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Abstract. The paper presents a partial order reduction method applica-
ble to networks of timed automata. The advantage of the method is that
it reduces both the number of explored control states and the number
of generated time zones. The approach is based on a local-time seman-
tics for networks of timed automata defined by Bengtsson et al. [1998],
and used originally for local reachability analysis. In this semantics, each
component automaton executes asynchronously, in its own local time
scale, which is tracked by an auxiliary reference clock. On communica-
tion transitions, the automata synchronize their time scales. We show
how this model can be used to perform model checking for an exten-
sion of linear temporal logic, which can express timing relations between
events. We also show how for a class of timed automata, the local-time
model can be implemented using difference bound matrices without any
space penalty, despite the need to represent local time. Furthermore, we
analyze the dependence relation between transitions in the new model
and give practical conditions for selecting a reduced set of transitions.

1 Introduction

Model checking [M] has emerged as a very successful automatic verification tech-
nique for finite-state systems. However, its application is still limited by the state
space ezxplosion problem. The number of possible states in a system grows ex-
ponentially with the number of component parts, quickly exceeding the current
capabilities of verification tools. For timed systems, the complexity in the control
space is increased by the timing information that needs to be maintained, since
each untimed state can be reached at many different time instances.

Partial order reduction [HEANH] is a well-established method to reduce the
complexity of state space exploration in asynchronous systems. It explores a
restricted number of interleavings for independent concurrent transitions, while
preserving the verified property in the reduced model. However, in timed systems
the implicit synchronization among transitions, caused by the passage of time,
makes the application of this technique problematic. This paper shows how to
perform partial order reduction for continuous-time systems modeled as timed
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automata, while preserving properties specified in an extension of linear-time
temporal logic augmented with explicit time constraints.

2 Timed Automata

2.1 Definition

Timed automata [H] are transition systems extended with real-valued clocks
which advance at the same rate and can be reset on executing a transition. Both
states and transitions are associated with temporal constraints on the clocks.

Definition 1. A clock is a variable over the set R™ of nonnegative reals. A
clock valuation for a set of clocks C = {xy,---,x,} is a function v: C — IRT.

Definition 2. An atomic clock constraint is an inequality of the form x < c,
¢ <z, orx—y<c, wherex,y are clocks, c € Z is an integer and <€ {<, <}.
A clock constraint is a conjunction of atomic clock constraints or the value true.
The set of clock constraints over a set of clocks C' is denoted by B(C).

Definition 3. A timed automaton is a tuple A = (S,S°,C, E, I, 1), where

e S is a finite set of nodes (control states); S° C S is the set of initial nodes

e (' is a finite set of real-valued non-negative clocks

e EC SxB(C)x2° xS is a finite set of edges. An edge e = (s,7, R, s') has an
enabling condition ¥ and a set R of clocks that are reset on traversing the edge.
o [:S — B(C) defines an invariant condition associated with each node

o 11 : S — 2 labels each node with atomic propositions from a set P

A satisfied enabling condition does not force the execution of a transition. An
automaton can remain at the same node as long as the node invariant is satisfied.
We define a network of timed automata using a general parallel composition:

Definition 4. Consider n timed automata A; = (S;, SV, Ci, E;, I;, j1;), and a
synchronization function f : [\, (E; U {e}) — {0,1} (where € is a symbol
denoting a null edge). The network of timed automata Ay || Az || ... || An is a
timed automaton A = (S,S°,C, E, I, i), where:

¢S =5 xS x...x S, and S° =59 x SY x...x SY

e C=C1UCLU...UC, (assuming C; N C; =0, fori#j)

e E contains a family of edges (a transition) for each tuple with f(e1, -, e,) = 1.
For transition a, let e; = (s;,;, R;, s;) if e; # € and active(a) = {i | e; # €}. The
edges of a have endpoints with s; and s; given by e; fori € active(a), s; = s € S
arbitrary for j & active(a), ¥ = /\iGactive(a) ¥;, and R = UiGactive(a) R;.

[ I(S) = /\?:1 11(57,)

o 1u(s) =i, n(si) (assuming pairwise disjoint sets of atomic propositions P;)

A transition corresponds to the synchronous traversal of edges in several
component automata. The synchronization function determines which automata
execute (the active set of the transition) and which ones remain at their local
state. This allows the modeling of many common synchronization paradigms,
including pairwise communication. A transition with more than one automaton
in its active set is called a synchronization transition, otherwise it is called local.
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2.2 Semantics

Given a clock valuation v and d € IR, v+d is the valuation given by (v+d)(z) =
v(z) +d, Vo € C. For R C C, v[R — 0] is the clock valuation that is zero for
clocks in R and agrees with v for all other clocks. The truth value of the clock
constraint ¢ € B(C) for a clock valuation v is denoted by 1 (v).

