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Abstract 
In [ 1] we considered lossy channel systems which are a particular class of infinite state 
systems consisting of finite state processes communicating through channels that are 
unbounded and unreliable. We presented a backward reachability algorithm which, 
starting from a set of "bad" states, checks whether there is a backward path to the 
initial state of the system. Using standard techniques, the reachability algorithm can 
be used to check safety properties for lossy channel systems. 

In this paper we adopt partial order techniques to improve the algorithm in [1]. We 
define a preorder, which we call the better than relation, among the set of transitions 
of the system. Intuitively a transition is better than another if choosing the first transi
tion instead of the second preserves the reachability of the initial state during the anal
ysis. This relation is weaker than the independence relation, which is an equivalence 
relation, used in traditional partial order methods, in the sense that two transitions 
are independent if and only if each of them is better than the other. Consequently, our 
method gives a better reduction in the number of states considered during the analysis. 
We demonstrate the efficiency of the approach by a number of experimental results. 

1 INTRODUCTION 

In the last few years, there has been a considerable interest in algorithmic verification 
of distributed and parallel systems. The research has led to the discovery of numerous 
efficient methods for the verification offmite-state systems ([7], [9], [ 14], [20], etc.). 
An obvious limitation of these methods is that systems with infinitely many states 
fall beyond their capabilities. Recently, algorithmic verification methods have been 
developed for some classes of infinite-state systems. 

A particular class of infinite-state systems which has been important in the analy-
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sis of, e.g. , communication protocols consists of finite-state processes that commu
nicate via unbounded FIFO channels [6, 5]. Such systems are infinite-state due to the 
unboundedness of the channels, and it is well-known that these systems can simulate 
Turing machines, and hence most interesting verification problems are undecidable 
for them [6]. In an earlier work [1], we considered a variant of this class, called lossy 
channel systems, where the FIFO channels are unreliable, in the sense that they may 
nondeterministically lose messages. In spite of this restriction, lossy channel systems 
can be used to model and analyze many interesting systems, e.g. link protocols such 
as the Alternating Bit Protocol [4] and HDLC [15], which are designed to operate 
correctly even in the case that the FIFO channels are faulty and may lose messages. 

In [1, 2] we present a reachability algorithm for lossy channel systems which, for 
any state, checks whether the state is reachable from the initial state of the system. 
The idea of the algorithm is to define a partial order ::5 on the set of states, where one 
state is smaller than another if the two states differ only in that the content of each 
channel in the first state is a (not necessarily contiguous) substring of the content of 
the same channel in the second state. An important property of lossy channel systems 
is that their behaviour is monotone with respect to:=:;, i.e.larger states have transitions 
to larger states. The algorithm operates on ideals, where the ideal generated by a state 
is the set of states larger than or equal to that state. The reachability of a state 1 is ob
viously equivalent to the reachability of the ideal generated by 1, since if there is a 
path from the initial state to any state 1', which is larger than 1, then we can continue 
from 1' losing messages until we obtain I· To check the reachability of an ideal I, we 
perform a reachability analysis starting from I and going backwards. At each step we 
pick an ideal I' which has already been generated during the analysis, and compute 
the set pre( I) of states from which I' is reachable through the application of a sin
gle step of the transition relation. It is shown in [1, 2] that the monotonicity of lossy 
channel systems implies that pre( I) is also an ideal and that it is in fact computable. 

Partial order reductions [18, 12, 19] are a family of techniques which can be used to 
perform more efficient verification of systems consisting of asynchronously commu
nicating concurrent processes, e.g. lossy channel systems. These methods are based 
on the observation that concurrent actions of the processes are often independent and 
hence their interleavings are equivalent in that they all lead to the same states. Most 
existing partial order methods work with a forward search of the state space, start
ing from the initial state and trying to find a path forwards to a final state. Action se
quences are grouped into equivalence classes, for each of which at least one represen
tative must to be analyzed. The algorithm then searches a reduced state-space, where 
at each step only a subset (an ample set [18]) of the enabled transitions is considered. 
The requirement is that an ample set should contain at least one representative of each 
equivalence class. 

