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Abstract. The ComBack method is a memory reduction technique for
explicit state space search algorithms. It enhances hash compaction with
state reconstruction to resolve hash conflicts on-the-fly thereby ensuring
full coverage of the state space. In this paper we provide two means
to lower the run-time penalty induced by state reconstructions: a set
of strategies to implement the caching method proposed in [[9], and
an extension through delayed duplicate detection that allows to group
reconstructions together to save redundant work.
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1 Introduction

Model checking is a formal method used to detect defects in system designs.
It consists of a systematic exploration of the reachable states of the system
whose behavior can be formally represented as a directed graph. Its nodes are
system states and its arcs are possible transitions from one state to another. This
principle is simple, can be easily automated, and, in case of errors, a counter-
example is provided to the user.

However, even simple systems may have an astronomical or even infinite num-
ber of states. This state explosion problem is a severe obstacle for the application
of model checking to industrial size systems. Numerous possibilities are available
to alleviate, or at least delay, this phenomenon. One can for example exploit the
redundancies in the system description that often induce symmetries [4], exploit
the independence of some transitions to reduce the exploration of redundant
interleavings [[7], or encode the state graph using compact data structures such
as binary decision diagrams [2].

Hash compaction [I5[20)] is a graph storage technique that reduces the amount
of memory used to store states. It uses a hash function h to map each encoun-
tered state s into a fixed-size bit-vector h(s) called the compressed state descrip-
tor which is stored in memory as a representation of the state. The full state
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descriptor is not stored in memory. Thus, each discovered state is represented
compactly using typically 32 or 64 bits. The disadvantage of hash compaction
is that two different states may be mapped to the same compressed state de-
scriptor which implies that the hash compaction method may not explore all
reachable states. The probability of hash collisions can be reduced in several
ways, e.g., by using multiple hash functions [TTIT5], but the method still cannot
guarantee full coverage of the state space. Partial coverage of the state space is
acceptable if the intent is to find errors, but not sufficient if the goal is to prove
the correctness of a system specification.

The ComBack method [I9] extends hash compaction with a backtracking
mechanism that allows reconstruction of full state descriptors from compressed
ones and thus resolves conflicts on-the-fly to guarantee full coverage of the state
space. Its underlying principle is to store for each state a sequence of events
whose execution can generate this state. Thus, when the search algorithm checks
if it already visited a state s, it can reconstruct full state descriptors for states
mapped to the same hash value as s and compare them to s. Only if none of the
states reconstructed is equal to s does the algorithm consider it as a new state.

The ComBack method stores a small amount of information per state, typi-
cally between 16 and 24 bytes depending on the system being analyzed. Thus it
is especially suited to industrial case studies for which the full state descriptor
stored by a classical search algorithm can be very large (from 100 bytes to 10
kilo-bytes). This important reduction, however, has a cost in time: a ComBack
based algorithm will explore many more arcs in order to reconstruct states. As
the graph is given implicitly, visiting an arc consists of applying a successor func-
tion that can be arbitrarily complex, especially for high-level languages such as
Promela [9] or Coloured Petri nets [I0]. Experiments made in [I9] report an
increase in run-time up to more than 600% for real-life protocols.

The goal of the work presented in this paper is to propose solutions to tackle
this problem. Firstly, starting from the proposal of [T9] to use a cache of full state
descriptors to shorten sequences, we first propose different caching strategies.
Secondly, we extend the ComBack method with delayed duplicate detection, a
technique widely used by disk-based model checkers [I6]. The principle is to
delay the instant we check if a state has already been visited from the instant
of its generation. Any state reached is put into a set of candidates and only
occasionally is this set compared to the set of already visited states in order to
identify new ones. The underlying idea of this operation is that comparing these
two sets may be much cheaper than checking separately if each candidate has
already been visited. Applied to the ComBack method, this results in saving the
exploration of transitions that are shared by different sequences. For instance if
sequences a.b.c and a.b.d reconstruct respectively states s and s’, we may group
the reconstructions of s and s’ in order to execute sequence a.b only once instead
of twice. This will result in the execution of 4 events instead of 6 events.

This article has the following structure. The basic elements of labeled tran-
sition systems and the ComBack method are recalled in Section Bl In Section Bl
different caching strategies are proposed. An algorithm that combines the Com-



Back method with delayed duplicate detection is presented in Section Hl Section
reports on experiments made with the ASAP tool [I8] which implements the
techniques proposed in this paper. Finally, Section [l concludes this paper.

2 Background

In this section we give the basic ingredients required for understanding the rest
of this paper and provide a brief overview of the ComBack method [T9].

2.1 Transition Systems

As the methods proposed in this paper are not linked to a specific formalism
they will be developed in the framework of labeled transition systems, the most
low-level representation of concurrent systems.

Definition 1 (Labeled Transition System). A labeled transition system is
a tuple S = (S,E,T,so), where S is a set of states, E is a set of events,
T CSxFE xS isthe transition relation, and sg € S is the initial state.

In the rest of this paper we assume that we are given a labeled transition system
S =(S,E,T,sp). Let s,s' € S be two states and e € F an event. If (s,e,s") € T,
then e is said to be enabled in s and the occurrence (execution) of e in s leads to
the state s’. This is also written s — s’. An occurrence sequence is an alternating
sequence of states s; and events e; written s S SgSpo1 RN Sy and
satisfying s; = s;.1 for 1 < i < n — 1. For the sake of simplicity, we assume
that events are deterministicﬁ, ie., if s 5 s and s — ¢ then s’ = 5.

We use —* to denote the transitive and reflexive closure of T, i.e., s —* s’
if and only if there exists an occurrence sequence s; 2 S Sp1 Lot Sn,
n > 1, with s = s; and s’ = s,. A state s’ is reachable from s if and only
if s —* . The state space of a system is the directed graph (V, E) where
V={s€8]|sg—*¢}is the set of nodes and E = {(s,e,s') € T'|s,s' € V}is
the set of edges.

2.2 The ComBack Method

A classical state space search algorithm (Algorithm[Il) operates on a set of visited
states V and a queue of states to visit Q. An iteration of the algorithm (lines
4-7) consists of removing a state from the queue, generating its successors and
inserting the successor states that have not been visited so far into both the
visited set and the queue for later exploration. We use the term of state expansion
to refer to this process.

3 The ComBack method can be extended to support non-deterministic transition sys-
tems. The interested reader may consult Section 5 of [I9] that describes such an
extension.



Algorithm 1 A classical search algorithm.

1: V «— empty ; V.insert (so)
2: Q «— empty ; Q.enqueue (so)
3: while Q # empty do
s «— Q.dequeue ()
for e,s’ | (s,e,s’) € T do
if s ¢ V then
V.insert (s') ; Q.insert (s')

Algorithm 2 A search algorithm based on hash compaction.

1: V «— empty ; V.insert (h(so))
2: Q «— empty ; Q.enqueue (so)
3: while Q # empty do
s «— Q.dequeue ()
for e,s’ | (s,e,s’) € T do
if h(s') ¢ V then
V.insert (h(s')) ; Q.insert (s')

Using hash compaction [20], items stored in the visited set are not actual
state descriptors but compressed descriptors, typically 32-bit integers, obtained
through a hash function h. Algorithm [ uses this technique. The few differences
with Algorithm [l have been underlined. This storage scheme is motivated by the
observation that full state descriptors are often large for realistic systems, i.e.,
typically between 100 bytes and 10 kilo-bytes, which drastically limits the size of
state spaces that can be explored. Though hash compaction considerably reduces
memory requirements, it comes at the cost of possibly missing some parts of the
state space (and therefore potentially some errors). Indeed, as h may not be
injective, two different states may erroneously be considered the same if they
are mapped to the same hash value. Hence, hash compaction is preferably used
at the early stages of the development process for its ability to quickly discover
errors rather than proving the correctness of the system.

The ComBack method extends hash compaction with a backtracking mecha-
nism that allows it to retrieve actual states from compressed descriptors in order
to resolve hash collisions on-the-fly and guarantee full coverage of the state space.
This is achieved by modifying the hash compaction algorithm as follows:

— A state number, or identifier, is assigned to each visited state s.

— A state table stores for each compressed state descriptor a collision list of
state numbers for visited states mapped to this compressed state descriptor.

— A backedge table is maintained which for each state number of a visited state
s stores a backedge consisting of an event e and a state number of a visited
predecessor s’ such that s’ 5 s.

The key algorithm of the ComBack method is the insertion procedure that checks
whether a state s is already in the visited set and inserts it into the visited set if
needed. The insertion procedure can be illustrated with the help of Fig. [, which
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Fig. 1. A state space and the state and backedge tables at two stages.

depicts a simple state space. Each ellipse represents a state. The hash value of
each state is written in the right part of the ellipse. The state and backedge tables
used to resolve hash conflicts have been depicted to the right of the figure for
two different steps of the search. For the sake of clarity, we have also depicted
on the state space the identifier of each state (the square next to the ellipse)
and highlighted (using thick arcs) the transitions that are used to backtrack to
the initial state, i.e., the edges constituting the backedge table. Note that these
identifiers also coincide with the expansion order of states.

After the expansion of sy and s1, the set of visited states is {sg, s1, 2, s3}
As no hash conflict is detected, a single state is associated with each hash value
in the state table (the left table of the first rounded box). In the backedge table
(the right table of the first rounded box) a nil value is associated with state 0
(the initial state) as any backtracking will stop here. The table also indicates
that the actual value of state 1 (s1) is retrieved by executing event e on state 0
and so on for the other entries of the table. After the execution of event b on state
so we reach s4. Algorithm ] would claim that s, has already been visited—as
h(ss) = h(s4)—and stop the search at this point, missing states s5 and sg. Using
the two tables the hash conflict between s3 and s4 can be handled as follows. The
insertion procedure first looks in the state table if any state has already been
mapped to h(sy) = hz and finds value 3. The comparison of state 3 (of which
we no longer have the actual state descriptor) to s4 is first done by recursively
following the pointers of the backedge table until the initial state is reached, i.e.,
3 then 1 and then 0. Then the sequence of events associated with the entries of
the table that have been met during backtracking, i.e., e.c, is executed on the
initial state. Finally, a comparison between s3 and s4 indicates that s4 is new.
We therefore assign a new identifier (4) to s4, insert it in the collision list of hash
value h3 and insert the entry 4 — (2, b) in the backedge table.

Throughout this article the term state reconstruction (or simply reconstruc-
tion) is used to refer to the process of backtracking to the initial state and then
executing a sequence of events to retrieve a full state descriptor. The sequence
executed will be called the reconstructing sequence.



This storage scheme is especially suited to systems exhibiting large state
vectors as it represents each state in the visited set with only a few bytes. The
only elements of the state and backedge tables that are still dependent on the
underlying model are the events stored to reconstruct states. In the case of
Coloured Petri Nets, this comprises a transition identifier and some instantiation
values for its variables while for some modeling languages it may be sufficient to
identify an event with a process identifier and the line of the executed statement.
Still, a state rarely exceeds 16-24 bytes.

However, the ComBack method incurs an (important) run-time penalty due
to the reconstruction mechanism. After a state s has been reached it will be
reconstructed once for each additional incoming arc of the state, hence in(s) — 1
times where in(s) denotes the in-degree of s. If we denote by d(s) the length
of the shortest path from sy to s, the number of event executions due to state
reconstructions is lower bounded by:

> (in(s) — 1) -d(s)

ses

Note that in Breadth-First Search (BFS) each sequence executed to reconstruct
a state s is exactly of length d(s) while it may be much longer in Depth-First
Search (DFS). Evidence of this is shown in Table 1 of [I9] showing that the
ComBack method combined with DFS is in some cases much slower than with
BF'S while the converse is not true.

In addition, the time spent on reconstructing states depends, to a large ex-
tent, on the complexity of executing an event that ranges from trivial (e.g., for
Place/Transition Nets) to high, e.g., for Promela or Coloured Petri Nets for
which executing an event may include the execution of embedded code.

3 Caching Strategies

A cache that maps state identifiers to full descriptors is a good way to reduce
the cost of state reconstructions. The purpose of such a cache is twofold. Firstly,
the reconstruction of a state identified by ¢ may be avoided if i is cached. Sec-
ondly, if a state has to be reconstructed we may stop backtracking as soon as we
encounter a state belonging to the cache and thus execute a shorter reconstruc-
tion sequence from this state. As an example, consider again the configuration
of Fig. M Caching the mapping 2 — so may be useful in two ways:

— To avoid the reconstruction of state 2. A lookup in the cache directly returns
state sg, which saves the backtrack to sy and the execution of event a.

— For the reconstruction of state 4. During the backtrack to so the algorithm
finds out that state 2 is cached, retrieves its descriptor and only executes
event b from s to obtain s4, once again saving the execution of event a.

We now propose four strategies to implement such a cache. We focus on strategies
based on BF'S as the traversal order it induces enables to take advantage of some
typical characteristics of state spaces [13].



Random cache. The simplest way is to implement a randomized cache. This
gives us the first following strategy.

Strategy R: When a new state is put in the visited set, it is inserted in
the cache with probability p (1 if the cache is not full) and the state to
replace (if needed) is chosen randomly.

Fifo cache. A common characteristic of state spaces is the high proportion of
forward transitionsﬁ, typically around 80%. This has a significant consequence
in BF'S in which levels are processed one by one: most of the transitions outgoing
from a state will lead to a new state or to a state that has been recently generated
from the same level. Hence, a good strategy in BFS seems to be to use a fifo
cache, since when a new state at level [ 4+ 1 is reached from level [ it is likely
that one of the following states of level [ will also reach it. If the cache is large
enough to contain any level of the graph, only backward transitions will generate
reconstructions as forward transitions will always result in a cache hit. This
strategy can be implemented as follows.

Strategy F: When a new state is put in the wvisited set, insert it un-
conditionally into the cache. If needed, remove the oldest state from the
cache.

Heuristic based cache. Obviously, the benefit we can obtain from caching a
state may largely differ from one state to another. For instance, it is pointless
to cache a state s that does not have any successor state pointing to it in the
backedge table as it will not shorten any reconstruction sequence, but only avoid
the reconstruction of s.

To evaluate the interest of caching some state s we propose to use the fol-
lowing caching heuristic H.

H(s) = d(s) - p(s), with p(s) =

where

— d(s) is the distance of s to the initial state in the backedge table

— r(s) is the number of states that reference s in the backedge table

— L(n) is the number of states at level n, i.e., with a distance of n from the
initial state

A cache hit is more interesting if it occurs early during the backtrack as it will
shorten the sequence executed. Thus the benefit of caching a state s increases
with its distance d(s). Through rate p(s) we estimate the probability that s

4 If we define level | as the set of states that are reachable from so in [ steps (and not
less), a transition that has its source in level [ and its target in level [ 4 1 is called a
forward transition. Any other transition is called a backward transition.



belongs to some reconstructing sequence. This increases if many states point to
s in the backedge table and decreases with the number of states on the same
level as s. The distance of s could also be considered in the computation of p(s)
as s cannot appear in a reconstructing sequence of a length less than d(s). Our
choice is based on another typical characteristic of state spaces [I7]: backward
transitions are usually short in the sense that the levels of its destination and
source are often close. Thus, in BFS, if a state has to be reconstructed, it is likely
that the length of its reconstructing sequence is close to the current depth which
is an upper bound of the length of a reconstructing sequence. Hence, assuming
that the state space has this characteristic, the distance will only have a small
impact on p(s).
Our third strategy is based on this heuristic.

Strategy H: After all outgoing transitions of state s have been visited
compute H(s). Let s be the state that minimizes H in the cache. If
H(s") < H(s) replace s’ by s in the cache.

Note that after the visit of s, all necessary information to compute H(s) is
available since all its successors have been generated and the BFS search order
implies that L(d(s)) is known.

Distance based cache. Heuristic H does not take into account the presence
of already cached states. Yet it may be useless to cache a state with a high value
of H if, for example, the state it points to in the backedge table is itself in the
cache. The last strategy we propose is a slight variation of strategy H. It is also
based on heuristic H but it is parameterized by an integer k that specifies the
shortest possible sequence between two cached states.

Strategy D: Apply strategy H. Do not cache a state if, in the backedge
table, one of its ancestors of degree k or less is already cached.

Other possibilities are available. In [6] a reduction technique also based on
state reconstruction is proposed. The algorithm is parameterized by an integer k
and only caches states at levels 0, k,2-k,3-k. ... The motivation of this strategy
is to bound the length of reconstructing sequences to k — 1. As presented, the
strategy in [6] does not bound the size of the cache but k could be dynamically
increased to solve this problem.

Different strategies may also be combined. We can for example cache recently
inserted states following strategy F and when a state leaves this cache it can be
inserted into a second level cache maintained with strategy H. Thus we will keep
some recently visited states in the cache and some old strategic states.

4 Combination with Delayed Duplicate Detection

Duplicate detection consists of checking the presence of a newly generated state
in the set of visited states. If the state has not been visited so far, it must be



included in the visited set and later expanded. With delayed duplicate detection
(DDD), this check is delayed from the instant of state generation by putting the
state reached in a candidate set that contains potentially new states, i.e., states
reached via event executions but not checked to be in the visited set. In this
scheme, duplicate detection consists of comparing the visited and candidate sets
to identify new states. This is motivated by the fact that this comparison may
be much cheaper than checking individually for the presence of each candidate
in the visited set.

Algorithm Bl is a generic algorithm based on DDD. Besides the usual data
structures, we find a candidate set candidates filled with states reached through
event execution (lines 7-8). An iteration of the algorithm (lines 4-9) consists of
expanding all queued states and inserting their successors in the candidate set.
Once the queue is empty duplicate detection starts. We identify new states by
removing visited states from candidate states (line 11). States remaining after
this procedure are put in the visited set and in the queue (lines 12-14).

The key point of this algorithm is the way the comparison at line 11 is
conducted. In the disk-based algorithm of [I6], the candidate set is kept in a
memory hash table and visited states are stored sequentially in a file. New states
are detected by reading states one by one from the file and deleting them from
the table implementing the candidate set. States remaining in the table at the
end of this process are therefore new. Hence, in this context, DDD replaces a
large number of individual disk look-ups — that each would likely require reading
a disk block — by a single file scan. It should be noted that duplicate detection
may also be performed if the candidate set fills up, i.e., before an iteration (lines
4-9) of the algorithm has been completed.

4.1 Principle of the Combination

The underlying idea of using DDD in the ComBack method is to group state
reconstructions to save the redundant execution of events shared by different re-
construction sequences. This is illustrated by Fig. Bl The search algorithm first
visits states sg, 1, S2, s3 and s4 each mapped to a different compressed state de-
scriptor. Later, state s is processed. It has two successors: s4 (already met) and
s5 mapped to hs which is also the compressed state descriptor of s3. With the

Algorithm 3 A generic search algorithm using delayed duplicate detection

1: V « empty ; V.insert (so) 10: proc duplicateDetection () is
2: Q «— empty ; Q.enqueue (so) 11: new «— candidates \ V

3: while Q@ # empty do 12: for s € new do

4: candidates — empty 13: V.insert (s)

5: while Q # empty do 14: Q.enqueue (s)

6: s «— Q.dequeue ()

T for e, s' | (s,e,s’) € T do

8: candidates.insert (s')

9: duplicateDetection ()




basic reconstruction mechanism we would have to first backtrack to sg, execute
sequence a.b.d to reconstruct state 4 and find out that e does not, from s, generate
a new state, and then execute a.b.c from sg to discover a conflict between s5 and
s3 and hence that f generates a new state. Nevertheless, we observe some redun-
dancy in these two reconstructions: as sequences a.b.c and a.b.d share a common
prefix a.b, we could group the two reconstructions together so that a.b is executed
once for both s3 and s4. This is where DDD can help us. As we visit s, we notice
that its successors s4 and s5 are mapped to hash values already met. Hence, we
put those in a candidate set and mark the identifiers of states that we have to
reconstruct in order to check whether s4 and s5 are new or not, i.e., 3 and 4.
Duplicate detection then consists of
reconstructing marked states and to
delete them from the candidate set.
This can be done by conducting a
DFS starting from the initial state
in search of marked states. However,
as we do not want to reconstruct
the whole search tree, we have to
keep track of the sub-tree that we
are interested in. Thus, we addition-
ally store for each identifier the list
of its successors in the backedge table
that have to be visited. The DF'S then
prunes the tree by only visiting suc-
cessors included in this list. On our
example this will result in the follow-
ing traversal order: sg, s1, S2, S3 and
finally s4.

Fig. 2. The prefix a.b of the reconstruct-
ing sequences of s3 and s4 can be shared.

