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Abstract— State space explosion is a significant obstacle
in the formal verification of properties on distributed
programs. Much effort has been directed in the area
of state space reduction for model checking distributed
programs. Such research efforts mainly employ one of
two techniques: (a) construction of areducedexplicit state
space, or (b) a compact representation of the state space.

In this paper, we explore the tradeoffs between these
approaches, and the limitations of current model-checking
techniques. We propose a new approach that uses a
compact state space representation, while at the same time
facilitating efficient detection of properties in the model.

Our representation uses a hybrid of an interleaving
approach and a true concurrency representation. We
provide experimental results comparing the performance
of our implementation against a wide variety of popular
model-checking tools.

I. I NTRODUCTION

The fundamental obstacle in the use of model check-
ing for the formal verification of concurrent and dis-
tributed systems is the problem ofstate space explosion.
A distributed program is modeled by a set of concur-
rently executing processes, each of which executes a
set of local events. The behavior of such a system is
modeled by the set of allglobal states that could be
reached during any execution of the program, also known
as the set ofconsistent global statesof the distributed
program. The number of consistent global states of a
distributed program is, in general, exponential in the
total number of local process states. Thus, distributed
programs are particularly prone to state space explosion.

A significant portion of the recent research in the area
of model checking has focused on tackling the prob-
lem of state space explosion. There are two orthogonal
approaches to tackling the state space explosion prob-
lem. The first approach is to construct areducedstate
space, by omitting the exploration of some interleavings
of events.Partial order reduction techniques[1], [2],

[3], [4] are a particularly successful example of this
approach.

Partial order reduction techniques exploit the fact
that exploringall possible interleavings of concurrent
events is not always necessary for the verification of
a given property. In particular, they show that, under
certain conditions, considering a singlerepresentative
interleaving is sufficient for the detection of a subclass
of linear temporal logic (LTL) formulae. For this rea-
son, the use of partial order techniques is also called
model checking using representatives. In particular, they
consider formulae that are expressible in the subset of
the logicLTL without the use of the next-time operator
X. This subset ofLTL is denoted byLTL−X . In
precise terms, given anLTL−X propertyϕ, partial order
techniques explore only a subset of the global state space
that is provably sufficient to check the propertyϕ.

Partial order techniques have been incorporated into
several existing verification tools, such as the popular
model checking tool, SPIN [5]. Unfortunately, in such
approaches, the reduction is performed with respect
to the properties to be verified. Thus, the amount of
reduction achieved in the size of the state space very
much depends on the properties to be verified [6].

Another popular approach is to represent the entire
state space in a compact notation. Net unfoldings of
Petri Nets [7] are an example of this approach. Net un-
foldings preserve the concurrency and causality relations
between events on different processes, without explicitly
constructing the entire state space. However, verifying
properties on such representations is a P-SPACE com-
plete problem. Net unfoldings are often called “true
concurrency” approaches.

While an interleaving approach may result in an
exponentially large representation of the state space,
properties on the constructed state space can be verified
in time that is polynomial to the size of the represen-



tation. On the other hand, true concurrency approaches
encode the state space compactly, but the problem of
verifying properties on these representations is P-SPACE
complete.

Our approach uses a combination of the interleaving
and true concurrency models to represent the complete
state space graph of the system to be verified. Our
representation maintains the concurrency and causality
relations in the program, while allowing for the efficient
verification of properties.

The ideas presented in this paper capitalize on a
large body of existing research done in the area of
predicate detectionin distributed computations (e.g., [8],
[9], [10], [11], [12], [13]). Our proposed approach avoids
using an interleaving representation for concurrent events
wherever possible, choosing instead to use a true concur-
rency (partial order) representation for sets of concurrent
events. In particular, we use a hybrid of a modified
Hasse diagram representation [14], combined with the
labeled transition graph representation traditionally used
in model checking. Our representation can be viewed
as a labeled transition graph where each node in the
graph is a partially ordered set. Thus, each node in the
graph can potentially encode an exponential number of
global states without explicitly enumerating these states.
We call this hybrid theposet-LTSrepresentation.

