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Abstract
The inherent computational complexity of validating and verifying concurrent systems implies a need to be
able to exploit parallel and distributed computing architectures. We present a new distributed algorithm for state
space exploration of concurrent systems on computing clusters. Our algorithm relies on Remote Direct Mem-
ory Access (RDMA) for low-latency transfer of states between computing elements, and on state reconstruction
trees for compact representation of states on the computing elements themselves. For the distribution of states
between computing elements, we propose a concept of state stealing. We have implemented our proposed algo-
rithm using the OpenSHMEM API for RDMA and experimentally evaluated it on the Grid’5000 testbed with a set
of benchmark models. The experimental results show that our algorithm scales well with the number of available
computing elements, and that our state stealing mechanism generally provides a balanced workload distribution.
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1 Introduction
Model checking of concurrent and distributed sys-
tems based on state space exploration is a highly
compute- and storage intensive task requiring consid-
erable computing resources when applied to real-life
systems. This has prompted research into algorithms
that are able to exploit networked computing ele-
ments [14, 18]. In addition to specialised algorithms
for the exploration of the state space itself, these
approaches typically require tailored algorithms for
the verification of properties, including LTL-based
model checking [3–5].

Our proposed state space exploration algorithm
proceeds by forward traversal of the state space.

It provides a compact state representation via dis-
tributed state reconstruction trees. This implies that
for a substantial number of the visited states, the full
state descriptors are not explicitly stored in mem-
ory. Instead, their implicit representation via the state
reconstruction tree allows the full state descriptor to
be retrieved on-demand when required for compar-
ison with newly generated states during duplicate
detection. As our algorithm is based on state recon-
struction trees, we rely on a concept of state stealing
instead of conventional hash functions to distribute
the state space exploration workload on the computing
elements.

The application of multiple computing elements
for model checking entails a non-trivial amount of
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overhead due to synchronization and networked trans-
fer of states between the computing and storage ele-
ments. In this paper we consider the use of Remote
Direct Memory Access (RDMA) to provide low-
latency networking for cluster computing. As such,
our algorithm is not tied to the RDMA paradigm,
but can be implemented on any platform support-
ing distributed shared memory. However, the RDMA
paradigm is well-suited for efficient implementation
of state stealing strategies. In our concrete imple-
mentation, we exploit RDMA as supported by the
OpenSHMEM API 1 for low-latency transfer of states
between computing elements. OpenSHMEM is sup-
ported by a consortium comprising several industry,
research, and university partners and has multiple
implementation.

The present paper is a journal extension of [11],
which additionally contains a complete presentation of
the algorithm, includes a proof of correctness of our
algorithm, and provides a comprehensive experimen-
tal evaluation including the comparison of different
implementation strategies and also assessing the per-
formance of our algorithm on two different modelling
formalisms.

The rest of this paper is organised as follows. In
Section 2 we introduce the basic concepts associated
with state reconstruction and duplicate state detec-
tion, and explain the memory and communication
paradigms of RDMA architectures and open shared
memory. Section 3 illustrates the key elements in our
proposed algorithm using a small example state space.
Section 4 provides a specification of the algorithm and
a proof of correctness. In Section 5, we present the
strategies implemented for state stealing and duplicate
detection. The results from the experimental evalua-
tion of our algorithm implementation on DVE models
of the DiVinE model checker [2] and on Petri net
models of the Helena tool [9] are presented and dis-
cussed in Section 6. Finally, in Section 7 we sum up
conclusions and discuss future work.

2 Background
To make the presentation of our algorithm indepen-
dent of any particular modelling language for concur-
rent systems, we let S denote the universe of syntactic
system states and let E denote the set of possible
events. The system is given through an initial state

1http://www.openshmem.org

s0 ∈ S , a mapping enab : S → 2E associating with
each state a set of enabled events, and a mapping
succ : S ×E → S used to generate a successor state
from a state and one of its enabled events.

This definition of the succ function implies that
events are assumed to be deterministic, i.e., the state
resulting from executing an enabled event in a given
state is uniquely defined. This assumption allows us to
reconstruct a unique state from a sequence of events
in the state reconstruction. It is important to note that
we only assume that the execution of individual events
is deterministic. The model may still have multiple
enabled events in a given state and there may be a non-
deterministic choice between which of the enabled
events are being executed. Furthermore, determinis-
tic events do not imply that events are assumed to be
reversible, i.e., backward executable. Many modelling
formalisms (including Petri nets) have deterministic
transitions (events). Process algebra supports non-
deterministic events as we may have several enabled
events with the same label in a given state. As shown
in [19], state reconstruction can be generalised to han-
dle also non-deterministic events, and this generalised
approach can also be adapted to our setting.

State space exploration is concerned with comput-
ing the set of states reachable from s0, i.e. states s such
that there exist e0, . . . ,en−1 ∈ E , s1, . . . ,sn ∈ S with
s = sn and, for all i ∈ {0, . . . ,n−1}: ei ∈ enab(si) and
succ(si,ei) = si+1. State space exploration in its basic
form maintains a set R of visited states, and a set
O of currently open states for which successor states
have not yet been computed. The algorithm iterates
until there are no more open states. In each iteration,
an open state s is selected and state expansion is per-
formed by exploring all events enabled in s. Duplicate
detection is performed on the successor states of s in
order to identity states already stored in R . Successor
states that have not been visited earlier (new states) are
inserted into R and O.

2.1 State reconstruction
The set R of visited states in basic state space explo-
ration is typically implemented as a hash table of
full state descriptors to make it easy to determine
whether a newly generated state has already been vis-
ited. State space exploration with state reconstruction
[10, 12, 13, 19] trades space for time and maintains
instead a state reconstruction tree which constitutes
an inverse spanning tree rooted in the initial state.
The state reconstruction tree makes it possible using a

http://www.openshmem.org
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backward lookup step to identify a sequence of events
which when executed forward from the initial state
(root) allow us to reconstruct full state descriptors
when needed for duplicate detection, i.e. when deter-
mining whether a newly generated state is already
included in the set of visited states. The state recon-
struction tree can also be represented using a hash
table.

Figure 1 illustrates state reconstruction. The top of
Figure 1 shows the state space where the upper part of
each node is the full state descriptor, the bottom part is
its hash value, and the thick edges are edges represent-
ing references in the spanning tree. The lower part of
Figure 1 is a linearised graphical representation of the
hash table storing the set R of currently visited states
(s0 - s4). The dashed arcs in the linerarised graphi-
cal representation in the lower part are references to
parent nodes in the state reconstruction tree and are
labelled by corresponding generating events. Note that
full state descriptors appear in the table for the sake of
clarity, but they are not (explicitly) stored in memory.
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s4
h2

s5
h4

s3
h0

a

b c

d

e f

g

g

s3 s0 s1 s2 s4

g

a b

c

Fig. 1 State reconstruction example

When required, the full state descriptor for a state
can be reconstructed by backtracking (following the
dashed references) up to the root node (initial state)
for which we have the full state descriptor, and then
forward execute the reconstructing sequence of gener-
ating events on the path leading from the initial node
(state) to the node in question. This is performed each
time the algorithm generates a successor state s′ from
an open state s and needs to determine whether s′ has
already been visited.