In this paper, we employ ideas based on partial order reductions to derive a more 
efficient version of the algorithm in [ 1, 2]. Instead of working with an equivalence re
lation (the independence relation), we define a preorder (the "better than" relation) 
among actions. An event a is better than an event j3 in a state 1 if a followed by j3 
leads to a smaller state (with respect to ::5) from 1 than j3 followed by a. We extend 
the preorder to sequences of actions, where a sequence is "better than" another if the 
first sequence can be obtained from the second by permuting adjacent actions so that 
"better" actions occur earlier in the first sequence than in the second sequence. We 
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show that it is sufficient, for each set of sequences, to consider only the "best" ele
ments of the set. The correctness of our approach can be shown again to follow from 
monotonicity of lossy channel systems. 

Our method differs from traditional partial order techniques in the following as
pects. 

• We work with a preorder (the "better than" relation) which is weaker than the inde
pendence relation, since two sequences are equivalent if and only if each of them is 
better than the other. Instead of choosing representatives of each equivalent class, 
it is sufficient to choose the best elements of a certain set of sequences. This leads 
to a more efficient search algorithm, since two sequences may not be equivalent, 
but one of them may still be discarded from the analysis, if it is "worse" than the 
other. 

• We apply our methods in the context of backward reachability analysis. This is 
necessary since the reachability algorithm for lossy channel systems operates back
wards. In fact it is shown in [ 1 0] that forward reachability analysis is infeasible for 
lossy channel systems. 

• The reachability algorithm works on ideals, so our method can be considered to 
operate on sets of states (ideals) rather than individual states. Since ideals are in
finite sets, each ideal is represented symbolically by its set of generators. This set 
of generators can be shown always to be finite. 

Using standard techniques [20], we can check safety properties for lossy channel sys
tems through a reduction to the reachability problem. 

In fact our method is quite general. In [10, 3] general theories are presented for the 
verification of systems with monotone behaviour. Examples of such systems include 
besides lossy channel systems, Petri nets, real-time automata, relational automata, 
Basic Parallel Processes (BPPs), and certain classes of parametrized systems. The 
general reachability algorithm presented in [3] exploits the monotonicity of the sys
tem in the same manner as the algorithm for lossy channel systems. Consequently our 
techniques are applicable even for these classes of systems. 

In the next section we introduce lossy channel systems and some properties of these. 
In section 3 we introduce the reachability algorithm. In section 4 we introduce the 
better-than relation and some properties of action sequences. In section 5 we show 
the modifications needed to improve the reachability algorithm. In section 6 we give 
an algorithm to compute ample sets. In section 7 we show some experimental results. 
In section 8 we give some conclusions and directions for future research. 

2 PRELIMINARIES 

A lossy channel system consists of a control part and a channel part. The control part 
is modelled as a number of finite-state processes communicating via the channels, 
while the channel part consists of a finite set of channels. Each channel behaves as 
a FIFO buffer which is unbounded and umeliable in the sense that it can lose mes
sages. A channel is used to perform asynchronous communication between a pair of 
processes, so for each channel there is unique process sending messages to the chan
nel, and a unique process receiving messages from the channel. 
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For a tuple X= (xl, X2, ... , Xn). we use x(i) to denote Xi and i[i 1-+ e] to de
note the tuple (x1,x2 , . . . ,Xi-l>e,xi+l, . . . ,xn) . The domain dom(i) of iis the 
set { 1, 2, ... , n} of indices, while the range rng( i) of i is the set { x 1> x 2 , ••. , Xn} 
of values. For strings x andy, we use x · y to denote the concatenation of x andy. 

Formally, lossy channel systems are defined as follows. 

Definition 1 A lossy channel system is a tuple .C = ( S, s0 , A, C , M, f> ). where 

S = S1 x · · · x Sn is a tuple of finite sets of control states, where n is the number 
of processes in the control part, and Si denotes the set of control states of the ith 

process. 
so E S is a tuple of initial control states, 
A is a finite set of actions, 
C is a finite set of channels, 
M is a finite set of messages, 

f> is a finite set of transitions, each of which is a triple of the form ( si, I, s~), where 

s\, s~ E S( i) for some process i , and I is of the form 

c!m where c E C and m E M, representing sending a message m to channel c (m 
is appended to the end of c); 

c?m where c E C and m E M, representing receiving a message m from channel c 
(m is removed from the head of c); or 

a where a E A, representing an observable interaction with the environment 
without changing the contents of the channels. 

