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Abstract—To BMC of timed automata network, we present a
novel time stamp semantics model for timed automata network
with synchronization and shared variables, which allows not
only mutually independent transitions but also dependent
transitions to be compressed together between two states in
succession. A key ingredient of our BMC encoding is the use
of time stamp variables for shared variable accesses, which are
overlooked in previous approaches. The proposed semantics
represents the timed automata network in a significantly
more compact way than previous step semantics, which allows
maximally compressed steps of transitions and therefore is
in this sense optimal. A preliminary experimental evaluation
shows a significant performance improvement in the number
of unrolling of BMC steps and run times as well.

Keywords-Bounded model checking, timed automata net-
work, timed stamp semantics, concurrent real-time systems

I. INTRODUCTION

Timed automata (TA) [1] are automata augmented with

continuous variables, clocks, to specify temporal behaviour.

While decision procedures for model checking and reach-

ability have been known from the beginning, it took a lot

of research in practical algorithms to obtain usable tools,

notably [2]. Even so, often these tools will fail to provide

an answer due to complexity reasons.

Consequently, research has considered adapting the highly

popular bounded model checking (BMC) approach [3] to the

timed automata network (TAN), see e.g. [4]–[7] for some

early approaches. These approaches are based on the coding

of discrete systems with the additional need to deal with the

coding of continuous variables, clocks, achieved in different

ways. From a methodological point of view, BMC separates

model checking into two separate tasks, coding a problem

for a solver, e.g. SAT or SMT (SAT modulo theory) and

solving it with the solver. The basic idea of BMC is to code

execution sequences of automata as an alternation of states

and transitions by distinct variables for every position in the

sequence and to code logically the relations between these

variables (e.g. the transition relation). A solution can then

be interpreted in the semantics of the modeled system.

The coding can produce more or less difficult problems

for the solver and the difficulty can unfortunately not simply

be measured in the size of the formula. In [8], the idea of

using step semantics for improved coding was developed: the

coding allows several transitions to be executed in parallel,

provided they are independent (any possible order leads to

the same state), thus effectively compressing the sequence.

Apart from reducing the size of the formula, this also makes

it easier to be solved, since it remove the artificial choice of

the execution order of independent actions.

Independence of transitions for TAN has been studied

beyond the context of BMC, see e.g. [9]–[11]. In various

ways, these works relax the impact of timing constraints on

the order of otherwise independent actions. E.g. [10] allows

sequences with time running sometimes backwards between

independent actions, since it is ensured that these sequences

can be rearranged into a temporally correct order.

It was natural to try to adapt step semantics to this setting,

but it is not obvious how to code the occurrence of multiple

independent transitions “in parallel” when they are restricted

by time. While [5] limited this possibility to the case of

transitions occurring at the same time, [12] proposes (in

a SAT setting, rather than an SMT setting) to relax this

limitation with alternate codings with mixed results: for the

most relaxed coding, sequences do get shorter, but the size

of the coding exploses and is difficult to solve.

In this work, we propose an efficient SMT encoding for

reachability of TAN with local clocks and communication

both via synchronization and shared variables. It combines

several optimizations of previous codings, e.g. it combines

transition occurrences with time passage as in [13] and,

for a single process, it follows the coding in [4]. Based

on the previous methods, we make the following several

novel contributions: 1). A novel time stamp semantics is

given to eliminate the implicit clock synchronization and to

allow the resulting composed transitions to be executed in

the same way as transitions of untimed systems; 2). Most

importantly, in the time stamp semantics, time stamps for

last read and last write accesses to shared (global) variables

are introduced to keep track on the order relations between

dependent transitions, and hence the correct execution order

of transitions is guarantied; 3). We presented an optimal
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encoding for BMC of TAN, the timing constraints of tran-

sitions accessing the same shared variables are encoded by

the bias of these time stamps. Going further, several accesses

to a shared variable in parallel are possible as long as time

stamps coherent with that access can be attributed. In this

sense, the coding provides an optimal compression.

Time stamps for shared, discrete variables are a non

obvious choice, but their merit becomes clear when consid-

ering the alternative coding in [12] based on time stamps

for transition occurrences: to code dependency between

these transitions, a quadratic explosion of constraints occurs,

whereas the time stamps of the entities causing the depen-

dency, the shared variables, allow for a concise coding.