4.2 The Combined Algorithm

We now propose Algorithm B that combines the ComBack method with DDD.
As it is straightforward to extend the algorithm with a full state descriptor cache
(discussed in Section B) we only focus on the basic combination here.

The two main data structures in the algorithm are the queue Q containing
full descriptors of states to visit together with their identifiers and the visited
set V. The latter comprises three structures: a stateTable as in the basic Com-
Back method, a backedge Table mapping state numbers to predecessors and some
auxiliary information used by the algorithm, and a candidates set consisting of
states that may or may not be new states.

First, consider again the LTS from Fig. B In Fig. Bl we see the example
annotated using the same notation used in Fig. [l at the left. That is, each
ellipse represents a state and the hash value of the state is written in the right
part of the ellipse. The state number is shown in a square next to the ellipse. The
search has investigated states sg, s1, S2, s3 and s4, and is about to investigate s.
We have not shown the state table, which simply maps h; toi fori =0...4. We
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Fig. 3. Evolution of the backedge table after the execution of e and f from s

have just picked s from the queue, which is now empty. At the right of Fig. Bl
we show the backedge table before executing any event from s, after executing
the event e, and after executing the event f. The first two components of the
tuples in the backedge table are the state number of the predecessor and the
event executed to reach the state as in Fig.[[l The third component is a boolean
telling whether the state should be compared to the states in the candidate set.
Before executing any events, this boolean is set to False for all states as we have
just performed duplicate detection. When executing event e, we reach state sy,
which has hash value h4 corresponding to state 4. We therefore add s, to the
candidate set and set the boolean value to True for state 4 in the backedge table
(the middle one in Fig. Bl). The last component of the tuple in the backedge is
a list of interesting successors, i.e., successor states that should be investigated
when performing duplicate detection. We backtrack from state 4 to the initial
state. For state number 2 we add the successor 4 as interesting, for state 1 we
add state 2, and for the initial state 0 we add state 1 as can be seen in the middle
backedge table in Fig. Bl After executing f from s, we obtain s5, which has hash
value hs corresponding to state 3. We add s5 to the candidate set (which now
consists of s4 and s5), and flags that state 3 should be compared against the
candidate set. We also update the lists of interesting successors, adding 3 at
state 2. As state number 2 is already marked as interesting successor of state 1,
we stop backtracking at this point.

We can now perform duplicate detection by starting in the initial state. We
see that we need to expand state 1, so we execute the event a. In state 1, we
execute b to reach 2. In state 2, we must execute events to reach states 3 and
4. Executing ¢ to reach state number 3, we obtain state s3. As we have set the
boolean to True, we attempt to remove s3 from the candidate set. The candidate
set did not contain ss, so it still contains states s4 and s5. The successor list of
state 3 is empty, so we execute d from state 2 to reach state 4. This also has
the boolean set to True, so we remove s4 from the candidate set, which now
only contains the state s5. Duplicate detection is then done, and we continue
the search from ss.



Algorithm 4 The ComBack method extended with delayed duplicate detection

1: V «— empty ; Q «— empty

2: n «— 0 ; id «— newState (so,nil,nil) ; Q.enqueue (so,1id)
3: while Q@ # empty do

4: V.candidates <+ empty

5: while @ # empty do

6: (s, 8id) — Q.dequeue ()

T for e, s' | (s,e,s') € T do

8: if insert (s', siq,€)= NEW(s;4) then Q.enqueue (s, s}y)
9: if V.candidates.isFull () then duplicateDetection ()
10: duplicateDetection ()

11: proc newState (s,idpred,€) is

12: id—mn;n—n+1

13: V.stateTable.insert (id, h(s))

14: V.backedgeTable.insert (id — (idpred, €, false,[]))

15: return id

16: proc insert (s,idpred,€) is

17: ids — {id | (h(s),id) € V.stateTable}

18: if ids = () then

19: id — newState (s,idpred,€)

20: return NEW(id)

21: else

22: V.candidates.insert (s,idpred,€)

23: for id in ids do
24: V.backedge Table.setCheckBit (id)
25: backtrack (id)
26: return MAYBE
27: proc backtrack (id) is
28: idpreqd < V.backedgeTable.getPredecessorld (id)
29: if idpreq # nil then
30: if id ¢ V.backedgeTable.getSuccessorList (idprea) then
31: V.backedge Table.addSuccessor (idpred,id)
32: backtrack (idpred)
33: proc duplicateDetection () is
34: dfs (so,0)
35: for (s,idpred, €) in V.candidates do
36: id «— newState (s,idpred, €)
37: Q.enqueue (s,id)
38: V.candidates <+ empty
39: proc dfs (s,id) is
40: check — V.backedgeTable.getCheckBit (id)
41: if check then V.candidates.delete (s)
42: for succ in V.backedge Table.getSuccessorList (id) do
43: e « V.backedgeTable.getReconstructingEvent (succ)
44: dfs (s.exec (e), succ)
45: V.backedge Table.unsetCheckBit (id)

46: V.backedgeTable.clearSuccessorList (id)




To sum up, the stateTable of the visited set V maps hash values to state
numbers exactly like in the basic ComBack method, the backedgeTable maps a
state number id to a tuple (idpreq, €, check, succs) where

— idpreq and e are the identifier of the predecessor and the reconstructing event
as in the basic ComBack method;

— check is a boolean specifying if the duplicate detection procedure must verify
whether or not the state is in the candidate set;

— succs is the identifier list of its successors which must be generated during
the next duplicate detection as previously explained.

The candidates set is a set of triples (s, idpred, €) Where s is the full descriptor
of a candidate state. In case duplicate detection reveals that s does not belong
to the visited set, idpreq and e comprise the reconstruction information that will
be associated with the state in backedgeTable.

Consider again Algorithm Blwhich shows the ComBack method extended with
delayed duplicate detection. The main procedure (lines 1-10) works basically as
Algorithm[Bl A notable difference is that procedure insert (see below) may return
a two-valued answer:

NEW - if the state is surely new. In this case, the identifier assigned to the
inserted state is also returned by the procedure. The state can be uncondi-
tionally inserted in the queue for a later expansion.

MAYBE - if we cannot answer without performing duplicate detection.

Procedure newState inserts a new state in the visited set together with its
reconstruction information. It computes a new identifier for s, a state to insert,
and update the stateTable and backedgeTable.

Procedure insert receives a state s, the identifier idp,.q of one of its prede-
cessors s’ and the event used to generate s from s’. It first performs a lookup in
the stateTable for identifiers of states mapped to the same hash value as s (line
17). If this search is unsuccessful (lines 18-20), this means that s has definitely
not been visited before. It is unconditionally inserted in V), and its identifier is
returned by the procedure. Otherwise (lines 21-26), the answer requires the re-
construction of states whose identifiers belong to set ids. We thus save s in the
candidate set for a later duplicate detection, set the check bit of all identifiers
in ids to true so that the corresponding states will be checked against candidate
states during the next duplicate detection, and backtrack from these states.

The purpose of the backtrack procedure is, for a given state s with identifier
id, to update the successor list of all the states on the path from sy to s in the
backedge table so that s will be visited by the DFS performed during the next
duplicate detection. The procedure stops as soon as a state with no predecessor
is found, i.e., sg, or if id is already in the successor list of its predecessor, in
which case this also holds for all its ancestors.

Duplicate detection (lines 33-38) is conducted each time the candidate set is
full (line 9), i.e., it reaches a certain peak size, or the queue is empty (line 10).
Using the successor lists constructed by the backtrack procedure, we initiate a



depth-first search from s (see procedure dfs). Each time a state with its check
bit set to true is found (line 41) we delete it from the candidate set if needed.
When a state leaves the stack we set its check bit to false and clear its successor
list (lines 45—46). Once the search finishes (lines 35-37) any state remaining in
the candidate set is new and can be inserted into the queue and the visited set.

4.3 Additional Comments

We discuss below several issues regarding the proposed algorithm.

Memory issues Our algorithm requires the storage of additional information
used to keep track of states that must be checked against the candidate set during
duplicate detection. This comprises, for each state, a boolean value (the check
bit) and a list of successors that must be visited. As any state may belong to
the successor list of its predecessor in the backedge table, the memory overhead
is theoretically one bit plus one integer per state. However, our experiments
reveal (see Section [l that even very small candidate sets show good memory
performance. Therefore, successor lists are usually short and the extra memory
consumption low. We did not find any model for which our algorithm aborted
due to a lack of memory, but where the one of [I9] did terminate.

Grouping reconstructions of queued states In [19] the possibility to reduce
memory usage by storing identifiers instead of full state descriptors in the queue
(Variant 4 in Section 5) was mentioned. This comes at the cost of an additional
reconstruction per state required to get a full descriptor for the state that can be
used to generate its successors. The principle of grouping state reconstructions
can also be applied to the states waiting in the queue. The idea is to dequeue
blocks of identifiers from the queue instead of individual ones and reconstruct
those in a single step using a procedure similar to dfs given in Algorithm El

Compatibility with depth-first search A nice characteristic of the basic
ComBack method is its total decoupling from the search algorithm thereby
making it fully compatible with, e.g., LTL model checking [3i8]. Delaying de-
tection from state generation makes an algorithm implicitly incompatible with a
depth-first traversal in which the state processed is always the most recent state
generated. At first glance, the algorithm proposed in this section also belongs
to that category. However, we can exploit the fact that the insertion procedure
can decide if a state is new without actually putting it in the candidate set (if
the hash value of the state has never been met before). The idea is that the
search can progress as long as new states are met. If some state is then put in
the candidate set, the algorithm puts a marker on the stack to remember that a
potentially new state lies here. Finally, when a state is popped from the stack,
duplicate detection is performed if markers are present on top of the stack. If we
find out that some of the candidate states are new, the search can continue from



these ones. This makes delayed detection compatible with depth-first search at
the cost of performing additional detections, during the backtrack phase of the
depth-first search algorithm.

5 Experimental Results

We report in this section the data we collected during several experiments with
the proposed techniquesﬁ. We used the ASAP verification tool [I8] where we
have implemented the algorithms described in this article. A nice characteristic
of ASAP is its independence from the description language of the model. This
allows us to perform experiments on CPN (Coloured Petri net) and DVE (the
input language of the DiVinE verification tool [1]) models. All CPN models come
from our own collection. DVE models were taken from the BEEM database [14]
though we did not consider models belonging to the families “Planning and
scheduling” and “Puzzles” as these are mostly very simple models, e.g., the
towers of Hanoi, that have nothing to do with real life examples.

For CPN models, the hash function used is defined inductively on the state
of the model. In CPNs, a state is a marking of a set of places. Each marking is
a multi-set over a given type. We use a standard hash function for each type.
We extend this hash function to multi-sets by using a combinator function,
which takes two hash values and returns a new hash value. We extend the hash
functions on markings of places to a hash function of the entire model by using
the combinator function on the place hash functions. We proceed exactly the
same way for DVE instances, except that the components of the system are now
variables, channels, and process states rather than places. The performance of
these functions in term of conflicts is usually very good. Typically with a 32 bit
hash signature there is generally no collision for small instances (100,000 states
or less) and for larger instances (e.g., up to 10-107 states), we can reasonably
expect to cover more than 95% of the state space using a hash compaction
based algorithm. The quality of this function is evidenced by Table 1 in [I9] that
reports the number of collisions for several CPN instances.

This section uses several abbreviations. Table [ lists all abbreviations used
in this section and it provides a short description of all selected models. Each
instance name consists of the concatenation of a model name followed by an
instance number (i.e., an instantiation of the model parameters). For instance
firewire tree.5 is the 5*" instance (in the BEEM database) of the model
named firewire_tree. The instantiation values of parameters are not relevant
for this study.

5.1 Experiment 1: Evaluation of Caching Strategies

In this first experiment we evaluated the different strategies proposed in Section
We selected 143 DVE instances having from 10,000 to 10,000,000 states and

5 Additional data on these experiments may be found in Appendixes [ and



Table 1. List of abbreviations and short description of models used in Section B

Abbreviations

BFS Breadth-First Search

CPN Colored Petri Net

DDD Delayed Duplicate Detection

DVE Input language of the DiVinE toolset

Caching strategies

Distance based caching strategy

Fifo caching strategy

Heuristic based caching strategy

Random caching strategy

Fx-Dy Combination of caching strategies F and D where X% (resp. Y%) of the
cache is allocated to a Fifo sub-cache (resp. Distance based sub-cache)

Fx-Hv Combination of caching strategies F and H where X% (resp. Y%) of the
cache is allocated to a Fifo sub-cache (resp. Heuristic based sub-cache)

Introduced in Experiment 2
Std. Execution time using a standard storage method, i.e., without any

reduction technique, or using hash compaction if the classical search
ran out of memory

DDD(X)  Characterize a search using the ComBack method with delayed
duplicate detection. X denotes the size of the candidate set as a
fraction of the cache size.

T Denote, for a search using the ComBack method, the increase of the
execution time as the ratio executeizfxc:itxi:env:iigrieao:t;ljdsa?énsearch .
ET Denote, for a search using the ComBack method, the increase of the

number of event executions as the ratio <vent executions during this run
transitions of the graph

o o= g

Introduced in Experiment 3

S Caching strategy used
Fc Proportion of full state descriptors allocated to the cache
Feg Proportion of full state descriptors allocated to the candidate set
Fq Proportion of full state descriptors allocated to the queue
Models
CPN models
dymo Dynamic MANET on-demand routing protocol (from [5])
erdp Edge router discovery protocol (from [T2])
protocol Simplified stop and wait protocol
telephones Telecommunication service
DVE models
brp Bounded retransmission protocol
brp2 Timed version of the bounded retransmission protocol
cambridge Cambridge ring protocol
firewire_link Layer link protocol of the firewire protocol (IEEE 1394)
firewire_tree Tree identification protocol of the firewire protocol (IEEE 1394)
needham Needham-Schroeder public key authentication protocol

synapse Synapse cache coherence protocol




ran the ComBack algorithm of [I9] using BFS with 10 caching strategies and 4
sizes of cache expressed as a fraction of the state space size: { 1074, 103, 1072,
107! }. Of these 10 strategies 4 are simple: R (with a replacement probability
p=0.5), F, H, D (with a minimal distance k = 5 between cached states); and 6
are combinations of the first ones: Fgo-HgQ, F50-H50, Fgo—Hgo, Fgo-Dgo, F50—D50
and Fgg-Daog. We measured after each run the number of event executions that
were due to state reconstructions. The results are summarized in Table I On
the top four rows we give, for each strategy, the average over all instances of
the number of event executions due to state reconstruction with this strategy
divided by the same number obtained with strategy R. The bottom four rows
report for each strategy the number of instances for which it performed best.
These latter are only given for information and our interpretations will be based
on the values of the top rows.

Strategy F performs well compared to strategy R but its performance de-
grades as we allocate more states to the cache. This is also confirmed by the
fact that combinations F-H and F-D seem to perform better for a large cache
when the proportion of states allocated to the fifo sub-cache is low. Apparently
with this strategy, we quickly reach a limit where all (or most of) forward tran-
sitions lead to a cached (or new) state and most backward transitions lead to a
non cached state. Such a cache failure always implies backtracking to the initial
state (the fifo strategy implies that if a state is not cached, none of its ancestors
in the backedge table is cached) which can be quite costly. Beyond this point,
allocating more states to the cache is almost useless. We even see that strategy F
is largely outperformed by strategy R for the largest cache size we experimented
with.

The performance of strategy H is poor for small caches but progresses well
compared to strategy F. With this strategy, most transitions will be followed by
a state reconstruction. However, our heuristic works rather well and reconstruct-
ing sequences are usually much shorter than with strategy F. Still, strategy H
is usually outperformed by strategy F for small cache sizes due to a high pres-
ence of forward transitions in state spaces [I3]. To sum up, strategy F implies
few reconstructions but long reconstructing sequences and strategy H has the
opposite characteristics.

As expected, strategy D improves strategy H although only slightly. It pre-
vents the algorithm from caching two states that are linked by too short a path
in the backedge table. However, for the largest cache size we experimented with,
the algorithm could not use all the memory allocated to the cache due to this
restriction. This is the only case where strategy D performed worse than H.

From all these observations it is not surprising to see that the best strategy is
to always keep a small fifo cache and allocate remaining memory to a second level
cache maintained with strategy D, that is, to keep a small number of recently
visited states to limit the number of reconstructions and many strategic states
from previous levels that will help us shorten reconstructing sequences.

Note that for a large cache holding 10% of the state space, the strategy used
impacts less than for small caches. This is evidenced by the fact that the values



Table 2. Evaluation of caching strategies on 143 DVE instances.

Cache Strategy
size R F H Fz() F50 Fg() D F20 Fso FSO
Hso | Hso | Hao Dso Dso | D2o

10 [1.000[0.397 | 1.123]0.365 | 0.339 | 0.339 | 1.057 | 0.356 | 0.332 [ 0.337
10 | 1.000 | 0.452 | 0.940 | 0.292 | 0.293 | 0.317 | 0.763 | 0.272 | 0.278 | 0.308
102 | 1.000 | 0.587 | 0.479 | 0.187 | 0.208 | 0.261 | 0.385 | 0.162 | 0.188 | 0.247
10" | 1.000 | 2.090 | 0.670 | 0.258 | 0.348 | 0.538 | 0.771 | 0.229 | 0.280 | 0.472

1077 3 55 3 9 18 28 2 18 21 15
1078 0 12 3 25 26 19 2 50 22 13
102 0 4 2 42 12 6 4 85 9 8
107! 0 0 4 53 10 6 0 66 19 14

observed for strategy H and D approach 1 and more generally that all values of
line 102 are smaller than those of line 1071,

Out of these 143 instances we selected 4 instances that have some specific
characteristics (brp2.6, cambridge.6, firewire tree.4 and synapse.6) and
evaluated strategies F, D and Fqp-Dgo with different sizes of cache ranging from
1,000 to 10,000. The collected data is plotted in Fig. Bl On the x-axis is the
different cache sizes used. For each run we recorded the number of event execu-
tions due to reconstructions and compared it to the same number obtained with
strategy F. For instance, with brp2.6 and a cache of 2,000 states, reconstruc-
tions generated approximately three times more event executions with strategy
D than with strategy F. We also provide the characteristics of these graphs in
terms of number of states and transitions, average degree, i.e., average number
of transitions per state, number of levels and number of forward transitions as
a proportion of the overwhole number of transitions.

The graph of firewire_tree.4 only has forward transitions, which is com-
mon for leader election protocols. Therefore, a sufficiently large fifo cache is the
best solution. This is one of the few instances where increasing the cache size ben-
efits strategy F more than D. Moreover, its average degree is rather high, which
leads to a huge number of reconstructions with strategy D. On the contrary
the graph of cambridge.6 has a relatively large number of backward transi-
tions. Increasing the fifo cache did not bring any substantial improvement: from
262,260,647 executions with a cache size of 1,000 it went down to 260,459,235
executions with a cache size of 10,000. Strategy D is especially interesting for
synapse. 6 as its graph has a rather unusual property: a low fraction of its states
have a high number of successors (from 13 to 18). These states are thus shared
by many reconstructing sequences and, using our heuristic, they are systemat-
ically kept in the cache. Thus, strategy D always outperforms strategy F even
for small caches. The out-degree distribution of the graph of brp2.6 has the
opposite characteristics: 49% of its states have 1 successor, 44% have 2 succes-
sors and other states have 0 or 3 successors. Therefore, there is no state that
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Fig. 4. Evolution of strategies F, D and F3p-Dgg on some selected instances.

is really interesting to keep in the cache. This is evidenced by the fact that the
progressions of distance based strategies (relative to strategy F) are not so good.
It goes from 3.157 to 2.200 for strategy D and from 0.725 to 0.537 for strategy
F20-Dso.

5.2 Experiment 2: Evaluation of Delayed Duplicate Detection

To experiment with delayed detection we picked out 63 DVE instances having
from 1,000,000 to 60,000,000 states and 12 CPN instances having from 100,000 to
5,000,000 states. The ComBack method was especially helpful for the dymo and
erdp models which are models of two industrial protocols—a routing protocol [5]
and an edge router discovery protocol [I2]—and have large descriptors (1,000—
5,000 bytes).

Table Bl summarizes our observations. We only report data for 6 instances
of each family but still provide the average increases on all instances (see Ta-
ble. We used caching strategies F' and Fop-Dgg with a cache size correspond-
ing to 1% of the state space for DVE instances and 0.1% for CPN instances. This
choice is motivated by the observation that state vectors of Coloured Petri Nets



Table 3. Evaluation of DDD on some DVE and CPN instances.