Definition 5. A model of a timed automaton is a state-transition graph S(A) =
(X, 39, =), where

o X ={(s,v) | I(s)(v)} is the set of timed states satisfying the node invariant
e 30 ={(s,00) | ¥ € S°} is the set of initial states, with 0c(x) =0, Vo € C
e — is the transition relation defined as union of delay and action transitions:
- (s,v) 4 (s,v+d)ifd € R", and for all 0 < d' < d, I(s)(v +d') holds
~(5,0) 5 (s, v[R + 0]) for a € T (the set of transitions of A) if there exists an
edge e = (8,9, R, s") € a, such that ¥(v) is true and I(s")(v[R +— 0]) holds

A delay transition models the elapse of time in the same control state,
while maintaining the invariant. An action transition can be executed (instan-
taneously) if the clock valuation satisfies the enabling condition. Clocks in the
set R are reset, the other clocks maintain their value.

We assume that node invariants contain only constraints of the form z; < c,
because the constraints x; — x; < ¢ or ¢ < x; are not falsified by time passage,
and can be incorporated into the enabling condition of incoming edges. Also,
since clock constraints are convex, invariants must only be checked in the final

state of a delay transition: (s,v) 4 (s,v+d)if d € R" and I(s)(v + d) holds.

Definition 6. An execution trace of a timed automaton is a finite or infinite
sequence o = (s°,00) — (st,vl) ... — (s*,0%) ... starting from a state s° € S°.

We denote by o(k) = (s*,v*) the k*" state on the trace o, by oy the finite
prefix of o ending at (s*,v*) and by o* the suffix of o starting at the same state.

2.3 The Model Checking Problem

Several model checkers for timed automata exist. The KRONOS tool is a model
checker for TCTL and timed p-calculus [B], and UPPAAL [ verifies properties
in a timed modal logic. However, partial order approaches have been so far re-
stricted to less expressive properties: Pagani B3| performs deadlock detection,
whereas Bengtsson et al. ] check local reachability within one process.

We use an extension of LTL inspired from the timed temporal logic for nets
(TNL) of [E5], which has been used to verify time Petri nets. By allowing con-
straints on two clock differences, the logic permits reasoning about the time
separation of two events, since the difference between two clocks corresponds to
the difference between the execution times of the transitions that reset them.

The formulas of our logic, called LT L A, are defined by the grammar:

Yu=true|ploz—y<c|loo|lorAps | o1l g2
where p € P is an atomic proposition, x,y € C' are clocks, ¢ € Z and <€ {<, <}.
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Definition 7. Consider an infinite ezecution trace o = (s°,0%) — (st,vl) —

.— (8%, vF) — ... The semantics of an LTL formula is defined as follows:
e (s,0) Epiffp € p(s)
e (s,0) EFx—y=<ciffu(x)—v(y) <ec
o 0 = iff pa is an atomic formula and (s°,1°) = ¢,
e 0 =y iff o = does not hold
eo =1 Aps iffo =1 and o = o _
o 0 |= 1 U s iff Ik > 0 such that oF = @o and 09 |= @1 for all0<j <k
e S(A) = ¢ iff o |E ¢ for any infinite execution trace o of S(A).

Since control state and clock differences are preserved by time passage, all
intermediate states traversed by a delay transition have the same truth value for
any atomic subformulas in LT'L 5. Thus, the given semantics based on transition
endpoints corresponds to the intuitive meaning of continuous execution.

3 The Model Checking Approach

3.1 Effect of Transition Interleavings

The traditional reachability analysis algorithm for networks of timed automata
explores all possible transition interleavings among the individual components.
Partial order methods choose a representative from each set of equivalent inter-
leavings, exploring only a reduced portion of the state space. However, in our
model of time, clocks advance simultaneously in all automata, and different in-
terleavings may produce different assignments to clock values. The independence
of transitions in the underlying untimed system may not be preserved.

Consider the system of two automata in Fig.[ll and its exploration using timed
zones [M]. From the initial state ((s1, $2),* = y), transition a leads to the state
(s}, 82),z <y) (since clock x is reset). Next, on executing b, clock y is reset,
leading to state ((s},s5),z > y). If b is executed before a, the system reaches
first the state ((s1,$5),x > y), and then the state ((s}, sh),x < y).

alx—0 bly—20

Fig. 1. Effect of transition interleavings

The two interleavings lead to the same control state, but to distinct clock
zones and thus distinct states in the zone automaton. Hence, the transitions are
not independent and usual partial order reduction techniques cannot be applied.

For a property insensitive to the ordering of = and y, both interleavings
are still equivalent, leading to a timed state in the union of the two zones,
(s, 8h),x >y VvV <y) = ((s],sh), true). Our goal is a partial order reduction
method that produces a zone containing the timed states reachable by all tran-
sition interleavings, while exploring only one interleaving, and thus fewer states.
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3.2 Related Work

Partial order reduction has been investigated by Yoneda and Schlingloff [iH]
for time Petri nets, which have earliest and latest firing times associated with
transitions and are thus less expressive than timed automata. The logic used for
specifications is similar to LT L A, but the dependency relation between transi-
tions uses run-time information about the time component of the current state.
Lilius &) improves on this technique by not storing the transition firing order
in the timing constraints and reducing branching in the generated graph.

For timed automata, Pagani [ shows that in many cases timing in-
troduces dependencies and reduces the amount of partial order reduction. The
analysis is limited to deadlock detection. Dams et al. [] handle some of these
cases, generalizing the notion of independence and selecting at a state those
transitions whose executions cover the result of exploring other interleavings.

