1

1

Abstract

1 In tro duction

state sp ac e explosion

sle ep

sets

On the Sleep Sets Metho d for P artial Order V erification

of Concurren t Systems

Essentiall y

, the size of the state space can b e exp onential in the size of a system.

Maciej Koutny and Marta Pietkiewicz-Koutny

Department of Computing Science

University of Newcastle

Newcastle up on Tyne NE1 7RU, U.K.

W e discuss one of the versions of the ‘sleep sets’ metho d prop osed to reduce

the computational effort involved in state space search. W e identify some of the

problems in the algorithms presented in [2, 3] which use sleep sets to implement

an efficient search of the state space of a concurrent system.

The verification of concurrent systems based on state space exploration suffers from

a problem which is usually referred to as the (combinatorial) .

One of the approaches aimed at developing algorithms coping with it is the

metho d prop osed and develop ed in [1, 2, 3, 4]. The approach is based on

the partial order semantics of a concurrent system (more sp ecificall y the traces of

[6]), and attempts to reduce the computational effort by ensuring that at most one

interleaving of the partial order representing an abstract history of the system is

ever generated during the search. In this rep ort we lo ok closely at one of the earlier

versions of the sleep sets metho d presented in [2, 3]. W e show that such a metho d

may not generate the entire state space of a system, making it unsuitable for the

verification purp oses. W e lo ok at the p ossibili ty of mo difying the algorithm of [3]

which would b e different from that presented in [4], and at the same time lead to

a b etter computational result. W e prop ose a mild mo dification to the algorithm of

[3] and conjecture that it overcomes the problems of the latter. In the case of the

algorithm intro duced in [2], which combines sleep sets with state space caching, our

conclusion is that it seems unlikely that a similar mo dification exists.

−

2 i

i

i

2 Prelim inaries

1

1

2

1

1

1

0 1 1

0 1 0

+1

+1 +1

1 +1 1 +1

≥

≤ ≤

⊆ × ×

∈

∈ ∈ ∈

∪ · · · ∪

× · · · ×

≤ ≤ −

− →

− →

− → ≤ ≤

∈ ⇒ ∈

∉ ⇒ gener ates

action se quenc e le ading to r e achable n i i

P n

i

i i i i i

i i i i i i

i i

i i i

n

n

n

P

k P

k

i a

i

i a

i i i

i

i n i n i a

i

i j j i j j

i j j j

P k k

P

Although the unicity condition is not assumed in [3], it simplifi es the presentation without loss

of generality .

P n n

P , , P P A P

A A , , A .

i i n A

A , S , , init ,

S S S

init S

a s, r S s, a, r

S S S

init init , , init

A

w a a a A w

s , s , , s S s init i i k

s s ,

s s s s

a

s p , , p s q , , q s s j n

a p , a , q

a p q

w A s s

init

A

As in [3], we assume that a concurrent system is comp osed of ( 1) concurrent

pro cesses, . . . . Each is represented by a finite automaton , whereas

itself is represented by the sequence of automata,

= ( . . . )

F or every , 1 , is defined as a tuple

= (Σ Δ )

where Σ is an alphab et of actions, is a finite set of states, Δ Σ is

a transition relation, and is an initial state. W e assume that for every

Σ there is exactly one pair of states such that ( ) Δ . In what

follows we will denote:

Σ = Σ Σ actions

= states

= ( . . . ) initial state

The b ehaviour of is defined in terms of finite sequences of actions of Σ. It

is assumed that each shared action has to b e executed synchronously by all the

automata whose action sets contain it.

Let = . . . b e a sequence of actions of Σ. if there are

states . . . of such that = and for all , 0 1,

where denotes a transition b etween states and through execution

of action , which is defined in the following way:

Let = ( . . . ) and = ( . . . ). Then if for every 1 ,

Σ ( ) Δ

Σ =

W e then say that is an of , and that is

from the initial state, .