As an example, consider Figure 1 and assume
that the algorithm has explored states s0 to s3 and is
expanding s4 corresponding to the exploration of the
two thin edges. The expansion of s4 generates s2 and

s5 hashed to h3 and h4, respectively. Since no currently
visited states are mapped to h4 we know that s5 is a
new state. To determine whether the newly generated
(duplicate of) s2 is new, we reconstruct all nodes of the
reconstruction tree that are also hashed to h3 as these
could potentially be the same state. These correspond
to the grey cells of the hash table. For the first cell
(s1) we have to follow the reference labelled a back to
the initial state (the root of the reconstruction tree) and
execute the reconstruction sequence a starting from
the initial state. We obtain state s1 which is different
from the newly generated s2. For the second cell (s2),
we have to follow references labelled b, a to the initial
state and finally execute the reconstruction sequence
a.b starting from the initial state. Since this execution
produces state s2, we conclude that executing e from
s4 does not generate a new state.

It can be noted that in the example, the reconstruc-
tion sequence for s1 is a prefix of the reconstruction
sequence for s2 which makes it possible to reduce the
amount state recontruction. In general, all states to be
reconstructed may not have shared prefixes in their
state reconstruction sequence.

2.2 Multi-core state reconstruction
In earlier work [10], we developed and experimen-
tally evaluated a state space exploration algorithm
with state reconstruction for shared memory multi-
core architectures. This earlier algorithm operates in
rounds and is based on barrier synchronization to
allow concurrently executing threads to perform state
space exploration in three phases within each round.
In the first phase the threads traverse the recon-
struction tree in order to generate a frontier set of
states comprising the next layer of states. The algo-
rithm also stores open states in the reconstruction
tree (instead of full descriptors of open states) which
further reduces memory usage. In the second phase,
duplicate detection is performed on the frontier set
generated in the first phase resulting in a merged can-
didate set of potentially new states. In the third phase,
the threads perform state reconstruction to determine
the candidate states that are new. Any new states are
then added to the reconstruction tree. The algorithm
employs delayed duplicate detection and grouping of
state reconstructions as means to reduce the number of
state reconstructions and hence reduce the execution
time of the algorithm.

A main contribution of this paper is to lift the idea
of state reconstruction from the multi-core setting of
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our earlier work [10] to a distributed setting. To do
so, since states are no longer residing in the same
memory space, we have to ensure some locality in the
distribution of states. The latter is what motivates the
introduction of state stealing.

2.3 RDMA and OpenSHMEM
RDMA (Remote Direct Memory Access) is a com-
munication mechanism that implements one-sided
inter-process communication. It relies on two basic
communication primitives put() and get() used by
a process to write and read in memory of another
process. Only a specific public memory area can be
reached from other processes.

An attractive feature of one-sided communication
is that only the process p that initiates the commu-
nication needs to take active part in it. The process
that owns the memory area that p is reading from or
writing into is not participating to the communication,
nor is it even aware that this communication is hap-
pening. Fast cluster interconnection networks such as
InfiniBand implement RDMA communications with
zero-copy, meaning that the network interface card
transfers data directly from one process’s memory into
the other process’s memory, and, in particular, without
involving the other process’s operating system.

The RDMA paradigm is implemented in the
OpenSHMEM shared heap and communication inter-
face. OpenSHMEM is an API for parallel programs.
It defines a set of one-sided RDMA communication
routines, designed specifically for clusters featuring
low-latency networks [1]. The processes are called
Processing Elements (PEs). Each PE has its own
(private) memory, and exhibits a public heap. Open-
SHMEM features a symmetric heap: every PE has a
shared heap of the same size, which contains the same
allocated objects and static global objects as illustrated
in Figure 2.

PE0 PE1 PE2
Private

memory

Symmetric

heap

Static global
objects

Symmetric
objects

Fig. 2 OpenSHMEM memory model

Symmetry is maintained between shared
heaps through the use of dedicated memory man-
agement routines (such as shmem malloc() or

shmem free()). The OpenSHMEM specification
states that these routines are collective routines and
must end by something semantically equivalent to a
barrier. Hence, every object is allocated at the same
offset from the beginning of the buffer on all the
PEs. Global and static variables are also located in
the shared heaps and therefore remotely accessi-
ble by other PEs. The OpenSHMEM specification
also defines interfaces for atomic accesses (such as
compare-and-swap), collective operations, and locks.

3 Illustration of the algorithm
In this section we first present the general memory lay-
out that our algorithm relies on: a state space scattered
as a forest of trees distributed upon PEs (Processing
Elements). We then informally illustrate the execution
of our algorithm step by step on a small example state
space to show how this forest is obtained. Section 4
contains the formalisation of our algorithm.

3.1 Overview and memory layout
The top of Figure 3 shows the graphical representa-
tion of a small example state space, and the bottom
part depicts a possible outcome of our algorithm when
distributed over three PEs (PE0, PE1 and PE2). As in
earlier figures, each state is split into its identity (top
part) and its hash value (bottom part).

The general principle of the memory layout of our
algorithm is to partition the reconstruction tree upon
the different PEs in such a way that each PE holds
in its private memory a forest of trees. Root states of
these trees (states with a dark gray background on the
figure) are fully stored in memory, i.e. their full state
descriptor is available to the PE storing them. Other
states are stored as a reference to their parent in the
reconstrution tree together with a transition label that
allows reconstructing the state from its parent. Dotted
arcs represent links (edges) between states that are not
part of the reconstruction tree: they were identified to
lead to duplicate states by the duplicate detection pro-
cedure. Arcs in the reconstruction tree linking states
on different PEs are indicated as thick arcs. The main
advantage of this layout is that state reconstruction
can be done locally since the reconstructing sequence
of a referenced state starts at the root of the tree this
state belongs to — root of which the PE has the full
state descriptor — and only contains states located
on the same PE. For instance, if PE2 needs to recon-
struct s8 it will backtrack to s3, recover its full state
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Fig. 3 Example state space (top) and a possible distribution on PEs
(bottom)

descriptor and execute a single event to retrieve the
full state descriptor of s8. It is straightforward to see
that reconstructing sequences are shortened compared
to our multi-core algorithm [10] where all reconstruct-
ing sequences start at the initial state. As an obvious
counterpart, the total memory consumption of our dis-
tributed algorithm exceeds the one of our multi-core
algorithm since the latter only requires the initial state
to be fully stored in memory. On the other hand, since
the memory is distributed, we generally have more
memory available.

This layout raises the question of how states are
distributed upon PEs. A common approach in dis-
tributed model checking [18] is to use a partitioning
function (e.g. based on the state hash function) map-
ping states to PEs. Such an approach does not seem
relevant in our context since these functions usually
favour even distributions (to balance as much as pos-
sible memory usage and workload) against locality
(i.e. the fact that the partition function is designed to
gather as much as possible states with their parents).
The latter is our main concern: states must be gathered
as much as possible in local trees for our technique
to provide a good memory reduction (remember that
only the root of a local tree is fully stored in memory).