Belluomini and Myers [M] use an event model with lower and upper time
bounds associated to transitions. Timing information is represented in the form
of partially ordered sets, reducing the number of generated time zones. However,
their analysis does not reduce the number of explored transition interleavings.

The method from which we draw most is that of Bengtsson, Jonsson, Lilius
and Wang [@]. They define a local-time semantics based on desynchronized execu-
tion of the component automata and local time delays, with additional reference
clocks to model synchronization. In this model the same independence conditions
as in the untimed case apply, and an algorithm is given to decide the reachability
of a local control state.

3.3 Local-Time Model

We revisit the local-time model of Bengtsson et al. [i] using somewhat different
notations and prove several results underlying its use in model checking.
Consider the interaction of action and delay transitions. The enabling of an
action transition and the resulting state change depend only on the state of the
participating automata. Hence, two action transitions with disjoint active sets
are independent. On the other hand, a delay transition changes the state in all
automata by incrementing the values of all clocks. It is therefore dependent on
any action transition that also changes clock values (specifically, resets clocks).
However, one can view a global delay transition as a set of simultaneous
transitions with equal delay in all component automata. This suggests that time-
induced dependencies can be removed by separating a global delay transition
into individual transitions for each component automaton, without requiring
their simultaneity. To this effect, local passage of time is introduced as follows:
For a clock valuation v, d € IR and i € 1, n, define the clock valuation v +; d
by: (v +; d)(x) = v(z) +d for x € C; and (v +; d)(z) = v(z) otherwise.
A local delay transition «d»i increments only the clocks in automaton A;. We
identify it with a pair (d,i) € Ta = R" x T, n, define active(«d»i) = {i} and
denote 7; = T U Ta. For i € 1,n, define the functions delay, : 7; — IR’ as
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follows: delayi(«d»i) =d, delayi(«d»j) =0 for i # j, and delay,(~>) =0 fora € T.
They indicate the delay caused by a transition in a component automaton.

Definition 8. The local-time model L(A) for a network of timed automata A =
Ar || Ag || ... || An is a state-transition graph with state set X, initial state set
X9 and execution traces o = (s°,0°) B (s',0) ... 5 (sF,0F) ... starting from a
state (s,0°) € X° and satisfying one of the following conditions for any k > 1:
o7, = (d,i) € Ta, s* = s*"1 oF =01 4, d and Vd' € [0,d]. I;(s¥)(v* + d'), or
o €T, (sP 1 vF 1) I8 (sF,0%) and Zé:ll delay,; (1) = Zé:ll delay ;(1i) for
all i,j € active(y,)

The first case is a local delay transition (s*~1, v¥=1) %, (s*, v*) in automaton 4;.
In the second case, an action transition (s*~1, v¥=1) X% (5%, v*) is executed, under
the additional constraint that the elapsed time (the sum of delays) is identical
for all automata in the active set. (For a local action transition, this additional
constraint is void). In both cases, the transition 74 is said to be enabled after the
execution of o;_1. Denote by enabled (o) and enabled™ (o) the set of transitions
and transition sequences, respectively, that can follow a finite trace o.

For a finite execution trace o = (s°,0°) B (s',0!)... 55 (s,v), define
time; (o) = to + Zle delay,; (1), where ty € IRT is an arbitrary timepoint at
which the execution of o starts. Then, time;(c) (or time;, when o is implicit)
denotes the timepoint reached in A; after executing o. The local configuration
of A; reached by o is the tuple cfg;(0) = (s;,v;, time;), where v; denotes the
restriction of v to the clocks of A;. The global configuration of A is the tuple
cfg(o) = (cfg1(0), cfgy(0), -+, cfg, (o)), also denoted cfg(c) = (s, v, time) with
time = (timey, times, - - -, timey,,). The set of configurations is ¥c = ¥ x (R™)".

Note that the enabling of an action transition is defined in terms of the
trace executed so far. The following result shows that a configuration determines
completely the subsequently enabled transitions. The proof follows directly from
the definitions of parallel composition and the local-time model.

Proposition 1. The following properties hold in the local-time model L(A) for
finite execution traces o and o’ and transition T € enabled(o):

o if cfg;(0) = cfg;(0’) for alli € active(T), then T € enabled(c’) and cfg;(oT) =
cfg;(o'T) for all i € active(T)

e cfg;(oT) = cfg;(o) for all j & active(r), where o1 denotes the trace obtained
by extending o with the transition T.

Consequently, two finite execution traces leading to the same configuration have
the same enabled transitions. For a configuration v € Y¢ one can thus define
enabled(vy) = enabled(c), where o is an execution trace such that cfg(o) = 7.
Likewise, the successor configuration of v by a transition 7 € enabled(o) is
defined as the configuration reached when extending the trace o by transition 7:
succr(7) = cfg(or). This is again independent of o and we write v — succ, (7).
We now prove the desired independence properties for transitions in £(A). In
general, two transitions are called independent if neither disables the execution
of the other, and the same state is reached by executing them in either order:
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Definition 9. Two transitions 11 and T2 are independent iff for any finite exe-
cution trace o such that 71,72 € enabled(o) the following two conditions hold:
e Enabledness: 75 € enabled(ori) A1 € enabled(oTs)

e Commutativity: fin(omi72) = fin(omem) A enabled” (o1 72) = enabled™ (oma71)
where fin(o) denotes the last state on the trace o.