The semantics of can b e refined by taking into account the concurrency structure

of the system. The resulting mo del, in which interleavings (action sequences) are

replaced by partial orders, can b e intro duced in the form of Mazurkiewicz traces [6].

i i

P

′

′

′

′

∗

′ ′ ∗ ′ ′

′ ′ indep endent

tr ac es

{

}

{

{

{

}

}

}

∈

∈

∈ ⇔ ∀ ≤ ≤ ∉ ∨ ∉

∼

∼ ∈ ∈

∼ ≈ ≈

S tack H

init H

init S tack

s S tack

a s

a

s s a

s H

s H

s S tack

a

s S tack

a, b

a, b ind

a, b ind i n. a b .

A

t w t , w a, b ind t t abw

w t baw

t t

τ

τ

Initialise: is empty; is empty;

Search()

enter in ;

push ( ) onto ;

DFS();

DFS()

=top( );

F or all enabled in do

/* execution of */

=succ( ) after

if is NOT already in then

enter in ;

push ( ) onto ;

DFS();

/* backtracking of */

p op from

Figure 1: Algorithm 1 - classical depth-first search

T o define traces, we need the notion that two actions Σ are ,

( ) :

( ) 1 Σ Σ

That is, two actions are indep en dent if they b elong to disjoint sets of automata

constituting . T races are equiv alen ce classes of action sequences. Two sequences

b elong to the same trace if one can b e derived from the other by swapping (p erhaps

several times) adjacent indep en dent actions. F ormally

, we define a relation on Σ

such that if there are Σ and ( ) such that: = and

= . The reflexive transitive closure of is denoted by . The relation is

an equiv alen ce relation; its equiv alenc e classes are called (Mazurkiewicz) . The

trace containing a given action sequence is denoted by [ ]. It can b e shown that

each trace represents a partial order of action o ccurrences, and that the sequences

in represent the p ossible linearisations of that partial order.

3

4

− →

1

3

4

P

P

P

b

P

P

′

′′ ′′

′′ ′

′′

3 State Space Generation and Sleep Sets

may

ignor e some of the r e achable states.

A S

S tack

H

A

A

s

a b ab ba

s

a b s

a s s s

a s s a

b a s

A

A

s , , ,

F or a detailed explanati on of the algorithm see [2, 3].

In the diagrams, we indicate the order in which the no des of a transition tree were generated

and show, when appropriate, all non-empty sleep sets asso ciated with the states.

Consider a classical depth-first search algorithm which can b e used to generate the

state space of , i.e. all those states of which are reachable from the initial state.

Figure 1 shows its p ossible implementation taken from [2].

Algorithm 1 uses two main data structures: the to store the states of the

currently explored path from the initial state (ro ot), and the hash table to store

the already visited states. F or every reachable state of it generates at least

one action sequence leading to it. The state exploration metho d implemented by

Algorithm 1 can b e characterised as b eing ‘on-the-fly’, which means that there is

no need to store transitions generated by the search, only the states encountered.

Despite that, the actual memory requirements may still b e very large. The sleep

sets approach is a way of improving state space generation and other verification

techniques; it has b een prop osed and used in, e.g., [1, 2, 3, 4]. W e here fo cus on one

of its earlier versions, used in [2, 3].

The metho d takes adv antage of the distributed nature of the concurrent system

represented by and the ensuing partial order semantics based on Mazurkiewicz

traces. The basic idea follows from the observ ation that starting from the initial

state, all the action sequences of a given trace lead to the same state of the system.

Therefore it is exp ected that the numb er of transitions explored during the search

(or, in other words, the size of the search/transition tree) can b e significantly reduced

if at most one action sequence p er trace b e generated. This led to the intro duction

of the ‘sleep sets’ metho d. The way it works can b e explained in the following way:

Supp ose that during the search we have reached a state in which two indep en dent

actions, and , are enabled. It is clear that we can execute b oth and , and

b oth these lead to the same state, . But this means that executing one of them

is redundant. Supp ose that is executed b efore in . Then we may require that

is not to b e executed in the state , where . This still should b e fine

since executing in would anyway lead to the state reached after executing

followed by . A formal device of preventing from b eing executed in is to put it

into the asso ciated ‘sleep set’ - a set of transitions which are enabled in a state yet

one has decided to susp end them.