To distribute the reconstruction tree upon PEs, our
algorithm relies on a work stealing strategy. In a nut-
shell, during the expansion of a level of unexpanded
states, a PE first proceeds by reconstructing all these
states (starting from the roots it possesses) and makes
their full state descriptors publicly available to all PEs
(including itself). An idle PE then looks in the pools of
states published by its peers and steals some of these

to “plant” new trees in its private memory. After a PE
has stolen a state from one of its peers (or simply took
it back if it is the PE that constructed it), the state is
expanded. For instance, the distribution observed on
Figure 3 may have been obtained after PE1 and PE2
stole s2, and s3 and s4, respectively, from PE0.

3.2 Detailed execution of the algorithm
We now illustrate the steps performed by our algo-
rithm to produce the distributed tree in Figure 3.

State expansion phase
Initially, one process, say PE0, owns the initial state.
It generates its successors s1, . . . ,s4 and puts their full
state descriptors in a private hash table C0 storing
candidate states in a similar way as our multi-core
algorithm. After this expansion step, duplicate detec-
tion is performed. This phase normally involves all
PEs and will therefore be explained in greater detail
later. At this point, only PE0 can take part in this
operation and since all outgoing edges of s0 lead to
new states, these can be directly inserted in the recon-
struction tree of PE0 leading to the configuration of
Figure 4(a).

Then starts the expansion of level 1. From s0, PE0
traverses the tree to reconstruct s1, . . . ,s4. We do not
detail this process here, but state expansion as well as
duplicate detection rely on the same tagging princi-
ple as used by our multi-core algorithm: a state to be
reconstructed is marked as such by flipping a specific
bit and, using backward pointers, all states up to the
root are tagged as well to indicate that they lead to a
state to be reconstructed. Once reconstructed, the state
descriptors of s1, . . . ,s4 are published by PE0 in the
RO0 (reconstructed open states) shared data structure,
reaching the configuration in Figure 4(b).

At that point, PE1 and PE2 which have not yet par-
ticipated will see states published by PE0 in RO0 that
contains open states to be expanded. We assume here
that PE1 steals s2 while PE2 steals s3 and s4, which
leaves s1 to PE0. The implementation of state stealing
will be described in more detail in the next section.
Each PEi generates the successor states of the open
states it stole (or still has in its ROi data structure) and
puts these successors in its private candidate set Ci.
This is illustrated in Figure 5 where a dashed arrow
between two states indicates that the state in question
was transferred (stolen) while a dashed arrow from
PEi to a state indicates a request from PEi to steal the
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Fig. 4 After the expansion of s0 4(a) ; and after the reconstruction of s1, . . . ,s4 for their expansion 4(b)

state. In subsequent figures we will indicate network
communications in a similar manner.

Note that the full state descriptors of candidate
states are kept in the candidate set (depicted with a
light gray background) along with information needed
to insert the states in the reconstruction tree in case
the candidate is actually new: that is a reference
to its parent state coupled with the event labelling
the arc between the two states. The three PEs have
now expanded all open states they own and can then
proceed to duplicate detection.

Duplicate detection phase
Moving from the state expansion phase to the dupli-
cate detection phase occurs in two situations. The first
situation is when duplicate detection is triggered by
the size of the candidate set reaching a predefined
limit set to bound the amount of memory used for
the candidate set. The second situation is when idle
PEs periodically initiate duplicate detection to join its
peers as this operation must involve all PEs. Note that,
as in [10], the passage from one step to another is
controlled by the use of synchronisation barriers.

Considering Figure 5, then PE2 already noticed
that the edge (s4,s8) led to a duplicate state since s8
has been already reached from s3 and is thus already
present in the candidate set C2 when expanding s4. The
duplicate detection phase still has to identify several
duplicates (s7 present in both C0 and C1 ; s9 in C2 and
C0 ; and s1 in C2 and in the private tree of PE0) and
resolve the corresponding hash conflicts (on h1 and h4)
before each PE can insert its candidates that are actu-
ally new in its trees. Several operations are required to
achieve this goal.

The identification of duplicates may naturally
imply the reconstruction of some previously generated
states (i.e. that are not present in any candidate set) as
it is the case here for s1. Thus, in order to identify these

states, duplicate detection first starts by PEs exchang-
ing hash values of candidate states. To do so, each PEi

puts in its public area the hash values of its candidates
in set Hi. This is illustrated in Figure 6, step 1.

After a synchronisation barrier, each PE retrieves
the hash values of its peers. It then knows which of
the states it owns need to be reconstructed. A direct
solution to detect duplicates would then be, for each
PE, to publish in its public space the states it owns
(candidates or reconstructed) that share the same hash
values as those published by its peers in their Hi set.
PE0 would for instance reconstruct s1 and put it in
its public space, so that PE2 can detect that the edge
(s4,s1) leads to a duplicate state. However, since states
sharing the same hash value may be found on each
PE, this solution would involve a polynomial num-
ber of communications. Our solution rather relies on
the use of a detection proxy (dp) based on a mapping
dp : H → P , where H is the set of hash values, and
P = {0, . . .PE - 1}). The basic idea is that if dp(h) = i,
then PEi will be responsible, during duplicate detec-
tion, of storing any candidate or reconstructed state s
such that hash(s) = h.

Going back to our example, after each PEi has
retrieved the hash values published by its peers, it first
writes each of its candidate states c in the public space
of p = dp(hash(c)) in the DCi

p state block (DC stand-
ing for distant candidates). Then, each state s present
in its tree, and of which the hash value is present in
the Hi of one of its peers, must be reconstructed and
written in the public space of its proxy. With our exam-
ple, PE0 thus has to reconstruct s1. Any reconstructed
state s is then written in the Ri

p state block (again with
p = dp(hash(s))). Assuming that dp(h4) = dp(h5) =
0, dp(h1) = dp(h6) = 1 and dp(h8) = 2, we obtain the
configuration of Figure 6, step 2.

Duplicate detection can then be performed locally.
Each PEi merges candidate states it received (i.e.
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Fig. 5 After stealing and expansion of open states

blocks DC j
i ) in sets N j

i . It then removes from these
sets reconstructed states it received (i.e. blocks R j

i ).
Formally, the sets N j

i are defined such that:

• All distant candidates except reconstructed states
are covered: ∀i ∈ P : ∪ j∈P N j

i = ∪ j∈P DC j
i \∪ j∈P R j

i
• Sets are disjoint: ∀i, j,k ∈ P : j ̸= k ⇒ N j

i ∩Nk
i = /0

• Only distant candidates are included in the sets:
∀i, j ∈ P : N j

i ⊆ DC j
i

In case a state s is present in both DC j
i and DCk

i
(with j ̸= k) (e.g., s7 is present in both DC0

0 and
DC1

0), then PEi has to choose which of its two peers,
PE j or PEk, will store s. In our example we made
some assumptions on how these new states are dis-
tributed upon PEs, but we present in the next section
the actual implementation of this process. As an exam-
ple, the local duplicate detection performed by PE1
thus leads to first merge DC0

1 ,DC1
1 and DC2

1 hereby
removing one occurence of s9 and secondly to remove
state s1 present in R0

1 (obtained by reconstruction from
PE0). After these merging and deletion steps, sets of
new states are published by PEs in their public space
leading to the configuration of Figure 6, step 3.