A global state (or just state) (s, w) consists of a tuples E S of control states and a 
tuple w of strings over M. The string w is indexed by the elements of C, with w( c) 
representing the content of c. We user to denote a global state and user to denote 
the set of all global states. 

We formalise the intuitive behaviour of lossy channel systems by introducing ala
belled transition system on global states. 

Definition 2 Given a lossy channel system .C = ( S, s0 , A, C, M, f>) we construct 

the labelled transition system g = ( r, -, A u { T}) where r is the set of global 
states, A U { r} is a set of labels, and __. ~ r x (A U { r}) x r is a transition relation 

among global states. We will use r1 ~r2 to denote ( r1, a, r2) E __.,The set __. 
is the smallest set such that 

• if ( si, c!m, s~) E f> and ( s, w) is a global state such that S( i) = si, then ( s, w)....:.... 
(S[i ........ s~], w[c ........ w(c) · m]). This corresponds to sending message m to channel 
c. 

• If (sL c?m, 4) E f> and(s, w) isaglobalstatesuchthats(i) = si andw(c) = m· 

v, then (s, w)....:....(S[i ........ s~], Ui[c ........ v]). This corresponds to receiving message 
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m from channel c. Notice that this transition may be performed only if the element 
in the head of channel c is equal to m. 

e If ( si , a, s~) E 6 and ( s, w) is a global state such that s( i) = si, then ( s, w) ~ 
(Sli >-+ s~], w). This corresponds to performing an observable interaction a with 
the environment . 

• If(s, w) is a global State SUCh that w(c) = X·m ·y, then (s, w)...2:....(s, w[c >-+ X·y]). 
This corresponds to losing message m from channel c. 

We use (81, Uil)-(82, Ui2) to denote that (s1, Uil)~(s2 , Ui2) for some a E Au 
{ T}, and use ~ to denote the transitive closure of---+. 

We define a partial order:::; on elements of M* by letting w1 :::; w2 iff w1 is a 
(not necessarily contiguous) substring of w2 , e.g. given M = {a, b, c, x, y, z }, ab:::; 
abc ::5 axbyc i. axyc. We use£ to denote the empty string. We extend the partial 
order ::5 to states by letting (s1, Ui1) ::5 (s2, Ui2) iff 81 = 82 and Ui1(c) ::5 Ui2(c) for 
each c E C. An interesting property of this partial order is that it is a well quasi-order, 
i.e. there is no infinite set of strings such that all strings are pairwise incomparable. 

Lemma 1 (Higman's Lemma) Let M be a finite set. If S ~ M* is a subset such 
that all strings in S are pairwise incomparable with respect to :::; , then S is finite. 

The proof of this lemma can be found in [17], where it is attributed to Higman [13]. 
The well quasi-orderedness of our partial order on global states follows directly 

from the lemma. 
A set I of states is said to be an ideal if it is the case that 1 E I and 1 :::; 1' implies 

!' E I. For a state 1, the ideal generated by 1 is the set { 1'; 1 :::; 1'}. 

3 A REACHABILITY ALGORITHM 

In this section we describe a reachability algorithm [1, 2] for lossy channel systems. 
The initial state of a lossy channel system (denoted t) is given by (so, Uio), where 

so is the initial control state and wo (c) = £ for each c E C. We say that a state 1 is 
reachable if t...!.......l. We define the reachability problem formally as follows. 

Definition 3 [Reachability Problem] 

Instance: A lossy channel system C = ( §, s0 , A, C, M, 6) and a set F ~ r of final 
states. 

Question: Is there a state 1 E F such that ( s0 , Ui0) ~~. 

The set F is usually used to represent a set of "bad" states which we do not want 
to occur during the execution of the system. It can be shown [1, 2] that, using stan
dard techniques [20], all safety properties, formulated as regular sets of allowed finite 
traces, can be reduced to the reachability problem. 