Theorem 1. Two (action or local delay) transitions 11,72 € T that involve
disjoint sets of automata (active(1) N active(r2) = 0) are independent.

Proof. For all j € active(r2), we have j & active(r1), hence cfg;(om1) = cfg;(0).
Therefore, 72 € enabled(c) = 12 € enabled(o71), and symetrically for 71. Also,
since active(r1) N active(rz) = 0, each local configuration is changed at most
once, either by 71 or by 72, irrespective of their ordering. Therefore, c¢fg(oTi72) =
cfg(omem) and fin(omime) = fin(o7e7i). Since the enabled transitions are deter-
mined by the reached configuration, enabled™(cm172) = enabled™ (c7a11). O

A finite trace o in L£(A) is called synchronized if time;(oc) = time;(o) for
all i,j € 1,n, i.e., if all automata have executed for the same amount of time,
denoted by time(c). The following theorem relates the reachable state spaces of
the standard and local-time models (cf. []):

Theorem 2. FEach state reachable in S(A) is also reachable in L(A). Moreover,
each state reached by a synchronized trace in L(A) is also reachable in S(A).

Proof. First, any trace in S(A) yields a trace in £L(A) by replacing each global
d

delay transition . with the sequence of local delay transitions «d»l RS
The reverse implication follows by induction on the number of action transi-

tions in the trace o; of £(A). For the base case, if 0; is synchonized and contains

only local delay transitions, they sum up to the same total delay d. Then, fin(o;)

is reachable in S(A) by executing the global delay transition 4.

For the induction step, let a be the action transition in o; executed at the
latest timepoint, t, < ¢t = time(o;). In every automaton, o; ends with local delay
transitions totaling at least t —t,. Removing this delay in every automaton yields
a synchronized trace o] with time(o]) = t,. In o}, a is the last transition in all
participating automata. Its removal yields a synchronized execution trace o}’
with fewer action transitions. By the induction hypothesis, fin(o}') is reachable

in S(A), and fin(o;) is reachable from it by executing % followed by oo

3.4 Local-Time Zone Automaton

An analogue of the zone automaton [H], which represents sets of timed states
using clock constraints can be derived for the local-time model . A local-time
zome is a convex set of configurations z € Y with the same control state. A
transition is enabled in a zone iff it is enabled in some configuration in the zone:
enabled(z) = {T € T; | Iy € z. 7 € enabled(y)}. The successor of a zone z by a
transition 7 € enabled(z) is succ,(z) = {succ. () | v € z AT € enabled(v)}.
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For the standard zone automaton, an exploration step consists of an action
transition followed by a delay transition of arbitrary amount. For the local-time
model, we combine an action transition with subsequent delay transitions in all
automata belonging to its active set, and show:

Proposition 2. For any finite execution trace o, there ewists a trace o’ with
the same final configuration, which starts with a local delay transition in each
component automaton, after which every subsequent action transition is followed
by local delay transitions in all participating automata.

Proof. A delay transition «d»i commutes with any other delay transition, and
with action transitions a for which ¢ ¢ active(a). Thus, a delay transition can
be moved towards the beginning of the execution trace o (merging consecutive
delay transitions in the same automaton) until the preceding action transition
involves the same automaton, or there are no preceding action transitions. O

Based on this result, we define the zone successor operation as follows:
d; d;
sucel (z,a) = {ye € e | Iy € 2,3diy, -+, di, €ERT.y 59/ D yp...~8 i}

where active(a) = {i1,42,-,ix}. An initial local-time zone is the set of all
configurations reachable from an initial state by a sequence of delay transitions:

d; di,,
ZnZtlZ(SO) = {Cfg(CT) ‘ Ediu B dln € IR+' g = (Soa OC) ~ (Soa Ul) e (Soa Un)}
If succ?(2) = {7 | Iy € z,3d € RT. v e ~'} is the successor by an arbitrary
local delay, then init? (s°) = (succs o . ..o succf)(7°(s?)) and succf (z,a) =
(succ o... o succf o succq)(z), where o denotes function composition.

Definition 10. The local-time zone automaton Z;(A) for a network of automata
A is a tuple (7, Z0, succ?), with Z? = {init? (s°) | s € SO} the set of initial
local-time zones, succi the successor relation defined above, and Z; the set of
local-time zones reachable by successive application of succh from an initial zone.

Together with Prop.B this definition implies directly the following;:

Theorem 3. A state is reachable in the model L(A) iff it belongs to a zone z
which is reachable in the local-time zone automaton Z;(A).

3.5 Representation of Local-Time Zones

In [F], it is shown how local-time zones can be represented by difference bound
matrices [d] using one additional variable per automaton. For a class of timed
automata, we derive an improved representation which does not need additional
space compared to the standard zone automaton.