Std. ComBack

Strat. No DDD |DDD(0.1) | DDD(0.2) | DDD(0.5) | DDD(1)
T7 ET (T ET|(Tr ET | Tt ET | Tt E7

dymo. 2" 4,196,714 states, 29,227,638 transitions
15,073 F 8.75 17.83|1.31 1941136 1.90(1.40 1.87|1.45 1.86
Fa0-Dso| 4.97 9.05[1.88 2.97|1.92 2.87|2.00 2.85|2.02 2.75

dymo .6 1,256,773 states, 7,377,095 transitions

1,429 F 11.64 15.17|1.91 2.00{1.84 1.91|1.80 1.85|1.79 1.82
F20-Dsgo| 898 10.51(2.41 2.57|2.32 2.49|2.24 2.37|2.14 2.24

g erdp.2" 4,277,126 states, 30,503,876 transitions
g 6,324 F 10.08 26.58 (1.85 3.16[1.89 297|1.84 2.77|1.83 2.65
g F20-Dsgo| 4.84 10.80(1.75 3.16(1.79 3.01|1.90 2.82|1.89 2.71

:2 erdp.3” 2,344,208 states, 18,739,842 transitions
Al 3,784 F 9.99 22.13|2.07 3.17(1.98 297|1.89 2.78|1.83 2.66
© F20-Dso| 5.44 10.04(2.14 3.23|2.06 3.06|1.98 2.87|1.92 2.75

protocol.3” 2,130,381 states, 11,584,421 transitions
424 F 34.17 45.85(5.32 6.95(4.71 6.08|4.16 5.25|3.80 4.77
F20-Dgo | 18.20 25.89(5.12 6.73 |4.61 6.02|4.13 5.29|3.82 4.82

telephones.2 1,004,967 states, 11,474,892 transitions
894 F 3.90 8.06|1.76 2.78(1.64 2.54|1.53 2.30|1.45 2.13
F20-Dsgo| 290 5.32(1.85 293 |1.77 2.76|1.68 2.58|1.60 2.39

brp.4 12,068,447 states, 25,085,950 transitions
16.4 F 9.37 23.02|4.42 3.39|3.76 2.74]12.89 1.87|2.51 1.48
Fa0-Dsgo| 7.27 10.80(5.14 3.04 |4.57 2.55|3.65 1.85|3.22 1.53

brp2.6 5,742,313 states, 9,058,624 transitions
6.5 F 8.20 16.79|7.86 5.64(6.68 5.16|6.62 5.26|6.41 5.27
F20-Dsgo| 5.59 7.06(8.55 5.31(6.03 3.88|7.16 4.85|7.07 4.91

é] cambridge.7 11,465,015 states, 54,850,496 transitions
= 197 F 23.12 65.4311.92 3.12|1.90 3.05|1.88 2.97|1.83 2.83
g F20-Dsgo| 2.83 5.63(1.79 2.40(1.79 2.38|1.78 2.36|1.75 2.30

5 firewire link.5" 18,553,032 states, 59,782,059 transitions
> 358 F 3.34 354|130 1.181.26 1.14(1.23 1.11|1.22 1.10
A Fa0-Dsgo| 145 1.32(1.32 1.15(1.29 1.12|1.26 1.10|1.26 1.09

needham. 4 6,525,019 states, 22,203,081 transitions
20.2 F 229 241|173 129|174 1.29|1.75 1.28|1.75 1.27
F20-Dgo| 2.08 1.72(1.98 1.33(2.00 1.33|2.01 1.33|2.01 1.32

synapse.7 10,198,141 states, 19,893,297 transitions
24.4 F 9.11 13.53|2.02 1.42(2.02 1.41(2.01 1.39]2.00 1.36
Fo0-Dsgo| 243 1.94(2.21 1.31(2.21 1.31|2.22 1.31|2.23 1.30
Parameters for CPN instances | . . cache size 0.1% ?f the} state space

items in the queue state identifiers
cache size 1% of the state space

Parameters for DVE instances

items in the queue

full state descriptors




(100-10,000 bytes) are usually much larger than those of DVE models (10-500
bytes). For each instance we performed 6 tests: one with a standard storage
method, i.e., full state descriptors are kept in the visited set, (column Std.), one
with the ComBack method without delaying detection (column No DDD) and
four with delayed detection enabled with different candidate set sizes expressed
as a fraction as the memory given to the cache (columns DDD(0.1), DDD(0.2),
DDD(0.5) and DDD(1)). For CPN instances, we kept identifiers in the queue
rather than full state descriptors—as described in [T9], Variant 4 of Section 5.
Most of the instances studied have rather large levels (typically more than 10%
of the state space) which prevented us from keeping full state descriptors. The
optimization described in Section that consists of grouping the reconstruc-
tion of queued identifiers was turned on and each block of states reconstructed
from the queue had the same size as the candidate set. Hence, when DDD was
not used this optimization was turned off. In column Std. we provide the ex-
ecution time in seconds using a standard search algorithm. In columns TT we
measure the run-time increase (compared to the standard search) as the ratio

execution time of this run : :
T (with standard search) and in column ET the increase of the number of event exe-

cutions as the ratio Svent exccutions during this run gy 06 g value of 1 for E] means
transitions of the graph ’ A K

that we executed exactly the same number of events as the basic algorithm and
that no state reconstruction occurred. Some runs using standard storage ran of
out memory. This is indicated by a x following the instance name. For these, we

provide the time obtained with hash compaction as a lower approximation.

We notice that DDD is indeed useful to save the redundant exploration of
transitions during reconstruction, and this, even with small candidate sets. Typ-
ically, the number of executions is reduced by a factor of 3-5 or even more if we
keep identifiers in the queue and group their reconstruction. It seems that, using
BEF'S, states generated successively are “not so distant” in the graph so their
reconstructing sequences are quite similar, which allows many sharings. This
especially holds during the reconstruction of queued states. Two states recon-
structed this way often have the same predecessor in the backedge table (since
they have been generated from that state) or at least a common ancestor of low
degree. Hence, the average decrease of executions is more sensible for CPNs.

However, although DDD saves many redundant operations in state recon-
structions, this does not always impact on the time saved as we would have
expected. Indeed DDD is much more interesting when analyzing CPN instances
rather than DVE instances. If we consider for example the average increase in
the number of events and in the run-time of the 63 DVE instances with caching
strategy Fao-Dso (see Table we could reduce the number of events executed
by more than a factor of 2 (4.00 — 1.63) whereas the average time (3.45 — 2.65)
did not decrease in a comparable way. The reason is that executing an event is
much faster for DVE models than for CPN models. Events are typically simple
in the DVE language, e.g., a variable incrementation, whereas they can be quite
complex with CPNs and include the execution of code embedded in the transi-
tion. Therefore, the fact of maintaining the candidate set or successors lists has
a non negligible impact for DVE models which means that DDD reduces time



Table 4. Summary of data for Experiment 2.

(a) Average on all instances of time and event executions increase

Strat. No DDD DDD(0.1) | DDD(0.2) | DDD(0.5) DDD(1)
TT ET T ET | T1 ET | TT ET | TT ET
Average on 63 DVE instances

F 7.15 1340 | 270 212|259 199|243 181|236 1.66
F20-Dgo | 3.45 4.00 | 292 196|281 186|271 1.74|265 1.63
Average on 12 CPN instances

F 16.25 24.03 | 4.05 4.98 | 3.45 4.18 | 2.97 3.52 | 2.71 3.20
F20-Dgo | 9.59 13.61 | 3.77 4.81 | 3.36 4.24 | 3.01 3.72 | 2.83 3.44

(b) Distribution of the values in column E7 for the 63 DVE instances

Strat. F Strat. on—Dso

Candidate set size Candidate set size
Range of ET 0 01 02 05 1 0 01 02 05 1
1 - 1.25| 3 9 9 13 141 3 8 8 11 14
1.25 — 1.50 | 2 8 8 7 15| 6 9 10 12 17
1.50 - 1.75| 0 0 1 6 9 6 5 7 9 9
1.7 - 2 1 11 15 18 15| 2 15 15 18 13
2 - 4 5 33 28 18 9 (|24 24 22 12 9
> 4 52 2 2 1 1122 2 1 1 1

only if the number of executions decreases in a significant way, e.g., for instance
brp.4.

We saw in the previous experiment that model characteristics largely impact
on the performance of caching strategies and, hence, that a significant increase
in the size of the cache did not necessarily lead to the expected decrease of
event executions. This assertion is less valid when duplicate detection is used
as we can see from Table This one gives, for each configuration (caching
strategy and candidate set size), the distribution of values in column E7 for all
63 DVE instances (rather than the 6 selected). We notice that, by using a very
small candidate set (0.1% of the state space), the number of instances in the
last range, i.e., with ET > 4, is drastically reduced and, more generally, that
allocating more states to the candidate set always brings some improvement.
With the largest candidate set size (1% of the state space), duplicate detection
generated less event executions than the exploration algorithm, i.e., ET < 2, for
53 instances out of the 63 selected, regardless the caching strategy. Instances
cambridge.7 and brp2.6 (see Table Bl) belong to the 10 instances that do not
have this property. To sum up, increasing the candidate set size is (almost) always
useful; and the benefit of DDD is hence more predictable than the benefit of state
caching (which depends to a large extent on the characteristics of model).

A somewhat negative observation is that the relative advantage of strategy
Fs9-Dgo previously observed in Experiment 1 is lost when DDD is used. We
indeed observe that numbers reported in Table are roughly the same for



both strategies: the caching strategy impacts less when delayed detection is used.
For DVE instances the algorithm executed slightly more events with strategy F
but was also faster. This is due to the time overhead induced by the distance
based strategy: each time a state is likely to enter the cache we have to verify
in the backedge table that none of its ancestors of degree k (5 in our case)
is itself cached. For CPN instances, strategy F generally lead to fewer event
executions. Since we stored identifiers instead of full state descriptors in the
queue, a fifo cache was more appropriate: by keeping states of the last BFS
levels, the probability that an unprocessed state that has to be reconstructed
is cached greatly increases. Hence, the grouped reconstruction of queued states
occurs less frequently.

These results are best explained in light of the observations made in the first
experiment. The goal of strategies F and D are indeed different. The first one
reduces the number of reconstructions while the second one reduces the number
of events executed per reconstruction. Thus, delayed duplicate detection and
caching strategy D work at the same level and may be redundant whereas DDD
is fully complementary to strategy F. Hence, it is not surprising that DDD brings
better results when combined with a fifo caching strategy.

5.3 Experiment 3: Optimal Use of Available Memory

In this last experiment we look at a more practical problem. We basically want
to know how to tune the different parameters of the ComBack algorithm in order
to guarantee a good reduction of the execution time, whatever the input model.
This is of interest since the previous experiments stressed that huge variations
can be observed for one model when using different combinations of the various
extensions we proposed.

First, let us note that by keeping state identifiers in the queue we bound the
number of full state descriptors used by the algorithm. Each of these descriptors
may be kept in three places: in the queue (if we group the reconstruction of
states waiting to be processed), in the cache or in the candidate set. Now, let
us suppose that the user has an idea of the available memory and the full state
descriptor sizd. From this user supplied information, we can roughly decide on a
maximal number of full state descriptors that may reside in memory. Since there
is an obvious conflict between the data structures used by the algorithm, i.e., a
full state descriptor may only be kept in one of these, we have to decide which
portion should be allocated to the queue, to the cache and to the candidate set.
Hence, the problem considered is the following. Given a maximal number of full
state descriptors F given to the algorithm, find the configuration that minimizes
the extra time introduced by the ComBack method. By configuration we mean
here a tuple (S, F¢, Feg, Fq) where S is a caching strategy and F., Fes and
F,, are respectively the proportion of the F states allocated to the cache, to the
candidate set and to the queue.

6 Otherwise, a partial search exploring a sample of the state space can provide a rather
good approximation of this size.



To try to answer this question we performed numerous runs using the differ-
ent instances and parameters listed by Table@ (naturally, under the constraint
that Fo + Fos + Fo= 1). We voluntarily selected small values for parameter F
and large state spaces (with respect to F) to simulate verification runs where the
state space is large, e.g., 107 states, and the state descriptor is so large that only
a small fraction of them can be kept in main memory. We did not experiment
with values greater than 0.4 for parameter F, as beyond this bound the per-
formance of the algorithm quickly degraded. Table summarizes our results.
The performance reported in column E7 is the average over all instances of event
executions increase (see Table[ll). Note that the table has been sorted according
to the values reported in that column. For the sake of clarity we only report the

Table 5. Summary of data for Experiment 3.

(a) Parameters used for experimentation

F < { 100, 1,000, 10,000 }
Fo €{0,01,02 ...,1}
Parameters Fos € {0,0.1,0.2,...,1}
Fo, € {0,0.1,02 03,04}
S € {F, Fa-Dso, Fgo-D2o }
all DVE instances with
[100 - F — 1,000 - F] states

Selected instances

(b) Results

F=10? (58 instances) F=10® (46 instances)

Configuration ET Configuration ET

S FC ch FQ S Fc FCS FQ
Fso-D2o 0.5 0.3 0.2 6.51 Fgo-D2o 0.6 0.2 0.2 5.45
F 04 03 03 6.64 F 04 03 0.3 5.54
F2-Dgp 09 0 0.1 8.91 Fa0-Dgo 09 0 0.1 9.51
Fa0-Dgo 0.5 05 0 13.7 F20-Dgg 0.8 0.2 0 13.3
Fso-D2o 0.8 0.2 0 16.5 Fgo-D2o 0.8 0.2 0 18.4
F 1 0 0 25.9 F 1 0 0 34.6
- 0 1 0 30.9 - 0 1 0 74.4

F=10" (41 instances)

Configuration ET

S FC FCS FQ
Fgo-D2o 0.6 0.3 0.1 3.59
F 04 03 03 3.72
Fgo-D2g 0.8 0.2 0 6.58
Fao-Dgo 0.9 0 0.1 7.42
Fso-D2o 0.1 0.9 O 13.7
- 0 1 0 20.7
F 1 0 0 29.5




performance of a few configurations including the ones that performed the best
and the worst. We can make the following observations regarding this data.

— First, for each of the three tables, the top part is occupied by configurations
using the three techniques (i.e., for which F;>0, Fos>0 and Fy>0) while
the bottom part is almost only composed of configurations for which one
of these parameters is set to 0. Hence, none of these techniques should be
disabled.

— All other things being equal, strategy Foo-Dgo is outperformed by strategies
F and Fgg-Dog. It is therefore preferable to allocate more states to a fifo
cache although a small distance based cache can bring some improvements
compared to a pure fifo cache.

— It seems that the best way to proceed is, whatever the value of F, to at-
tribute the majority of the memory to the cache (50-60%), a small amount
to group the reconstruction of queued states (10-20%) and the remainder to
the candidate set for delayed duplicate detection (20-40%). Although this
information is not provided by the table, these are also the configurations
for which the standard deviation is the lowest, meaning that the perfor-
mance of the algorithm is more predictable and depend less on the specific
characteristics of the state space.

6 Conclusion

The ComBack method has been designed to explicitly store large state spaces of
models with complex state descriptors. The important memory reduction factor
it may provide is however counterbalanced by an increase in run-time due to the
on-the-fly reconstruction of states. We proposed in this work two ways to tackle
this problem. First, strategies have been devised in order to efficiently maintain
a full state descriptor cache, used to perform less reconstructions and shorten
the length of reconstructing sequences. Second, we combined the method with
delayed duplicate detection to group reconstructions and save the execution of
events that are shared by multiple sequences. We have implemented these two
extensions in ASAP and performed extensive experimentation on both DVE
models from the BEEM database and CPN models from our own collection.
These experiments validated our proposals on many models. Compared to a
random replacement strategy, a combination of our strategies could, on an aver-
age made over a hundred of DVE instances, decrease the number of transitions
visited by a factor of five. We also observed that delayed duplicate detection is
efficient even with very small candidate sets. In the best cases, we could even
approach the execution time of a hash compaction based algorithm. Moreover,
by storing identifiers instead of full descriptors in the queue we bound the num-
ber of full state descriptors that reside in memory. Hence, our data structures
can theoretically consume less memory during the search than hash compaction
structures. We experienced this situation on several occasions.

In this work, we mainly focused on caching strategies for a breadth-first
search. BF'S is helpful to find short error-traces for safety properties, but not if



we are interested in the verification of linear time properties, which is inherently
based on a depth-first search. The design of strategies for other types of searches
is thus a future research topic. In addition, the combination with delayed dupli-
cate detection opens the way to an efficient multi-threaded algorithm based on
the ComBack method. The underlying principle would be to have some threads
exploring the state space and visiting states while others are responsible for per-
forming duplicate detection. We are currently working on such an algorithm.

Acknowledgments. We thank the anonymous reviewers for their detailed com-
ments that helped us to improve this article.
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A Detailed data for experiment 1

In this appendix we provide detailed results on the first experiment described
in Section Bl that evaluated the caching strategies proposed in Section Bl Input
models were 143 DVE instances of the BEEM database having from 10,000 to
10,000,000 states.

Table [l contains data for each instance. Its interpretation may be found in
Section |l Averages on all instances may be found in Section Bl Table



Table 6. Evaluation of caching strategies on 143 DVE instances.

Cache R F H on F50 Fso D on F50 Fso
size Hso | Hso | Hao Dgo | Dso | D2o
anderson.4 29,641 states, 97,516 transitions
10" [1.4 M[0.866[1.158 1.158 | 0.937 | 0.937 [1.152] 1.152 | 0.946 [0.946
103 | 1.1 M| 0.617 |1.018| 0.680 | 0.629 | 0.612 |0.974 | 0.627 | 0.540 | 0.545
102 934 K| 0.511 [0.646| 0.416 | 0.423 | 0.430 | 0.513|0.331 | 0.369 | 0.418
107! {277 K| 1.119 [0.540| 0.294 | 0.554 | 0.920 |0.647|0.187 | 0.222 |0.416
at.1 39,354 states, 108,438 transitions
107 [1.1 M[0.905]1.074] 1.074 | 0.978 | 0.907 [ 1.086 | 1.086 | 0.983 [ 0.944
10 | 1.0 M | 0.726 [0.991| 0.740 | 0.671 | 0.686 | 1.055| 0.779 | 0.708 |0.675
102 | 911 K| 0.641 |0.636| 0.403 | 0.437 | 0.481 |0.561 | 0.356 | 0.411 |0.506
10! |305 K| 1.174 |0.512| 0.399 | 0.457 | 0.550 |0.571]0.291 0.313 |0.599
at.2 49,4438 states, 146,940 transitions
10% [1.7 M ] 0.904 [1.046] 1.046 | 0.927 [0.897[1.093 | 1.093 | 0.945 [0.927
1073 | 1.5 M| 0.729 |0.922| 0.704 | 0.663 | 0.676 |0.966 | 0.743 | 0.679 | 0.681
102 | 1.3 M | 0.669 |0.632| 0.413 | 0.435 | 0.481 |0.543|0.359| 0.404 |0.517
107! 427 K| 1.099 |0.532| 0.402 | 0.455 | 0.595 |0.578 | 0.297 | 0.312 |0.544
at.3 1,711,620 states, 6,075,360 transitions
10" [ 97 M | 0.755 [1.006 | 0.719 [ 0.680 | 0.684 [ 1.056 | 0.745 | 0.689 [0.693
10 | 91 M | 0.668 |0.893 | 0.526 | 0.507 | 0.519 |0.795 | 0.508 | 0.519 |0.542
102 | 78 M | 0.684 |0.469| 0.303 | 0.351 | 0.414 | 0.408 |0.263 | 0.319 | 0.408
10 | 24 M | 1.534 [0.387| 0.240 | 0.310 | 0.514 |0.457|0.219| 0.254 |0.413
at.4 6,597,245 states, 25,470,140 transitions
10 [389 M 0.631 [1.071] 0.569 [0.539] 0.547 [1.089 | 0.575 | 0.550 [0.550
10 373 M| 0.576 [0.822 0.381 | 0.388 | 0.416 | 0.775|0.360 | 0.367 | 0.419
1072 | 345 M| 0.585 |0.400| 0.180 | 0.207 | 0.270 [0.391 | 0.177| 0.206 |0.261
10 |120 M| 1.305 | 0.382|0.162 | 0.202 | 0.273 |0.444 | 0.169 | 0.211 |0.316
bakery.3 32,919 states, 85,061 transitions
10% [1.5 M [0.644]1.368] 1.368 | 0.782 | 0.703 [1.361] 1.361 | 0.783 [0.703
103 | 1.3 M| 0.419 |1.191| 0.434 | 0.404 | 0.402 |0.964 | 0.390 | 0.384 |0.401
102 | 930 K | 0.457 |0.635 | 0.335 | 0.358 | 0.415 | 0.495|0.303 | 0.337 |0.368
10t [ 179 K| 1.719 [0.910 | 0.642 | 0.945 | 1.360 | 0.804|0.198 | 0.319 |0.724
bakery.4 157,008 states, 411,843 transitions
107 [9.2 M [0.468[1.383] 0.656 | 0.521 | 0.473 [1.382] 0.662 | 0.527 [0.475
10 | 8.4 M | 0.308 |1.222 0.308 | 0.283 | 0.279 |0.979| 0.276 | 0.268 |0.292
102 | 5.8 M| 0.325 |0.721| 0.187 | 0.220 | 0.271 |0.414|0.151| 0.177 |0.211
107! | 641 K| 2.402 [1.044| 0.299 | 0.659 | 1.113 [1.072]0.169 | 0.272 |0.467
bakery.5 7,866,401 states, 27,018,304 transitions
10% [1.2G [0.402 [1.192] 0.364 | 0.363 | 0.367 [0.995]0.329] 0.342 [0.365
10 | 1.1 G | 0.377 |0.604 | 0.229 | 0.247 | 0.287 |0.403|0.197 | 0.220 |0.258
1072 {486 M| 0.514 |0.450| 0.275 | 0.299 | 0.354 |0.305|0.189 | 0.228 |0.297
10 | 63 M | 3.247 |0.710| 0.449 | 0.813 | 1.483 |0.841|0.153| 0.240 |0.600
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size

F2o
Hso

Fso
Hso

Fso
Hao

D

Fa2o
Dso

Fso
Dso

Fso
D2o

bopdp. 1

12,642

states,

24,039

transit

10ns

107*
1073
1072
10t

377 K
313 K
211 K
26 K

0.900
0.637
0.242
0.909

1.127
0.993
0.553
0.829

1.127
0.719
0.217
0.215

1.127
0.621
0.169
0.283

1.127
0.608
0.169
0.436

1.104
0.901
0.405
1.244

1.104
0.641
0.173
0.139

1.104
0.601
0.146
0.196

1.104
0.609
0.159
0.288

bopdp.2

25,685

states,

72,968

transit

ons

1071
1078
1072
107!