When mo dified to run with sleep sets, Algorithm 1 is transformed into Algorithm 2

(c.f. [2]), as shown in Figure 2. In [2], it was stated that Algorithm 2 would visit

all the reachable states of . W e have found that this is not the case, since it

A p ossible counterexample, , is shown in

Figure 3. By insp ection, one can see that Algorithm 2 can generate the transition

tree shown in Figure 4. W e then observe that the state = (1 3 10 13) is reachable

′

′

′

′

′

′ ′

′

{

∅

}

{

{

{ | ∈ ∧ ∈ }

{

}

{

∪ { }

}

}

}

S tack H

init H

init, S tack

s, S l eep S tack

a s S l eep

a

s s a

s

S l eep b b S l eep a, b ind

s H

s H

s , S l eep S tack

a

s S tack

S l eep S l eep a

s, S l eep S tack

Initiali se: is empty; is empty;

Search()

enter in ;

push ( ) onto ;

DFS();

DFS()

( )=top( );

F or all enabled in and NOT in do

/* execution of */

=succ( ) after

/* computing sleep set of */

= ( )

if is NOT already in then

enter in ;

push ( ) onto ;

DFS();

/* backtracking of and adding it to the sleep set */

/* if do es not lead to a state on the stack */

if is not in then

=

p op ( ) from

Figure 2: Algorithm 2 - depth-first search with sleep sets

′

1

1

2 2

− → − → − →

P

P

i h g

P P

1 2 3 4

1 2 3 4

4 Discussion of Coun terexample b a c d d f a

h i a i g

e

a e

A A A A

A A , A , A , A

A

init , , , , , , , , , , , , s

A A

T r

T r

s

π

T r s π

s

1

2

3

5 4

6

7 8

9

10

11

13

12

Figure 3: Example 1: = ( )

in , since we have the following sequence of transitions:

= (1 3 6 11) (1 3 9 12) (1 3 9 13) (1 3 10 13) =

yet Algorithm 2 do es not visit it in Figure 4.

T o provide an additional insight into the problem identified by Example 1, we now

discuss the technique used in [2] to prove Algorithm 2. As an example, we now

consider shown in Figure 5. (NB. is not a counterexample for Algorithm

2.) The pro of technique used in [2] (and also implici tly in [3]) was based on the

following claim:

“ Let b e the transition tree generated by Algorithm 1 (i.e. Algorithm

2 running without sleep sets), let b e the transition tree generated by

Algorithm 2, and let b e a reachable state. It is assumed that for b oth

trees the execution order at the corresp onding no des (i.e. those lab ell ed

with the same state) of enabled transition is the same. Let b e the

leftmost path in leading to . Then Algorithm 2 also generates and

thus is visited.”

d

e

c

f a

g

i

h

g f i

g c b b g

b c h

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

c c c c

b g g h

h, c g , c

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19 20

1 3 6 11

1 4 7 11

1 5 8 11

1 3 8 11

1 3 6 11

1 5 6 11

1 5 9 12

1 5 9 13

1 5 10 13

1 3 9 12

1 3 9 13

2 3 9 13

1 3 9 13

2 3 10 13

1 5 10 12

1 5 9 13

1 3 10 12

1 5 10 13

2 5 10 13

2 5 9 13

Figure 4: T ransition tree generated by Algorithm 2 for Example 1

2

P

′ ′

′ ′

1 2

1 2 c d d a e b e

A A

A A , A

d

a b c a

c

e c b

,

,

,

,

,

,

,

,

,

,

T r

2 4

1 1 5

3 6

Figure 5: Example 2: = ( )