The rest of this paper is organized as follows: The formal

definition of TAN with its novel time stamp semantics are

given in Section II. The BMC problem of TAN in terms

of the time stamp semantics is coded in Section III. The

experimental results are presented in Section IV.

II. TIMED AUTOMATA NETWORKS

A. Timed Automaton

A TA [1] is state transition graph augmented with a finite

set of clock variables that can be used to constrain the time

between certain transitions. This is achieved using a set of

positively valued variables called clocks C = {x1, . . . , xn},
where atomic clock constraint is any expression in the form

x ∼ c with ∼∈ {≥, >,=, <,≤}, x ∈ C being clock variable

and c ∈ Z being a constant, we call the set of conjunction

of atomic clock constraints as B(C). The subset of B(C)
where ∼∈ {<,≤} is denoted by I(C).

Definition 1: A TA is a tuple (L, l0, C,E, Inv), where L
is a finite set of locations; l0 ∈ L is an initial location; C is a

finite set of clocks; Inv : L→ I(C) assigns an invariant to

each location; E ⊆ L×B(C)×2C×L is a set of transitions;

Every transition e = (l, g, R, l′) contains source and target

location l, l′ ∈ L, a clock constraint g ∈ B(C), and a set R
of clock reset condition in the form of x := 0 (x ∈ C).

The dynamic behaviours of TA is given by means of a

transition system TS. A configuration of TS is a tuple c =
(l, r, t) where l ∈ L is a location, r : C �→ R+ is a clock

reset function over C s.t. r(x) denotes the last reset time of

clock x, and t is called timed stamp, which represents the

time elapsed from the beginning of the path being analyzed.

Throughout this paper, we attribute a clock function vtr :
C �→ R+ to a reset function r and a given time stamp t
such that vtr(x) = t − r(x). As a result, vtr(x) denotes the

value of clock x w.r.t. time stamp t. We write υ |= ϕ when υ
satisfies ϕ ∈ B(C). For a function r, the modified function

r[R = t] denotes a function r′ such that r′(x) = t for x ∈ R
and r′(x) = r(x) for x /∈ R.

Definition 2: The time stamp semantics of a TA TA
.
=

(L, l0, C,E, Inv) is defined by a transition system TS
.
=

(S, c0,→) where S = L × R+C × R+ is the set of

configurations, c0 = (l0, r0, 0) is the initial configuration,

r0(x) = 0 for all x ∈ C, and →⊆ S × S is the set of

transitions defined as follows: 1). (l, r, t)
e−→ (l′, r′, t) for

e = (l, g, R, l′) such that vtr |= g, r′ = r[R = t] and

vtr′ |= Inv(l′); 2). (l, r, t)
d−→ (l, r, t + d) for d ∈ R+

such that vt+d
r |= Inv(l).

Intuitively, 1) represents an action leaving the current

location can be fired if the current clock values satisfy its

guard and, after resetting, the invariant of target location

holds; 2) denotes time elapse does not switch the current

location, but it is allowed only when the location invariant

does not violated. In our encoding we represent the paths in

a unified way, as interleaving sequences of time steps and

actions as (c0)
d0−→ (c1)

e1,d1−→ (c2) . . .
en−1.,dn−1−→ (cn).

B. Timed Automaton Network

In this work, TAN consists of a set of TAs that may syn-

chronize on 1) synchronization actions, 2) shared bounded

integer variables. For the sake of presentation, we limit

ourselves to a set V of bounded integer shared variables

and a set G(V) of constraints in the form of ν ∼ c, where

ν ∈ V , c is an integer. S(V) is used to represent the set of

assignments in the form of ν′ := aν + c, where ν, ν′ are

variables in V and a, c are integers.