For experimental purposes, we have modified the
popular model checking tool SPIN to use our algorithms.
Thus, we can verify properties on program specifications
written in PROMELA.

This paper is organized as follows. In Section II, we
present an overview of the currently used partial order
reduction techniques, also known as model checking
using representatives. We also highlight the limitations
of these techniques. In Section III, we present the model
of distributed programs that our approach is based on,
and present the relationship between partial order rep-
resentations and distributed programs. This will lay the
groundwork for our proposed representation, which is
presented in Section IV. In Section V, we discuss how
model checking can be performed using our proposed
representation. Section VI presents some experimental
results and compares the performance of our imple-
mentation against several popular model checking tools,
including DSSZ , SMV, PEP and SPIN. Finally, we
present our conclusions and directions for future work
in Section VII.

II. M ODEL CHECKING USING REPRESENTATIVES

The partial order reduction techniques discussed in
[2], [3], [4] construct a reduced state space graph through
the use of a modified depth-first search (or breadth-
first search) algorithm. This modified depth-first search
technique is also used in SPIN for implementing partial
order reductions [15], [5].

A labeled transition graphis a quintuple G =
(V, S, S0, E, Γ), where [16]:

• V is a finite set of variables (state holding ele-
ments).

• S = 2V is the set of all possible valuations for the
variables inV . S is called thestate set.

• S0 ⊆ S is the set ofinitial states.
• E is the set of possibleeventsor actions in the

system.
• Γ ⊆ S × E × S is the transition relation, with the

restriction that((s, α, t) ∈ Γ ∧ (s, α, t′) ∈ Γ) ⇒
(t = t′). For convenience of notation, if(s, α, t) ∈
Γ, we sayt = α(s).

In the rest of this paper, we only consider systems with
a designated initial state. In traditional (non-symbolic)
model checking using depth-first search or breadth-
first search, the state transition graph is generated by
exploring all the events enabled at a given states ∈
S. We denote the set of all events enabled ins by
enabled(s). Partial order reduction techniques, on the
other hand, explore only a subset of the events in
enabled(s), and thus construct asubgraphof G, given by
G′ = (V, S′, S0, E, Γ′), whereS′ ⊆ S andΓ′ ⊆ Γ. The
subset of events inenabled(s) chosen for exploration is
called anample setand is denoted byample(s). The
choice of ample(s) at a given states depends on the
property,ϕ, to be checked. It has been shown ([2], [3])
that, by imposing certain constraints on the setample(s),
the propertyϕ holds inG′ iff it holds in G.

Partial order reduction techniques use the notions of
independenceand invisibility of events [6], which we
discuss in the next subsection. We also discuss the con-
ditions thatample(s) must satisfy in order to maintain
the correctness of the reduction. This discussion is taken
from [6].

A. Independence and Invisibility

An independence relationI ⊆ E ×E is a symmetric,
antireflexive relation that satisfies the following two
conditions for eachs ∈ S and each(α, β) ∈ I:

• Enabledness: If α, β ∈ enabled(s), then α ∈
enabled(β(s)).
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• Commutativity: If α, β ∈ enabled(s), then
α(β(s)) = β(α(s)).

Note that the definition above uses the symmetry ofI.
The enabledness condition states that the execution of
α does not disable the eventβ. Thus, β must remain
enabled in the state reached upon execution ofα. The
commutativity condition states that executing indepen-
dent transitions in either order results in the same state.
The notion of independence is illustrated in Figure 1.
Events that are not independent are said to be dependent
on each other.

Fig. 1. Execution of independent transitions.

It is easy to see that, in order for the two interleavings
of α and β in Figure 1 to be replaced by a single
interleaving in the reduced graph, the property to be
checked must not be sensitive to the choice of the states
s1 and s2. That is, the property must hold ins1 iff it
holds ins2. This leads us to the definition ofinvisibility.