1

2

3

4

5

6

7

8

9

10

1 5

2 4

1 4

1 5

2 5

2 6

1 6

3 6

1 5

1 6

Figure 6: T ransition tree generated by Algorithm 1 for Example 2

P

′

′

′

− − − − −

Conjecture d

a b c a b

e

,

,

,

,

,

,

,

,

c

c

T r

T r T r

π T r

s , T r

s , , ,

A

1

2

3

4

5

6

7

8

1 5

2 4

1 4

1 5

2 5

2 6

1 6

3 6

Figure 7: T ransition tree generated by Algorithm 2 for Example 2

Example 2 shows that the ab ove is not the case. In Figure 6 we show a p ossible

transition tree generated by Algorithm 1, , whereas in Figure 7, is shown.

One may observe that the leftmost path = (1 2 5 6 7 8) in leading

to = (3 6) is not contained in .

A question which now arises is whether Algorithm 2 could b e mo dified in a way

which would not destroy its intuitively app ealing efficiency

. By this we mean that

there should b e no changes to its overall structure, the actions executed in a reached

state should b e the same, and the storage requirements not bigger than in Algorithm

2. Under such conditions it seems that the only place where a mo dification could b e

made is the order in which enabled actions are selected for execution by the for-lo op.

It is also reasonable to require that any strategy used to order the actions there b e

static, otherwise the p erformance could b e seriously degraded. In such a context,

one can consider two p ossible ways of mo difying Algorithm 2: The first is that one

always changes the execution order of actions when visiting the next state in which

they are enabled. That this would lead to an incorrect algorithm can b e shown by

taking Figure 4 and changing the order of the execution at no de 7. The resulting

transition tree, very similar to that in Figure 4, would again ignore the reachable

state = (1 3 10 13).

Another way of mo difying Algorithm 2 would b e to assume a fixed total ordering on

actions which is always adhered to when one is ab out to execute the for-lo op. W e

will call the resulting metho d Algorithm 2a.

Algorithm 2a generates all the reachable states of .

Although we do not know yet whether the ab ove prop erty is true, it can b e observed

P

3 3

5

′ ′

′

1 100

5

•

•

•

· · ·

5 State Space Searc h with Cac hing d > b > c > a > e.

H s, S l eep s

H

H

A A

H

H

h > g > j > b > c > d > i > e > a > f > a > > a .

s , , ,

s , , , s

H s

This do es not mean, of course, that the same is true for all p ossible way caching can b e

implemented .

Algorithm 2a (and thus Algorithm 2) with state sp ac e c aching (implementing

the FIFO p olicy) may ignor e some of the states of the system.

that it would require a pro of technique different from that used in [2]. F or in Figure

6 and 7 we assumed a fixed total ordering on actions:

Quite different p ossibili ty of mo difying Algorithm 2 would b e to start comparing

(and storing in ) pairs ( ) rather than just states . Indeed, the algorithm

then b ecomes similar to Algorithm 3 describ ed later in this rep ort. It can also

b e proved correct in a similar way (using Theorem 6.1), but not using the pro of

technique from [2]. F or in Figure 7 no state is generated more than once.

W e now discuss the combination of the sleeps sets (Algorithm 2) and caching de-

scrib ed in [2]. The metho d assumes that has a limited capacity (usually smaller

than the entire state space of the concurrent system) and when it b ecomes full,

some states stored in are deleted according to a pre-defined strategy (a numb er of

these were discussed in [2]), to make ro om for newly generated states. Contrary to

a statement in [2] that Algorithm 2 is suitable for state space caching, we will show

that

A counterexample,

, is shown in Figure 8. When running Algorithm 2a for , we assumed the

following:

can hold up to 30 states.

The caching p olicy is to remove the earliest state visited when is full.

The global ordering used for selecting enabled actions is:

The transition tree generated by Algorithm 2a is shown in Figure 9. Again, the

reachable state = (1 3 10 13) was not visited. The crucial p oint is that when the

algorithm generates no de 116 (with the state = (1 5 9 13)) the fact that has

already b een visited is no longer known as the hash table do es not contain

inserted there when the no de lab ell ed with 8 was generated.