Definition 3 (Timed Automata Network): A TAN is a tu-

ple TAN = (V,Σ, TAS) where: 1). V = {υ0, υ1, . . . υm} is

a finite set of shared integer variables, each variable υi ∈ V
has a finite value domain [Lυi, Uυi]; 2). Σ =

⋃n
i=1 Σi

is a set of synchronization actions with Σi is the subset

that appears in TAi; 3). TAS
.
= {TA1, TA2, . . . , TAn}

is a set of TAs with synchronization actions and shared

variables. Each TAi = (Li, l0i,Σi, Ci, Ei, Invi) with i ∈
{1, . . . , n} is as defined in Definition 1 except Ei. Here,

Ei ⊆ Li ×B(Ci)× 2Ci × Σi ∪ ⊥× 2G(V) × 2S(V) × Li.

Besides the clock guard and clock resetting, a transition

of a TA in a network may optionally have a synchronization

action in Σ∪⊥, a set of shared variable guards in G(V) and

a set of shared variable assignments in S(V).
A TAN TAN = (V,Σ, TAS) evolves as the TAs in TAS

evolve. A global configuration of the network is a triples

(l̄, s, r, t̄, τw, τ r), where l̄ is a vector of locations, function

s denotes the valuation of shared variables in V , function r
assigns each clock x in

⋃n
i=1 Ci to its last reset time r(x),

t̄ is a vector of time stamp, function τw assigns each ν in V
to its last write time τw(ν) and function τ r assigns each ν
in V to its last read time τ r(ν). Given a global configuration

(l̄, s, r, t̄, τw, τ r), l̄i is used to represent the local location of

l̄ w.r.t. TAi and each TAi has its own time stamp t̄i.
Definition 4: The time stamp semantics of an TAN

TAN = (V,Σ, TAS) is a triple TS
.
= (S, c0,→) where

S = L×Z
V×R+

⋃
i Ci×R+TAS×R+V×R+V is the set of

configurations, c0 = (l̄0, s0, r0, t̄0, τ
w
0 , τ

r
0 ) is the initial con-

figuration, r0(x) = 0 for all x ∈ ⋃
i Ci, t̄0(i) = 0 for each

TAi, τ
w
0 (ν) = τ r0 (ν) = 0 for any ν ∈ V , and →⊆ S × S is
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the set of transitions with the following three types: 1) Local
time passing: e

.
= (l̄, s, r, t̄, τw, τ r)

d−→i (l̄, s, r, t̄′, τw, τ r)
for t̄′i = t̄i + d and t̄′j = t̄j for i �= j (time advances

for TAi and vt̄
′
i

r satisfies the invariant of l̄i); 2) Local
transitions: e

.
= (l̄, s, r, t̄, τw, τ r)

⊥−→ (l̄′, s′, r′, t̄, τw ′, τ r ′)
where ei = (l, g, R,⊥, sν , gν , l′) be a transition of TAi,

such that (a) l̄i = l, l̄′i = l′, and l̄′j = l̄j for j �= i;
(b) vt̄ir satisfies the guard g and r′ = r[R = t̄i]; (c)

s satisfies the variable guard gν and s′ = s[sν ]; (d) if

ν ∈ var(sν) then τ r(ν) ≤ t̄i and τw(ν) ≤ t̄i; for any

ν ∈ V , if ν ∈ var(gν) then τw(ν) ≤ t̄i. Here, var(exp)
denotes the set of variables that appear in expression exp.(e)

τ r ′(ν) = max(t̄i, τ
r(ν)) if ν ∈ var(gν), and otherwise

τ r ′(ν) = τ r(ν); Moreover, τw ′ = τw[var(sν) = t̄i];
3) Synchronized transitions: e

.
= (l̄, s, r, t, τw, τ r)

a−→
(l̄′, s′, r′, t, τw ′, τ r ′), for each i with a ∈ Σi, there must

be an edge ei = (li, gi, ri, a, sνi
, gνi

, l′i) ∈ TAi such that

(a) l̄i = li and l̄′i = l′i and the general conditions for local

transitions are also satisfied; (b) the participating automata

are synchronized, i.e. t̄i = t̄j with Σi

⋂
Σj = a.

Intuitively, the rule 1) says that a component may advance

its local time as long as the local invariant holds. The rule

2) is the standard interleaving rule for discrete transition.