21 M
1.8 M
1.2 M
214 K

0.936
0.813
0.764
1.272

1.036
0.805
0.470
0.506

1.036
0.669
0.345
0.358

0.943
0.676
0.366
0.487

0.943
0.754
0.473
0.662

1.032
0.693
0.318
0.655

1.032
0.615
0.246
0.236

0.944
0.652
0.304
0.138

0.944
0.730
0.396
0.368

bopdp.3

1,040,953 stat

es, 2,74

7,408 transitions

1077
1073
1072
107!

66 M
58 M
41 M
6.2 M

0.640
0.472
0.372
1.678

1.150
0.952
0.467
0.689

0.756
0.432
0.204
0.195

0.642
0.396
0.210
0.381

0.616
0.405
0.241
0.615

1.113
0.871
0.356
0.838

0.733
0.402
0.171
0.149

0.639
0.378
0.173
0.189

0.612
0.397
0.222
0.324

brp.1

18,928

states,

35,772

transit

0ns

107?
1073
1072
10t

587 K
450 K
298 K
44 K

0.949
0.339
0.476
1.818

1.240
1.244
0.568
0.766

1.240
0.528
0.267
0.424

1.240
0.368
0.304
0.664

1.240
0.350
0.392
1.083

1.238
1.266
0.495
1.055

1.238
0.522
0.254
0.284

1.238
0.365
0.303
0.409

1.238
0.348
0.414
0.921

brp.2

29,188

states,

58,151

transit

0ns

1077
1078
1072
107!

1.1 M
955 K
667 K
94 K

0.727
0.380
0.530
2.322

1.310
1.167
0.568
0.785

1.310
0.434
0.324
0.572

1.066
0.379
0.356
0.793

1.066
0.369
0.416
1.430

1.309
1.138
0.568
0.876

1.309
0.452
0.327
0.328

1.066
0.376
0.372
0.445

1.066
0.368
0.423
1.059

brp.3

996,62

7 states

, 2,047,

490 transition.

S

102
1073
1072
10t

69 M
66 M
34 M
39 M

0.437
0.456
0.813
4.268

1.342
0.635
0.477
0.828

0.443
0.287
0.372
0.692

0.409
0.304
0.434
1.217

0.422
0.358
0.491
1.840

1.376
0.692
0.413
0.747

0.465
0.303
0.359
0.296

0.421
0.316
0.479
0.481

0.429
0.387
0.571
1.461

brp2.1

42,285

states,

60,962

transit

10ns

107?
1078
1072
10t

808 K
751 K
502 K
57 K

0.435
0.390
0.496
2.635

1.470
1.225
0.943
0.674

1.470
0.359
0.277
0.373

0.558
0.343
0.325
0.544

0.440
0.397
0.378
1.003

1.469
1.206
0.907
0.920

1.469
0.356
0.276
0.268

0.558
0.418
0.303
0.387

0.440
0.397
0.473
1.013

brp2.2

61,464

states,

89,007

transit

10ns

1077
1073
1072
107!

1.4 M
1.3 M
932 K
134 K

0.592
0.566
0.734
2.309

1.127
0.743
0.550
0.676

0.831
0.390
0.353

0.563
0.399
0.384

0.445

0.672

0.553
0.452
0.429

1.122
0.731
0.543

1.306

0.830
0.389
0.370

0.585

0.230

0.563
0.399
0.399
0.524

0.553
0.448
0.423
1.074




Cache R F H on F50 Fgo D on F50 Fgo
size Hso | Hso | Ho2o Dgo | Dso | D2o
brp2.3 40,184 states, 57,966 transitions
10" [ 757 K [0.443]1.482] 1.482 | 0.570 [0.448]1.482] 1.482 | 0.570 [0.448
10 | 708 K | 0.395 | 1.240 | 0.366 |0.352|0.401|1.379| 0.362 | 0.423 |0.401
102 | 479 K | 0.498 |0.946 | 0.283 | 0.345 |0.381 |0.913| 0.286 | 0.312 |0.405
10! | 47K | 3.071 |0.787| 0.435 | 0.638 |1.182|1.058|0.303| 0.436 |1.113
brp2.4 679,993 states, 1,065,222 transitions
107 | 22 M [ 0.291 [1.350] 0.243 | 0.236 [0.301[1.296 | 0.234 | 0.243 [0.237
10 | 21 M | 0.250 | 1.196 | 0.156 | 0.166 |0.178 | 1.022|0.141 | 0.150 |0.164
102 | 11 M | 0.398 |1.275| 0.151 | 0.168 |0.201 |0.755|0.116 | 0.132 |0.169
101 | 967 K | 3.569 |0.974 | 0.569 | 0.729 [0.932|1.032|0.139| 0.289 |0.698
brp2.5 298,111 states, 430,858 transitions
10% [ 7.6 M | 0.381 [1.317] 0.319 [0.310]0.384 [ 1.584 [ 0.319 | 0.390 [0.384
103 | 7.3 M | 0.359 | 1.065 | 0.226 | 0.257 |0.264 |0.989|0.214 | 0.230 |0.274
102 | 4.4 M | 0.519 |0.881| 0.175 | 0.196 |0.250 | 0.829 | 0.166 | 0.192 |0.245
107! | 458 K | 3.549 |0.717] 0.526 | 0.667 |0.922 |0.755 | 0.209 | 0.495 |0.956
brp2.6 5,742,313 states, 9,058,624 transitions
10" [420 M | 0.367 [1.332] 0.311 | 0.302 [0.309]1.240] 0.291 [0.285]0.303
1072 | 400 M | 0.379 |1.110| 0.249 | 0.259 |0.282 |0.936 | 0.224 | 0.232 |0.258
1072 | 227 M | 0.628 |1.203 | 0.307 | 0.337 |0.374 |0.847|0.241 | 0.273 |0.319
1000 | 15 M | 7.983 |2.959 | 1.980 | 2.544 |3.325|0.719|0.150| 0.328 |2.251
cambridge.1 11,339 states, 26,768 transitions
10% [ 351 K [0.996 [ 1.056 | 1.056 | 1.056 [1.056 [ 1.054 | 1.054 | 1.054 [1.054
10 | 300 K | 0.682 |0.894 | 0.752 | 0.648 | 0.644 | 0.857| 0.727 | 0.636 | 0.637
102 | 252 K | 0.713 | 0.369 | 0.264 | 0.341 |0.470|0.350 | 0.265 | 0.358 |0.491
10 | 47K | 2.093 [0.395 | 0.242| 0.315 |0.635 | 0.747 | 0.340 | 0.399 |0.552
cambridge.2 15,940 states, 60,907 transitions
10" [ 1.0 M [0.993]1.028] 1.028 | 1.028 [1.028[1.028] 1.028 | 1.028 [1.028
103 | 1.0 M | 0.848 | 0.775| 0.727 | 0.731 |0.798 | 0.776 | 0.706 | 0.722 |0.787
102 | 914 K | 0.896 | 0.278 | 0.259 | 0.346 | 0.528 | 0.276 | 0.291 | 0.337 |0.541
10t | 154 K | 2.557 | 0.323{0.280 | 0.373 | 0.547|0.625| 0.474 | 0.496 | 0.578
cambridge.3 18,138 states, 45,536 transitions
10" [648 K| 1.004 [ 1.056] 1.056 | 1.056 | 1.056 | 1.056 | 1.056 | 1.056 | 1.056
10 | 546 K | 0.695 | 0.897| 0.730 | 0.643 |0.652|0.891 | 0.703 |0.630 | 0.652
102 | 479 K | 0.706 | 0.337[0.230 | 0.307 |0.456 | 0.373| 0.300 | 0.296 |0.426
10! 80 K | 2.137 |0.410|0.240| 0.307 |0.547 | 0.802 | 0.385 | 0.368 |0.448
cambridge.4 60,463 states, 153,956 transitions
10% [ 3.0 M [0.758[1.105] 1.027 | 0.842 [0.782[1.108 | 1.026 | 0.841 [0.782
10® | 2.7 M | 0.642 | 0.760 | 0.524 | 0.547 |0.591 | 0.749 | 0.532 | 0.526 |0.596
102 | 2.2 M | 0.781 |0.274| 0.203 | 0.267 |0.436 | 0.228 | 0.171 | 0.280 |0.423
10! | 210 K | 2.349 | 0.541 | 0.312| 0.424 |0.791 | 1.057 | 0.471 | 0.483 |0.690




Cache R F H on F50 Fgo D on F50 Fso
size Hso | Hso | Hao Dgo | Dso | D2o
cambridge.5 698,912 states, 3,199,507 transitions
107 [129 M | 0.859 [0.977] 0.809 [0.799] 0.848 [0.996 | 0.826 | 0.824 [0.803
10% | 126 M | 0.862 |0.612| 0.570 | 0.648 | 0.722 | 0.504 | 0.490 | 0.603 | 0.722
102 | 96 M | 1.094 {0.191 | 0.174 | 0.228 | 0.410 | 0.173 |0.165 | 0.228 | 0.360
10 | 6.1 M | 1.969 | 0.483|0.400 | 0.601 | 0.718 | 0.921 | 0.655 | 0.603 | 0.596
cambridge.6 3,854,295 states, 9,483,191 transitions
107 402 M| 0.652 [1.112] 0.593 | 0.602 | 0.616 [ 1.100[0.586 | 0.589 | 0.625
10 | 391 M | 0.669 | 0.558 | 0.390 | 0.480 | 0.563 |0.397 |0.282 | 0.416 |0.559
102 | 225 M | 1.108 | 0.227| 0.152 | 0.201 | 0.301 | 0.158 [0.127| 0.152 | 0.288
100 | 11 M | 1.349 [ 0.699 | 0.418 | 0.419 | 0.670 | 1.332| 0.571 | 0.2780.456
collision.2 12,661 states, 28,144 transitions
10* [533 K| 1.016 [1.012] 1.012 | 1.012 | 1.012 [ 1.013 | 1.013 | 1.013 [ 1.013
1073 | 451 K | 0.748 | 1.035| 0.919 | 0.758 |0.739|0.961 | 0.885 | 0.793 | 0.758
102 | 356 K | 0.609 |0.422] 0.284 | 0.331 | 0.504 | 0.372|0.227 | 0.312 | 0.450
10! 61 K | 2.282 |0.484|0.197| 0.324 | 0.588 | 0.708 | 0.257 | 0.227 | 0.588
collision.3 484,530 states, 1,018,734 transitions
107 [ 30 M [ 0.856 [1.034] 0.874 | 0.843 [0.818[0.981 0.833 | 0.823 [0.870
103 | 27 M | 0.764 | 0.808 | 0.583 | 0.596 | 0.624 |0.735| 0.557 | 0.535 | 0.647
102 | 22 M | 0.764 |0.455| 0.318 | 0.351 | 0.464 |0.288 |0.222| 0.275 | 0.401
10! | 2.2 M | 4.915 | 0.464 [ 0.309 | 0.585 | 1.017 | 0.765 | 0.315 | 0.322 | 0.923
cyclic_scheduler.3 229,374 states, 1,597,440 transitions
10% | 59 M [ 0.742 [1.031] 0.824 | 0.725 [0.659]0.974 | 0.899 | 0.689 | 0.660
10 | 49 M | 0.462 {0.991 | 0.508 | 0.419 | 0.381|1.000 | 0.498 | 0.417 | 0.416
102 | 28 M | 0.073 |0.214| 0.045 | 0.056 | 0.088 | 0.221 | 0.047 | 0.040|0.086
100 | 1.7 M | 0.075 | 0.942 0.027 | 0.030 | 0.034 | 2.192 |0.011 | 0.018 | 0.027
cyclic_scheduler.4 473,414 states, 1,736,712 transitions
107 | 43 M [0.154]1.395] 0.520 | 0.290 | 0.170 |1.440] 0.562 | 0.277 [0.176
103 | 39 M 0 1.168 | 0.031 0 0 1.052| 0.023 0 0
102 | 28 M 0 0.895 0 0 0 0.691 0 0 0
10t | 1.6 M | 0.008 |1.532 0 0 0.001 |2.080 0 0 0.001
driving phils.1 14,889 states, 28,595 transitions
10" [ 910 K [0.933]1.203] 1.203 | 1.203 | 1.203 [1.204 | 1.204 | 1.204 [1.204
10 | 741 K | 0.472 |0.854 | 0.523 | 0.338 0.437 | 0.810| 0.561 | 0.357 |0.437
102 | 547 K | 0.454 |0.227| 0.131 | 0.162 | 0.273 | 0.152 | 0.082| 0.126 | 0.228
10! 73 K |2.906 |0.338|0.134| 0.179 | 0.333 | 0.573 | 0.178 | 0.191 | 0.314
driving phils.2 33,173 states, 81,854 transitions
10% [ 2.4 M [0.559]0.920] 0.920 | 0.703 | 0.571 [0.922] 0.922 | 0.703 | 0.571
10 | 2.1 M | 0.401 |0.452|0.156 | 0.170 | 0.188 | 0.648 | 0.239 | 0.276 | 0.187
102 | 1.6 M | 0.335 | 0.155 | 0.040 | 0.037 | 0.083 | 0.212 | 0.058 | 0.066 | 0.143
10! | 179 K | 2.388 | 0.504 | 0.096 | 0.097 | 0.153 | 0.712| 0.111 | 0.141 | 0.401




Cache R F H on F50 Fso D on F50 Fgo
size Hso | Hso | Hao Dgo | Dso | Da2o
elevator.3 416,935 states, 1,025,817 transitions
10" [ 21 M | 0.867 [1.004| 0.811 | 0.786 [0.784]1.004] 0.812 | 0.816 | 0.868
10 | 21 M | 0.857 |0.555 | 0.445 | 0.470 | 0.757 | 0.806 | 0.479 | 0.452 | 0.562
102 | 20 M | 0.871 [0.202|0.181 | 0.237 | 0.358 | 0.426 | 0.308 | 0.295 | 0.457
107! | 7.1 M| 2.320 [0.159]0.138 0.175 | 0.293 |0.266 | 0.217 | 0.231 | 0.608
elevator.4 888,053 states, 2,320,984 transitions
107 | 46 M [ 0.799 [1.006| 0.713 [0.698 | 0.719 [1.027] 0.728 | 0.726 | 0.740
10 | 44 M | 0.763 [0.707| 0.520 | 0.554 | 0.632 | 0.674 | 0.498 | 0.555 | 0.621
102 | 39 M | 0.713 [0.282]0.215] 0.258 | 0.348 |0.303 | 0.232 | 0.275 | 0.368
100 | 12 M | 1.919 |0.244 | 0.154 | 0.206 | 0.330 [0.364 | 0.191 | 0.249 | 0.428
elevator2.2 179,200 states, 1,036,800 transitions
10% | 14 M [ 0.939 [0.973] 0.952 | 0.906 |0.899[0.999] 0.977 | 0.940 | 0.916
103 | 11 M | 0.709 |0.948| 0.730 | 0.646 |0.626 [ 0.959 | 0.741 | 0.658 | 0.647
102 | 9.2 M | 0.398 |0.636 | 0.325 | 0.296 | 0.307 [0.619 | 0.329 | 0.304 | 0.309
10 | 2.6 M| 0.235 |0.543| 0.136 | 0.091 | 0.140 |0.896 | 0.135 | 0.067 | 0.133
elevator2.3 7,667,712 states, 55,377,920 transitions
10" [ 1.3 G [0.445[1.521 0.675 | 0.544 | 0.464 [1.490] 0.662 | 0.542 | 0.463
10° | 1.1 G [0.139|1.431| 0.322 | 0.221 | 0.154 |1.393| 0.315 | 0.222 | 0.151
102 | 774 M| 0.072 [0.710]| 0.060 | 0.058 | 0.062 | 0.455 | 0.044 | 0.050 | 0.060
10 | 67 M | 0.315 [1.726| 0.142 | 0.169 | 0.189 |1.997|0.114 | 0.118 | 0.168
extinction.2 10,061 states, 26,683 transitions
10% [567 K[0.851[1.151 | 1.151 | 1.151 | 1.151 [1.142] 1.142 | 1.142 | 1.142
10 | 437 K [0.355|1.053| 0.635 | 0.533 | 0.429 | 0.768 | 0.463 | 0.481 | 0.407
1072 | 281 K| 0.067 |0.465| 0.045 | 0.029 | 0.030 |0.394 | 0.047 | 0.029 |0.024
10! | 21 K 0 1.963 | 0.010 0 0 2.169| 0.010 0 0
extinction.3 751,930 states, 2,669,267 transitions
10% [ 87 M | 0.315 [0.911] 0.355 | 0.363 | 0.342 [ 0.754] 0.297 [0.246 | 0.248
103 | 76 M | 0.064 |0.611| 0.062 | 0.039 | 0.030 |0.500| 0.050 | 0.030 |0.027
102 | 48 M 0 0.408 | 0.010 | 0.002 0 0.304 | 0.006 | 0.001 0
10t [ 2.3 M| 0.001 |2.060 0 0 0 2.766 0 0 0
extinction.4 2,001,372 states, 7,116,790 transitions
107" [238 M| 0.187[1.238] 0.408 | 0.292 | 0.206 | 1.084] 0.346 | 0.257 | 0.199
10 216 M| 0.085 |0.647| 0.062 | 0.055 | 0.059 |0.407 | 0.040 |0.040 | 0.052
102 {107 M| 0.050 |0.305| 0.012 | 0.012 | 0.018 |0.282| 0.009 | 0.007 | 0.011
10! | 5.8 M| 0.574 [1.820]0.024 0.033 | 0.045 |2.439| 0.025 | 0.026 | 0.038
firewire link.2 55,887 states, 134,271 transitions
10% [ 5.2 M1 0.600 [1.163] 0.923 | 0.743 | 0.592 [1.163 ] 0.923 | 0.743 [0.592
10® | 4.2 M | 0.407 |0.466 | 0.166 | 0.155 | 0.308 |0.467 | 0.162 | 0.151 | 0.308
102 | 2.5 M | 0.083 |0.458| 0.056 | 0.020 | 0.023 |0.331| 0.038 |0.015 | 0.022
10 | 103 K | 0.424 |2.240| 0.120 | 0.114 | 0.082 |2.302| 0.057 | 0.020 | 0.085