The ab ove example together with Example 1, shows that b oth Algorithm 2 and

Algorithm 2a cannot b e used for efficient state space caching technique based on the

FIFO p olicy .

NB. W e based the ab ove discussion on the results presented in [2]. However, the

examples can b e suitably mo dified to apply to [3] as well.

3

P

′′ ′′ ′′ ′′

′′ ′′ ′′ ′′

1

2

3

5 4

6

7 8

9

10

11

13

12

Figure 8: Example 3: = ( ) j j j j x y z w

x y z w

x y z w

x y z w a a a a

a a a a

b a c d d f a

h i a i g

e

a e

A A A A

A A , A , A , A

101 101 101 101

100 100 100 100

2 2 2 2

1 1 1 1

100 100 100 100

1 1 1 1

1 2 3 4

1 2 3 4

1

100

101 101 101 101

2 2 2 2

1 1 1 1 d

e

c

f a

g

i

h

g f i

g c b c g

b b h

j

a

a

x , y , z , w x , y , z , w x , y , z , w

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

, , ,

c c c c

b g g h

h, c g , b

1

2

3

4

5

6

7

8

9

10

11

12

13

14

116

117

118

119

120 121

115

16

15

1 3 6 11

1 4 7 11

1 5 8 11

1 3 8 11

1 3 6 11

1 5 6 11

1 5 9 12

1 5 9 13

1 5 10 13

1 3 9 12

1 3 9 13

1 5 9 13

1 3 9 13

2 3 10 13

1 5 10 12

2 3 9 13

1 3 10 12

1 5 10 13

2 5 10 13

2 5 9 13

Figure 9: T ransition tree generated by Algorithm 2a for Example 3

6

6

Theorem 6.1

≺

≺

≺

≺

≺

≺

≺

≺

≺ ≺

6 Alternativ e Sleep Sets Algorithm

′

′ ′ ′

′ ′

′ ′ ′ ′ ′

′

′ ′

′

′ ′ ′ ′

′ ′

′ ′ ′ ′

′ ′′ ′ ′ ′′

′′

H

s, S LE E P

S LE E P s

s, R R

T

v w v , a, v v

w , b, w w a b v w

T T T

T v

T T v T v v v

T

v T v T

v v

v , a, w

T v T v v v

T v , a, w T

T T w w v

T v T v v

v v

Intuitivel y

, this means that the algorith m will in general generate more transitions than Algo-

rithms 2 and 2a, and that it will need more storage space.

fixe d or dering

L et b e a tr e e with lab el le d ar cs, and let b e a r eflexive tr ansitive r elation on

the no des such that if and is an ar c outgoing fr om then ther e

is an ar c outgoing fr om satisfying and .

L et b e a sub-tr e e of (with the same r o ot) such that e ach no de in inherits

either al l or none of the suc c essors no des fr om . Mor e over, if is a le af no de

in but was not one in , then ther e is in such that and is not

a le af no de in .

With the ab ove assumptions, for every no de in , ther e is a no de in such

that .

Pr o of:

In this section we discuss an algorithm based on the sleep sets, Algorithm 3, pre-

sented in Figure 10. It is similar to the version of the sleep sets metho d in [4]. This

time not only the state reached is taken into account (and saved in the hash table

) when decidin g to end the exploration of a given path from the ro ot, but also

the sleep set which has b een generated. In short, one can terminate the path if the

sleep set currently reached is at least as big as the sleep set(s) with which the state

was previously reached. In Algorithm 3, the hash table contains pairs ( ),

where is a set of sleep sets for . The stack, on the other hand, comprises

pairs ( ), where is a single sleep set. W e stress that the execution order for

actions is not arbitrary in Algorithm 3. W e do assume a on actions

to b e given at the outset which is then used for ordering enabled actions in every

visited state.

Before proving that Algorithm 3 is correct, we prove an auxiliary result.