Let L : S → 2AP be a labeling function that labels
each states ∈ S with a set of atomic propositions.
An eventα is invisible with respect to a set of atomic
propositionsAP ′ ⊆ AP iff, for each pair of states
s, s′ ∈ S such thats′ = α(s), L(s)∩AP ′ = L(s′)∩AP ′.
That is, an eventα is invisible iff its execution fromany
state does not change the values of the variables inAP ′.
An event that is not invisible is said to bevisible.

We now state the conditions thatample(s) must sat-
isfy in order to preserve the correctness of partial order
reduction. For brevity, we simply state the conditions
without explanation. The interested reader is referred to
[6] for details.

• C0: ample(s) = Φ iff enabled(s) = Φ.
• C1: Along every path in the full state graph that

starts ats, the following condition holds: a transition
that is dependent on a transition inample(s) cannot
be executed without a transition inample(s) being
executed first.

• C2: If ample(s) 6= enabled(s), then every event
α ∈ ample(s) is invisible.

• C3: A cycle is not allowed if it contains a state in
which some transitionα is enabled, butα is never
included inample(s) for any states on the cycle.

The following lemma from [6] is a direct consequence
of conditionC1:

Lemma 1: [6] The transitions in
enabled(s)\ample(s) are all independent of those
in ample(s).

B. Limitations of model checking using representatives

The invisibility condition in C2 poses a significant
restriction on the construction of ample sets. We demon-
strate this in the following trivial example.

Example 1:Considern processesP1, P2, ..., Pn. Each
processPi contains a local variablexi whose value
it changes independently of all other processes. Each
processPi goes through exactlym local states,<
si,0, si,1, ..., si,m >, and in each local state, it executes an
event that changes the value ofxi. Initially, xi = 0 for all
i ∈ {1, ..., n}. In the traditional method of construction
of the labeled transition graph using depth-first search,
there would bemn reachable states in the constructed
graph. Suppose we are interested in checking a local
property, such asx3 = k. Using partial order reduction
techniques as described above, it suffices to explore an
interleaving in which, starting from the initial state,P1

first goes through itsm states, followed byP2 going
through itsm states, and so on, untilPn goes through
its m states. Thus, the number of explored states in this
case would only beO(mn).

However, if we needed to check a global property,
such asx1 + x2 + ... + xn ≥ k, then partial order
techniques are ineffective because of the invisibility con-
dition C2. In fact, in this example, we would be forced to
chooseample(s) = enabled(s) for each state, starting
from the initial state, since each eventdoeschange the
value of the propositional variables in the property to
be checked. Thus, each event isvisible with respect to
the property to be checked. In this case, the number of
states explored using partial order reduction techniques
would remainmn, that is, the reduced graph would be
the same as the original labeled transition graph. In fact,
the overhead of futilely trying to construct an ample
set would only incur additional overheads compared to
the naive approach of constructing the labeled transition
graph by exploring all possible interleavings!

In the next section, we describe the model of the
distributed programs that our proposed representation
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operates on, in particular, the specific assumptions that
we have made about distributed programs. We also
discuss relevant background work.

III. D ISTRIBUTED PROGRAMS AND PARTIALLY

ORDEREDSETS

We model a distributed program as a set of processes
{P1, ..., Pn} with no shared memory and no global
clock. Each processPi starts at an initial local state and
executes a set of local events sequentially. We model
each such processPi as a set of local statessi1, ..., sim.
Each processPi has a set of local variablesXi. The
value of a local variable on a process changes only upon
transitions between local states on that process. Thus, in
any statesij on processPi, the value of each variable
x ∈ Xi is well-defined.