After a last synchronisation barrier, the duplicate
detection phase ends with PEs processing new states:
each PEi remotely reads N i

0, . . .N
i
∥P∥−1 and inserts all

recovered states in its private tree. Note that it is not
necessary to store full state descriptors in the sets N j

i
since the goal of duplicate detection is ultimately to
insert reference states in the reconstruction tree (i.e. a
pair identifying the parent state and a transition label).

Hence, it is preferable, in order to reduce communica-
tion times, to only store this meta information in the
N j

i sets. At the end of duplicate detection, we reach
the configuration of Figure 6, step 4.

The operations described above will be reiterated
on the newly discovered states. Termination occurs
when PEs do not have any new open states to prosess.
As we will see in the next section this can be detected
during duplicate detection.

4 Specification of the algorithm
We give in this section an algorithmic specification of
the core operations performed by our algorithm.

4.1 Data structures
For the sake of clarity of the presentation we first detail
some global data structures listed in Figure 7. These
are private (i.e. in the private memory space of the
PEs) unless specified with the public keyword.

• ROOTS contains the list of root states of all the trees
owned by the PE. Full state descriptors of these
roots are stored and each such root is associated an
integer identifier.

• TREE encodes the tree structure. It maps any state
identifier to the list of its successors (i.e. the succes-
sor identifier and the event that generated it) that are
part of its tree.
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Fig. 6 The duplicate detection process. Step 1: publication of hash values of candidate states. Step 2: writing of candidates and reconstructed
states in their detection proxy’s public space. Step 3: publication of new states obtained after candidates merging and removal of reconstructed
states. Step 4: PEs remotely read new states they are assigned and insert these in their trees.

As in the previous section, C, RO, H, DC, R and N
denote, respectively: the set of candidate states, recon-
structed open states, hash values, distant candidates,
reconstructed states, and new states. The candidate set
C maps any candidate state c to a pair (id,e) where
id is an integer identifying the predecessor state p
of c, and e is the event such that succ(p,e) = c.
The algorithm has to memorise this information since
the candidate may ultimately be inserted in the TREE
structure if it is found to be new.

Three synchronisation variables are used to check
for global termination (TERM), and level (iteration)
termination (LVL TERMME and LVL TERM ALL).

4.2 Main algorithm
In the main procedure (see Figure 8), PE0 first plants
a new tree rooted in s0. The PEs then explore the state
space in a breadth-first manner. Each iteration of the
main loop processes one breadth-first search (BFS)
level until termination.

The PE first reconstructs the open states it owns
at l. 13, then explores these (l. 15) before trying to
explore open states owned by its peers (l. 16).

To control the level and global termination, the
synchronisation variable LVL TERMME is initialised to
false , indicating that the PE has not finished process-
ing this level, and the global termination flag TERM
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1 PES: c o n s t a n t s e t o f i n t = {0, ..., number of PEs - 1}
2 ME: c o n s t a n t i n t = PE’s identifier
3
4 ROOTS: l i s t o f ( i n t * state) = empty
5 TREE: map of ( i n t → l i s t ( i n t * event)) = empty
6
7 C: map of (state → ( i n t * event)) = empty
8 ROME: p u b l i c s e t o f ( i n t * state) = empty
9 HME: p u b l i c s e t o f i n t

10
11 DC0ME, ..., DCPES - 1

ME : p u b l i c s e t o f state
12 R0ME, ..., RPES - 1

ME : p u b l i c s e t o f state
13 N0ME, ..., NPES - 1

ME : p u b l i c s e t o f state
14
15 TERM: bool = f a l s e
16 LVL TERMME: p u b l i c bool
17 LVL_TERM_ALL: bool

Fig. 7 Variables and data-structures used by our algorithm

1 proc main():
2
3 i f ME == 0:
4 add (0, s0) to ROOTS
5 add (0 → empty) to TREE
6
7 whi le not TERM:
8
9 LVL TERMME = f a l s e

10 TERM = t rue
11
12 f o r (id, root) in ROOTS:
13 recons_open(id, root)
14
15 explore_my_open()
16 explore_peers_open()

Fig. 8 Main procedure of our algorithm

is set to true at the beginning of each loop iteration.
If open states of the current level (iteration) generate
new states, TERM will be set to false during duplicate
detection (ll. 41, 42 in Figure 10).

4.3 State expansion
Let us now consider Figure 9 that contains the code of
the state expansion phase.

Procedure recons open (l. 1) recursively (l. 11)
reconstructs the PE’s open states and puts their full
state descriptors in the set ROME (l. 5). This set has
a bounded size: whenever it fills up, the PE starts
exploring its open states (l. 8).

Although, as presented, the reconstruction implies
a traversal of all nodes owned by the PE, our algo-
rithm makes use of the same tagging mechanism as
used in [10] to prune the tree and only visit tree nodes
leading to open states. We have hidden this process for

the sake of simplicity. The same remark applies to the
reconstruction process used during duplicate detection
(l. 55 in Figure 10).

When exploring open states present in its own
ROME set (procedure explore my open at l. 13), a PE
tries to pick one of these in order to explore it. Since,
meanwhile, another PE may also steal some states
from that same set, the PE must not carelessly pick
states from it: synchronisations are required through
the use of the steal from procedure to guarantee a
proper consumption of reconstructed states.

The exploration of an open state (procedure
explore open at l. 22) simply consists in putting all
its successors in the candidate set — which may trig-
ger duplicate detection if the candidate set fills up
(l. 32).

Once a PE has finished exploring its own states it
tries to steal and process states from its peers (proce-
dure explore peers open at l. 34, called at l.16 of
the main algorithm in Figure 8).

The PE first chooses another victim PE from
which it tries to steal some state(s) (ll. 41, 42). States
stolen this way are also explored using procedure
explore open with the difference that they must also
be inserted in ROOTS. As a requirement, this proce-
dure must also periodically invoke duplicate detection
(l. 50) meaning that procedure do dd that checks if
duplicate detection has to be initiated locally must
eventually return true (we leave the actual implemen-
tation of this procedure to the next section). Indeed,
other PEs may be waiting for their peers to perform
duplicate detection so this operation must eventu-
ally be triggered by all PEs. Moreover the exit from
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1 proc recons_open(id: i n t , s: state):
2
3 i f is_open(id):
4
5 add (id, s) to ROME
6
7 i f ROME i s f u l l :
8 explore_my_open()
9

10 f o r (idc, e) in TREE(id):
11 recons_open(idc, succ(s, e))
12
13 proc explore_my_open():
14
15 whi le ROME i s not empty:
16
17 stolen = steal_from(ME)
18
19 f o r (id, s) in stolen:
20 explore_open(id, s)
21
22 proc explore_open(id: i n t , s: state):
23
24 f o r e in enab(s):
25
26 s’ = succ(s, e)
27
28 i f s’ not in C:
29 add (s’ → (id, e)) to C
30
31 i f C i s f u l l :
32 dd()
33
34 proc explore_peers_open():
35
36 LVL TERMME = t rue
37 LVL_TERM_ALL = f a l s e
38
39 whi le not LVL_TERM_ALL:
40
41 v = choose_victim_pe()
42 stolen = steal_from(v)
43
44 f o r (_, s) in stolen:
45 i = new_id()
46 add (i, s) to ROOTS
47 add (i → empty) to TREE
48 explore_open(i, s)
49
50 i f do_dd():
51 dd()

Fig. 9 The exploration procedure

explore peers open — which, in turn, means mov-
ing to the next BFS level — is also conditioned by
the outcome of the duplicate detection procedure as
explained below.