( )

( ) =

By induction. The base case is obvious. Supp ose that ( ) is an arc in

and there is in such that . If is not a leaf no de then from

the choice of it follows that there is an arc ( ) in (and hence in

, by the choice of ) such that . If is a leaf no de then, by the

choice of , there is in which is not a leaf, such that . F rom

the transitivity of it follows that , and we pro ceed similarly as in

the first case. 6.1

′

′

′

′ ′

′

′ ′

′ ′′ ′

′′ ′

′ ′ ′′ ′ ′′ ′

′ ′

{

{∅}

∅

}

{

{

{ ∈ | ∈ }

{

{ }

}

⊆ {

− { | ⊆ } ∪ { }

}

∪ { }

}

}

S tack H

init.S LE E P

init H

init, S tack

s, R S tack

a s R

a

s s a

R b R a, b ind

s H

s .S LE E P R

s H

s , R S tack

s H R s .S LE E P

R R

s .S LE E P s .S LE E P R R R R

s , R S tack

a

R R a

s, R S tack

Initiali se: is empty; is empty;

Search()

= ;

enter in ;

push ( ) onto ;

DFS();

DFS()

( )=top( );

F or all enabled in and NOT in do

/* execution of */

=succ( ) after

/* calculation of new sleep set */

= ( )

if is NOT already in then

= ;

enter in ;

push ( ) onto ;

DFS();

else

if is in but there is NO in

such that then

= ;

push ( ) onto ;

DFS();

/* backtracking of */

=

p op ( ) from

Figure 10: Algorithm 3 i

s

1

1 1

1

1

1

Theorem 6.2

′

′

′

′

′ ′ ′

′

′ ′ ′ ′

′

P

k

k k

k

a

i

i i j i j

k

l

s

a

s i s i

r s r

r s

j r j

j i

• ∅

•

≤ ≤

− →

{ ∈ | ∈ } ∪ { | ∧ ∈ }

• ≺

≺ ⊆

≺

≺ ⊆

− →

{ ∈ | ∈ } ∪ { | ∧ ∈ }

⊆

∈ ∈

Algorithm 3 gener ates al l the r e achable states of the system in a finite numb er

of steps.

Pr o of: A

T

init,

v , R v

R v v

a , , a v R

k

v , R , , v , R

k

a , , a i i k

v v

R b R a , b ind a j < i a , a ind .

V

v , R W w , R

V W v w R R

T

V

v , R W v , R

V W R R a , , a

V b , , b

W

V , a , V V v , Q

v v

Q b R a , b ind a i < s a , a ind .

R R b a b Q v , Q

W W b a

j < r b , b ind b R i < s

b a i < s j < r

The finiteness of Algorithm 3 follows from b eing finite. The reachability

result can b e proved in the following way:

Let b e the tree defined inductively in the following way:

the ro ot is is lab elled with ( ).

Let ( ) b e a lab el of an already generated no de, where is a state

and is a sleep set for (i.e. a set of actions enabled at ).

Let . . . b e actions enabled at which are not in and which are

ordered according to the execution order assumed in Algorithm 3. W e

generate new no des lab elled with

( ) . . . ( )

and new arcs outgoing from the current no de, lab elle d resp ectively

with . . . , and leading to these no des, where for every , 1 ,

= ( ) ( )

W e define the relation on the no des of the tree as follows: Let b e a

no de lab elled with ( ) and b e a no de lab elle d with ( ). Then

if = and .

Clearly

, is a reflexive transitive relation. W e first need to show that

satisfies the condition from the formulation of Theorem 6.1. Supp ose

is a no de lab ell ed with ( ) and is a no de lab elled with ( ) and

, i.e. . Let . . . b e the sequence of actions (ordered

as ab ove) lab ell ing arcs outgoing from , and similarly

, . . . b e the

(ordered) sequence of actions lab ell in g arcs outgoing from . Consider the

arc ( ) where is lab elled with ( ) satisfying the following:

= ( ) ( )

Since there is such that = . Let b e such that ( ) is the

lab el of the no de to which there is an arc from lab elled with = .