We assume that we are given a per-process labeled
transition graph, which can be constructed by tradi-
tional depth-first search techniques. Thus, for each pro-
cess Pi, we have the labeled transition graphGi =
(Xi, Si, si,0, Ei,Γi), where:

• Xi is the set of local variables ofPi,
• Si is the local state set ofPi,
• si,0 ∈ Si is the designated initial local state ofPi,
• Ei is the set of possible events that can be executed

by Pi, and
• Γi ⊆ Si × Ei × Si is the local transition relation

for Pi, with the restriction that((s, α, t) ∈ Γi ∧
(s, α, t′) ∈ Γi) ⇒ (t = t′). For convenience of
notation, if (s, α, t) ∈ Γi, we sayt = α(s).

Currently, our technique only handles cases where the
process transition diagrams have no cycles (including
self-loops on a state),i.e., processes that cannot go into
an infinite loop on any input.

ProcessPi communicates with processPj through
asynchronous messages along the communication chan-
nel Cij . Communication channels are not assumed to be
FIFO, but they are assumed to be reliable. WhenPi sends
a message toPj , a send(j,msg) event is executed on
Pi, and areceive(i, msg) event is executed atPj when
the message is received.

A single execution of a distributed program is called
a computation. Lamport [17] observed that a distributed
computation can be viewed as partially-ordered set of
states, ordered under what he called thehappened-before
relation, denoted by→. Formally, this happened-before
relation states that, given two statess andt from the set
of all statesS =

⋃n
i=1 Si, s → t iff s occurs beforet on

the same process, or a message is sent from states and
received at statet, or ∃u ∈ S : (s → u) ∧ (u → t).

C. Fidge [18] and F. Mattern [19] independently pro-
posed a timestamping mechanism that can be employed
during the execution of a distributed computation to
capture the happened-before relation of that computa-
tion. Under this timestamping mechanism, each process
maintains avector clock, and associates a timestamp to
each of its local states. Thevector clockis a vector of
n numbers, wheren is the total number of processes in
the system. Thevector timestampof states is denoted
by s.v, and satisfies the condition:

∀s, t ∈ S : s → t ⇔ s.v < t.v

where the< operation performs a component-wise com-
parison of the two vector clocks, as follows:

s.v < t.v ⇔ (∀i ∈ {1, ..., n} : s.v[i] ≤ t.v[j])

∧ (∃j ∈ {1, ..., n} : s.v[j] < t.v[j])

 
 

Fig. 2. Modified Hasse diagram representation of a distributed
computation.

Thus, a distributed computation can be represented by
a Hasse diagram [14], under the→ relation. However, a
more convenient (and intuitive) notation is to represent
the computation in the form of a chain-decomposed
poset, consisting ofn chains, where chainCi contains
the local states of processPi. Figure 2 depicts this
representation.

Note that, since each process executes sequentially,
the local states of processPi in a given distributed
computation are totally ordered under the→ relation.
Furthermore, send and receive events induce a partial
ordering on the set of all states,S.

Thus, we define a distributed computation as a set
of states together with the happened-before relation, and
denote it by(S,→). Statess, t ∈ S that are incomparable
under the→ relation are said to beconcurrent, denoted
by s||t. Formally, (s||t) ⇔ (s 6→ t ∧ t 6→ s).

The poset representation of a distributed computation
implicitly encodes all thefeasibleinterleavings of events
that could have occurred during the computation via the
incomparability of states. That is, ifs||t, then in an
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interleaving representation, both< s, t > and < t, s >
are valid interleavings.

The reachability (global state space) graph of a dis-
tributed computation must only contain global states that
couldhave occurred during the execution of the program,
that is, only global states that can be reached while
respecting the happened-before relation. We call such
statesconsistent global states. It is easy to see that
a consistent global state corresponds to adown-setor
order-ideal of the poset(S,→). Formally, a consistent
global stateH of a distributed computation(S,→) is a
set of states that satisfies the following condition:

(s ∈ H ∧ t → s) ⇒ (t ∈ H)

It has been shown in [20], [19], [12] that the set
of all consistent global states of a finite distributed
computation forms a finite distributive lattice under the
→ relation. Each path from the initial global state to
the final global state of this finite distributive lattice
represents a possible interleaving of events that could
have occurred during the execution of the program [8].