Cache R F H on F50 Fso D on F50 Fgo
size Hso | Hso | Hao Dgo | Dso | Da2o
firewire link.4 24,330 states, 56,219 transitions
10" [1.4 M ]0.736[0.825 0.825 | 1.049 | 1.049 [ 0.825] 0.825 | 1.049 | 1.049
10 | 1.1 M | 0.093 |0.957 | 0.341 | 0.140 |0.061 [ 0.932| 0.328 | 0.132 | 0.093
102 | 775 K | 0.078 [0.692|0.019 | 0.022 | 0.029 |0.591 | 0.021 | 0.022 | 0.029
10! | 44 K | 0.243 [2.115| 0.084 | 0.145 | 0.198 |2.230|0.083 | 0.136 | 0.136
firewire_link.7 399,598 states, 1,096,535 transitions
107 |28 M [ 0.268 [0.977] 0.407 | 0.238 [0.179[0.956 | 0.404 | 0.240 | 0.179
10 | 25 M | 0.065 |0.883 | 0.058 | 0.040 | 0.034|0.888| 0.057 | 0.040 | 0.035
102 | 17 M | 0.093 |0.449 | 0.022 | 0.024 | 0.034 |0.340|0.018 | 0.021 | 0.038
101 | 1.3 M | 0.496 |1.489| 0.097 | 0.123 | 0.090 |1.603|0.069| 0.135 | 0.113
firewire _tree.3 86,556 states, 317,063 transitions
10% [6.9 M [0.699[1.297[ 1.040 | 0.809 | 0.735 [1.299] 0.773 | 0.809 | 0.735
103 | 5.6 M | 0.362 |0.922| 0.368 | 0.262 | 0.266 |0.851 | 0.368 | 0.242 | 0.304
102 | 3.9 M | 0.078 |0.756 | 0.082 | 0.049 | 0.041 [0.609 | 0.072 | 0.040 |0.034
10! 393K 0 2.138| 0.012 0 0 2.407| 0.017 0 0
firewire_tree.4 169,992 states, 630,811 transitions
107 [ 17 M [0.584[1.236 0.810 | 0.707 | 0.593 [ 1.184] 0.785 | 0.697 | 0.587
10 | 14 M | 0.314 |0.970| 0.338 | 0.252 | 0.261 |0.906 | 0.324 | 0.236 |0.230
102 | 8.6 M | 0.076 |0.810| 0.099 | 0.082 | 0.061 | 0.395|0.048 | 0.050 | 0.062
10! | 528 K 0 0.871 0 0 0 2.403 0 0 0
firewire_tree.b 3,807,023 states, 18,225,703 transitions
10* [824 M 0.502 [1.162| 0.510 | 0.463 | 0.478 [1.103] 0.490 | 0.435 | 0.447
10 | 706 M| 0.315 |1.068| 0.302 | 0.238 | 0.229 |0.817| 0.267 | 0.233 | 0.220
102 {247 M 0 0.817 | 0.149 | 0.072 | 0.005 | 0.473 | 0.068 | 0.020 | 0.003
10 | 14 M | 0.006 |1.026| 0.001 | 0.001 | 0.003 |2.804 0 0 0.001
fischer.2 21,733 states, 67,590 transitions
10 650 K|0.957[0.997 0.997 | 0.959 | 0.959 [1.020] 1.020 | 1.000 | 1.000
103 {614 K| 0.892 [0.949| 0.853 | 0.837 | 0.840 |0.949 | 0.859 | 0.845 | 0.859
102 |562 K| 0.853 [0.699 | 0.625 | 0.654 | 0.733 | 0.592|0.545 | 0.590 | 0.706
10t [ 241 K| 1.483 [0.358 | 0.385 | 0.548 | 0.905 | 0.441|0.327 | 0.399 | 0.609
fischer.3 2,896,705 states, 12,280,586 transitions
107" [202 M 0.874 [0.995] 0.820 | 0.799 | 0.797 [0.971] 0.805 | 0.796 [0.787
10 194 M| 0.823 [0.822| 0.668 | 0.699 | 0.718 | 0.753|0.615 | 0.669 | 0.707
1072 {174 M| 0.823 |0.412] 0.389 | 0.453 | 0.549 |0.324|0.281 | 0.357 | 0.537
107 | 57 M | 1.802 0.222]0.165| 0.251 | 0.517 [0.373| 0.226 | 0.269 | 0.437
fischer.4 1,272,254 states, 4,609,671 transitions
10% [ 48 M [ 0.852 [0.959 0.782 ] 0.757 | 0.751 [0.912] 0.748 [ 0.740] 0.754
10® | 45 M | 0.765 [0.763| 0.574 | 0.572 | 0.623 |0.643|0.513 | 0.549 | 0.573
102 | 42 M | 0.708 [0.314|0.210] 0.240 | 0.337 |0.353 | 0.236 | 0.249 | 0.345
101 | 18 M | 1.246 |0.276 | 0.181 | 0.220 | 0.298 |0.433 | 0.243 | 0.266 | 0.322




Cache R F H on F50 Fso D on F50 Fgo
size Hso | Hso | Hao Dgo | Dso | Da2o
fischer.6 8,321,728 states, 33,454,191 transitions
107" [396 M| 0.816 [0.975[ 0.735 | 0.710 | 0.704 [ 0.897] 0.686 [0.677 | 0.690
10 | 372 M| 0.728 |0.631 | 0.469 | 0.528 | 0.571 [0.528|0.380| 0.447 | 0.525
102 349 M| 0.685 [0.276]0.172 0.185 | 0.256 |0.329| 0.197 | 0.208 | 0.251
107! {159 M| 1.224 [0.244|0.145 0.182 | 0.241 |0.387| 0.200 | 0.226 | 0.273
gear.2 16,689 states, 21,767 transitions
10% [1.2 M [0.952[0.966] 0.966 | 0.966 | 0.966 |0.967 ] 0.967 | 0.967 | 0.967
10 | 849 K | 0.676 [0.186|0.183| 0.461 | 0.573 |0.183| 0.192 | 0.459 | 0.571
102 | 42 K | 4.475 [0.310|0.067| 0.069 | 0.094 |0.454 | 0.129 | 0.135 | 0.330
10! | 49K 0 0.846| 0.010 | 0.011 0 2.608 ] 0.143 | 0.022 0
iprotocol.2 29,99/ states, 100,489 transitions
10% [2.6 M[0.896[1.104[ 1.104 | 0.993 | 0.993 [1.120] 1.120 | 0.993 | 0.993
103 | 2.2 M| 0.705 [0.918| 0.663 | 0.657 | 0.677 |0.915| 0.664 | 0.668 | 0.690
102 | 1.4 M| 0.539 |0.378 | 0.231 | 0.232 | 0.326 |0.307|0.217| 0.236 | 0.328
10! | 117 K| 1.513 | 0.827|0.169 | 0.210 | 0.671 |1.553 | 0.292 | 0.304 | 0.261
iprotocol.3 1,018,456 states, 3,412,754 transitions
107" 140 M 0.641 [1.086 0.653 | 0.617 [0.611]1.066] 0.664 | 0.621 | 0.616
103 | 119 M| 0.385 | 0.647 | 0.290 | 0.280 | 0.282 |0.648 | 0.301 | 0.285 | 0.287
102 | 60 M | 0.636 [0.312] 0.085 | 0.108 | 0.197 |0.248|0.081 | 0.087 | 0.190
10 [ 2.9 M| 2.088 [1.350| 0.185 | 0.145 | 0.417 2.134| 0.304 | 0.221 | 0.197
iprotocol.4 3,290,916 states, 11,071,177 transitions
10% [439 M 0.481 [1.089] 0.528 | 0.451 | 0.428 [1.102] 0.540 | 0.422 [ 0.420
10 398 M| 0.351 [0.640| 0.193 |0.189 | 0.238 | 0.610| 0.192 | 0.190 | 0.227
102 {237 M| 0.528 |0.357| 0.080 | 0.106 | 0.161 |0.328|0.070 | 0.092 | 0.152
1000 | 11 M | 2.531 | 1.647| 0.227 | 0.286 | 0.434 [1.910| 0.349 | 0.163 | 0.479
lamport.1 29,242 states, 77,286 transitions
10" [1.1 M|0.850([1.157 1.157 | 0.905 | 0.905 [ 1.165] 1.165 | 0.904 | 0.904
103 [ 1.0 M | 0.659 |1.118| 0.735 | 0.663 | 0.638 | 1.052 | 0.704 | 0.670 | 0.643
102 {900 K | 0.629 |0.624 | 0.437 | 0.486 | 0.542 |0.424|0.292 | 0.369 | 0.522
10t 230 K| 1.809 [0.421| 0.264 | 0.391 | 0.712 | 0.558 | 0.260 | 0.293 | 0.509
lamport.2 110,920 states, 303,058 transitions
10" [5.7M]0.724 [1.168 0.836 | 0.736 [0.707]1.201] 0.855 | 0.753 | 0.723
10 |54 M| 0.677 |1.058| 0.635 | 0.630 | 0.627 | 0.989|0.627 | 0.634 | 0.644
102 | 4.7 M| 0.738 | 0.566 | 0.473 | 0.549 | 0.634 |0.411|0.339 | 0.424 | 0.589
107 [ 1.0 M | 2.692 |0.448| 0.401 | 0.706 | 1.212 |0.514|0.321 | 0.403 | 0.862
lamport.3 38,067 states, 102,747 transitions
10% [1.7M[0.829[1.135[ 1.135 [ 0.913 | 0.864 [1.132] 1.132 | 0.917 | 0.859
10® | 1.6 M | 0.717 [0.999 | 0.688 | 0.656 | 0.680 |0.900 | 0.666 | 0.658 | 0.670
102 [ 1.3 M| 0.702 [0.519] 0.392 | 0.428 | 0.551 |0.410|0.322 | 0.424 | 0.508
10" | 301 K| 2.043 |0.480| 0.361 | 0.469 | 0.825 |0.606 | 0.295 | 0.305 | 0.652




Cache
size

R F

Fa20
Hso

Fso
Hso

Fso
Hao

D

Fa2o
Dso

Fso
Dso

Fso
D2

lamport.5

1,066,800 stat

es, 3,630,664 transitions

107*
1073
1072
10t

75 M | 0.704
70 M | 0.611
59 M | 0.631
9.8 M | 2.610

1.122
0.919
0.457
0.520

0.702
0.516
0.261
0.308

0.662
0.501
0.308
0.400

0.650
0.523
0.398
0.712

1.112
0.848
0.335
0.720

0.701
0.478
0.207
0.295

0.657
0.477
0.264
0.301

0.664
0.511
0.364
0.518

lamport.6

8,717,688 stat

es, 81,502,176

transitions

1071
1078
1072
107!

912 M| 0.712
892 M| 0.698
759 M| 0.779
118 M| 3.517

1.056
0.799
0.396
0.411

0.621
0.480
0.308
0.341

0.615
0.499
0.358
0.525

0.628
0.555
0.463
1.022

1.039
0.754
0.270
0.530

0.610
0.473
0.225
0.322

0.607
0.487
0.308
0.367

0.629
0.537
0.423
0.737

lamport_nonatomic.1

20,434

states,

65,534

transit

10NS

1077
1073
1072
107!

759 K | 0.880
644 K| 0.609
541 K| 0.443
178 K | 0.753

1.052
1.061
0.706
0.763

1.052
0.699
0.306
0.272

0.931
0.574
0.277
0.293

0.931
0.571
0.307
0.319

1.138
0.980
0.702
0.791

1.138
0.686
0.300
0.245

0.931
0.609
0.282
0.268

0.931
0.566
0.308
0.332

lamport_nonatomic.2

12,958

states,

71,991

transit

10NS

107?
1073
1072
10t

472 K|0.957
398 K| 0.659
339 K| 0.504
111 K | 0.887

1.049
1.051
0.655
0.661

1.049
0.794
0.328
0.271

1.049
0.641
0.322
0.302

1.049
0.622
0.384
0.377

1.049
1.087
0.649
0.780

1.049
0.833
0.342
0.277

1.049
0.674
0.334
0.302

1.049
0.652
0.377
0.365

lamport_nonatomic.3

36,983

states,

123,337 transitions

1077
1078
1072
107!

1.5 M| 0.846
1.2 M| 0.564
1.1 M | 0.445
362 K| 0.821

1.081
1.005
0.667
0.672

1.081
0.587
0.257
0.250

0.904
0.503
0.252
0.269

0.845
0.487
0.279
0.312

1.157
0.993
0.614
0.788

1.157
0.567
0.249
0.230

0.984
0.496
0.258
0.250

0.845
0.511
0.287
0.326

lamport_nonatomic.4

1,257,304 stat

es, 5,360,727 transitions

102
1073
1072
10t

89 M | 0.627
81 M | 0.503
69 M | 0.423
15 M | 1.098

1.033
0.884
0.551
0.759

0.606
0.382
0.182
0.238

0.547
0.360
0.189
0.257

0.540
0.369
0.221
0.311

1.047
0.836
0.494
0.912

0.606
0.360
0.179
0.225

0.560
0.347
0.185
0.230

0.536
0.356
0.210
0.312

lann.1

18,424

states,

39,673

transit

10NS

107?
1078
1072
10t

652 K | 0.956
490 K | 0.314
352 K| 0.410
55 K | 1.904

1.195
0.992
0.451
0.561

1.195
0.380
0.177
0.182

1.195
0.270
0.214
0.327

1.195
0.288
0.253
0.659

1.190
1.051
0.377
1.014

1.190
0.378
0.173
0.194

1.190
0.274
0.212
0.252

1.190
0.295
0.333
0.715

lann.2

12,78

states,

34,192

transit

10NS

1077
1073
1072
107!

422 K|0.990
310 K| 0.290
247 K| 0.173
59 K | 0.535

1.174
1.402
0.805
0.632

1.174
0.852
0.156

0.154

1.174
0.431
0.142
0.190

1.174
0.335
0.156
0.385

1.170
1.343
0.629
0.991

1.170
0.824
0.147
0.096

1.170
0.427
0.151
0.111

1.170
0.330
0.153
0.278




Cache R F H on F50 Fso D on F50 Fso
size Hso | Hso | Hoo Dgo | Dso | Dao
lann.3 1,832,139 states, 8,725,188 transitions
107" [346 M] 0.526 [0.896 | 0.465 | 0.429] 0.439 [1.014| 0.512 [ 0.401 | 0.422
102 | 330 M| 0.504 |0.461|0.236 | 0.259 | 0.305 |0.474| 0.238 | 0.269 | 0.360
102 236 M| 0.689 [0.241| 0.156 |0.194| 0.258 | 0.171 |0.105 | 0.158 | 0.260
107! | 25 M | 4.628 |0.474|0.242|0.306 | 0.616 | 0.727 | 0.251 | 0.272 | 0.471
lann.4 966,855 states, 3,189,852 transitions
107 [ 56 M [0.229]1.573] 0.448 [0.275] 0.233 [ 1.519] 0.438 | 0.270 | 0.232
10 | 54 M | 0.215 |1.117] 0.167 |0.176| 0.191 {0.910 | 0.153 | 0.162 | 0.185
102 | 43 M | 0.263 |0.433| 0.095 | 0.124 | 0.167 | 0.305 | 0.090 | 0.108 | 0.155
10 | 6.4 M| 1.627 |0.528 | 0.126 |0.152| 0.354 |0.937 | 0.117| 0.154 | 0.247
lann.5 993,914 states, 3,604,487 transitions
10% [ 57 M [0.232[1.573| 0.517 [0.327] 0.250 | 1.518 | 0.505 | 0.320 | 0.251
10 | 52 M | 0.111 |1.312| 0.132 | 0.101 | 0.099 |1.122| 0.121 | 0.097 |0.097
102 | 40 M | 0.101 |0.634| 0.062 |0.066 | 0.073 |0.422|0.050 | 0.057 | 0.069
10! | 5.3 M | 0.644 |0.809 | 0.087 |0.132] 0.274 |1.385|0.061 | 0.094 | 0.168
leader_election.1 14,252 states, 52,944 transitions
10" [ 854 K[0.924[0.952] 0.952 [0.952] 0.952 [0.951 0.951 | 0.951 | 0.951
102 | 661 K| 0.564 |0.979| 0.713 |0.483 | 0.457|0.931 | 0.669 | 0.478 | 0.460
102 | 447 K| 0.023 [0.652| 0.181 |0.096 | 0.018 | 0.470| 0.126 | 0.087 |0.015
10! | 59K 0 0.889 | 0.003 0 0 1.801 | 0.008 0 0
leader_election.?2 28,720 states, 98,528 transitions
10% [2.4M[0.809(1.140] 1.140 [0.914] 0.914 [1.126] 1.126 | 0.909 | 0.909
10 | 1.7 M [0.301 |1.082 0.541 |0.371| 0.335 | 0.832| 0.469 | 0.352 | 0.330
102 | 658 K| 0.004 |0.572| 0.060 | 0.003 | 0.001 | 0.457 | 0.053 | 0.004 | 0.002
10 | 71K 0 0.970 0 0 0 2.668 0 0 0
leader_election.3 101,360 states, 446,024 transitions
10 [81 M 0.701 [0.982] 0.751 [0.647]0.596 [ 1.023 | 0.791 | 0.668 | 0.596
103 | 6.5 M | 0.354 [0.909 | 0.415 | 0.350 | 0.303 | 0.827 | 0.368 | 0.308 |0.273
102 | 4.4 M | 0.014 [0.590| 0.105 |0.014| 0.008 | 0.446 | 0.082 | 0.014 | 0.008
10" 476 K 0 1.092 | 0.003 0 0 2.010 | 0.007 0 0
leader_election.4 746,240 states, 3,795,388 transitions
107 [ 79 M | 0.573 [1.046 | 0.630 [ 0.491] 0.470 [0.960 | 0.566 | 0.466 | 0.498
10 | 65 M | 0.266 |0.851| 0.270 |0.237 | 0.206 | 0.747 | 0.241 | 0.195 |0.171
102 | 42 M | 0.014 |0.555| 0.071 | 0.009 | 0.005 | 0.405 | 0.053 | 0.008 | 0.005
10! |3.9M 0 1.203 | 0.003 0 0 2.166 | 0.005 0 0
leader_election.5 4,808,952 states, 28,064,092 transitions
10% [641 M 0.467 [1.017| 0.494 [0.423] 0.397 [0.953 | 0.467 | 0.409 [0.382
10 | 544 M| 0.251 [0.782| 0.218 | 0.171| 0.159 |0.683 | 0.191 | 0.150 |0.146
102 {359 M| 0.016 |0.530| 0.061 | 0.009 | 0.005 | 0.395 | 0.048 | 0.008 | 0.005
101 | 30 M | 0.002 |1.327 | 0.004 0 0 2.106 | 0.005 0 0
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0.561
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333,64

9 states

, 717,892 tran

sitions

1077
1073
1072
107!
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1.216
0.829
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0.238
0.098
0.070
0.186

0.153
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0.077
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0.130
0.095
0.108
0.589
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0.280
1.415
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0.088
0.068
0.129