Let b e such that ( ) . Then either or there is

such that = ( follows from and the assumed fixed ordering

7 j

7

′ ′ ′

∈

⊆ ≺

Theorem 6.3 b Q

Q Q V W

T

v T v , R

R

w t

w t

i

If and ar e two differ ent exe cution p aths gener ate d fr om the r o ot by Algorithm

3 then .

Pr o of:

This supp osedl y paradoxical situation can b e explained by the fact that generating a longer

path can shorten a numb er of subsequent paths.

of action selected for execution). In either case which implies that

. Thus .

Having shown that is as in Theorem 6.1, we only need to prove that for

each reachable state of the system, , there is a no de in lab ell ed with ( ),

for some sleep set . This, however, can b e shown similarly as Lemma A.2

in [3]. Then we apply Theorem 6.1. 6.2

One can also show, using Theorem 6.1, that Algorithm 3 can b e used in combination

with state space caching yielding a metho d in which all reachable states are visited.

The basic adv antage of Algorithm 3 is that it preserves the crucial prop erty of

Algorithm 2 in that it never generates two different execution paths b elonging to

the same Mazurkiewicz trace.

[ ] = [ ]

Similar as that of Theorem 3.2 in [2]. 6.3

This theoretical result is further supp orted by an exp erimental comparison of Algo-

rithm 2 and Algorithm 3. The table b elow shows the results of comparison of the

two algorithms for the Round Robin Access Proto col describ ed in [5] for a ring of

two (rr2) to five (rr5) participants (the third and fourth columns show the numb er

of transitions - arcs - in the resp ective trees):

rr No of states Algorithm 2 Algorithm 3

rr2 18 25 25

rr3 54 78 74

rr4 144 204 196

rr5 360 500 488

Note that the trees generated by Algorithm 3 are ‘smaller’ than those generated

Algorithm 2. W e have also carried out similar comparisons for other examples.

Usually

, the transition tree generated by Algorithm 3 were bigger than that for

Algorithm 2, but never by more than by 7%.

7 Concluding Rem arks

Ac kno wledgem en t

References

Using Partial Or ders to Impr ove Automatic V erific ation Metho ds

State Sp ac e Caching R evisite d

Using Partial Or ders for the Efficient V erific a-

tion of De ad lo ck F r e e dom and Safety Pr op erties

Partial-or der Metho ds for T emp or al V erific ation

Using Interfac e Sp e cific ations for Comp ositional R e duction

T r ac e The ory

W e have discussed the version of the sleep sets metho d intro duced in [2, 3] identi-

fying problems within b oth the algorithms and the pro of technique used. W e have

prop osed a simple mo dification to one of those algorithms which as we conjecture

overcomes the previous difficulties. W e then discussed another mo dification (in line

with that used in [4]) which is correct, but whose characteristics (in particular, in

terms of the required storage space) is not as go o d as that of the former.

This work has b een done within the Esprit Basic Research W orking Group 6067

CALIBAN. W e would like to thank Patrice Go defroid for helpful remarks.

[1] Go defroid P

.: .

In Pro c. 2nd W orkshop on Computer Aided V erification, Rutgers, June 1990.

[2] Go defroid P

., Holzmann G.J. and Pirottin D.: .

In Pro c. 4th W orkshop on Computer Aided V erification, Montreal, June 1992.

[3] Go defroid P

. and W olp er P .:

. In Pro c. 3rd W orkshop on

Computer Aided V erification, Aalb org, July 1991.

[4] Go defroid P

. and W olp er P

.: .

Pro c. Concur’93, E.Best (Ed.). LNCS 715, Springer 1993, 233-246.

[5] Graf S. and Steffen B.: In Pro c. 2nd W orkshop on Computer Aided V erification,

Rutgers, June 1990. .

[6] Mazurkiewicz A.: . Lecture Notes in Computer Science, 279-

324,1986.