To decide reachability, we perform a backward reachability analysis, starting with 
the states in F and try to find a path back tot . Since the state space is infinite, the anal
ysis is not a priori bounded. It turns out that it is inconvenient to choose the inverse 
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of the forward transition relation (i.e. --> -l) as our basic backward transition step, 
since this would add messages to the channels in an uncontrolled manner. Instead we 
define a "backward" semantics for lossy channel systems as follows. 

Let an operation be a partial function from states to states. An operation a is en
abled at a state 1 if a( 1) is defined for 1. The set of all enabled operations at state 1 
is denoted enabled( 1). 

Definition 4 Let ( s, w) be a state of a lossy channel system. We define three different 
operations, each of which corresponds to going backwards in the transition relation. 
Notice that we execute the operations in reverse, e.g. receiving corresponds to adding 
a message to the beginning of a channel, etc. 

rev c, m A backwards receive operation. Enabled from (s, w) if (s~, c?m, si) E 8 
and s(i) = s~. When executed, the state (S[i ........ s~], w[c ........ m· w(c)]) is obtained. 

snd c, m A backwards send operation. Enabled from ( s, w) if ( s~, c!m, sD E 8 and 
s( i) = s~. When executed, the state ( S[i ........ s~), w[c ........ v]) is obtained if w( c) = 
v · m for some v E M*, otherwise ( S[i ........ s~], w) is obtained, corresponding to a 
send with a subsequent message loss. 

lei A backwards local operation. Enabled from (s, w) if (s~, a, sO E 6 and s(i) = 
s~ . When executed, the state ( S[ i >-+ s~], tii) is obtained. 

Intuitively, for a state 1 and an operation a, if I and I' are the ideals generated by 1 
and a( 1) respectively, then I' is the set of states from which a state in I is reachable 
through a single application of a. 

We are now ready to introduce the algorithm to decide reachability for lossy chan
nel systems [2]. The algorithm uses a set V of "visited" states, and a "working" set 
W of states which are yet to be investigated. The algorithm proceeds by selecting 
and removing a state 1 from the working set W. From 1 the set of all enabled opera
tions enabled( 1) is computed. Each operation is used to compute a predecessor state 
a(1). which is in tum added to the working set W . The state 1 is then added to the 
set V. Observe that, during our search, if we find a state larger than some state in V, 
we know that the state is redundant since it gives no new information, hence we can 
throw it away. A detailed description of the algorithm can be seen in Figure 1. 

Theorem 2 The reachability algorithm is correct in the sense that it always termi
nates, and it returns the value true if and only if a state in F is reachable. 

The proof can be found in [2], where termination of the algorithm is shown to follow 
from Lemma 1. 

4 DEPENDENCY AMONG OPERATIONS 

In this section we define a dependency relation among operations. 
For a state 1 and a sequence of operations p = a1 a2 · · ·an. we say that p is en

abled from 1 if, for each 1 :S i < n, a; is enabled from a;-t(ai-2(· . . a2(a1(1)))). 
If pis enabled from 1 then we use p('Y) to denote the state 1' =an(· ·· a2(a1('Y))). 
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Algorithm 1 (Reachability Algorithm) 
Input: A lossy channel system C and a set F of states. 
Output: true if any state in F is reachable, false otherwise. 
Local: A set V containing the already visited states and a set W containing 
states to be investigated. 

1) Add all states in F to the set W 
2) If W is empty, exit with the result false 
3) Select and remove a state "Y E W 
4) If "Y = t, exit with the result true 
5) If there is "Y' E V such that "Y' ~ "Y, goto 2 
6) For each operation a E enabled( "Y) 
7) Add a("Y) toW 
8) Add"'f to V 
9) Goto2 

Figure 1 Reachability Algorithm 
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An operation a is monotone iff "Y ~ "Y' implies a( "'f) ~ a("Y'). Observe that this 
means that a is enabled in both "Y and "Y'. 

Proposition 3 The operations snd c, m, rev c, m and lei are monotone. 

Proof. Follows directly from the definitions. D 

For a state "Y and operations a and {3, we say that a is better than f3 in "Y when 
executing a before f3 results in a smaller state with respect to~. It is defined formally 
as follows. 

Definition 5 An operation a is better than an operation f3 in a state "Y (denoted {3 ~b 
a) if and only if: 

• a, /3 E enabled("Y), 
• a E enabled(f]("Y)), 
• f3 E enabled(a("Y)), and 
• af3("Y) ~ f]a("'f). 