4.4 Duplicate detection
Finally, the duplicate detection procedure (procedure
dd in Figure 10) follows the different steps introduced
in our example (see Figure 6). We draw the reader’s

1 proc dd():
2
3 /* step 1 of fig. 6 */
4 f o r pe in PES:
5 DCpeME = empty
6 RpeME = empty
7
8 HME = { hash(c) f o r (c → _) in C }
9

10 b a r r i e r ()
11
12 /* check BFS level termination */
13 LVL_TERM_ALL = ∀ pe in PES: LVL TERMpe
14
15 /* step 2 of fig. 6 */
16 f o r (id, root) in ROOTS:
17 recons_dd(id, root)
18
19 f o r (c → _) in C:
20 add c to DCMEdp(hash(c))
21
22 b a r r i e r ()
23
24 /* step 3 of fig. 6 */
25 f o r pe in PES:
26 NpeME = empty
27
28 /* merge candidates */
29 f o r pe in shuffle(PES), c in DCpeME:

30 i f ∄ pe’ s t c in Npe’ME :
31 add c to NpeME
32
33 /* delete duplicates */
34 f o r pe in PES, r in RpeME:

35 i f ∃ pe’ s t r in Npe’ME :

36 d e l r from Npe’ME
37
38 b a r r i e r ()
39
40 /* check global termination */
41 TERM = TERM

42 and (∀pe, pe’ in PES: Npe’pe i s empty)
43
44 /* step 4 of fig. 6 */
45 f o r (c → (id, e)) in C:
46
47 i f c in NMEdp(hash(c)):
48 nid = new_id()
49 add (nid → empty) to TREE
50 add (nid, e) to TREE(id)
51
52 C = empty
53
54
55 proc recons_dd(id: i n t , s: state):
56
57 i f ∃ pe s t hash(s) in Hpe:
58 add s to RMEdp(hash(s))
59
60 f o r (idc, e) in TREE(id):
61 recons_dd(idc, succ(s, e))

Fig. 10 The duplicate detection procedure
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attention to the operation that consists in merging can-
didates sent by peers (l. 29). In order to balance the
workload as much as possible, the algorithm does
not consider PEs one by one starting from PE0 —
which would result in processes having a workload
that decreases with their identifier — but instead in a
random way.

Duplicate detection being a rendez-vous between
all PEs, allows for an easy detection of termination of
both the current BFS level and the global search. The
termination checks (at l. 13 and 41) are placed after
barriers to avoid any race condition. The current BFS
level may be considered as terminated (l. 13) if all PEs
have executed the statement at l. 36. If this holds, then
it is guaranteed that any open state of the current BFS
level either has been explored by its owner, or has been
stolen and processed by another PE. Global termina-
tion is detected if no candidate state was identified as
new (l. 41) during the exploration of the current BFS
level.

4.5 Correctness of the algorithm
We now prove that our algorithm, upon termination,
has explored all states reachable from the initial state
(completeness); that only states reachable from the
initial state are computed (soundness); and that visited
states are stored only on a single PE.

The propositions and proofs of correctness below
are directed by the observation that each iteration of
the algorithm explores the next BFS level. The proof
of termination is split into a proof of termination of
each iteration of the algorithm, and a proof of global
termination when there are no longer open states to
be explored. We denote by BFSi the set of states at
BFS level i in the state space, with BFS0 containing
only the initial state. BFS0..i denotes the set of states
up to BFS level i, i.e., BFS0..i = ∪0≤ j≤i BFS j. For the
proofs of termination it is important to note that not
only is each PE required to terminate, but termination
must be detected by all PEs (global termination). In
the formulation of propositions and proofs we assume
that the state space being explored is finite, i.e., we
have a finite number of reachable states and a finite
number of enabled events in each reachable state.

Proposition 1 (Soundness). Let s be a state stored in
ROOTS or being reconstructible from TREE. Then s is
reachable from the initial state.

Proof The initial state is inserted on PE0 at the beginning
of the execution (Figure 8, ll. 4–5). The only states that are
added to ROOTS and TREE are computed at l. 26 of Figure 9,
as successors of an existing state. Hence such states (by tran-
sitivity) belong to the set of reachable states. □

Proposition 2 (Level Completeness and Termination).
Assume that ROOTS and TREE prior to an iteration
in l.7 of Figure 8 represent states BFS0..i for some i ≥
0 with each state being represented on a single PE.
Then the iteration will terminate and upon termination
ROOTS and TREE represent states BFS0..i+1 with each
visited state being represented on a single PE.

Proof At each iteration, open states are explored, either by
explore my open or by explore peers open (Figure 8,
l. 15 and 16, respectively). Each of these procedures steals
an open state (Figure 9, l. 17 and 42), which is then explored
by the PE with explore open (Figure 9, l. 20 and 48). This
procedure only adds its successors, so does not go beyond a
BFS level. If the new state fills the candidate set C, duplicate
detection is launched, which ends in cleaning the candidate
set at l. 52 of Figure 10, so that the exploration can continue.
Hence, all open states in the BFS level are explored.

An iteration ends with the call to explore peers open,
described in Figure 9. The PE gets at least once in the while
loop. At the end of this loop, the duplicate detection (pro-
cedure dd, Figure 10) is called as procedure do dd must
eventually return true. A concrete implementation of do dd
which ensures this is provided in Section 5.2. All PEs must
synchronise, as per the barrier on l. 10. When passing this
barrier, variable LVL TERMME of all individual PEs is used to
check for the global termination of the BFS level. It is true
when exploring open states of peers, but false when explor-
ing the owned states of the PE. Thus, LVL TERMME is true for
all peers when all the local open states have been explored
and no state remains to steal, thereby ensuring termination.

The duplicate detection deletes duplicates at l. 36, keep-
ing only the copy in Rpe

ME. This copy has been added by l. 58
in a single set Rpe

ME. Therefore, a state is owned by (repre-
sented at) a single PE. □

Proposition 3 (Global Completeness and Termina-
tion). The main algorithm in Figure 8 eventually
terminates and upon termination each reachable state
s is represented by ROOTS and TREE of exactly one
PE.

Proof As we assume that the state space is finite, then there
will be a finite number of BFS levels. Hence, eventually
there will be no more open states to be explored. Termination
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happens at the end of the while loop in the main proce-
dure, i.e. after exploring a BFS level, when TERM is true.
This value is set at the beginning of the loop and can only
be modified at l. 41 in Figure 10. When set to false by one
of the PEs, other PEs can execute this line without chang-
ing the value. To first make it false , a PE must see that one
of the sets of new states N is not empty. The modification of
these sets occurs only at step 3 of procedure dd, between two
barriers. Therefore, all PEs perform the same computation.
The only deletion of states occurs when finding duplicates
at l. 36, Figure 10. Hence, all states of the state space are
present on a single PE as per Prop.2. □

5 Implementation
We have implemented our algorithm in the Helena
tool [9]. We provide in this section implementation
details regarding the state stealing mechanism and the
triggering of the duplicate detection procedure. The
implementation of these two mechanisms were delib-
erately left unspecified in the previous section in order
to make the presentation of the algorithm as general as
possible.

