwill appear.

If we countthenumberof communicationsnecessaryin
bothcases(black transitions),we seein the caseof S�T the
numberis smaller(20 comparedto 23), fact that canhave
animportantinfluenceon theparallelrun time.

A betterloadbalanceis obtainedby S�T : using SAW , pro-
cessorj2k treats7 states,j�W treats11 states,j2T treats4
states,j_l treats9 states(a spatialbalanceof 2.75), while
using S�T , processorj2k treats9 states,j_W treats7 states,j2T
treats9 states,j_l treats6 states(aspatialbalanceof 1.5).

The statespacegeneratedby S�T is bigger thanthat ge-
neratedby SAW (dueto stateredundancy). We feel that the
increaseof therunningtime dueto this redundancy canbe
smallerthan the time reductiondue to the betterload ba-
lance. Practicalexperimentshave shown that this is possi-
ble (seenext section).

A particularcaseis that in which we are interestedto
detectall runsleadingto thesamestate(for statisticalprog-
noses,like how many deadlocksituationscanoccurcom-
paredto thetotal numberof possibleruns). In this casethe
state-transitiongraphcanbeviewedasatree,noduplication
will bechecked,and S�T is clearlypreferable.

In order to checksomesafetyproperties,a statecheck
procedureis calledeachtime whena new stateis encoun-



Figure 1. Philosopher problem, symmetrical
case, m>n�o philosopher s and p�nrq proces-
sor s: (a) par t of an LTS; (b) distrib ution given
by sAt ; (c) distrib ution given by s�u

tered.Severalcheckscanbeperformedsimultaneouslyand
if somecheckfails thedistributedterminationprocedureis
called,theLTS fragmentsaremergedandcounter-example
is generated(sequenceof statesandtransitions).If thepur-
poseof the checkis a statisticalone, the spacestatecon-
structionis continuedandtheresultsof thecheck-statepro-
cedurecallsarealsomerged.

5. Implementation issues

In [3] the communicationprimitivesarebuilt on top of
TCP/IPusingUnix sockets(non-blockingsendandreceive
primitives,deploymentusing rsh). The experimentshave
beenperformedon a typical network of workstationsand
on clusterof PCs.In [3] is shown thatparallelconstruction
provideslinearspeedup( v2w;x>y z o�{%y z q | ). Performance
measurementswere donea clusterof 10 Linux PCs(450
MHz, 512Mb RAM) connectedby SCI.

We reiteratetheexperimentsonanothercomputingplat-
form, a clusterof 8 PCs(1.5 GHz, 256Mb RAM, running
Linux), connectedby a Myrinet specialnetwork ensuringa
transmissionof 2Gb/s.

The checkingresultsusing s�u aspartition function are
presentedin Table2.

Three different message-passingmechanismswere
considered:TCP/IP, MPI andPVM. In theexperimentsre-
portedin Figure2 we have not useany buffering strategy
(like that from [3]). The first diagramshows a betterper-
formancein the MPI environment. Super-linear speed-up
in this caseis explainedby thefact thatMPI time function
doesnot includealso the launchingtime of the MPI pro-
cesseson theclusternodes.Moreover, decreasein compu-
ting timecanbeobserved(seeTable3)alsoif thecomputing
processesarerunningonthesameprocessors(obviouslyon

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

m Symm Asymm Room Bakery RW
Setof reachablestates

o })~ � y u � })~ � y u � }$~ � y u � }$~ � y � � }$~ � y � �
q })~ � y � � })~ � y � � }$~ � y � � }$~ � y � � }$~ � y � �� })~ � y � � })~ � y � � }$~ � y � � }$~ � y � � }$~ � y � �

Pathsleadingto deadlocks� }$~ � y � 0 0 0 0
Pathsleadingto thefinal state(livelock)

q })~ � y u � })~ � y u � }$~ � y � }$~ � y u � }$~ � y u �
Counter-examplesfor mutualexcl. like prop.�
0 0 0 0 0



(a)

(b)

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

Table 3. Run time decreases by using concur -
rent processes: asymmetric solution for 4 di-
ning philosopher problem ( �$� � � � ) reachable
states, �A� par tition function, PVM implemen-
tation)