The difference between two clocks is invariant to global delay transitions,
but in the local-time model, it may be changed by a local delay transition if the

clocks belong to different automata. However, since a transition «d»i increments
both time; and the clocks in C;, the value time; —v;(x) is invariant to local delay
transitions. Indeed, it represents the timepoint at which clock x was last reset.
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Consider the new variables t; for i € 1,n (the reference time in A4;) and t,
for all clocks z € C (the last reset time of x). Denote T; = {t, | x € C;} for
ieln, T =TiU{t;}, T ={t. |v€C}y =, Ti, and T+ = |J_, T;*. For a
configuration (s, v, time), define the valuation o : T+ — R by o(t;) = time; for
i€ 1,n and o(t;) = time; — v(x) for x € C;. Conversely, v uniquely determines
v and time, and (s,7) is an alternate representation for a configuration.

Any atomic clock constraint appearing in the description of A can be rewrit-
ten as a difference constraint over TF. In a difference constraint z —y < ¢, both
clocks belong to the same automaton A;, and x—y = (t; —t) — (t; —ty) =ty —ta.
Likewise, x < ¢ and ¢ < x are rewritten as t; —t, < cand t, — t; < —c.

A local-time clock zone is the set of valuations belonging to a local-time zone.
A zone is written as (s, 1) with s the control state and 1; the clock zone.

Proposition 3. A local-time clock zone can be written as a difference constraint
over the variables in TT: ), = /\t o ert by — tw < Cuw-

Proof. Initially, t, = t; = to, Vo € Ci, i € 1,n. Thus, ¥y = A, , cpi(tu = tw).
For an action transition (s,7) % (s/,%'), we have ¥/(t,) = 9(t,) for u ¢ R, and
U (ty) = t;, for v € R, (with z € C;_). We denote this by ¢/ = 0[t, — ti_|zer,
and extend the notation to clock zones. Also, the enabling condition %, holds
for v and the reference times in T, = {t; | ¢ € active(a)} are equal. Thus,
succa (1) = {0 | (5,0) = (s, 0)} = (WA Ve ANy, e, B = E)lEe = ti,Joer, =
EXa-@Z’lMZ’aA/\ti,tjeTa t; = tj}A/\xGRa ty = ti,, with X, = {tm ‘ x € Ra} and Exa
denoting quantification over all variables in X,. Since difference constraints are
closed under conjunction and quantification, suce, (1) is a difference constraint.
For a local delay transition (s, ) 4, (s,7"), we have ¥'(t;) = v(t;) + d and
V' (ty) = 0(ty) for all t,, € T\ {t;}. Denote this by ¥/ = v+; d and the successor
of 1y after an arbitrary delay «d»i as Y M= {0 | I € Y,3d € RT. ¥ = v +; d}.
We have ¢ t'= 3d € R*. y[t; — d/t;] = 3, € RY. [, /t:] At — t; <0, where
e[y/ ] denotes substitution of y for x in e. Since (s, v) NS (s,0")iff v/ = v+;d and
I;(s:)(¢") holds, we have succ? (1) = i ft* ALi(s;), again a difference constraint.
Combining action and delay steps, we obtain the relation: succ? (Y, a) =
(Bxa- WA ba NN, ger, B = 1A Naer, Te = L) T A Nicactive(a) 16(57)-

This representation of a local-time zone is monolithic and relates reset times
of clocks to reference times in all automata, using n auxiliary reference times.
For a certain class of networks, we prove the following simpler representation:

Proposition 4. If each synchronization transition in a network of automata A
resets at least one clock in each participating automaton, a local-time clock zone
has the form iy = YA(T) AN Ny ¥i(T;, t;), where:

* Ya(T) = N¢, zt,er ta — bty < Cay, With cay € Z

o (T, t;) = /\tzeTi (t; =ty < Ciz Nty — t; < Cgi) With iy, Cyi € Z

We call A a sync-reset network of automata. The term A (T') relates pairs of
two reset times, while ¥;(T;, t;) relates ¢; to the reset times in automaton A;.
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Proof. The initial zone is written as: init{ (s°) = Nayeo(tz = ty) NNy Ti(sD).
For succh, the term AwGA/\ti,tjeTa t; = t; from Prop.H@has the required form,
save for ¢; = t;. Quantification over X, adds constraints between ¢; and ¢, for
i € active(a),t, € T. By assumption, for every i € active(a), a clock z € R, NC;
is reset, yielding ¢, = t;. Hence, constraints on ¢; — ¢, can be included in ¥a
as constraints on t, — t,. Finally, executing {* for i € active(a) removes the
equalities t; = ¢;, and adds constraints on t, —t; with z ¢ C;. Likewise, these
can be replaced with t, —t, for y € R, N C}, which are in the desired form. 0O

Clock constraints are usually represented as difference-bound matrices ||,
which are indexed by clock variables and whose elements are bounds, i.e., pairs
(=, ¢) corresponding to an atomic clock constraint. The component 1) 4 of a local-
time zone can be represented as a DBM of dimension |C| (the total number of
clocks). Each constraint ¢; requires 2 * |C;| time bounds, for a total of 2 x |C],
i.e., an additional row and column. Thus, 1; can be represented by a matrix of
dimension |C| + 1, the same size as the DBM used in the standard algorithm.
However, only the submatrices corresponding to individual automata (with ref-
erence time) and the submatrix for ¥4 (without reference times) are subject
to DBM operations. The successor computation is done first on the submatrix
corresponding to the active automata (after enforcing the synchronization con-
straints ¢; = ¢;). Strengthened constraints may lead to the recanonicalization of
1A and possibly of submatrices for other individual automata.