It is well-known that the number of ideals of a poset
can be exponential in the size of the poset itself [14],
[21]. The poset representation of a single execution of
a distributed program thus pithily encodes an expo-
nential number of global states. However, in order to
formally verify the correctness of the program, we need
to considerall possible executions of the program. The
program itself may be viewed as the set of all its possible
executions.

In the following section, we propose a newposet-LTS
representation that can be used to represent the global
state space of a distributedprogram, that is, the set of
all its possible computations.

IV. POSET-LTS REPRESENTATION

Given a total ordering for all the local events that
occurred on each process during the execution of a dis-
tributed program, the happened-before relation captures
all the consistent global states of the program under that
particular total ordering of local events. Note that, in
addition to the total ordering of local events, the only
other order imposed by the happened-before relation is
between send and receive events. The order imposed
between send and receive events is a “true” order, since
a receive event cannot execute until the corresponding
send has executed. However, the ordering on local events
is not necessarily a true order, as the following example
illustrates.

rcv(1,val) rcv(2,val) rcv(3,val)
P1

P2

P3

P4

send(1,val)

send(1,val)

send(1,val)

(a)

rcv(2,val) rcv(3,val) rcv(1,val)
P1

P2

P3

P4

send(1,val)

send(1,val)

send(1,val)

(b)

Fig. 3. Two executions of the program in Example 2.

Example 2:Consider a distributed computation onn
processes,{P1, P2, ...Pn}, where each of the processes
P2...Pn performs a local computation, and finally sends
the result of its local computation toP1. The job of
P1 is simply to accumulate the results sent to it by all
other processes. Figure 3(a) and (b) show two possible
executions of the program for four processes. Since mes-
sage transfers are asynchronous, there can be3! possible
interleavings of the receive events atP1, depending on
the order in which the messages arrive.

Thus, its initial state,P1 has n − 1 events enabled,
namely, the receive events corresponding to each of the
processesP2, ..., Pn. However, a single happened-before
diagram can only represent one interleaving of these
events.

From the above example it is clear that, if a process in
a distributed program has more than one event enabled
at any local state, then a single happened-before diagram
cannot capture all the consistent global states of the
program. Theposet-LTSrepresentation we propose here
aims at capturing all the global states of the program.

Before we present our approach, however, it would
be useful to revisit Example 1 to demonstrate the advan-
tages of using a poset representation, as opposed to an
interleaving representation. This is done in the following
example.

Example 3:We consider the scenario presented in
Example 1. The process transition graphs for this ex-
ample are presented in Figure 4(a). Since each process
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P1

x1=0 x1=3 x1=7 x1=5 x1=2 x1=8

P2

x2=0 x2=6 x2=4 x2=2 x2=7 x2=15

Pn

xn=0 xn=1 xn=17 xn=3 xn=9 xn=5

Fig. 4. Process transition graphs for Example 3

has exactly one event enabled at each state, a single
happened-before diagram captures all the possible global
states of this program. In fact, Figure 4(a) also doubles
as the poset representation for the program, since there
are no message transfers in this program,i.e., we do not
need to impose any ordering between events on different
processes.

Thus, the poset representation encodes the global state
space of the program inO(mn) space. We now consider
the problem of checking the propertyx1+x2+...+xn ≥
k. Let us call this propertyϕ. Here, we call upon the
large body of previous work done in the area of predicate
detection in distributed computations. In particular, we
can use the algorithm by Chase and Garg in [9] to
detectEF (ϕ). The algorithm runs inO(m2n2 log mn)
time and O(mn) space. Thus, we have achieved an
exponential reduction in the time and space required
for verifying this example program, compared to the
O(mn) space and time bounds for model checking using
representatives.