0.153
0.083
0.096
0.169

0.129
0.101
0.135
0.479




Cache R F H on F50 Fgo D F20 F50 Fso
size Hgo | Hso | Hao Dgo | Dso | D2o
lifts.7 5,126,781 states, 13,631,916 transitions
107" [751 M 0.541 | 0.894 | 0.349 | 0.350 | 0.365 [ 0.911 | 0.351 [0.343]0.348
103 | 707 M| 0.483 | 0.661 | 0.242 | 0.255 | 0.290 | 0.448 | 0.184 | 0.231 |0.267
102 {397 M| 0.755 | 0.242 | 0.073 | 0.102 | 0.185 |0.200 | 0.064 | 0.082 |0.144
10 | 23 M | 3.243 | 0.569 | 0.155 |0.139| 0.268 | 0.981 | 0.220 | 0.183 | 0.300

lup.2 495,720 states, 915,62/ transitions
107 |16 M [ 0.895 [ 0.975 | 0.881 | 0.846 | 0.843 [0.960] 0.867 | 0.8320.846
10 | 16 M | 0.896 | 0.846 | 0.726 | 0.776 | 0.788 |0.847|0.724| 0.760 |0.777
102 | 15 M | 0.900 | 0.608 | 0.557 | 0.594 | 0.636 | 0.496 | 0.483 | 0.535 | 0.597
10! | 3.3 M| 3.381 | 0.515 | 0.624 | 0.958 | 1.625 | 0.325|0.267 | 0.599 |1.248
lup.3 1,948,617 states, 3,621,672 transitions
10* [ 80 M [ 0.886 | 0.963 | 0.811 | 0.795 | 0.808 [0.949] 0.799 [ 0.784[0.798
103 | 78 M | 0.890 | 0.768 | 0.638 | 0.701 | 0.767 | 0.759 | 0.633 | 0.707 | 0.753
102 | 70 M | 0.896 | 0.603 | 0.528 | 0.553 | 0.589 | 0.487 | 0.440 | 0.507 |0.571
1000 | 11 M | 4.499 | 0.580 | 0.765 | 1.206 | 2.029 | 0.383|0.271| 0.652 | 1.719
lup.4 7,479,540 states, 13,974,930 transitions
107" 364 M 0.883 [ 0.959 [ 0.770 | 0.775 | 0.789 [ 0.943 [0.759 0.767 [ 0.786
10 | 358 M| 0.884 | 0.742 | 0.617 | 0.639 | 0.753 | 0.728 | 0.599 | 0.639 | 0.743
102 318 M| 0.900 | 0.585 | 0.514 | 0.552 | 0.582 | 0.468 | 0.425 | 0.470 |0.571
107! | 43 M | 5.498 | 0.704 | 0.871 | 1.452 | 2.418 | 0.372|0.313| 0.774 | 1.976
mcs.3 571,459 states, 2,077,384 transitions
10% [ 41 M [ 0.757 | 1.054 | 0.682 [ 0.666 | 0.673 [ 1.066 | 0.690 | 0.694 [0.700
10 | 40 M | 0.721 | 0.856 |0.542| 0.552 | 0.602 | 0.836 | 0.545 | 0.556 |0.582
102 | 36 M | 0.766 | 0.516 | 0.369 | 0.412 | 0.487 | 0.424 | 0.307 | 0.388 | 0.477
10 | 8.9 M | 2.542 | 0.385 | 0.355 | 0.542 | 0.847 | 0.473|0.300]| 0.334 |0.775
mcs.4 16,38 states, 53,248 transitions
10" [419 K[0.873[ 1.153 | 1.153 | 1.153 | 1.153 [ 1.172] 1.172 | 1.172 [ 1.172
103 | 333 K| 0.455 | 1.084 | 0.602 | 0.453 | 0.443|1.123 | 0.643 | 0.467 | 0.449
102 | 285 K| 0.217 | 0.856 | 0.195 | 0.156 |0.139|0.891 | 0.213 | 0.177 |0.152
10t [ 127 K| 0.356 | 0.748 | 0.094 | 0.101 | 0.138 | 0.968 | 0.113 | 0.119 | 0.157
mcs.6 332,544 states, 1,329,920 transitions
107 [ 11 M | 0.512 | 1.139 | 0.620 | 0.501 [0.474]1.170| 0.631 | 0.511 [ 0.498
10 | 10 M | 0.310 | 1.021 | 0.294 | 0.252 | 0.237 | 1.029 | 0.306 | 0.261 |0.252
102 [ 9.2 M| 0.178 | 0.746 | 0.118 | 0.089 | 0.091 |0.735 | 0.122 | 0.094 |0.095
10! | 3.4 M| 0.354 | 0.766 |0.072| 0.079 | 0.104 | 0.987 | 0.085 | 0.093 |0.113
msmie.2 10,558 states, 11,878 transitions
10% | 31 K [0.992 [0.798]0.798]0.798 [0.798[0.799] 0.799 | 0.799 [0.799
10 | 29 K | 0.960 | 0.704 | 0.741 | 0.794 | 0.771 | 0.859 | 0.928 | 0.952 | 0.924
102 | 24 K | 0.713 | 0.082 [0.062 | 0.196 | 0.453 | 0.152 | 0.109 | 0.146 | 0.477
10! | 7.3 K | 2.331 | 0.096 |0.004|0.004 [0.004 | 0.369 | 0.240 | 0.246 |0.218




Cache R F H on F50 Fso D on F50 Fso
size Hso | Hso | Hao Dgo | Dso | D2o
msmie.3 134,844 states, 200,614 transitions
107" [1.7 M| 0.941 [0.881] 0.826 | 0.799 [0.784[1.043] 0.984 | 0.953 [0.936
10 | 1.6 M | 0.847 |0.750|0.657 | 0.721 | 0.706 |0.753 | 0.659 | 0.663 |0.854
102 | 1.3 M | 0.732 [0.262|0.198 | 0.243 | 0.403 | 0.201 | 0.203 | 0.235 | 0.426
107! | 336 K| 2.638 {0.220|0.077| 0.097 | 0.124 [0.486 | 0.197 | 0.517 |0.271
msmie.4 7,125,441 states, 11,056,210 transitions
10% [121 M 0.877 [0.694] 0.585 | 0.585 | 0.754 [0.766 | 0.648 [ 0.5720.758
10 112 M| 0.770 [0.570| 0.461 | 0.460 | 0.477 |0.643| 0.503 | 0.506 |0.531
102 | 99 M | 0.715 |0.142| 0.137 | 0.164 | 0.301 |0.135|0.080 | 0.128 |0.270
1000 | 17 M | 3.429 |0.202|0.041 | 0.103 | 0.108 |0.500 | 0.197 | 0.419 |0.317
needham. 2 54,976 states, 136,377 transitions
10% [597 K] 0.839 [0.923] 0.820 [0.753] 0.814 [1.123] 0.995 | 0.890 [0.799
103 | 512 K| 0.600 |0.858| 0.533 | 0.456 | 0.479 |1.141| 0.757 | 0.680 |0.615
102 | 437 K| 0.528 |0.594|0.219| 0.230 | 0.276 |0.813| 0.332 | 0.317 |0.351
10 | 219 K| 0.439 |0.588 | 0.160 |0.129 | 0.146 |1.052 0.306 | 0.253 |0.232
needham. 3 206,925 states, 567,099 transitions
107 [2.9M]0.721 [1.023] 0.741 [ 0.649 ] 0.681 [1.177] 0.839 | 0.737 [0.733
10 | 2.6 M | 0.536 |0.806| 0.385 | 0.323| 0.350 |0.892 | 0.452 | 0.402 |0.423
102 | 2.1 M| 0.416 [0.537| 0.176 |0.171| 0.199 | 0.686 | 0.255 | 0.241 |0.247
10! {929 K| 0.380 [0.532| 0.118 {0.101 | 0.112 |1.072| 0.229 | 0.194 |0.175
needham. 4 6,525,019 states, 22,203,081 transitions
10% [133 M 0.562 [0.971] 0.475 [0.447] 0.454 [1.070 | 0.524 | 0.471 [0.468
10 121 M| 0.400 |0.762 0.241 | 0.209 | 0.232 | 0.892 | 0.300 | 0.253 | 0.258
102 {103 M| 0.302 |0.516| 0.115 | 0.113| 0.121 |0.638| 0.154 | 0.146 |0.156
10 | 37 M | 0.306 |0.587| 0.085 |0.073| 0.077 |1.171| 0.183 | 0.140 |0.123
peterson.1 12,498 states, 33,369 transitions
10% [456 K|0.879[1.215[ 1.215 | 1.215 | 1.215 [1.215] 1.215 | 1.215 [1.215
103 | 378 K |0.456 | 1.276| 0.762 | 0.537 | 0.493 |1.254| 0.756 | 0.533 |0.490
102 | 311 K| 0.454 [0.911] 0.428 | 0.426 | 0.435 | 0.630|0.360 | 0.407 | 0.436
10t | 97 K | 1.309 [0.549 | 0.376 | 0.609 | 1.006 | 0.588|0.250 | 0.343 | 0.741
peterson.2 124,704 states, 399,138 transitions
107 [5.7M]0.672 [1.141] 0.929 [ 0.712 | 0.717 [1.090 | 0.898 [ 0.649 [ 0.670
10 | 4.9 M | 0.408 [1.021 0.394 |0.310| 0.321 |0.977| 0.387 | 0.323 | 0.319
102 | 4.3 M| 0.344 [0.670| 0.161 | 0.164 | 0.200 |0.516|0.142 | 0.148 |0.175
1001 | 1.1 M| 1.028 |0.751| 0.169 | 0.202 | 0.290 |0.901 |0.156 | 0.183 |0.264
peterson.3 170,156 states, 538,509 transitions
10% |71 M]0.681 [1.114] 0.810 | 0.661 |0.656 [ 1.176 | 0.863 | 0.725 [0.679
10® | 6.4 M| 0.541 |0.951| 0.479 | 0.459 | 0.440 |0.852 | 0.435 | 0.434 | 0.441
102 | 5.6 M | 0.468 |0.553| 0.203 | 0.211 | 0.258 [0.511| 0.199 | 0.194 | 0.250
10 | 1.7 M | 1.035 |0.512| 0.187 | 0.213 | 0.278 |0.663 | 0.186 | 0.211 |0.298




Cache R F H on F50 Fso D on F50 Fgo
size Hso | Hso | Hao Dgo | Dso | Da2o
peterson.4 1,119,560 states, 3,864,896 transitions
10" [ 90 M | 0.452 [1.310 0.545 | 0.462 [0.440[1.259] 0.540 | 0.464 | 0.441
10 | 86 M | 0.396 [0.945| 0.318 | 0.321 | 0.342 | 0.828|0.302 | 0.304 | 0.335
102 | 61 M | 0.512 |0.565 | 0.273 | 0.302 | 0.356 | 0.353 | 0.186 | 0.237 | 0.311
101 | 10 M | 1.934 [0.649| 0.330 | 0.491 | 0.899 |0.714|0.213| 0.263 | 0.577
pgm_protocol.1 10,175 states, 17,673 transitions
107 902 K[0.949(1.323[ 1.323 | 1.323 | 1.323 [1.269] 1.269 | 1.269 | 1.269
10 | 668 K |0.252|1.198| 0.437 | 0.303 | 0.298 |1.226 | 0.420 | 0.280 | 0.260
102 {153 K| 0.171 [0.971| 0.073 | 0.044 | 0.098 |0.789 | 0.067 | 0.060 | 0.080
10 | 7.3 K | 0.326 |5.726 | 0.007 | 0.005 | 0.012 |2.822 0.015 | 0.010 | 0.012
pgm_protocol.2 17,096 states, 32,486 transitions
10% [2.6 M[0.952[1.246| 1.246 | 1.246 | 1.246 [1.232] 1.232 | 1.232 | 1.232
103 | 1.7 M |0.127[1.138| 0.534 | 0.263 | 0.190 |1.119| 0.486 | 0.255 | 0.190
102 | 345 K| 0.068 |1.861| 0.072 | 0.036 | 0.053 |1.310| 0.035 | 0.015 | 0.046
10" | 15 K | 0.408 [4.623| 0.005 | 0.024 | 0.072 |3.038| 0.006 |0.002 | 0.032
pgm_protocol.3 195,015 states, 375,346 transitions
107 [ 33 M [0.177[1.373] 0.632 | 0.377 | 0.226 [ 1.305] 0.630 | 0.392 | 0.234
103 | 26 M | 0.050 [0.986| 0.046 | 0.034 | 0.032 |0.894| 0.046 | 0.032 | 0.031
102 3.6 M | 0.162 [1.911 0.031 | 0.042 | 0.061 |1.369|0.023 | 0.028 | 0.045
10! {172 K| 0.930 |3.800| 0.010 | 0.057 | 0.128 |3.703|0.009 | 0.011 | 0.084
pgm_protocol.4 39,832 states, 94,166 transitions
10% [ 84 M[0.622[1.084] 1.084 [ 0.890 | 0.797 [1.264 ] 1.264 | 1.019 | 0.661
10 | 6.1 M| 0.184 [0.847| 0.262 | 0.178 |0.154|0.766 | 0.249 | 0.180 | 0.187
102 [ 1.2 M| 0.135 [0.893| 0.027 | 0.019 | 0.041 |0.453 | 0.015 | 0.012 | 0.030
10! | 56 K | 1.931 |2.746|0.011 | 0.021 | 0.056 |2.754 | 0.025 | 0.024 | 0.060
pgm_protocol.5 382,731 states, 894,800 transitions
10" [ 71 M [0.155[1.222 0.317 [ 0.192 | 0.160 | 1.157] 0.319 | 0.194 | 0.160
103 | 61 M | 0.062 |0.986| 0.062 | 0.045 | 0.043 |0.618|0.036 | 0.037 | 0.046
102 | 10 M | 0.198 |0.817| 0.031 | 0.049 | 0.079 | 0.559 | 0.021| 0.029 | 0.052
10t [ 499 K| 1.037 [1.949 | 0.024 | 0.044 | 0.100 | 3.020| 0.014 |0.013 | 0.069
pgm_protocol.6 2,659,550 states, 8,510,552 transitions
107" [824 M| 0.120 [1.188] 0.146 | 0.105 | 0.098 [ 0.953] 0.127 [ 0.096 | 0.097
103|736 M| 0.069 |0.798 | 0.044 | 0.039 | 0.041 | 0.698 | 0.039 | 0.033 | 0.035
102 {197 M| 0.131 |0.416| 0.020 | 0.034 | 0.053 |0.304|0.011 | 0.012 | 0.034
107! [ 6.1 M| 3.084 [2.677| 0.052 | 0.065 | 0.147 |2.909|0.040 | 0.071 | 0.105
pgm_protocol.7 322,585 states, 831,133 transitions
10% |78 M [ 0.271 [1.215] 0.358 | 0.273 [0.247[1.197] 0.352 | 0.290 | 0.259
10® | 64 M | 0.092 |0.796| 0.100 | 0.076 | 0.074 |0.636 | 0.084 |0.070 | 0.075
102 | 12 M | 0.289 |0.777| 0.026 | 0.068 | 0.120 |0.467|0.012 | 0.017 | 0.080
10! | 511 K| 4.110 |2.155|0.050 | 0.068 | 0.114 |2.883| 0.071 | 0.077 | 0.094




Cache R F H on F50 Fgo D F20 F50 Fso
size Hgo | Hso | Hao Dgo | Dso | D2o
pgm_protocol.8 3,069,390 states, 7,125,121 transitions
107 [830 M| 0.113 | 1.221 [ 0.151 | 0.097 [0.083 | 1.181 | 0.145 | 0.096 [0.090
10 | 704 M | 0.062 | 0.786 | 0.035 | 0.034 | 0.041 | 0.741 | 0.032 | 0.027 |0.036
102 | 115 M | 0.257 | 0.794 | 0.034 | 0.055 | 0.094 | 0.501 | 0.020 | 0.036 | 0.085
10 | 3.9 M | 3.820 | 4.484 | 0.098 | 0.141 | 0.235 | 3.300 |0.048 | 0.120 |0.178
phils.4 340,789 states, 3,123,558 transitions
10% [ 31 M ] 0.862 | 0.879 | 0.767 [0.727] 0.746 | 0.926 | 0.791 | 0.766 [0.793
10°% | 29 M | 0.765 | 0.762 | 0.540 | 0.537 | 0.559 | 0.812 | 0.584 | 0.572 | 0.592
102 | 26 M | 0.665 | 0.537 |0.326| 0.328 | 0.365 | 0.598 | 0.369 | 0.375 | 0.413
100 | 11 M | 1.171 | 0.526 |0.272| 0.302 | 0.397 | 0.699 | 0.336 | 0.349 | 0.456
phils.5 531,440 states, 4,251,516 transitions
10 [ 40 M | 0.829 | 0.929 | 0.753 [0.717] 0.731 | 0.962 | 0.786 | 0.743 [0.772
103 | 37 M | 0.718 | 0.803 | 0.538 [0.512 | 0.535 | 0.848 | 0.587 | 0.559 |0.572
102 | 33 M | 0.619 | 0.557 |0.316| 0.320 | 0.359 | 0.607 | 0.352 | 0.350 |0.393
100 | 15 M | 0.984 | 0.514 |0.242| 0.273 | 0.343 | 0.644 | 0.291 | 0.298 | 0.397
plc.2 130,777 states, 211,824 transitions
10" [113 M| 0.020 | 0.738 [ 0.009 [0.007 | 0.008 | 0.737 | 0.009 | 0.007 [0.008
102 | 33 M | 0.052 | 1.364 | 0.014 | 0.016 | 0.018 | 1.154 |0.012 | 0.014 | 0.016
102 | 1.0 M | 1.093 |13.435| 0.085 | 0.175 | 0.184 | 5.686 | 0.010| 0.024 |0.101
10! 73 K |10.774|68.860 | 0.063 | 0.065 | 0.335 | 52.235|0.027 | 0.100 |0.056
plc.3 1,268,968 states, 2,058,701 transitions
10* [ 1.5 G ] 0.012 | 0.961 | 0.005 | 0.005 | 0.006 | 0.904 |0.005 | 0.005 |0.006
10 | 200 M | 0.067 | 5.517 | 0.026 | 0.028 | 0.026 | 3.086 |0.017 | 0.020 |0.024
102 | 6.9 M | 1.922 [16.940| 0.158 | 0.211 | 0.545 | 11.020 | 0.021 | 0.033 |0.111
10! | 718 K | 1.450 |51.499 |0.013 | 0.050 | 0.073 |40.222| 0.026 | 0.032 | 0.019
plc.4 3,763,999 states, 6,100,165 transitions
10" [ 54 G [ 0.022 | 1.335 [ 0.012 [ 0.013 | 0.013 | 1.178 [0.011] 0.012 [0.012
1073 | 521 M | 0.134 | 4.244 | 0.075 | 0.064 | 0.072 | 1.930 | 0.022 |0.021|0.048
102 | 33 M | 2.053 | 7.418 | 0.037 | 0.091 | 0.214 | 6.446 | 0.018 0.084 |0.136
10 | 2.1 M | 3.362 [53.375| 0.055 | 0.057 | 0.054 |34.653 |0.041 | 0.053 |0.067
production_cell.1 14,586 states, 39,210 transitions
10" [794 K| 1.001 | 1.098 | 1.098 | 1.098 | 1.098 | 1.096 | 1.096 | 1.096 |1.096
10 | 557 K | 0.306 | 1.172 | 0.876 | 0.450 | 0.358 | 1.171 | 0.914 | 0.472 |0.366
102 | 405 K | 0.168 | 0.564 | 0.120 | 0.120 | 0.145 | 0.456 |0.116 | 0.121 |0.146
10! 63 K | 0.917 | 0.705 | 0.188 | 0.337 | 0.506 | 1.071 |0.125| 0.188 |0.454
production_cell.3 822,612 states, 2,496,342 transitions
10% | 45 M [0.164| 1.592 | 0.530 | 0.248 | 0.166 | 1.088 | 0.438 | 0.249 [0.186
10 | 43 M | 0.138 | 0.778 | 0.043 [0.042 | 0.074 | 0.737 | 0.047 | 0.043 |0.055
102 | 36 M | 0.161 | 0.400 |0.037 | 0.040 | 0.044 | 0.412 | 0.046 | 0.076 |0.095
10" | 6.0 M | 0.911 | 0.775 |0.069 | 0.120 | 0.160 | 0.795 | 0.076 | 0.133 |0.207
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size

R

F

Fa20
Hso

Fso
Hso

Fso D
Hao

Fa2o
Dso

Fso
Dso

Fso
D2

production_cell.

340,68

5 states, 968,176 transitions

107*
1073
1072
10t

29 M
26 M
12 M
647 K

0.205

0.138

0.164
0

1.362
0.619
0.259
1.445

0.675
0.065
0.026
0.028

0.337
0.077
0.024
0.018

0.225 | 1.266
0.100 | 0.491
0.036 | 0.253

0 |[2.675

0.656
0.059
0.031
0.065

0.345
0.067
0.031
0.042

0.232
0.100
0.036

production_cell.

4,211,856 stat

es, 13,072,120

transitions

1071
1078
1072
107!

243 M
237 M
209 M
37T M

0.130
0.131
0.149
0.765

1.181
0.766
0.344
0.784

0.132
0.033
0.031
0.034

0.103
0.034
0.034
0.066

0.117 | 1.480
0.057 | 0.759
0.036 |0.328
0.131 | 0.688

0.147
0.036
0.038
0.046

0.075
0.034
0.064
0.078

0.117
0.041
0.075
0.108

protoc

ols.2

11,286

states,

42,255 transit

10NS

1077
1073
1072
107!

649 K
543 K
421 K
71K

0.981
0.713
0.544
0.839

1.037
0.936
0.411
0.602

1.037
0.772
0.249
0.227

1.037
0.675
0.261
0.342

1.037 | 1.042
0.663 | 0.902
0.345 | 0.403
0413 (1.114

1.042
0.747
0.224
0.346

1.042
0.674
0.251
0.421

1.042
0.673
0.320
0.396

protoc

ols.4

439,24

b states, 1,454,834 transition.