If an automaton in the network has synchronization transitions that do not
reset clocks, an additional clock can be inserted into the automaton for this
purpose. This transforms any network of automata into a sync-reset network,
with potentially fewer than n additional time variables.

3.6 Preservation of LT L o, Formulas

Since in the local-time model £(A) the execution order of transitions is relaxed,
L(A) accepts a richer set of behaviors than S(A). This section establishes restric-
tions on the local-time model which ensure that each of its traces is equivalent
to a trace of the standard model with respect to a given LT L o formula .

We extend LT LA to the local-time model by defining the satisfaction of an
atomic time constraint in a configuration: (s,?) EFz—y < ciff o(t,) —0(tz) < c
For z € C; and y € C; we have 9(t,) — 9(tz) = (time; — v(y)) — (time; — v(x)).
Thus, in a synchronized configuration, the semantics is the same as in S(A). The
transitions which affect the truth value of a formula are identified as follows:

Definition 11. (Visibility) A transition (s,v) — (s',v’) is invisible with respect
to a specification ¢ if every atomic subformula of ¢ that has the same truth value
in (s,v) and (§',v"). A transition which is not invisible is called visible.

A transition in £(A) is visible if it connects two states which differ by at least
one atomic proposition in the specification or it resets at least one clock in the
specification, affecting the truth value of a difference constraint. Delay transitions
are invisible, since they don’t change the control state and don’t reset clocks.
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For a network of timed automata A and a formula ¢ in LTLA denote by
F?(A) the set of those traces of £(A) which satisfy the following properties:
e Ordering (O): Visible transitions occur in increasing order of their execution
times. That is, in any trace o € F?(A), for visible transitions 7, and 7; with
k <1, we have time(r,) < time(m;) (where time(7) is the execution time of 7).
e Fairness (F): Time progress is unbounded in all automata. That is, for any
trace o € F¥(A),i € T,nand M € R™, there exists k € IN with time;(ox) > M.

Theorem 4. Given an LT LA formula ¢, for any execution trace in S(A) there
exists an execution trace in F¥(A) with the same truth value for ¢ and vice versa.

Proof. The direct implication is straightforward: from a trace o in S(A) con-
struct a trace o; in L(A) by replacing each global delay transition L with the

sequence of local delay transitions md»l «d»n. The trace o; satisfies O, since
no action transitions are reordered, and F, since the same delay transitions are
executed in each automaton. Because delay transitions are invisible, this trans-
formation preserves the truth value of ¢, and o = ¢ iff o) = ¢.

For the reverse implication, we construct ¢ from o; by reordering all transi-
tions in increasing order of their timepoints. The ordering condition O guarantees
that no visible transitions are reordered, and the truth value of the formula is not
changed. Delay transitions may be split and reordered so every action transition
is preceded by equal delays in all automata. The fairness condition F guarantees
that for all automata, local delay transitions with the needed amount exist in o;.
Finally, all local delay transitions between two consecutive action transitions are
merged into a global delay transition, resulting in a trace o of S(A). O

Based on the above theorem, we proceed as follows: We first define a restricted
local-time model £#(A) whose traces satisfy the ordering condition O. Next, we
construct a zone automaton Z;(A) whose states are local-time atoms, i.e., sets
of configurations with the same truth value for all atomic subformulas of . We
show a correspondence between the traces of L?(A) and Z;”(A), and then impose
a fairness condition corresponding to F to ensure equivalence with the standard
model. Finally, we apply a mazimization to the atoms in Z;(A) to obtain an
automaton M7 (A) which is finite and therefore amenable to model checking.

To preserve the ordering of visible transitions, we introduce a new reference
variable t,, denoting the timepoint of the last visible transition executed. The
domain of the valuation v is extended to include t,. In the initial configuration,
0(ty) = 0. The model L¥(A) is defined in the same way as £(A4), but with the
additional restriction @(t,) < time(a) for executing a visible transition a, and
¥'(t,) = time(a) in the resulting configuration. Thus, each visible transition is
executed at a later timepoint than the previous one, and condition O holds.

The zone successor formula for a visible transition becomes: succ? () =
Bx. 3t ANy, 4 er b = AN e, to < I er, to = M \per, to = tia
For invisible transitions, the successor operation remains the same.