The usual cases of read-write and write-write dependencies

appear when a variable is shared for communication by

several automata of the network. To ensure the correct

semantics, we have to ensure dependent transitions are

serialized with respect to their occurrence in time. This is

specified by the condition d) and e) of the rule 2). When

several components need to be synchronized, each transition

of the participating automata must satisfies condition (a)-(e)

of rule 2) and must also be checked if they have executed

for the same amount of time by condition (b) of the rule 3).

In [12], mutually independent transitions are allowed

to occur together between two consecutive configurations,

thus allowing compressed “step” executions (s0)
MT1−→

(s1) . . .
MTn−→ (sn) where MT = {(e1), . . . , (en)} is a set of

pairwise independent events. This allows BMC to decrease

the bound required to find counter-examples. As a result, it

can be quite beneficial to recognize more pair of transitions

as independent transitions. In general, two transitions from

different automata are called independent if neither disables

nor enables the execution of the other, and the same state is

reached by executing them in either order. To be practically

useful, we present a sufficient checkable syntactic conditions

for independence of two transitions for the timed stamp

semantics of definition 4.

Theorem 1: Two transition e1, e2 ∈→ that satisfies the

following properties are independent: 1). The set of automata

participate in e1 is disjoint from the set of automata partic-

ipate in e2 ; and 2). The set of shared variables that are

accessed by e1 is disjoint from the set of shared variables

that are accessed by e2, or both e1 and e2 are read to

the same shared variable, or both e1 and e2 write to each

shared variable the same value, or both e1 and e2 enable in

configure c and the value of the shared variable write by e2
equals to the value of the shared variable in configuration c.

Here, more pair of transitions are recognized as inde-

pendent than previous work [12], especially the pair of

transitions that access to the same shared variable with at

least one of transitions write to the shared variable, as long

as the two transitions write or read to the shared variable

with the same value. As a result, we achieve a significant

reduction of execution steps for BMC.

III. ENCODING OF TIMED AUTOMATA NETWORK

This section presents how to code a given TAN under time

stamp semantics as a difference logic formula for BMC. To

this end, a symbolic representation M = (V, I, R) of TAN

is defined, where V denotes the set of state (configuration)

variables, V′ = {v′ | v ∈ V} and Vi = {vi | v ∈ V}
refer to the next state and the i-th step state variables,

respectively; R(V,V′) is a transition relation which relates

value of variables in the current step to their value in the next

step; I is a formula that represents the set of initial states.

In particular, when P is a safety property, whether P can

be violated in k steps is reduced to checking satisfiability of

the formula as follows.

I(V0) ∧R(V0,V1) ∧ . . . ∧R(Vk−1,Vk) ∧ ¬P (Vk) (1)

A. Encoding Single Timed Automaton

In order to code TA
.
=(L, l0, C,E, Inv) according to its

time stamp semantics TS
.
= (S, c0,→), we define the

symbolic representation MTA = (V, I, R) of TA with

V = OC∪loc. Here, OC contains a real variable ox for each

clock variable x ∈ C and a special real variable τ , the values

of variable ox and variable τ correspond to the valuation of

r(x) and time stamp t of a configuration (l, r, t) in TS,

respectively. loc is a finite domain variable with domain L,

we use loc = l denotes the TA is resided in location l.

For a TA, the initial constraint I(V) is coded as following

I(V)
.
= loc = l0 ∧

m∧

x∈C
ox = 0 ∧ τ ≥ 0 ∧ invl0(V) (2)

The formula denotes the initial state followed by an arbitrary

amount of delay without violating the invariant of l0.

To code transition realtion R, we begin with keeping

track of the evolvement of clocks while an edge is switched

(followed by a timed delay) as follows:

ace(V,V′)
.
=

∧

x∈r
ox′ = τ ∧

∧

x/∈r
ox′ = ox ∧ τ ′ − τ ≥ 0 (3)

Hence, the edge e
.
= (l0, g, r, l1) ∈ E evolves from a

location l0 to l1, thereafter followed by an arbitrary amount
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of time elapses while the corresponding automata remaining

in location l1 can be represented as follows:

Te(V,V′)
.
= loc = l0 ∧ ge(V) ∧ ace(V,V′) ∧ loc′ = l1 (4)