5.1 State stealing strategies
A key point of our algorithm is the state stealing
mechanism aiming at providing a balanced work-
load between processes during state space explo-
ration. We designed four strategies to implement the
choose victim pe and steal from functions (see
Figure 9) that decide from which victim peer a PE
should try to steal states and how these should be
stolen. The four strategies are:

• rnd where a PE simply picks its victim in a random
way.

• ring where a PEi first tries to steal from its right
neighbour (i.e. (i+1) mod |PES|) and keeps steal-
ing from this neighbour as long as its attempts are
successful. It then repeats this process on following
PEs: (i+2) mod |PES|, (i+3) mod |PES|, . . .

• info which takes advantage of duplicate detection
being a rendez-vous, thereby making it an appro-
priate moment for PEs to exchange information.
In this strategy, PEs exchange their numbers of
reconstructed states (i.e. |ROME| in Figure 7). Peers
are then sorted locally according to these numbers
in a decreasing order and choose their victims fol-
lowing that order.

• frnd (fully randomized) that proceeds as rnd, except
that a PE, not only randomly selects its victim but
it also randomly selects a block of states to steal
from it. This differs from other strategies in which
a PE always tries to steal the first block of states
from the victim it selected. Indeed, on each PEi,
the set ROi is organised as a ring of blocks of
states. Hence, strategy frnd should reduce conflicts
between stealing PEs and enhance concurrency.

5.2 Duplicate detection triggering
The triggering of duplicate detection is controlled by
function do dd that, as we have specified is required
to eventually return true to preserve termination. To
implement this decision procedure we designed and
implemented two strategies:

• steal where an idle PE (i.e. one that does not own
anymore a state to expand) will enter the duplicate
detection step after |PES| − 1 unsuccessful steal
attempts. The intuition behind this strategy is that,
at that point, it is likely that there is not anymore
available work on the current BFS level. Triggering
duplicate detection will then close this level allow-
ing to move to the next one.

• time consists of triggering the duplicate detec-
tion after a fixed amount of time. It is therefore
parametrised by the number of milliseconds rep-
resenting that amount. Hereafter, we denote by
time(ms) this strategy parametrised by waiting time
ms.

6 Experimental Evaluation
We conducted experiments with models of concurrent
systems specified in the DVE input language of the
DiVinE model checker [2] and in the Petri Net (PN)
formalism of the Helena tool [9]. We have conducted
two set of experiments. In the first set of experiments,
we explore configurations of our algorithm to investi-
gate the impact of its parameters on performance. In
the second set of experiments, we evaluate the relative
performance of our algorithm to related multi-core
and distributed algorithms.

6.1 Cluster computing infrastructure
Our experiments were carried out using the
Grid’5000 [8] testbed, supported by a scientific
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interest group hosted by Inria and including CNRS,
RENATER and several Universities as well as other
organisations2. We used the OpenSHMEM implemen-
tation provided by OpenMPI 2.0.1. For the first set
of experiments we used the grimoire cluster of the
Nancy site which features 8 nodes with 2 Intel Xeon
E5-2630 v3 CPU and 8 cores per CPU, connected
through a 56 Gbps Infiniband network. The second
set of experiments was conducted on the uvb cluster
of the Sophia site which features 4 nodes with 2 Intel
Xeon X5670 CPU and 6 cores per CPU, connected
with a 40 Gbps InfiniBand network.

6.2 Input models
The models we have experimented with are listed in
Table 1, together with the number of states and arcs
in their state space, their height (i.e. the number of
BFS levels in their state space) and the size of their
state vector (in bytes). All DVE models come from
the BEEM database [17] and all PN models come
from the Petri Net Model Checking Contest (MCC)
[16] model database. We have selected models having
state spaces with different structural characteristics in
terms of width, depth, and size. This has been done to
ensure that our experimental evaluation covers a rep-
resentative set of models which in turn contributes to
the validity our conclusions.

Model States Arcs Height State size
DVE models

collision.5 431 M 1,644 M 182 52
firewire tree.7 121 M 778 M 343 647
iprotocol.8 447 M 1,501 M 353 45
leader election.7 235 M 1,712 M 248 281
needham.7 806 M 3,546 M 44 98
pgm protocol.11 499 M 1,207 M 2,238 129
public subscribe.5 1,153 M 5,447 M 170 36
synapse.9 1,675 M 3,291 M 88 58

Petri Net models
aslink(1,a) 189 M 957 M 418 53
des(1,a) 109 M 1,213 M 105 84
discovery(8,a) 214 M 2,183 M 74 33
shieldRVT(2,b) 165 M 1,248 M 156 38

Table 1 Models used in the experiments

6.3 Algorithmic configurations
For the first set of experiments we have launched a full
state space exploration for 32, 48, 64, . . . , 128 PEs,

2https://www.grid5000.fr

(i.e. for 4, 6, . . . , 16 PEs per node) and with 64 algo-
rithmic configurations. An algorithmic configuration
is a tuple (C,RO,BS,ST,DD) where:

• C is the size of private candidate sets (i.e., if the
candidate set reaches this threshold, the PE imme-
diately triggers duplicate detection) ;

• RO is the size of the shared reconstructed open
states data structure in which a PE puts recon-
structed states available for stealing ;

• BS is the number of states a block of stolen states
can hold ;

• and ST and DD are the state stealing and dupli-
cate detection triggering strategies as described in
Section 5.

The 64 algorithmic configurations are obtained by
a cartesian product of the following values:

• C ∈ {104,105}
• RO ∈ {104,105}
• BS ∈ {102,103}
• ST ∈ { rnd, ring, info, frnd }
• DD ∈ { steal, time(10) }

Overall, our experiments resulted in 5 376 runs for
a cumulated runtime of approximately 17 days. We
checked that all runs on the same model resulted in the
same number of states.

6.4 Observations on execution times
Figures 11 to 13 graphically represent execution times
for the 12 models considered and for the 10 best
algorithmic configurations of each model. By 10 best
configurations, we mean those that obtained the 10
smallest execution times on a 128 processes run. The
configurations depicted are ordered according to exe-
cution time, and the values depicted are execution
times observed by the best configuration.

For DVE models (Figures 11 and 12) we observe
that the execution times generally follow the same pat-
tern. It decreases as more processes participate, but
reaches a threshold with approximatively a hundred
PEs and then stagnates for the largest configurations.
Model pgm protocol.11 stands out in that performance
degrades significantly beyond 96 processes. We will
focus later on this particular case.