The ordering condition O can also be ensured without a new variable by a
stronger condition on the traces of £#(A). This requires a visible transition to
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precede in time all action transitions which follow it in the execution trace and
is enforced by the conjunct ;¢ iipe(a) time(a) < t;.
In this case, the zone successor formula for visible transitions is written:
succy (1) = BXQJ/’/\ZZ)aA/\ti,tjeTa t = tjA/\tieTa,tnga ti <t]ANser, te = ti,-
To perform model checking, we consider zones in which every configuration
satisfies the same atomic subformulas of the specification ¢ (cf. [E&3]):

Definition 12. (Atom) Given a timed automaton A and a LTLA formula ¢,
an atom is a zone (s, ;) such that v1(ty) — 01(tz) < ¢ & Ta(ty) — U2(tz) < ¢ for
all 01,02 € Yy and any constraint © —y < ¢ in @.

For each atomic clock constraint in ¢, consider a new atomic proposition
qr = ty, —tu, <k ck. Thus, ¢ is reduced to a next-time free LT'L formula 4. All
configurations in an atom have the same truth value for all propositions gx. The
atoms comprising a zone (s, ;) are given by the nonempty intersections between
; and all constraints t,, — t;, <k c, either in positive or negated form:

atoms? ((s, 1)) = {(s,0) | ¢ = ¥ A NyZy ai» & # false, qf, = qi, or qj, = ~qr}-

Define transitions between atoms as follows: z = 2/ if a € enabled(z) and
2 € atoms®(succ?(z,a)), and 2z = z if at least one local state of z has the
invariant I;(s;) = true. We obtain an atom graph for A and the formula ¢:

Definition 13. (Atom graph) The atom graph A¥(A) of a timed automaton A
with respect to formula ¢ is a state-transition graph (Z7,Zy,=), with Z the
set of initial local-time zones, = the atom transition relation and Z the set of
atoms reachable from Z{ by repeated application of =.

Then, our problem reduces to LT L model checking:

Proposition 5. For each execution trace oy of LP(A), there is an atom sequence
in A®(A) that has the same truth value for pq as o; has for ¢ and vice versa.

Proof. The proof is based on reordering transitions as in Prop.H (cf. also [3]),
with 2 transitions corresponding to series of action-delay transitions in £%(A).
In addition, = transitions correspond to delay transitions in automata which
remain indefinitely at a state with the invariant true. Again, the ordering con-
dition O ensures that the truth value of the formula is preserved. a

We now restrict the zone execution sequences such that the execution traces
included herein satisfy the fairness condition F. Otherwise, the local-time model
may contain traces that stop executing some automata and do not correspond
to any trace in the standard model. The fairness condition F is violated if the
execution trace does not make infinite time progress in some automaton, i.e., if
the growth of a clock is always restricted by a state invariant. This cannot happen
if any clock which is infinitely often limited by an invariant is reset infinitely
often, allowing time to diverge. The fairness constraint can thus be written in
terms of the structure of the automaton, A .~ GFz.bounded = GFz.reset. The
model checking problem on the initial network of automata is thus reduced to
LT L model checking of a finite Kripke structure with a set of fairness constraints.
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A stronger fairness constraint restricts the atom graph 4% (A) to zones that
are synchronizable, i.e., contain at least one synchronized configuration (with
o(t;) = v(t;) for all 4,5 € 1,n). This ensures that no more zones are explored in
the local-time zone automaton than in the standard zone automaton, and the
reduction is applied to a state space which is not larger than the original one.
This guarantee comes at the expense of an additional check for the enabledness

of transition = in a given atom 2, namely that succ?(z,a) be synchronizable.

3.7 Building a Finite Model

The local-time zone automaton can be infinite, since difference bounds on clocks
can become arbitrarily large. In [f], a finite quotient is shown to exist, but no
method to compare local-time zones for equivalence is given. We show that, just
as for the standard zone automaton, the actual value of time bounds does not
affect the enabledness of transitions, once a certain value is exceeded. Hence,
each local-time zone can be normalized to obtain a finite model.

We adapt the mazimization (rounding) operation described, e.g., in [&] to
the local-time model. Let ¢pax be the maximum absolute value of all constants
in the automaton A and the formula ¢. Adapting the region graph construction
of [, two valuations v and @’ are called region-equivalent (written v o~yeq ¥') if
for any time variables t,,t, € T, either |0(t,) — 0(ty)] = [V (tu) — V' (ty)] or
both differences have the same sign and are greater in absolute value than cp,x.
Region equivalence extends to configurations by defining (s,7) ~eg (87, 7) iff
s =5 and U ~cs U'. Regions are the equivalence classes induced by ..z on the
set of configurations Y¢. It is straightforward to show:

Lemma 1. Let 0~y 0. Then:

1. If ¢ is any constraint in A or in the specification o, then v € ¢ iff v/ € 1.
2. For any clock set R, U[R + 0] ~46g U'[R — 0].

3. Foriel,n and d > 0 there exists d > 0 such that 0 +; d ~yeg U +; d'.

Since Lemma M covers all operations involved in executing a transition, the
following property follows (cf. [{]):

Proposition 6. Let v ~.5 7' be two region-equivalent configurations in Xc.
1. If v 5 41, there exists v} ~eg 71 such that ' % .