To capture the state space of a distributed program in
which more than one event may be enabled at a local
state, we use a hybrid of the interleaving representation
and the poset representation. We call this hybrid the
poset-LTSrepresentation. Under this representation, the
global state space of the program is represented by a
transition graph in which each node of the graph is a
poset. Thus, each node of the graph may itself encode
an exponential number of states, and the graph as a
whole encodesall the reachable states of the program.
In particular, each path from the initial node to a final
node in the graph corresponds to an execution of the
distributed program.

The construction of a node (poset) in the graph pro-
ceeds as follows. As long as there exactly one local event
possible at any process, we “grow” the node by executing
that single local event on the process (if the event is
enabled), and add the resulting local state to the node’s

struct node{
structstateQueue[1..n]: type array of queues;
struct node ∗ pred: type set;

}

Fig. 5. Structure of a node.

struct stateQueue{
localState: type int;
chanContents: type char *;
vc[1..n]: type array of int;

}

Fig. 6. Structure of a state queue.

poset representation. The data structure representing a
node is shown in Figure 5. The node maintains a queue
for each process, to which we add the local states reached
upon executing local events on that process. The state
of message channels is also stored along with the local
state, in the state queue. The queue corresponding to
processPi is represented bystateQueue[i]. The last
entry in the queue for a processPi in nodeQ is given
by lastinQueue(Q.stateQueue[i]), and represents the
latest state reached byPi in nodeQ.

Each process maintains a vector clock, which is up-
dated according to the rules in [19]. The vector clock of
each local state is stored in the state queue, as shown in
Figure 6.

A processblockswhen there is more than one local
event possible at its current local state. For a nodeQ,
the setQ.blocked contains all the blocked processes. A
node stops growing when all processes are either blocked
or have no enabled events in the current state. The
algorithm for growing a node is shown in Procedure 1.
The procedurepredDetect() uses Garg and Waldecker’s
algorithm for detection of weak conjunctive predicates
[11] to detect if the global state has already been visited.
The global state given byS is just a conjunction of the
local states (the state of the message channels is also
maintained as part of the local state of a process), hence
can be detected as a conjunction of local predicates by
the algorithm in [11].

Let S0 =
⋃

i∈{1,...,n}{si}, where si ∈ Pi, be the
initial local states of nodeQ. When the node has stopped
growing, the final global stateS is given by

S =
⋃

i∈{1,...,n}

{lastinQueue(Q.stateQueue[i])}

When a process has more than one local event enabled,
this corresponds to a non-deterministic choice in the
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Procedure 1growNode(node Q)
1: /* Processes that have at least one event enabled in their current state*/
2: enabledProcs = {Pi|enabled(lastinQueue(Q.stateQueue[i])) ≥ 1}
3: while enabledProcs \Q.blocked 6= Φ do
4: /* some process can make progress*/
5: let Pi ∈ enabledProcs \Q.blocked
6: /* Pi is not blocked, and has at least one event enabled*/
7: s = lastinQueue(Q.stateQueue[i]) /* current local state ofPi */
8: if |possible(s)| > 1 then
9: Q.blocked = Q.blocked ∪ {Pi}

10: else if |possible(s)| == 1 then
11: /* possible(s) has exactly one event, execute it*/
12: let α ∈ possible(s)
13: if α ∈ enabled(s) then
14: s′ = α(s)
15: addToStateQueue(s′, Q.stateQueue[i])
16: S =

⋃
i∈{1,...,n}{lastinQueue(Q.stateQueue[i]}

17: if predicateDetect(S) == true then
18: /* the new global state has already been explored*/
19: return Q
20: end if
21: end if
22: end if
23: enabledProcs = {Pi|enabled(lastinQueue(Q.stateQueue[i])) ≥ 1}
24: end while
25: return Q

program. Thus, at this point, we switch to an interleaving
representation and explore each enabled transition from
S.