If j3 [;b a and a ~b j3 then a and j3 are independent and if j3 gb a and a gb /3 the 
operations are dependent. 

Since a/3( "Y) ~ f]a( "Y ), it is "better", from the point of view of the reachability 
algorithm, to perform a followed by f3 than the opposite. The reason is that we know 
that smaller states generate larger ideals. Consequently, it is safe to discard the se
quence f]a since the ideal generated by f]a( "Y) is a subset of the ideal generated by 
a/3( "'f). 

Proposition 4 Given lossy channel system C with operations snd c, m, rev c, m, and 
lei enabled in a state (s, w). 
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1. Operations of the same process are always dependent. 
2. rev c, n is better than snd d, miff c = d, w(c) = c, and m = n; otherwise they 

are independent. 
3. all other combinations are independent. 

Proof Follows directly from the definitions. D 

Notice that the operation snd c, n has two possible behaviours, depending on the 
state from which it is taken. The fact that rev c, n is better than snd c, n makes use 
of this, replacing one type of execution by another. 

Definition 6 Let 1 be a state, p be a finite sequence such that p E enabled( 1) and o: 
an operation. An operation o: is contributory top from state 1 iff for any partition of 
p into u {3u', where {3 is an operation, {3 ~b o: holds in u( 1). 

Intuitively, a contributory operation has the property that when it is moved forward 
in a sequence, we reach "smaller" states (according to::::;). 

Lemma S Let 1 be a state, p be a finite sequence of monotone operations such that 
p E enabled(!), and o: a single operation. If o: is contributory top from 1 then 
o:p('Y) :::5 po:('Y)· 

Proof Proof by induction on the length of p. For the base case IPI = 0 the lemma 
holds trivially. For the induction case we let p be a sequence of operations such that 
IPI > 0 and o: is contributory top from 1. Let p = p' j3 for some sequence of oper
ations p' and some operation j3. The operation o: is better than every operation in p 
and in particular the operation {3. Hence af3p'('Y) :::5 {3ap'('Y), i.e. 

p' a/3(!) :::5 p' j3a(!). (1) 

From the induction hypothesis we know that o:p' ( 1) :::5 p' a( 1). Since j3 is monotone 
and enabled at o:p'('Y) it follows that 

o:p' !3(!) :::5 p' aj3( 1). (2) 

By combining (1) and (2) we see that o: p' !3( 1) :::5 p' j3o: ( 1). D 

In Lemma 5, we define a preorder ~B on sequences of operations, such that Pl ~B 
p2 whenever P1 = p' {3a p' and p2 = p' a {3 p', with {3 ~b a in p' (!). We define the 
"better than" relation among sequences to be the reflexive transitive closure ~'8 of 
~B. Intuitively a sequence p2 is better than a sequence p1, if P2 can be obtained from 
p1 by permuting adjacent actions so that "better" actions occur earlier in P2 than in 
Pl· It follows from Lemma 5 that P2( 1) :::5 Pl ( 'Y)· 

This approach is more general than that used in traditional partial order reduction 
methods, where ~b is taken to be an equivalence relation and hence ~'8 becomes an 
equivalence (rather than a preorder) on operation sequences. 



An improved search strategy for Lossy channel systems 259 

Figure 2 A system of two concurrent processes. 

5 IMPROVING THE REACHABILITY ALGORITHM 

In this section we introduce two strategies to improve the search conducted in Al
gorithm 1. The general idea is to consider only a subset of the enabled operations for 
each state. We replace enabled(!) on line6 in Algorithm 1 with ample( I) [18], where 
ample( 1) ~ enabled( 1). 

We now proceed by investigating how to select a subset ample( 1) of enabled( 1 ). 
For Algorithm 1 to be correct when replacing enabled( 1) with ample( 1 ), the selection 
of a subset of enabled( 1) is guided by the following rules. 

BO The set ample( 1) is empty if and only if enabled( 1) is empty. 
Bl Each of the operations in ample( 1) is contributory to every finite sequence of op

erations p enabled from 1 that does not contain an operation from ample( 1). 