S

107?
1073
1072
10t

36 M
34 M
23 M
21 M

0.636
0.566
0.484
1.063

1.207
1.051
0.649
2.120

0.654
0.446
0.285
0.364

0.618
0.465
0.291
0.372

0.606 | 1.178
0.496 |1.044
0.335 | 0.484
0.333 | 1.252

0.656
0.445
0.233
0.212

0.616
0.466
0.278
0.347

0.630
0.494
0.324
0.428

protoc

ols.5

996,34

5 states, 3,272,786 transition.

S

1077
1078
1072
107!

110 M
101 M
64 M
5.0 M

0.636
0.549
0.542
1.461

1.230
1.021
0.456
3.543

0.663
0.431
0.184
0.811

0.638
0.453
0.277
0.705

0.615|1.226
0.477 | 1.010
0.369 | 0.583
0.486 |1.210

0.659
0.428
0.209
0.202

0.617
0.459
0.250
0.455

0.620
0.484
0.366
0.658

public_subscribe.

1,846,603 stat

es, 6,087,556 transitions

102
1073
1072
10t

259 M
227 M
162 M
10 M

0.722
0.546
0.549
4.280

0.864
0.558
0.195
0.756

0.608
0.314
0.070
0.206

0.569
0.326
0.085
0.268

0.587 [ 0.792
0.329 [ 0.484
0.162 | 0.180
0.401 | 1.144

0.535
0.281
0.072
0.305

0.531
0.292
0.085
0.312

0.614
0.326
0.130
0.383

public_subscribe.

1,846,603 stat

es, 6,087,556 transitions

107?
1078
1072
10t

259 M
227 M
162 M
10 M

0.722
0.546
0.549
4.280

0.864
0.558
0.195
0.756

0.608
0.314
0.070
0.206

0.569
0.326
0.085
0.268

0.587 [ 0.792
0.329 | 0.484
0.162 | 0.180
0.401 | 1.145

0.535
0.281
0.072
0.305

0.531
0.292
0.085
0.312

0.614
0.326
0.130
0.383

public_subscribe.

4

1,846,603 stat

es, 6,087,556 transitions

1077
1073
1072
107!

259 M
227 M
162 M

0.722
0.546
0.549

10 M

4.280

0.864
0.558
0.195
0.756

0.608
0.314
0.070

0.569
0.326
0.085

0.206

0.268

0.587 0.792
0.329 [ 0.484
0.162 | 0.180

0.535
0.281
0.072

0.401 |1.144

0.305

0.531
0.292
0.085
0.312

0.614
0.326
0.130
0.383




Cache R F H on F50 Fgo D on F50 Fso
size Hso | Hso | H2o Dgo | Dso | D2o
reader_writer.3 604,498 states, 4,125,562 transitions
10" [ 35 M [0.919] 0.726 | 0.676 [ 0.658 [0.701 | 0.809 | 0.741 | 0.734 [0.845
10 | 33 M |0.844| 0.594 | 0.475 | 0.484 |0.521 | 0.724 | 0.621 | 0.597 |0.628
102 | 30 M [0.831| 0.405 | 0.313 | 0.354 |[0.398 | 0.488 | 0.386 | 0.388 | 0.499
101 | 11 M |0.935| 0.286 | 0.147 | 0.100|0.211 | 0.674 | 0.384 | 0.258 |0.275
rether.3 305,334 states, 334,516 transitions
107 [ 3.5 M [0.992] 0.708 | 0.725 | 0.747 [0.840] 0.698 [0.691] 0.729 [0.837
10 | 3.4 M [0.944| 0.520 | 0.511 | 0.515 |0.620| 0.527 | 0.510 | 0.508 | 0.599
102 | 2.7 M |1.035| 0.380 | 0.352 | 0.398 {0.490 | 0.356 |0.332| 0.386 |0.491
107! | 384 K |5.509| 0.429 | 0.472 | 0.545 | 1.285| 0.371 | 0.325 | 0.322 | 1.154
rether.4 9,559,819 states, 13,322,683 transitions
10% [384 M[0.405] 1.001 | 0.256 | 0.267 [0.285] 0.981 [0.251] 0.261 [0.277
1073 {367 M|0.395| 0.799 | 0.198 | 0.208 |0.222 | 0.796 | 0.188 | 0.206 |0.218
102 | 200 M |0.640 | 0.807 | 0.191 | 0.216 |0.262| 0.784 | 0.183| 0.208 |0.259
10 | 14 M |4.472] 1.203 | 0.376 | 0.373 |0.760 | 1.209 | 0.379 | 0.251 |0.597
rether.6 5,919,694 states, 7,822,384 transitions
107" [235 M[0.472] 1.013 [0.310] 0.313 [0.354 | 1.003 | 0.312 | 0.311 [0.328
1073 | 223 M |0.450 | 0.780 | 0.242 | 0.254 |0.277 | 0.760 | 0.238| 0.247 |0.262
102 106 M |0.702 | 0.780 | 0.261 | 0.316 |0.345| 0.665 | 0.234 | 0.307 |0.342
107! | 7.4 M |3.603 | 1.388 | 0.490 | 0.345 |0.663 | 1.481 | 0.385 | 0.226 | 0.536
sorter.1 20,544 states, 30,697 transitions
10% [1.4M[0.980]0.971 | 0.971 | 0.973 [0.973]0.970]0.970] 0.972 [0.972
10 | 1.3 M [0.970 | 0.654 | 0.623 | 0.698 |0.805 | 0.653 | 0.626 | 0.698 |0.801
1072 | 828 K |1.294 | 0.253 | 0.280 | 0.371 |0.665|0.190 | 0.248 | 0.363 |0.664
10 | 22 K [4.290 0.515 | 0.314 | 0.399 |0.475| 1.075 | 0.504 | 0.129 | 1.264
sorter.3 1,288,478 states, 2,740,540 transitions
107" [254 M[0.902] 0.587 | 0.542 | 0.565 [0.598 | 0.631 [ 0.522[ 0.586 [0.614
1073 | 248 M|0.910 | 0.278 | 0.238 | 0.340 |0.422 | 0.274 |0.230| 0.317 |0.380
102 162 M |1.160 | 0.267 | 0.224 | 0.248 [0.264 | 0.251 |0.216 | 0.225 |0.261
10" | 3.4 M |4.811| 1.766 | 1.580 | 1.238 |0.882| 1.279 | 0.659 | 1.154 |0.857
synapse.1 46,756 states, 190,843 transitions
10" [4.0 M]0.987[ 0.964 | 0.964 | 0.975 [0.971]0.964]0.964 | 0.975 [0.971
10 | 3.9 M [0.926|0.547| 0.584 | 0.721 [0.800| 0.637 | 0.584 | 0.719 | 0.800
102 | 3.7 M |0.931 0.220 | 0.216| 0.278 |0.359 | 0.349 | 0.265 | 0.264 |0.640
10! | 1.3 M |2.061 0.167 | 0.160] 0.170 |0.295 | 0.296 | 0.251 | 0.285 |0.423
synapse.2 61,048 states, 125,334 transitions
10% [1.5 M [0.999] 0.976 [0.972] 0.984 [0.989] 0.976 | 0.972 | 0.984 [0.989
10® | 1.4 M |0.906 | 0.569 | 0.537| 0.715 |0.829 | 0.661 | 0.650 | 0.712 |0.830
102 | 1.3 M |0.884| 0.169 | 0.142 0.178 |0.344 | 0.260 | 0.241 | 0.271 |0.386
10! | 462 K |2.328| 0.160 |0.137| 0.143 |0.311 | 0.345 | 0.293 | 0.370 |0.357




Cache R F H on F50 Fso D F20 F50 Fgo
size Hgo | Hso | Hao Dso | Dso | Dao
synapse.3 390,317 states, 826,864 transitions
107 [ 11 M | 0.974 [0.914] 0.922 [0.938 0.961 | 0.915 | 0.924 | 0.938 | 0.961
10 | 10 M | 0.875 | 0.386 | 0.390 | 0.422 | 0.547 | 0.391 | 0.322| 0.398 | 0.514
102 | 10 M | 0.893 | 0.144 |0.126|0.141| 0.249 | 0.159 | 0.148 | 0.188 | 0.284
10! | 2.9 M| 2.598 | 0.156 [0.140|0.158 | 0.263 | 0.354 | 0.299 | 0.328 | 0.347
synapse.4 2,292,286 states, 4,921,830 transitions
10 [ 70 M [ 0.936 [ 0.625 | 0.619 [ 0.665| 0.700 | 0.582] 0.663 | 0.636 | 0.809
10 | 67 M | 0.873 | 0.388 | 0.330 | 0.311| 0.409 | 0.330 |0.281 | 0.331 | 0.366
102 | 65 M | 0.899 | 0.125 [0.108|0.124 | 0.175 | 0.148 | 0.116 | 0.146 | 0.185
1000 | 17 M | 2.747 | 0.159 [0.139|0.164 | 0.235 | 0.363 | 0.304 | 0.321 | 0.351
synapse.b 83,263 states, 189,639 transitions
10% [41M[0.851( 1.084 | 1.034 [0.927 | 0.888 | 1.084 | 1.034 | 0.927 | 0.888
103 | 3.8 M| 0.740 | 0.600 [0.409|0.500 | 0.644 | 0.891 | 0.610 | 0.506 | 0.645
102 | 3.3 M| 0.790 | 0.221 | 0.155 | 0.218 | 0.319 | 0.210 | 0.130| 0.208 | 0.415
107" | 388 K| 1.984 | 0.446 | 0.264 | 0.286 | 0.278 | 0.802 | 0.411 | 0.421 | 0.252
synapse.6 625,175 states, 1,190,486 transition.
107 [ 21 M | 0.712 [ 0.871 | 0.820 [0.736 [0.703 | 0.901 | 0.832 | 0.737 | 0.703
102 | 20 M | 0.700 | 0.497 |0.294|0.322 | 0.416 | 0.459 | 0.309 | 0.402 | 0.381
102 | 18 M | 0.744 | 0.094 | 0.078 | 0.114 | 0.194 | 0.114 | 0.070| 0.091 | 0.153
10! [ 2.8 M| 1.991 | 0.284 | 0.164 |0.155|0.125 | 0.572 | 0.298 | 0.290 | 0.193
szymanski.1 20,264 states, 56,701 transitions
10% [820 K[0.749( 1.232 [ 1.232 [0.751 | 0.751 | 1.243 | 1.243 | 0.783 | 0.783
10 | 688 K | 0.360 | 1.250 | 0.603 | 0.402 | 0.355 | 1.058 | 0.539 | 0.385 | 0.353
102 | 531 K| 0.349 | 0.865 | 0.240 | 0.252| 0.281 | 0.663 | 0.206| 0.218 | 0.253
10 | 98 K | 1.040 | 1.337 | 0.380 | 0.515| 0.675 | 1.177 | 0.255 | 0.255 | 0.426
szymanski.2 31,875 states, 88,521 transitions
10% [1.3M]0.666[ 1.279 | 1.279 [0.808 | 0.735 | 1.282 | 1.282 [ 0.818 | 0.773
10 | 1.1 M| 0.350 | 1.161 | 0.436 | 0.347 | 0.334 | 1.056 | 0.419 | 0.324 |0.311
102 | 896 K | 0.346 | 0.776 | 0.223 | 0.241 | 0.265 | 0.621 | 0.179| 0.186 | 0.243
10t | 177 K| 0.870 | 1.203 | 0.327 | 0.401 | 0.484 | 1.046 | 0.224 |0.212] 0.355
szymanski.3 1,128,424 states, 4,234,041 transitions
107 [ 92 M [ 0.462 | 1.161 | 0.467 [0.432] 0.406 | 1.135 | 0.459 | 0.404 | 0.386
10 | 84 M | 0.327 | 0.988 | 0.268 | 0.233 | 0.242 | 0.833 | 0.240 |0.215 | 0.231
102 | 63 M | 0.373 | 0.645 | 0.152 | 0.173 | 0.208 | 0.535 | 0.125| 0.140 | 0.181
10 | 7.9 M| 1.362 | 1.583 | 0.334 | 0.398| 0.511 | 1.346 | 0.278 | 0.268 | 0.364
szymanski.4 2,313,863 states, 8,550,392 transitions
10% [202 M 0.412 | 1.157 | 0.405 [ 0.351 | 0.362 | 1.118 | 0.399 | 0.347 [ 0.339
107% [ 189 M| 0.346 | 0.918 | 0.240 | 0.244 | 0.254 | 0.726 | 0.204| 0.209 | 0.241
102 | 141 M| 0.407 | 0.592 | 0.157 | 0.175| 0.210 | 0.460 |0.119| 0.138 | 0.184
100 | 17 M | 1.303 | 1.332 | 0.349 | 0.382| 0.461 | 1.404 | 0.285 | 0.247 | 0.333




Cache R F H on F50 Fso D on F50 Fgo
size Hso | Hso | Hao Dgo | Dso | D2o
telephony.2 51,826 states, 200,322 transitions
107 [2.2M[0.876]1.059] 0.931 | 0.908 [ 0.862[1.056 | 0.928 | 0.908 [0.884
103 | 2.1 M |0.794(1.001| 0.762 |0.732 ]| 0.741 | 1.002| 0.770 | 0.744 | 0.741
102 | 1.9 M [0.799 |0.613 | 0.501 | 0.548 | 0.646 | 0.618 | 0.512 | 0.572 | 0.645
107! | 768 K |1.668|0.259]0.196 | 0.290 | 0.719 |0.434 | 0.281 | 0.350 |0.885
telephony.3 765,379 states, 3,155,026 transitions
10% [ 53 M [0.786[1.047] 0.777 | 0.735 | 0.725]1.040 | 0.764 | 0.745 [0.760
103 | 51 M [0.761]0.841| 0.573 | 0.598 | 0.642 | 0.786 | 0.546 | 0.568 | 0.635
102 | 45 M |0.806 [ 0.361| 0.293 | 0.368 | 0.501 |0.348 | 0.283 | 0.359 |0.480
10" | 8.9 M [1.9300.343|0.235 | 0.311 | 0.579 | 0.646 | 0.396 | 0.403 | 0.637
train-gate.2 22,076 states, 47,464 transitions
10% [1.0 M [0.664]1.039] 1.039 [0.484]0.484[1.039| 1.039 | 0.484 [0.484
103 | 1.0 M |0.661 |0.610|0.230 | 0.279 | 0.356 | 0.616 | 0.261 | 0.301 |0.357
102 | 800 K |0.807|0.276| 0.191 | 0.201 | 0.217 |0.244 | 0.186 | 0.246 |0.249
10! | 75 K |3.977(0.427|0.150 | 0.915 | 1.295 | 0.881 | 0.443 | 0.389 | 0.701
train-gate.3 22,496 states, 48,384 transitions
10" [1.0 M [0.667[1.073| 1.073 [0.499]0.499[1.068 | 1.068 | 0.499 [0.499
10 | 1.0 M | 0.662|0.636 | 0.244 | 0.313 | 0.419 |0.661 | 0.263 | 0.313 | 0.409
102 | 778 K [0.8210.306 | 0.200 | 0.203 | 0.220 | 0.249 | 0.191 | 0.282 | 0.293
107! | 107 K |2.966 | 0.346 | 0.088 | 0.568 | 0.828 |0.597 | 0.604 | 0.313 |0.792
train-gate.4 789,808 states, 1,684,162 transitions
10* [ 47 M [0.630[0.950]0.383 0.402 | 0.433 [0.961 0.387 | 0.407 [0.438
10 | 45 M [0.636|0.591 | 0.224 | 0.253 | 0.332 | 0.564 | 0.213 | 0.255 | 0.337
102 | 26 M |0.944 0.377 0.230 | 0.245 | 0.268 |0.272| 0.211 | 0.196 |0.238
10" | 2.9 M [3.3380.875| 0.695 | 0.808 | 1.070 | 0.847 | 0.246 | 0.331 | 0.999
train-gate.5 803,458 states, 1,713,934 transitions
10" [ 46 M [0.634[0.960[0.397 ] 0.417 | 0.448 [0.968| 0.399 | 0.419 [0.453
103 | 44 M |0.639 [0.621| 0.252 | 0.277 | 0.346 | 0.593 | 0.232 | 0.268 |0.343
102 | 28 M [0.8830.408 | 0.217 | 0.227 | 0.247 | 0.228 | 0.192 | 0.200 | 0.229
10t [ 3.1 M |3.351|0.896| 0.604 | 0.682 | 1.367 |0.849|0.431| 0.960 |0.942
train-gate.6 5,904,140 states, 12,528,772 transitions
107" [375 M[0.613[0.923[0.353] 0.367 | 0.395 [0.936 | 0.359 | 0.372 [0.402
10 360 M |0.6230.600 | 0.224 | 0.253 | 0.313 | 0.567 | 0.205 | 0.240 | 0.311
102 {207 M|0.950 [ 0.432| 0.219 | 0.232 | 0.259 | 0.273|0.183 | 0.189 | 0.221
10! | 21 M |3.454 [0.976| 0.700 | 0.807 | 1.069 |0.865 | 0.283 | 0.251 |1.205




B Detailed data for experiment 2

In this appendix we provide detailed results on the second experiment described
in Section that evaluated the combination of the ComBack method with
delayed duplicate detection. Input instances were 63 DVE instances having from
1,000,000 to 60,000,000 states and 12 CPN instances having from 100,000 to
5,000,000 states.

The data collected during this experiment are given in Tables[dand B Their
interpretation may be found in Section B Averages on all instances may be found

in Section B2, Table



Table 7. Evaluation of DDD on 63 DVE instances

Cache size: 1% of the state space.
Type of items in the queue: full state descriptors.

Std. ComBack

Strat. | No DDD |DDD(0.1) | DDD(0.2) [DDD(0.5) | DDD(1)
TT Ef |Tt E{|Tt Ef|T! Ef|T{ Ef

anderson. 6 18,206,917 states, 86,996,322 transitions

53.2 F 3.85 7.63|2.54 1.871245 1.76(2.22 1.53(2.06 1.35
Fa0-Dgo | 2.94 3.07|3.16 1.99(3.10 1.92|2.86 1.71|2.55 1.45

at.3 1,711,620 states, 6,075,360 transitions

3.2 F 5.88 9.90(3.21 2.03|3.25 1.94|3.23 1.83|3.26 1.73
Fa0-Dgo | 4.33 4.42|3.54 1.93(3.57 1.85|3.59 1.77[3.58 1.71

at.4 6,597,245 states, 25,470,140 transitions

16.4 F 4.46 8.93(2.52 1.95|2.50 1.89|2.46 1.81|2.43 1.75
F20-Dgo| 3.02 3.40|2.82 1.86(2.83 1.81|2.78 1.76|2.79 1.72

at.5 31,999,440 states, 125,231,180 transitions

80.6 F 5.43 10.672.59 1.87|2.57 1.81]2.52 1.75(2.49 1.70
Fa0-Dgo | 3.32 3.71(2.98 1.79(2.97 1.76|2.97 1.72]12.96 1.68

bakery.5 7,866,401 states, 27,018,304 transitions

17.6 F 4.80 10.25|2.54 1.93|2.39 1.77(2.10 1.45(1.99 1.32
F20-Dgo| 3.61 4.41|3.01 1.89(2.86 1.75|2.56 1.47|2.41 1.33

bakery.6 11,845,035 states, 40,400,559 transitions

26.5 F 3.56 694|234 1.78|2.23 1.65|2.04 1.46|1.88 1.29
F20-Dgo | 2.73 2.69|2.74 1.77(2.65 1.67|2.45 1.50(2.25 1.33

bakery.7 29,047,471 states, 100,691,444 transitions

64.6 F 8.46 16.93|2.78 2.03|2.49 1.76|2.17 1.45|2.06 1.33
F20-Dgo | 4.20 5.45|3.05 1.79(2.86 1.63|2.57 1.39|2.47 1.30

bopdp. 3 1,040,953 states, 2,747,408 transitions

2.1 F 443 6.6412.69 2.00|2.68 1.93]2.54 1.76|2.83 1.58
F20-Dgo | 3.56 3.593.21 2.10|3.18 2.03|3.08 1.89|3.37 1.76

brp.4 12,068,447 states, 25,085,950 transitions

16.4 F 9.37 23.02|4.42 3.39|3.76 2.74|2.89 1.87|2.51 1.48
F20-Dgo | 7.27 10.80(5.14 3.04|4.57 2.55(3.65 1.85|3.22 1.53

brp.5 17,740,267 states, 36,903,290 transitions

24.4 F 9.74 24.31|4.19 3.16|3.46 245|270 1.72|2.32 1.38
F20-Dgo | 831 13.00|5.41 3.18|4.64 2.61|3.67 1.87|3.18 1.54

brp.6* 42,728,113 states, 89,187,437 transitions

50.9 F 17.13 29.17|5.13 3.09(4.10 2.33|3.22 1.66|2.74 1.28
F20-Dgo [ 10.66 14.03 |6.20 2.87|5.26 2.30|4.21 1.69|3.77 1.43

brp2.6 5,742,313 states, 9,058,624 transitions

6.5 F 8.20 16.79|7.86 5.64|6.68 5.16|6.62 5.26|6.41 5.27
F20-Dgo| 5.59 7.06|8.55 5.31|6.03 3.88|7.16 4.85|7.07 4.91




Std.