To construct the completeposet-LTSrepresentation
of a program, we start with a designated initial state,
and create a new node with its initial global state set to
the designated initial state. We then call upon procedure
poset BFS() to create the rest of the state space using
a breadth-first search. The relevant algorithms are shown
in Procedures 2 and 3. Depth-first search could also be
used instead of breadth-first search.

The procedurecreateNode(S) deserves special men-
tion. Rather than creating a new nodeQ with the state
queues initialized to the local states inS, we chose to
create the new nodeQ with its state queues initialized
to the local states inS′, given by:

∀i∈{1,..,n} : S′[i] = ∀j∈{1,..,n}min(S[j].vc[i])

In other words, for each processPi, the local stateS′[i]
is given by the least local state in theith component of
the the vector clocks of the local states inS.

The reason for this is as follows. Consider a consistent
global stateG such that∃i ∈ {1, .., n} : S[i] � G[i].
From the properties of vector clocks, the least consistent
global state that includesG[i] is given by the vector clock
of G[i] [19]. SinceG[i] � S[i], the following must hold:

∀j ∈ {1, .., n} : S′[j] � G[j]

As a consequence of the above observation,Q con-
tains any consistent global state that is made up of local
states that occur either inQ or any of its predecessor
nodes.

V. M ODEL CHECKING UNDER THE POSET-LTS
REPRESENTATION

Efficient algorithms for the detection ofEF (ϕ) have
been proposed for predicatesϕ of the following forms,
among others:

• Conjunctions of local predicates [11]
• Linear and regular predicates [9], [12]
• Bounded sum predicates (predicates of the form

x1 + ... + xm ≤ k) [9]
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Procedure 2posetBFS(node currNode)
1: enQueue(currNode)
2: while (Q = headOfQueue())! = null do
3: growNode(Q)
4: S =

⋃
i∈{1,...,n}{lastinQueue(Q.stateQueue[i]}

5: workSet(S) = enabled(S)
6: while workSet(S) 6= Φ do
7: let β ∈ workSet(S)
8: workSet(S) = workSet(S)− {β}
9: S′ = β(S)

10: if predicateDetect(S′) == false then
11: /* this is a new state*/
12: Qnew = createNode(S′)
13: enQueue(Qnew)
14: end if
15: end while
16: /* done with this node, remove from the queue*/
17: deQueue()
18: end while

Procedure 3main
1: /* S0 is the initial state*/
2: S0 =

⋃
i∈{1,..,n} si,0

3: Q0 = createNode(S0)
4: poset BFS(Q0)

These algorithms operate efficiently on the partial
order representation of a distributed computation, and
are particularly well-suited to model-checkingEF (ϕ)
on theposet-LTSrepresentation.

ThepredicateDetect() routine used in our algorithms
(Figures 2, 1) uses the algorithm in [11] for detection
EF (ϕ) for conjunctions of local predicates. We can
easily detectEF (ϕ) for linear, regular and bounded-sum
predicates in our model, too. To perform this check on
the fly, we would simply need to introduce a call to the
appropriate predicate detection algorithm immediately
preceding the call topredicateDetect() in Figures 2
and 1.

VI. EXPERIMENTAL RESULTS: LEADER ELECTION

PROTOCOL

We have implemented an extension to SPIN that takes
a PROMELA language specification and builds the cor-
respondingposet-LTSrepresentation of the state space
graph. Our implementation currently has the ability to
detectEF (ϕ) for linear predicates, regular predicates
and bounded sum predicates.

Using Dekker’s two-process mutual exclusion algo-
rithm as our sample program to be verified, we compared
the efficiency of our implementation against a wide
variety of popular model-checking tools. The property to
be detected was the violation of safety, that is, to check
whether both processes could be in the critical section
at the same time (EF : incs1 ∧ incs2).