For PN models (Figure 13) this observation is
less valid as we observe a continuous decrease in
the execution times throughout our process range.
We conjecture that it is due to the higher complexity

https://www.grid5000.fr
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Fig. 11 Execution time in seconds (4 DVE models)
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Fig. 12 Execution time in seconds (4 DVE models)
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Fig. 13 Execution time in seconds (4 PN models)
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of internal operations performed by PEs: computa-
tion of successors and state encoding and decoding
involve more costly computations for PN than for
DVE models. Hence, in the case of PN, processes
spend more time in internal computations rather than
in synchronisations.

It should be noted that when running our algorithm
using only a single processing element it becomes
equivalent to the sequential (reference) algorithm with
state compression presented in [13]. As part of our
experiment we did execute our algorithm in this con-
figuration, and the execution time obtained aligns with
the trend shown in Figures 11 to 13, i.e. with a single
processing element it has a higher execution time than
when using two or more processing elements.

Having a closer look at best configurations, it
appears that the size of the candidate set C is the
parameter having the largest impact. All the best con-
figurations have this size set to 105 except for model
pgm protocol.11 that, once again, stands out. This is
not surprising as a larger candidate set implies less
frequent duplicate detections and in turn less synchro-
nisations. The second parameter that seems the most
discriminating is the duplicate detection strategy DD.
Best configurations usually rely on the steal strategy.

We observe that generally switching the stealing
strategy has a weak impact. It seems that randomi-
sation based strategy (frnd and rnd) performs slightly
better while info performs worse. The same remark
applies to parameter RO. Last, it should be noted
that large blocks (parameter BS) are preferable for
large state spaces (see, e.g., models needham.7, pub-
lic subscribe.5 and synapse.9 on Figure 11), which
was to be expected since, then, the amount of stealable
states is more important and large blocks naturally
mean fewer communications.

As pointed out earlier, model pgm protocol.11
refutes most of our previous observations. We conjec-
ture that the particular structure of its space — espe-
cially its large height (more than 2 000 BFS levels, see
Table 1) — can explain the differences observed. Its
large height implies frequent duplicate detections and,
hence, more synchronisations. The steal strategy for
duplicate detection triggering seems to be less efficient
for that model since small BFS levels naturally imply
fewer states to steal. Hence, processes have to poll
all their peers (usually unsuccessfully) before enter-
ing duplicate detection. We thus observe some form
of starvation. It seems that this model is a challenging
case for our algorithm. Releasing the BFS strict order
policy might improve its performances in that case.

6.5 Observations on workload
To have a better understanding of the performances of
our algorithm, we also investigated how the stealing
mechanism distributes the workload upon processes.
The left column of Figure 14 contains plots graphi-
cally representing the workload of a single run with
128 processes for 5 selected models: on the x-axis is
the time in seconds and on the y-axis is the number of
states processed during the last elapsed second by the
most (dashed green curve) and least (red dotted curve)
loaded process for that second. On the right column of
this same figure, we have plotted, for the same mod-
els, the number of states stored for each of the 128
processes.

It can be seen that the discrepancy between work-
load (left column) tends to be well-balanced and
controlled. Model synapse.9 stands out as we observe
important differences of workloads for that model.
This is confirmed by the final state distribution in
Figure 14 (right) of states upon processes. For other
models, it can be seen that the majority of processes
have similar state distributions. The relatively bad per-
formance of model synapse.9 is somehow surprising
since it has large and wide (i.e. with a small height)
state spaces. Therefore, there should be opportunities
for state stealing. This tends to show that there is still
room for improving our stealing strategies. On the
contrary, the workload and state distribution observed
with model pgm protocol.11 seem to indicate that the
work distribution operates pretty well but, as noted
above, that our algorithm, as such, is not suited to it.

6.6 Observations on memory usage
A crucial aspect of our algorithm is also the pro-
portion of stolen states as these are fully stored in
memory. Hence, the higher this proportion, the lower
the memory reduction. It is also desirable that this pro-
portion should not be affected in a negative way by
the increase of participating processes. Figure 15 gives
the proportion of stolen states for all runs of the best
configuration of each model. We observe that this pro-
portion hardly increases as we increase the number of
processing elements, and in all cases remains below
7%.

This shows that our algorithm has very little
overhead in terms of state transfer (state stealing).
In particular, it shows that the number of explicitly
stored states (stolen states) remains low, and scales
well when increasing the number of processing ele-
ments. Combined with the results of Figure 14(right)
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Fig. 14 Difference between the least and most loaded process (left column) and state distribution (right column) at each second for a single
128-process run at each second for a single 128-process run
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Fig. 15 Proportion of stolen states for the best configuration of each model

demonstrating that the memory consumption is fairly
well distributed among the processing elements, this
implies that the memory consumption on each pro-
cessing element is close to M/n where M is the
memory consumption of the sequential algorithm with
state reconstruction, and n is the number of processing
element.

6.7 Comparison with other parallel
algorithms

In the second set of experiments, we compared our
algorithm to three other ones that are also imple-
mented in Helena:

• the multi-core algorithm of [10], also based on the
principle of state reconstruction ;

• the distributed algorithm of [6] that is a distributed
BFS tailored for RDMA architectures but without
any state compression technique implemented ;

• and the distributed algorithm of [7], built on top
of [6], that implements a state compression mecha-
nism inspired by Spin’s collapse compression tech-
nique [15].

Algorithms [6], [7] and our new algorithm could
be run on 4 to 48 processes, while algorithm [10]
could be run on 1 to 16 cores. For our algorithm,
we used the configuration (C = 105,RO = 104,BS =
103,ST = rnd,DD = steal) which our first set of
experiments identified as one of the best configura-
tions on the average. Likewise for other algorithms,
we used appropriate configurations as described in the
mentioned papers. Each test (i.e. a triple consisting of

an algorithm, a model, and a number of threads/pro-
cesses) was run 5 times. Numbers reported below are
averages. For all tests, either the 5 runs succeeded, or
none did.

Table 2 summarises our results in the second set
of experiments. Each cell reports the relative perfor-
mances of our algorithm compared to one of the three
listed above. For each comparison, either our algo-
rithm could be run and terminated for the 5 runs
whereas its competitor could not (marked with a ✓
symbol) ; or our algorithm could not terminate while
the other could (marked with a × symbol) ; or none
of the two could (marked with a = symbol) ; or both
could. In the latter case, the cell contains two ratios
with the first number being the run-time of our algo-
rithm divided by the run-time of the other algorithm
while the second number relates memory usage in the
same way.