The above constraint ge(V) which is obtained from guard g
by replacing each constraint of the form x �� c and x−y �� c
respectively by τ−ox �� c and oy−ox �� c. In addition, for

any time elapse we also has to ensure the location’s invariant

to be held. This is represented by

INV (V)
.
=

∧

l∈L
loc = l⇒ invl(V) (5)

Here, invl(V) is obtained from the invariant inv of location

l in the same way as ge(V) is obtained from its correspond-

ing guard g. Finally, the transition relation R(V,V′) that

characterize a discrete step execution followed by a time

elapse is represented as:

R(V,V′) .
=

∨

e∈E
Te(V,V′) ∧ INV (V′) (6)

Thanks to the composed transition coding of Te, we can

construct the transition relation formula (6) as a disjunction

of Te of all the edge e ∈ E in TA.

B. Encode TAN using Time Stamp Semantics

Given a network TAN = {Σ,V, TAS}, where each

TAi = (Li, l0i,Σi, Ci, Ei, Invi) ∈ TAS is associated with

a symbolic representation TSi = (Vi, Ii, Ti). In order to

respect the parallel composition requirement in the Defini-

tion 4, the symbolic representation TSN = (V,Σ, I, T ) of

the networks is obtained by setting V =
⋃

TAi∈TAS Vi ∪V ,

where the variable set V and Σ is used to code the shared

variables and synchronization actions, respectively.

The main idea of the time stamp semantics based coding

scheme is to introduce a local time scale for each TAi ∈
TAS and then rebuild the order relation between dependent

transitions from different automata. For each TAi, the local

time scale variable τi indicate the absolute time since the

beginning of run of TAi. As a result, the initial constraints

formula for TAN can be easily rewritten as follow:

I(V)
.
=

n∧

i=1

(loci = li0 ∧
∧

x∈Ci

ox = 0 ∧ τi ≥ 0

∧
∧

x∈C
ox = 0 ∧ invli0(V)) ∧

∧

v∈V
v = vinit (7)

Here, vinit denotes the initial value of shared variable v ∈ V .

To allow several independent actions from different au-

tomata which happen at different instant to be executed in

a single step, the transition formula T̂e associate with edge

e = (l, g, r, a, sν , gν , l
′) of TAi of the network NTA is

coded similar to formula (4) except that the timed scale

τ is replaced by the corresponding τi and three additional

constraints ψe
syn and ψe

s are constructed to ensure that not

only each automaton appropriately communicates with each

other, but also the dependent transitions are serialized in

the order of their occurrence in time which is destroyed

by the local time representation. Hence, the corresponding

transition is encoded as T̂e
.
= Te ∧ ψe

syn ∧ ψe
s .

Te
.
= loci = l ∧ ge(V) ∧

∧

x∈r
ox′ = τi

∧
∧

x/∈r
ox′ = ox ∧ τ ′i − τi ≥ 0 ∧ loc′i = l′ (8)

For the coded formula Te, the enabling of edge e affects only

the clocks of that automaton in its local-time scale, and the

clocks of other automata are unaffected, the execution order

of transitions is relaxed. However, in order to explore the pair

of interacting actions, we must also ”rebuild” the necessary

order relations of the participating automata. To serve this

purpose, for each synchronization between TAi and TAj ,

we must add the condition that the reference clocks (time

stamps) of TAi and TAj are equal as follows.

ψe
syn

.
= a ∧

∧

a′∈Σi\a
¬a′ ∧

∧

j �=i,a∈Σj

τi = τj (9)

In general, if a variable is shared by several components

of the network, the usual cases of read-write and write-

write dependencies appear. To ensure that write to the

shared variable is serialized with respect to both reads and

other writes to the same variable in the order of their

occurrence in time, i.e., if transition ei and ej in an execution

. . . , (ei, τi), . . . , (ej , τj), . . . are in conflict with respect to

some variable ν, then i < j iff τi < τj , the following

formula ψe
s is added

ψe
s
.
=

∧

ν∈var(sν)
{wν,i ∧ (ν

′
= cν) ∧ (τi > wτν) ∧ (τi > rτ ′ν)}

∧
∧

ν /∈var(sν)
¬wν,i ∧

∧

ν∈var(gν)
{rν,i ∧ (ν = cν) ∧ (τi > wτν)}

∧
∧

ν /∈var(gν)
¬rν,i ∧

n∧

i=1

n∧

j=1,j �=i

{(wν,i ∧ rν,j)⇒ τi ≥ τj} (10)