Table VI lists the model checking tools we compared,
the corresponding description language used to specify
the mutual exclusion protocol for each tool, and the
time taken to verify the program in each case. Of all
the description languages listed in Table VI, PROMELA
provides the most diverse array of constructs for the
specification of distributed protocols. This observation
contributed to our decision to use PROMELA as the
description language for our implementation.

Since our implementation is a modification of SPIN,
it is useful to compare the performance of our im-
plementation against that of SPIN. Figure 7 lists the
sample Promela program that we used to compare the
performance of our approach against the partial order
reduction techniques used in SPIN.
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#define N 5
proctype node(byte number; chan in, out){

byte num;
xr in; xs out;
out!number;
in?num;

}
init{

byte proc;
chan q[N]= [N] of { byte };

proc = 1;
do
:: proc <= N ->

run node(proc, q[proc-1], q[proc%N]);
proc++

:: proc > N ->
break

od
}

Fig. 7. Sample PROMELA program for comparing performance against SPIN.

Model Checker Description Language Time (sec)
DSSZ BPN2 0.07
DSSZ CFA 0.07
DSSZ Senil 0.07
SMV APNN 0.01
SMV BPN2 0.36
SMV CFA 0.01
SMV Senil 0.03
PEP APNN 0.01
PEP CFA 0.02
PEP Senil 0.01
SPIN PROMELA 0.01
poset-LTS PROMELA 0.01

TABLE I

VERIFYING SAFETY OFDEKKER’ S MUTUAL EXCLUSION

ALGORITHM

In SPIN, safety properties are specified by placing an
assertstatement in a separate process. In order to allow
the assert statement to have access to the process-local
variablenum in proctype node, we definednum to be a
global variable for the version of the program that was
passed through the SPIN model checker. The assertion
statement was specified as follows:

active proctype safe()
{assert (num != 0)}

The program in Figure 7 was passed unchanged to our

implementation of poset-LTS. The predicate to be de-
tected in our case was:P0.number = 0∧P1.number =
1 ∧ P2number = 2.

Table VI shows the time taken to verify the program
when the number of processes was varied from 5 to
50. At 20 processes, the SPIN model checker was still
verifying the program after 580 seconds, and was killed
at that point.

VII. C ONCLUSIONS AND FUTURE WORK

In this paper, we have presented a new approach for
representing the state space of distributed programs. Our
proposed approach has significant advantages compared
to existing techniques such as model checking using
representatives. In particular, we have shown that our
approach is independent of the properties to be verified
on the program. Our approach preserves the set of all
reachable states of the program, whereas model checking
using representatives produces a reduced state graph
which may not contain all the reachable states of the
program.

Similar to Petri Net unfoldings, theposet−LTS rep-
resentation described in this paper encodes concurrency
and causality information among processes. However, a
significant difference is that our representation maintains
this information in a way that facilitates efficient detect
of a number of classes of predicates, including bounded
sum predicates. We are not aware of any unfolding-based
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Number processes SPIN Time (sec) poset-LTS Time (sec) SPIN states stored poset-LTS states stored
5 0.01 0.01 160 29
10 0.08 0.01 7199 54
15 9.11 0.01 311342 79
20 * 0.01 * 104
25 * 0.02 * 129
50 * 0.55 * 254

TABLE II

COMPARING SPIN PERFORMANCE AGAINST POSET-LTS.

method that can detect bounded sum predicates in time
that is polynomial in the size of the unfolding, even
for occurrence nets. Furthermore, PROMELA, which is
the input specification language for our implementation,
provides a much richer programming environment than
the Petri Net specification languages used in unfolding-
based techniques.

A significant limitation of our approach is that we
are currently limited to the detection of predicates of
the form EF (ϕ) for a limited class of predicatesϕ.
A future area of research is to extend our approach to
additional classes of predicates. Currently, our imple-
mentation can check for conjunctions of local predicates.
We are currently working on implementing the detection
of bounded sum predicates into our SPIN-based tool.
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