It can be shown that selecting a set ample( 1) satisfying conditions BO and Bl is 
not guaranteed to preserve reachability of the initial state. The reason is that because 
of independence between operations, we may reach a local state in one process be
fore doing so in a second process; we may then continue going backwards in the first 
process, before reaching the control initial state in the second process and thus we 
miss the configuration where all processes are in their initial control states. This is 
a problem inherent in partial order reductions and is not particular for lossy channel 
systems. 

As an example, consider the system in Figure 2. It consists of two processes, ex
ecuting concurrently. All the transitions (and hence the operations) are local. When 
trying to search for the initial state (s1 , s3 ) from the state (s2 , s3 ), the righthand pro
cess has already reached its initial control state. However, according to conditionBO, 
we may select the operation which is the reverse of transition d. We then reach the 
state (s2, s4). In fact, we may then continue to take the reverse of transition c and 
reach ( 82, 83) again, terminating the search with the wrong conclusion that the initial 
state is not reachable. 

We have several alternative ways to remedy the problem. One of the simplest ways 
is to ensure that it is not possible to leave an inital control states once the search has 
reached it. This can be accomplished by making the system rooted. 

Definition 7 A system is rooted if none of its operation is enabled from its initial 
state. 
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-6--- -~~--- ------: 
0: : 

r--------, I 

Figure 3 A process transformed to become rooted. 

Thus we have our first search strategy: 

STRAT1 A backward search in a rooted system (or a system transformed to become 
rooted), where each ample set satisfies conditions BO and Bl. 

Theorem 6 The correctness of the backward reachability problem is preserved under 
strategy STRAT1. 

Proof It is easy to see that the reduced state space generates only states that can be 
generated by the full search. Thus, if an initial state is not reachable, the STRAT1 
search will terminate (with the same termination argument of the original algorithm 
[2]) with a negative answer. 

For the other direction, assume that an initial state is reachable. Let 1 be a state of 
the system, with o: E enabled( 1) \ample( 1 ), such that there is a path o:p from 1 to an 
initial state t. Consider first the case where we partition o:p into a sequence u f3u' such 
that the sequence u does not contain any operation from ample( 1) . Then according to 
condition Bland Lemma 5, f3uu' ( 1) ~ u f3u' ( 1 ). Hence f3uu' is a sequence leading 
to the initial state t. 

Consider now the case that o: p does not contain any operation from ample( 1). Then, 
according to condition BO and Bl, ample( 1) contains some operation f3 that is con
tributory to o:p. But then according to Lemma 5, f3 is enabled from the initial state t, 
contradicting the fact that the system is rooted. D 

It is easy to see that one can convert any system to a rooted one (if it is not rooted al
ready) . The disadvantage of having a rooted system is that it may introduce additional 
non-determinism. Figure 3 demonstrates a system that is not rooted (on the left) that 
is converted into a rooted system. 

Another strategy, trying to avoid enlarging the state space in order not to miss the 
initial state, is the following. 

Definition 8 A delayed operation is one that can lead out of the initial state. More 
precisely, o: is said to be delayed if o:( t) is defined. 
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In fact, in our case an operation is delayed if and only if it executes from an initial 
control state of a process. We add the following condition on ample sets: 

82 Either ample( r) contains no delayed operations or ample( r) = enabled( r). 

For example, in the left process in Figure 3, the operation f3 is delayed, since one can 
take a /3 operation from the initial state. Thus, we have the following search strategy: 

STRAT2- A backward search where each ample set satisfies conditions 80, 81, 
and 82. 

Theorem 7 The correctness of the backward reachability problem is preserved under 
strategy STRAT2. 

Proof Similar to the proof of Theorem 6. The only difference is that in the contradic
tion case, if /3 is contributory to the sequence ap that transforms r into£, f3 can still 
be enabled from t (there is no requirement that the system is rooted). However, this 
means that f3 is a delayed operation. But then according to 82, we must have selected 
ample( r) = enabled( r), contradicting the fact that we did not select a. 0 

6 ALGORITHMS FOR AMPLE SETS 

Having defined conditions for ample sets, we need to provide an algorithm that guar
antees selection of a subset of the enabled operations satisfying BO and 81 and, de
pending upon the strategy, also 82. Conditions BO and 82 require only simple checks. 
However, to guarantee 81, we need to 'predict' what can happen along sequences 
of operations, starting from the current state. Deciding condition 81 for an arbitrary 
subset of the enabled transitions can be easily shown to be as difficult as reachability. 
Instead, some heuristics have to be used. 