In the above formula (10), for each shared variable ν, we

first introduce two new variables wτν and rτν , denoting,

respectively, the timepoints of the last read and write to

variable ν are executed. Then, we also introduce two boolean

variables wν,i and rν,i to represent respectively wether a

shared variable ν is written and read by some transition of

TAi or not. To make sure the automata in the TAN commu-

nicate with each other normally, the following constraints is

added: 1) if a transition has write to a shared variable ν, the

first row of the formula (10) ensure the boolean variable wν,i

is true, the shared variable ν obtain the new value cν , the

timepoint when the transition is executed is greater than the

timepoints of the last write and read to the shared variable ν
are executed; otherwise, boolean variable wν,i is false. 2) if
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a transition has read to a shared variable ν, the second row

of the formula (10) make sure the boolean variable rν,i is

true, the transition satisfies the shared variable guard, the

timepoint when the transition is executed is greater than

the timepoint of the last write to the shared variable ν is

executed; otherwise, boolean variable rν,i is false. 3) if a

transition performs a write and another transition perform a

read to the shared variable ν from a different automata at the

same step, the third row of the formula (10) guarantee the

timepoint when the write is executed is greater than that the

read is executed (Since read and write to a shared variable ν
at the same step are operations on the current state variables

and next state variables, this implies read and write the same

shared variable at the same step are not mutual exclusion).

When no edge is executed in TAi, the formula 11

guarantees its local state remain unchanged, and the its read

and write to shared variable is not performed.

Tfix
.
= (loc′ = loc) ∧

∧

ν∈Ae

¬wν,i ∧
∧

ν∈Ce

¬rν,i

∧
∧

α∈Σi

¬α ∧
∧

x∈C
(ox′ = ox) ∧ (τ ′i = τi) (11)

In the following formula 12, the first row states the rule of

update the value of variable wτν when multiple transitions

from different automata write to a shared variable ν (Since

multiple transitions write the same value to a shared variable

are not mutual exclusion). When none of the automata writes

access to a shared variable ν, the second row constraint

guarantees that shared variable ν remains unchanged, and

the timepoint of last write access to shared variable ν also

remains unchanged.

ass
.
=

n∧

i=1

{((wν,i ∧ (τi > wτν)) ∧
n∧

j=1,j �=i

(wν,j

⇒ τi > τj))⇒ (wτ ′ν = τi)} ∧
∧

ν∈V
{(

n∧

i=1

¬wν,i)

⇒ ((ν′ = ν) ∧ (wτ ′ν = wτν))} (12)

Furthermore, the first row of the following formula 13

ensures the timepoint of last read to shared variable ν is

the max timepoint that the read transitions are executed at

the current step. When none of the automata perform a read

operator or the read is performed at timepoint before the last

read is executed for a shared variable ν ∈ V , the second row

constraint guarantees that the timepoint of last read to shared

variable ν remains unchanged.

com
.
=

n∧

i=1

{((rν,i ∧ (τi > rτν)) ∧
n∧

j=1,j �=i

(rν,j ⇒ τi >

τj))⇒ (rτ ′ν = τi)} ∧
∧

ν∈V
{(

n∧

i=1

¬(rν,i ∧ (τi >

rτν))⇒ (rτ ′ν = rτν)} (13)

l0 l1 . . . l2m
x := 0

a1

x > 3

am

x < 3 ∣∣∣∣

∣∣∣∣
n

i=1

∣∣∣∣

∣∣∣∣
r0 r1 . . . r2m

x := 0

a1

x < 3

am

x > 3

Figure 1. Networks of Chain-like Timed Automata

Again, for any time elapse we have to ensure the location’s

invariant to be held. This is represented by

INV (V)
.
=

∧

TAi∈TAS

{
∧

l∈Li

loc = l⇒ invl(V)} (14)

Finally, the transition realtion R is encoded as follows:

R(V,V′) .
=

n∧

j=1

{
∨

e∈Ej

T̂e(V,V′) ∨ T j
fix(V,V

′) ∧

ass(V,V′)} ∧ com(V,V′) (15)

To an external observer, an interesting state of a network

will be those where all the time satmp take the same

value. Therefore, for reachability formula (1), the following

additional constraint SY N(Vk)
.
=

∧n
j=2 τ

k
1 = τkj is needed.