ComBack

T

Strat. No DDD

E1

DDD(0.1) [DDD(0.2)
Tt E |T! Ef

DDD(0.5)
T1 Ef

DDD(1)
T Ef

cambridge.6

3,354,295 states, 9,483,191 transitions

20.9

F 10.73
Fo0-Dgo | 2.64

27.30
4.01

2.28 3.0712.25 3.00
2.21 254220 2.51

2.20 2.88
2.18 2.46

2.06 2.60
2.12 2.31

cambridge.7

11,465,015 states, 54,850,496 transitions

197

F 23.12
Fo0-Dgo | 2.83

65.43
5.63

1.92 3.1211.90 3.05
1.79 2.40|1.79 2.38

1.88 2.97
1.78 2.36

1.83 2.83
1.75 2.30

elevator2.3

7,667,712 states, 55,3

77,920 transitions

29.0

F 1.85
F20-Dgo | 1.92

2.01
1.62

1.62 1.27(1.62 1.26
1.87 1.29|1.85 1.28

1.59 1.23
1.83 1.26

1.53 1.17
1.77 1.21

extinction.4

2,001,372 states, 7,116,790 transitions

7.5

F 1.84
Fo0-Dgo | 1.70

1.76
1.14

1.47 1.05|1.45 1.04
1.70 1.10|1.67 1.07

1.44 1.03
1.64 1.05

1.49 1.02
1.65 1.04

firewire_link.5*

18,553,052 states, 59,

782,059 transitions

358

F 3.34
F20-Dgo | 1.45

3.54
1.32

1.30 1.18|1.26 1.14
1.32 1.15(1.29 1.12

1.23 1.11
1.26 1.10

1.22 1.10
1.26 1.09

firewire_tree.5*

3,807,023 states, 18,225,703 transitions

352

F 1.02
F20-Dgo | 1.62

1.0
1.93

1.02 1.01(1.02 1.01
1.55 1.77]1.50 1.70

1.02 1.01
1.37 1.49

1.02 1.01
1.23 1.28

fischer.3

2,896,705 states, 12,280,586 transitions

7.8

F 6.48
F20-Dgo | 4.14

12.67
4.98

3.08 2.25|3.09 2.15
3.39 2.1413.40 2.07

3.08 2.03
3.40 1.98

3.06 1.93
3.37 1.90

fischer.4

1,272,254 states, 4,609,671 transitions

2.8

F 5.31
Fo0-Dgo | 3.62

7.50
3.17

2.84 1.99|3.10 1.95
3.28 1941336 1.91

3.12 1.89
3.35 1.87

3.30 1.84
3.51 1.83

fischer.6

8,321,728 states, 33,454,191 transitions

23.6

F 4.51
Fo0-Dgo | 2.80

8.15
3.06

2.35 1.88(2.37 1.85
2.60 1.83|2.65 1.81

2.40 1.80
2.65 1.78

2.36 1.76
2.64 1.74

iprotocol.3

1,013,456 states, 3,412,754 transitions

2.2

F 6.62
Fo0-Dgo | 2.88

12.29
2.44

2.86 2.06|2.88 2.00
2.89 1.69]2.88 1.67

2.76  1.83
2.76 1.60

2.90 1.54
3.06 1.42

iprotocol.4

3,290,916 states, 11,0

71,177 transitions

7.8

F 5.82
Fo0-Dgo | 2.66

12.34
2.50

2.70 2.05]2.66 1.98
2.69 1.74(2.70 1.72

2.56 1.84
2.66 1.65

2.35 1.58
2.49 1.47

iprotocol.5”

31,071,582 states, 104,572,634 transitions

62.9

F 9.39
Fo0-Dgo| 3.15

16.01
2.64

3.13 2.08|3.05 2.01
3.24 1.77|3.24 1.76

2.80 1.80
3.11 1.66

2.52 1.53
2.85 1.45




Std.

ComBack

Strat.
T7

No DDD

E1

DDD(0.1)
Tt ET

DDD(0.2)
Tt ET

DDD(0.5)
T1 Ef

DDD(1)
T Ef

iprotocol.6*

41,387,484 states, 139,545,158 transitions

84.8

F 13.45
Fo0-Dgo | 3.13

22.01
2.57

3.03 1.99
3.25 1.73

292 1.89
3.23 1.71

2.53 1.55
2.95 1.49

2.37 1.38
2.78 1.35

lamport.5

1,066,800 states, 3,630,664 transitions

2.2

F 6.00
F20-Dgo | 4.04

11.34
4.40

3.33 2.55
3.57 2.31

3.37 2.42
3.56 2.24

3.33 2.24
3.58 2.13

3.66 2.09
4.00 2.03

lamport.6

8,717,688 states, 31,502,176 transitions

22.5

F 7.70
Fo0-Dgo | 4.50

19.78
6.43

3.89 3.32
4.12 2.88

3.72 3.11
4.06 2.77

3.45 281
3.89 2.59

3.24 2.56
3.73 242

lamport.7*

38,717,846 states, 160,667,630 transitions

90.1

F 10.04
Fo0-Dsgo | 4.59

14.46
4.27

3.83 2.33
4.32 217

3.75 2.25
4.30 2.13

3.61 2.12
4.23 2.05

3.47
4.13

2.00
1.97

lamport_nonatomic.4

1,257,304 states, 5,360,727 transitions

6.9

F 4.42
F20-Dgo | 3.07

6.50
3.33

2.26 2.10
2.63 2.19

2.28 2.06
2.63 2.16

2.27 2.00
2.64 2.11

2.30
2.65

1.94
2.05

lann.3

1,832,139 states, 8,725,188 transitions

7.9

F 6.50
Foo-Dgo | 2.57

19.69
3.84

2.08 2.16
2.23 1.95

2.13 2.09
2.26 1.92

2.11 2.00
2.23 1.86

2.05
2.25

1.90
1.79

1

eader_election.b

4,808,952 states, 28,064,092 transitions

94.5

F
F20-Dso

1.13
1.40

1.20
1.61

1.07 1.03
1.35 1.41

1.07 1.02
1.35 1.41

1.06 1.01
1.35 1.40

1.06 1.01
1.34 1.39

leader_election.6*

35,777,100 states, 233,195,212 transitions

758

F
F20-Dso

1.46
1.72

1.23
1.49

1.40 1.07
1.68 1.34

1.40 1.06
1.69 1.34

1.39 1.05
1.68 1.33

1.38
1.67

1.04
1.32

leader_filters.

5

1,572,886 states, 4,684,565 transitions

3.1

F
F20-Dso

1.80
2.22

1.32
1.55

1.72 1.07
222 1.27

1.71 1.06
2.23 1.26

1.69 1.03
2.19 1.23

1.96
2.42

1.02
1.18

leader_filters.

7

26,302,351

states, 91,692,858 transitions

64.4

F 1.46
Fo0-Dgo | 1.83

1.33
1.48

1.45 1.09
1.89 1.24

1.44 1.08
1.88 1.23

142 1.05
1.86 1.21

1.40 1.04
1.79 1.15

lifts.7

5,126,781 states, 13,631,916 transitions

25.8

F 11.88
Fo0-Dsgo | 2.28

23.05
2.89

221 1.87
1.79 1.53

2.14 1.76
1.75 1.49

1.94 1.55
1.68 1.38

1.81 1.38
1.59 1.30

1lifts.8

12,359,648 states, 31,993,172 transitions

57.9

F 10.80
F20-Dgo | 2.17

20.78
2.56

2.27 2.01

1.86 1.58

222 1.94
1.85 1.56

2.01 1.68
1.76 1.44

1.85 1.47
1.69 1.35




Std.

ComBack

Strat.

No DDD
T Ef

DDD(0.1)
Tt ET

DDD(0.2)
Tt ET

DDD(0.5)
T1 Ef

DDD(1)
T Ef

lup.

3

1,948,617 states, 3,621,672 transitions

2.5

F
F20-Dso

10.68
7.44

18.55
9.62

3.35 2.05
3.84 2.04

3.41 2.04
3.90 2.03

3.48 2.03
3.96 2.02

3.75 1.98
4.30 2.01

lup.

4

7,479,540 states, 13,9

74,930 transitions

10.7

F
F20-Dso

11.15
7.22

21.50
10.69

3.02 2.04
3.48 2.05

3.04 2.03
3.51 2.04

3.05 2.00
3.54 2.03

3.04 1.96
3.54 2.00

msmi

e.4

7,125,441 states, 11,056,210 transitions

28.7

F
F20-Dso

5.07
2.26

7.43
1.72

1.85 1.33
2.03 1.23

1.80 1.26
2.00 1.19

1.75 1.19
1.96 1.14

1.74 1.17
1.95 1.13

needham.4

6,525,019 states, 22,203,081 transitions

20.2

F
F20-Dso

2.29
2.08

241
1.72

1.73 1.29
1.98 1.33

1.74 1.29
2.00 1.33

1.75 1.28
2.01 1.33

1.75
2.01

1.27
1.32

peterson.4

1,119,560 states, 3,864,896 transitions

2.3

F
F20-Dso

5.16
3.67

9.15
3.96

3.29 2.37
3.41 2.09

3.26 2.26
3.45 2.02

3.13 2.05
3.25 1.89

3.32
3.56

1.83
1.73

pgm_protocol.6

2,659,550 states, 8,510,552 transitions

20.0

F
F20-Dso

2.35
1.36

4.05
1.26

1.23 1.09
1.31 1.09

1.22 1.07
1.29 1.06

1.21 1.05
1.28 1.05

1.21
1.28

1.04
1.05

pgm_protocol.8

3,069,390 states, 7,125,121 transitions

18.1

F
F20-Dso

2.83
1.50

5.18
1.34

1.37 1.15
1.42 1.09

1.34 1.12
1.42 1.08

1.33 1.09
1.42 1.08

1.32
1.42

1.08
1.08

phil

s.6

14,348,906 states, 143,489,055 transitions

149

F
F20-Dso

4.23
2.79

6.93
3.51

2.09 1.89
2.40 2.02

2.05 1.84
2.37 1.97

2.26 1.76
2.59 191

1.98
2.33

1.70
1.85

plicH

3

1,268,968 states, 2,058,701 transitions

8.1

F
F20-Dso

8.15
1.41

7.53
1.07

1.82 1.46
1.47 1.10

1.76 1.41
1.47 1.10

1.61 1.31
1.47 1.10

1.74
1.57

1.31
1.10

plc.

4

3,763,999 states, 6,100,165 transitions

24.7

F
F20-Dso

12.47
1.42

12.28
1.10

2.27 1.88
1.49 1.13

2.20 1.82
1.49 1.13

2.15 1.78
148 1.13

2.14
1.48

1.78
1.13

roduction_cell.5

4,211,856 states, 13,0

72,120 transitions

9.1

F
F20-Dso

244 3.38
2.06 1.62

1.94 141
2.09 1.35

1.91 1.36
2.08 1.31

1.80 1.18
1.93 1.15

1.72 1.13
1.89 1.12

roduction_cell.6

10,689,251

states, 33,005,890 transitions

23.3

F
F20-Dso

2.15
1.81

3.04
1.47

1.70 1.36
1.85 1.30

1.67 1.30
1.82 1.25

1.53 1.12
1.70 1.10

1.51 1.09
1.68 1.08




Std.

ComBack

No DDD
T Ef

Strat.

DDD(0.1)
Tt ET

DDD(0.2)
Tt ET

DDD(0.5)
T1 Ef

DDD(1)
T Ef

public_subscribe.2

1,846,603 states, 6,08

7,556 transitions

5.4 F 8.07 15.64
F20-Dgo | 3.02 2.93

2.89 2.35
2.82 1.95

2.84 2.25
2.82 1.92

2.70 2.10
2.82 1.86

2.60
2.81

1.91
1.77

public_subscribe.3

1,846,603 states, 6,08

7,556 transitions

5.5 F 8.08 15.64
F20-Dgo| 3.00 2.93

2.90 2.35
2.81 1.96

2.88 2.24
2.80 1.93

2.68 2.10
2.81 1.87

2.60
2.80

1.91
1.78

public_subscribe.4

1,846,603 states, 6,08

7,556 transitions

5.7 F 7.81 15.64
F20-Dgo | 2.89 2.93

2.81 2.35
2.70 1.96

2.74 2.24
2.70 1.93

2.64 2.10
2.69 1.87

2.52
2.70

1.91
1.78

rether.4

9,559,819 states, 13,322,683 transitions

18.6 F 4.59

Fo0-Dgo | 2.83

10.63
3.76

2.61 2.76
2.82 2.55

2.33 2.35
2.58 2.23

2.05 1.94
2.29 1.88

1.90 1.73
2.15 1.69

rether.5*

21,603,346 states, 23,

791,337 transitions

30.8 F 7.15

Fo0-Dgo | 4.30

14.89
5.15

3.80 3.37
4.17 3.06

3.38 2.89
3.80 2.72

291 2.38
3.40 2.30

2.69
3.12

2.10
2.05

rether.6

5,919,69/ states, 7,822,384 transitions

11.9 F 4.81

F20-Dgo | 3.14

10.60
4.20

2.47 2.48
2.77 240

2.22 2.10
2.50 2.09

2.02 1.78
2.28 1.79

1.92
2.19

1.61
1.64

sorter.3

1,288,478 states, 2,740,540 transitions

2.5 F 38.36

Fo0-Dgo | 10.46

69.68
13.80

5.43 4.83
5.40 4.22

5.19 4.42
5.33 4.02

4.71 3.92
5.04 3.71

4.64
4.92

3.44
3.27

synapse.4

2,292,286 states, 4,921,830 transitions

4.1 F 10.06

Fo0-Dgo | 3.53

12.88
2.54

2,50 1.32
2.59 1.26

249 1.30
2.61 1.26

2.48 1.29
2.66 1.25

2.48
2.61

1.28
1.24

synapse.7

10,198,141

states, 19,893,297 transitions

24.4 F 9.11

F20-Dgo | 2.43

13.53
1.94

2.02 1.42
221 1.31

2.02 1.41
221 1.31

2.01 1.39
2.22 1.31

2.00
2.23

1.36
1.30

szymanski.3

1,128,424 states, 4,23

,041 transitions

2.8 F 4.64

Fo0-Dgo | 3.16

6.59
2.88

2.87 2.18
3.01 2.03

2.94 2.10
3.04 1.98

2.79 1.95
2.97 1.89

3.00
3.22

1.80
1.76

szymanski.4

2,313,863 states, 8,550,392 transitions

6.0 F 4.76

Fo0-Dgo | 3.18

7.73
2.97

294 2.20
3.09 2.04

2.89 2.12
3.08 1.99

2.78 1.98
3.04 1.90

2.71
2.92

1.82
1.78

telephony.4

12,291,552 states, 64,110,312 transitions

52.4 F 7.02

F20-Dgo | 4.44

14.61
6.48

2.80 2.37
3.06 2.22

2.78 2.28
3.03 2.15

2.71 2.15
2.98 2.05

2.66 2.05
2.94 1.96




Std.

ComBack

Strat.

No DDD
Tt Ef

DDD(0.1) [DDD(0.2) [DDD(0.5) | DDD(1)
TY Ef | Tt Ef |T1 Ef|T! ET

telephony.7

21,960,308 states, 114,070,470 transitions

97.3

F
F20-Dso

9.06 16.82
4.18 5.88

277 2.31)|2.75 2.24]12.69 2.14(2.63 2.05
3.06 2.15|3.05 2.10|3.01 2.02{2.95 1.95

train-g

ate.6

5,904,140 states, 12,528,772 transitions

10.3

F
F20-Dso

6.69 16.71
3.30 4.04

3.47 3.04|3.26 2.75|2.55 1.92(1.91 1.15
3.25 2.18(3.18 2.08]2.79 1.69(2.27 1.20

train-gate.7*

50,199,556 states, 106,056,460 transitions

75.4

F
F20-Dso

9.84 17.45
4.09 4.20

4.65 3.19(4.27 2.86(3.25 1.99|2.40 1.29
4.26 2.25|4.14 2.13|3.56 1.73|2.87 1.29




Table 8. Evaluation of DDD on 12 CPN instances

Cache size: 0.1% of the state space.
Type of items in the queue: state identifiers.

Std.

ComBack

Strat.

No DDD
T Ef

DDD(0.1)
T Ef

DDD(0.2)
T? Ef

DDD(0.5)
T1 Ef

DDD(1)
T1 Ef

dymo.1

114,222 states, 642,818 transitions

147

F
F20-Dso

15.81
12.19

18.58
12.88

4.49 4.57
4.90 4.81

3.52 348
4.10 4.03

2.90 2.79
3.68 3.57

2.71 2.57
3.65 3.53

dymo

2*

1,196,71] states, 29,22

7,638 transitions

15073

F
F20-Dso

8.75
4.97

17.83
9.05

1.31 1.94
1.88 2.97

1.36  1.90
1.92 2.87

1.40 1.87
2.00 2.85

1.45 1.86
2.02 2.75

dymo.6

1,256,773 states, 7,377,095 transitions

1429

F
F20-Dso

11.64
8.98

15.17
10.51

1.91 2.00
241 2.57

1.84 1.91
2.32 249

1.80 1.85
224 237

1.79 1.82
2.14 2.24

erdp.1

207,003 states, 1,193,8

32 transitions

105

F
F20-Dso

18.21
10.35

25.15
12.69

4.37 5.08
3.91 4.34

3.64 4.14
3.48 3.81

3.11 3.42
3.09 3.34

2.87 3.10
2.90 3.10

erdp

2*

4,277,126 states, 30,50

3,876 transitions

6324

F
F20-Dso

10.08
4.84

26.58
10.80

1.85 3.16
1.75 3.16

1.89 2.97
1.79 3.01

1.84 2.77
1.90 2.82

1.83 2.65
1.89 2.71

erdp

3*

2,344,208 states, 18,73

9,842 transitions

3784

F
F20-Dso

9.99
5.44

22.13
10.04

2.07 317
2.14 3.23

1.98 2.97
2.06 3.06

1.89 2.78
1.98 2.87

1.83 2.66
1.92 2.75

erdp.4

555,529 states, 3,239,4

10 transitions

292

F
F20-Dso

23.47
11.34

28.23
13.81

4.03 4.07
343 3.74

3.57 3.52
3.16 3.40

3.25 3.09
2.90 3.08

2.97 2.87
2.76 2.90

protocol.1

215,196 states, 1,133,846 transitions

31.7

F
F20-Dso

24.15
12.64

30.62
17.64

777 8.92
6.14 7.76

6.34 7.20
5.32 6.62

5.07 5.71
4.54 5.59

4.47 4.98
4.12 4.99

protocol.2

125,450 states, 515,598 transitions

18.1

F
F20-Dso

29.37
18.80

42.60
29.10

10.31 13.15
8.20 11.49

7.93 10.09
6.63 9.37

6.14 7.60
5.19 7.29

5.06 6.44
4.54 6.36

protocol.3*

2,150,381 states, 11,584,421 transitions

424

F
F20-Dso

34.17
18.20

45.85
25.89

5.32 6.95
5.12 6.73

4.71 6.08
4.61 6.02

4.16 5.25
4.13 5.29

3.80 4.77
3.82 4.82

telephones.1

107,68 states, 1,017,4

90 transitions

47.6

F
F20-Dso

5.49
4.47

7.57
5.63

3.44 4.00
3.55 4.02

2.99 3.39
3.16 3.49

2.62 2.86
2.83 3.07

2.40 2.57
2.65 2.83

telephones.2

1,004,967 states, 11,474,892 transitions

894

F
F20-Dso

3.90 8.06

2.90 5.32

1.76 2.78
1.85 2.93

1.64 2.54
1.77 2.76

1.53 2.30
1.68 2.58

1.45 2.13
1.60 2.39
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