Several reasons can explain that an algorithm
could not be run or could not terminate. For instance,
algorithm [7] assumes state vectors with fixed size,
making it unusable for Petri nets, while in some con-
figurations, the algorithm ran out of memory even in
a distributed setting. For several models, algorithm [6]
ran out of memory. However, we could still estimate
its memory usage by simply multiplying the state vec-
tor size by the number of reachable states. This is
represented in the table by a ✓ symbol coupled with a
ratio relating memory usage. For instance, for model
firewire tree.7 using 4 processes, our algorithm termi-
nated successfully while [6] did not and our algorithm
consumed 5% of the memory that [6] would have
theoretically required.
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Model Threads/Processes
4 8 16 32 48

aslink(1,a) [6] 1.88 / 0.52 2.02 / 0.52 2.06 / 0.52 3.10 / 0.53 4.09 / 0.53
[7] ✓ ✓ ✓ ✓ ✓
[10] 1.58 / 1.24 1.46 / 1.25 1.01 / 1.26

collision.5 [6] 4.99 / 0.52 4.43 / 0.52 3.33 / 0.53 2.57 / 0.53 2.12 / 0.53
[7] 4.13 / 2.09 3.93 / 2.10 3.27 / 2.11 2.86 / 2.12 2.56 / 2.12
[10] 1.22 / 1.23 0.81 / 1.24 0.44 / 1.25

des(1,a) [6] 1.48 / 0.34 1.46 / 0.34 1.39 / 0.35 1.43 / 0.36 1.47 / 0.37
[7] ✓ ✓ ✓ ✓ ✓
[10] 1.26 / 1.28 1.17 / 1.31 0.92 / 1.34

discovery(8,a) [6] 2.80 / 0.82 2.69 / 0.82 2.42 / 0.82 2.33 / 0.82 2.42 / 0.82
[7] ✓ ✓ ✓ ✓ ✓
[10] 1.14 / 1.23 0.93 / 1.23 0.74 / 1.23

firewire tree.7 [6] ✓ / 0.05 ✓ / 0.06 ✓ / 0.07 ✓ / 0.08 ✓ / 0.09
[7] ✓ ✓ ✓ ✓ ✓
[10] 1.48 / 1.54 1.44 / 1.79 0.85 / 1.99

iprotocol.8 [6] 4.86 / 0.60 4.66 / 0.61 3.39 / 0.61 2.66 / 0.61 2.17 / 0.61
[7] 3.74 / 2.71 3.77 / 2.72 2.98 / 2.73 2.54 / 2.74 2.16 / 2.75
[10] 1.08 / 1.23 0.76 / 1.24 0.50 / 1.24

leader election.7 [6] ✓ / 0.11 ✓ / 0.11 ✓ / 0.12 ✓ / 0.12 ✓ / 0.12
[7] 1.54 / 0.47 1.57 / 0.51 1.49 / 0.53 1.54 / 0.54 1.68 / 0.55
[10] 1.11 / 1.36 0.88 / 1.45 0.65 / 1.52

needham.7 [6] = ✓ / 0.29 ✓ / 0.29 ✓ / 0.29 ✓ / 0.29
[7] × 3.53 / 1.22 2.63 / 1.22 2.33 / 1.24 2.46 / 1.25
[10] × 0.96 / 1.28 0.59 / 1.28

pgm protocol.11 [6] 3.43 / 0.23 10.11 / 0.24 12.59 / 0.24 13.38 / 0.24 16.01 / 0.27
[7] ✓ ✓ ✓ ✓ ✓
[10] 1.18 / 1.32 1.01 / 1.39 1.21 / 1.39

public subscribe.5 [6] 5.24 / 0.75 4.75 / 0.75 3.69 / 0.75 2.59 / 0.75 2.71 / 0.75
[7] 4.32 / 2.70 4.04 / 2.70 3.45 / 2.71 2.71 / 2.71 2.99 / 2.71
[10] 1.10 / 1.23 0.76 / 1.23 0.57 / 1.23

shieldrvt(2,b) [6] 2.04 / 0.71 2.04 / 0.72 1.92 / 0.72 2.08 / 0.72 2.30 / 0.72
[7] ✓ ✓ ✓ ✓ ✓
[10] 1.08 / 1.23 0.72 / 1.24 0.71 / 1.24

synapse.9 [6] × 4.24 / 0.47 2.74 / 0.48 1.77 / 0.48 ✓ / 0.48
[7] × 3.92 / 2.11 2.83 / 2.12 2.07 / 2.14 ✓ / 2.16
[10] × 0.90 / 1.24 0.57 / 1.25

Table 2 Relative performances of our algorithm with respect to other parallel algorithms

Comparing the multi-core algorithm [10] with
our algorithm reveals that our algorithms consumes
slightly more memory (because the data structure used
to represent compressed state is slightly more complex
in the distributed setting) while it usually scales better.
A possible explanation is that threads in [10] can per-
form redundant work, exploring part of the state space
already explored by other threads.

When it could be used, algorithm of [7] was
usually at the same time faster and more memory
efficient than ours. However, our algorithm still has
the noteworthy advantage of working for all input
models (provided their transition relation is determin-
istic) while, as said above, [7] assumes fixed size
state vectors ; and it has a fairly predictable memory
usage (since it compresses input states in a constant
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number of bytes) while [7] is more sensitive in that
perspective, see, e.g. model leader election.7.

Overall, our results show that our algorithm scales
better than the others up to 32 processes. It then
reaches threshold where it performes 2–3 times slower
than [6] and [7]. Once again, models with long and
narrow state spaces (e.g. pgm protocol.11 and, to a
lesser extent, aslink(01,a) refute this pattern).

7 Conclusions and Future Work
We have presented a new state space exploration
algorithm for cluster computing architectures, and
used the Remote Direct Memory Access (RDMA)
paradigm for low-latency networking and communi-
cation between computing elements. The main novelty
of our algorithm lies in the concept of a state recon-
struction forest. This can be seen as a generalisation
of our earlier state reconstruction trees for compact
state representation developed for multi-core archi-
tectures such that they now also apply to distributed
computing architectures. As a further novel contribu-
tion, we introduced the concept of state stealing as
a new approach to workload distribution. The use of
state stealing was motivated by the need for locality in
the state distribution which cannot be gauranteed by
the use of a hash function for state distribution onto the
processing elements. We have implemented our pro-
posed algorithms and experimentally evaluated it on
a large computing cluster using a variety of concur-
rent systems models in the DVE and PN modelling
languages.

Our experimental results generally show that our
algorithm performs well in terms of speed-up and
workload distribution on state spaces with a large
diameter. In contrast, our algorithm shows less impres-
sive performance on the few instances with narrow
state spaces where the parallelisation potential is
smaller. Our experimental results show that 1) our
algorithm generally achieves a balanced workload dis-
tribution among processing elements throughout state
space exploration; and 2) that the number of stolen
states which induces fully stored root states is kept
low. Furthermore, our experimental evaluation have
demonstrated that our algorithm is able to explore
state spaces that cannot be handled with related paral-
lel algorithms.

We have experimentally explored a large con-
figuration space for our algorithm, including four
state stealing strategies and two heuristics for trig-
gering duplicate detection. Our results show that the

duplicate detection heuristics has the most significant
impact on performance, while the particular steal-
ing strategy is of less importance. The latter implies
that it is relevant as part of future work to possibly
develop better stealing strategies to further improve
the performance of our algorithm.

Verification of safety properties will be relatively
straightforward for a forest of state reconstruction
trees as we can easily reconstruct full state descrip-
tors in parallel on the computing elements. A more
challenging future line of research resulting from the
present work is to investigate how CTL and LTL
model checking algorithms in general can be devel-
oped that are able to operate on the distributed forest
of reconstruction trees that we have introduced in this
work. Another area of future work would be to eval-
uate the effect of relaxing the BFS level synchronisa-
tion barrier allowing processing elements to continue
exploring states in subsequent levels. This may reduce
waiting time for individual processing elements at the
expense of possible undertaking redundant work.
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