One simple algorithm is the following. 

Algorithm 2 (Simple Algorithm) 
Input: A set of processes P 1, ... , Pn and a stater. 
Output: A set ample( r) being a subset of enabled( r). 

1) For each process P; 
2) If each operation is either lei, rev d, m, or snd c, m with channel c non-empty 
3) select ample( r) as the enabled operations of P;, exit 
4) If there were no process satisfying the above conditions 
5) select ample( r) = enabled( r) 

Lemma 8 The rules 80 and 81 are satisfied when using Algorithm 2 to compute 
ample(r). 
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Proof sketch. It is trivial to check that BO is satisfied. Observe that Bl is satisfied 
since all operations belonging to a process are in ample( r) and that no two processes 
may receive from the same channel. Hence, it cannot happen that an alternative op
eration of the same process is disabled but will become enabled by the execution of 
some snd or rev event in another process. 

To use strategy STRATI we alter steps 3 and 6 in Algorithm 2: B2 is applied by 
selecting the transitions of a certain process only if they also satisfy the condition that 
they are not delayed. 

Theorem 9 Algorithm 1 correctly decides reachability under STRAT1 when using 
Algorithm 2 to compute ample( r). 

Proof Follows from Theorem 6 and Lemma 8. 0 

7 EXPERIMENTS 

In this section we consider two examples and show the reductions obtained when us
ing the improved algorithm for reachability. 

First we consider the go back n protocol of the well known Sliding Window pro
tocol family. We model the protocol as a lossy channel system with two unbounded 
and unreliable channels. 

In the protocol, n corresponds to the size of the sender window. The receiver win
dow is always of size 1. We have added a distinguished initial state to make the system 
rooted. 

In Table I we compare the performances of Algorithm I with and without partial 
order reduction, for different sizes of the sender window. 

Window No Partial Order With Partial Order Reduction (%) 
Size Memory Time Memory Time Memory Time 

I 16152 0.02 14744 0.02 9% 0% 
2 92416 0.10 67024 0.08 27% 20% 
3 431096 0.42 297016 0.34 31% 19% 
4 1446040 1.67 968184 1.26 33% 25% 
5 4022080 4.94 2718224 4.24 32% 14% 
6 9656504 13.34 6435560 11.22 33% 16% 
7 21013480 32.71 13840888 29.81 34% 9% 

Table 1 Verification of Go Back n 

In the second example, we consider a token ring to implement mutual exclusion 
among a number of processes. A number of processes communicate through lossy 
channels. In Table 2 we compare the performances of Algorithm 1 with and without 
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partial order reduction, for different numbers of processes in the ring. The high re
duction achieved in this example compared to the first example, is due to the fact that 
here we have more parallel processes instead of only two processes in the case of the 
"go back n" protocol. 

Algorithm 1 Algorithm 2 Reduction (%) 
Processes Memory Time Memory Time Memory Time 

4 66072 0.08 48264 0.04 27% 50% 
5 733200 4.18 238416 0.40 67% 90% 
6 5154440 161.16 1201856 5.63 77% 97% 
7 34531204 6913.97 6555268 222.Q7 81% 97% 

Table 2 Verification of the Mutex Protocol 

8 CONCLUSIONS AND FUTURE WORK 

We have considered the application of partial order reduction techniques for lossy 
channel systems. 

In contrast to most existing partial order methods, our approach is applied to a 
backward reachability algorithm. The choice of transitions selected dl,lring the anal
ysis is guided by a preorder which we call the better than relation. This is a weaker 
relation than the independence relation used in traditional partial order methods, and 
leads consequently to a more effective analysis. The idea of using the "better than" 
relation is general as it is applicable to all systems which have "monotone" behaviour, 
e.g. Petri nets, real-time automata, relational automata, etc. As part of our future re
search, we shall try to extend our theory to these classes of systems. We also intend to 
carry out experiments to study the performance of our algorithms on more advanced 
examples. 
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