IV. EXPERIMENTS

Our current prototype implementation of the bounded

model checking tool is implemented in C++ using Yacc+Lex

to read the benchmarks and Mathsat 4 as back-end en-

gine. All experiments were run under Ubuntu 14.04 on

desktop with an Intel XEON Processor E3-1230 v3 @

3.3 GHz and 8 GB of memory. Table I summarizes our

experimental results for Fischer′s protocol and Networks
of Chain − like T imed Automata respectively. For

Fischer′s protocol, we check “is there a state in which all

the processes enter in the critical section?” [5]. If Δ ≥ δ,

then the property is violated and the bound is growing fast

with the increasing of number of processes. For Networks
of Chain − like T imed Automata(NCTA), as shown

in Figure 1, is adapted from [11]. The benchmark consists

of parallel composition of n independent synchronization

pair of chains, each being a parallel composition of two

synchronized sequences of length n. We verify if it is

possible that all automata reside in its last location at the

same time, formalized as property ϕ = EF
∧n

i=1 l
i
2n ∧ ri2n.

Table I consist of the following data: the first column shows

the number of processes; the second one shows the length

of counterexample produced by original encoding scheme,

i.e., encodes discrete event and time elapse separately; the

next two columns, respectively, show the time and memory

consumed by the Single-Global (single transition + global

time semantics given by the previous work [5] [6]) encoding;

The latest three columns display the same information for

the Composed-Step (composed transitions +step semantics)
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Table I
EXPERIMENTAL RESULTS FOR PROPERTY ψ(TIME:SEC,MEMORY:KB)

Mod
Single-Global Composed-Global Composed-Step

k Time Mem k Time Mem k Time Mem
F2 7 0.03 84 4 0.01 88 4 0.02 4196
F3 15 0.31 8236 8 0.08 88 5 0.05 40432
F4 23 14.11 31012 12 2.02 10292 6 0.12 42116
F5 31 2296.28 328464 16 403.58 64484 7 0.22 45348
F6 - - - - - - 8 0.70 49292
F7 - - - - - - 9 0.80 54440
F8 - - - - - - 10 1.68 61052
F9 - - - - - - 11 5.42 75036
F10 - - - - - - 12 11.26 174540
F11 - - - - - - 13 124.81 159296
N2 17 0.50 8864 12 0.50 6724 8 0.50 5368
N4 33 6.81 36276 24 9.01 25468 16 9.51 29964
N6 49 29.93 104308 36 33.44 91396 24 102.43 155968
N8 65 70.88 229472 48 121.54 192384 32 111.03 161800
N10 81 158.27 426784 60 267.60 340084 40 247.58 262888
N12 97 302.42 696624 72 455.11 563944 48 263.702 282888
N14 113 1567.34 965544 84 1484.28 870888 56 1171.70 719384
N16 129 - - 96 - - 64 2024.89 1056156

encoding. The time limit was fixed to 1 hour for each run,

’-’ denotes that the system reached the time limit.

V. CONCLUSION

BMC of TAN can be accelerated by exploiting step se-

mantics, several independent actions can be compressed into

a single step to alow these actions are executed in parallel,

in the hope of achieving faster coverage of reachable state

space. However, the coding of the step semantics turned out

to be more costly in the ways of coding these step semantics

than the gain by compressed action sequences [12]. In this

paper, we have presented a novel time stamp semantics for

TAN, which is well suited for coding of step semantics since

it does not significantly increase transition formula size than

interleaving semantics. Moreover, the time stamp semantics

also allows more actions to be executed simultaneously

within a step than the previous related works for step

semantics [12]. As a result, our coding for step semantics

can achieve a significantly performance gain compared to

the previous works. Experimental results indicate that our

coding do indeed substantially speed up bounded model

checking of TAN.
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