Processes 1 2 3 4 5
1 processor 40.98s20.03s14.55s11.73s10.23s�

processors 40.98s10.61s6.16s 4.25s 4.23s
Efficiency 100% 94% 79% 69% 48%

(a)

(b)

(c)

Figure 3. Comparing par tition function �A� and
��� – the results concerning Lampor t’s baker y
algorithm for mutual exclusion involving �%��

processes (a) speed-ups; (b) distrib ution of
the states in the case of 6 processor s; (c)
number of messa ges send by each processor



Table 4. Spatial balance in the case of philoso-
pher problem, asymmetric solution, ���h� pro-
cessor s, diff erent � values

No.reachablestates �)� � � � ���)� � �   ���)� � � ¡ �¢A£
1-1.9 1-1.7 1-1.5¢

� 1-1.2 1-1.1 1-1.05

a smallerscale).Theefficiency of theparallelimplementa-
tion is alsounderlinedin Table3.

When the numberof reachablestatesincreases,PVM
gives better resultsthan MPI (Figure 2.b). Furthermore,
dueto thesmallsizeof theimplicit communicationbuffers,
MPI andTCP/IPcannotallow the computationswithout a
buffering strategy in thecaseof problemswith thenumber
of statesgreaterthan �)� � � ¡ � respectively �)� � �   � . In PVM
thebufferingstrategy is implicit – sothecodewill beshorter
andtheprobabilityto solvetheproblemis higherthanin the
caseof MPI or TCP/IP.

In orderto compare
¢A£

performanceswith the
¢
� ones,

we have consideredthe casein which we areinterestedin
statistics(tree-likediagrams).Figure3 reflects,for onespe-
cific case,thebetterloadbalanceobtainedin thecaseof

¢
�

andthe benefitson thespeed-ups.We have measuredalso
thespatialbalance:themeanvaluesof severalexperiments
involving severalproblemsolutionsarereportedin Table4.

The duplication ratio due to the useof
¢
� instead

¢A£
is presentedin Table5 for a particularcase. Note that in
the implementationof the

¢
� partition function we check

if somestateswerepreviously visited by the sameproces-
sor, sosomedegreeof redundancy is avoided.Without this
checkthe numberof statesincreasesdramatically, as it is
shown in Table6 (lastcolumn,

¢�¤
� ).

Comparingthetime resultspresentedin Table6 we can
seethatit is possibleto obtaina smallerrunningtimeusing¢
� instead

¢A£
althoughthe numberof the reachedstatesis

bigger in the caseof
¢
� . The explanationis the fact that

Table 5. State redundanc y when using
¢
� in

the case of Lampor t’s baker y solution for mu-
tual exclusion involving ���>¥ processes (se-
veral states can be identical)

No.processors,� �§¦¨¥§©ª� 6¢A£
, no.states�2« ¬ 201920192019201920192019¢
� , no.states�2« ­ 201924832896325335423758
�2« ­ ® �2« ­ 1 1.23 1.43 1.61 1.75 1.86

Table 6. Reached states and run times in the
case of Lampor t’s baker y solution for mutual
exclusion involving �¯�°© processes using
���h� processor s

Partition function
¢A£±¢

�
¢�¤
�

No.statesin diagram 41262 57144 150271
Runningtime in seconds 160 127 420

a better load balancecan cover the negative effect of the
duplication.

6. Conclusions and future work

Experimentshave shown that currently usedheuristics
for partitioningthestatespacearenotoptimalandit is room
for improvements.Suchanimprovementcanbeobtainedif
theclassof problemsis reducedandsomeparticularparti-
tion functionsareconsidered.

The referenceclassis in our casethe one concerning
classicalproblems in concurrentprocessinginvolving a
smallnumberof similarprocesses.

Thecriteriaof non-redundancy in thestatespacewasre-
placedwith a weaker conditionin order to obtaina better
loadbalancein theimplementationsof aspecificalgorithm.

In orderto improve the algorithmefficiency, we intend
to introducein thenearfuturesomeperiodicalcheckpoints
in orderto inform theprocessorsaboutthestatesvisitedby
other processors;we expect to reducein this mannerthe
stateduplicationfactor.
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