2. If v 4, 71, there exists d € R and ¥} ~eg 71 such that ' L -

The maximization of a zone z is the set of configurations which have some
region-equivalent configuration in z: max(z) = {7 € Yo | Iy € 2. v e V' }-
A maximized zone is therefore a convex union of regions. It is easily seen that
a maximized zone is obtained from the canonical representation of a zone by
modifying all constraints involving constants +c’ with ¢’ > cpax: to — ty < —¢
becomes t, — t, < —Cmax and t, —t, < ¢ becomes t, — t, < oo (trivially
true). Furthermore, by point (1) of Lemma [l a maximized atom is in turn an
atom. Define succ (z, a) = max(succf (z,a)) and let M (A) be the atom graph
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induced by succlM through repeated application from an initial zone. Since the
constants in a maximized zone are bounded, it follows that M7 (A) is finite.

By Prop.H the same transitions are enabled in every point of a region. Since
a maximized atom is the closure of an atom with respect to region equivalence,
this implies that the atom graph A®(A) and the maximized atom graph graph
M?(A) are bisimilar. Putting the previous results together, we obtain the fol-
lowing theorem, which reduces our initial problem to LT L model checking with
fairness constraints on a finite model:

Theorem 5. The model M (A) with the fairness constraint F is equivalent to
the standard model S(A) with respect to the formula .

3.8 Partial Order Reduction

Partial order reduction constructs only a representative part of the state space
of a model, while preserving the verified property. This is done by exploring a
subset of the enabled transitions at each states, instead of the entire set. Several
criteria for choosing the subset of explored transitions have been developed. We
follow the approach of Peled [4], in which the selected transitions are denoted
as an ample set and have to satisfy the following conditions:

CO0 Emptiness: ample(s) = 0 iff enabled(s) = 0.

C1 Ample decomposition: On any path from any state s, a transition in ample(s)
appears before the first transition dependent on a transition in ample(s).

C2 Invisibility: If ample(s) # enabled(s), all transitions in ample(s) are invisible.
C3 Cycle closing: A transition enabled in every state of a cycle in the reduced
state graph belongs to the ample set of some state on that cycle.

Having established the visible transitions in the model M7 (A), one needs to
determine the transition dependence relation. Bengtsson et al. [l give a purely
structural dependence relation, identical to that for untimed parallel composi-
tion: two transitions are independent if the two sets of automata involved in each
of them are disjoint. This condition is sufficient for the local-time model £(A),
as shown by Theorem ll Since transitions in the zone automaton are composed
of action and local delay transitions in the local-time model, the commutativity
relation also follows for the zone automaton:

succ? (succf (z,a),b) = succ? (succ (z,b), a) if active(a) N active(b) = ()

However, in the local-time zone automaton, just like in the standard zone
automaton, transitions which are both enabled in a zone may actually be enabled
in different sets of configurations belonging to that zone.

Let A; and As be two automata with clock sets {z,u} and {y, v}, and con-
sider a zone that is reached after executing two synchronization transitions, one
resetting x and y, and the second resetting u and v. Thus, we have t, = t, and
ty = t,. Assume now that transition a in A; has enabling condition z — u =
ty—ts < 2 and transition b in Ap requires y—v = t,—ty, > 3. Since t,—t, = ty—1y
due to the previous synchronizations, the two conditions cannot be satisfied si-
multaneously. Exploring either of = and 2 restricts the current local-time zone
to a fragment where the other transition is no longer enabled.
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Consequently, when selecting an ample set of transitions, one needs to check,
just as for full state exploration, whether for every configuration in the current
zone each of the explored automata is either be forced to execute an action
transition or allows indefinite time progress. Otherwise, a potential deadlock
exists. For a local transition, this check can be made statically by analyzing
the invariant of the originating state together with the guard condition of the
transition. This gives us a practical condition for the selection of an ample set:

Proposition 7. In a sync-reset network of automata, a local transition in a
process with a single clock does not disable transitions in other automata.

Proof. Given local transition a in automaton A; with a single clock x, the con-
straints in the enabling condition of a can be of the form ¢, —¢; < cand ¢t;,—t, < c.
In a sync-reset network of automata, the representation of a local-time constraint
links ¢; only to clocks in the same automaton, i.e., to t,. Therefore, the conjunc-
tion ¥; A1, does not induce stronger constraints on the other time variables and
does not affect the enabledness of transitions in other automata. ad

Based on the above results, we can use the ample set approach [£4] to con-
struct a reduced model for the automaton M7 (A), and perform model checking
by composing it with the tableau for the LT L formula [£d].

4 Conclusions and Future Work

We have presented a method that allows the application of partial order re-
duction to systems modeled as a composition of timed automata. The method
results in reduction in the state space, as well as in the number of clock zones
that are generated for each control state. Compared to previous related work,
this paper shows that partial order reduction can be used for model checking of
properties described in a timed extension of linear temporal logic, rather than
just for local reachability analysis. Furthermore, for a certain class of automata,
we show that the local-time zones can be represented as efficiently as standard
clock zones. We also analyze the dependence relation between transitions in the
new model and give practical conditions for selecting an ample set.

An implementation of the presented algorithm is in progress, and we expect
it to support the theoretical claims for efficiency improvement with experimental
results. We also plan to extend the technique to models with other variants of
synchronization, such as timed automata with deadlines. Of particular interest
is a detailed comparison of the present approach with techniques developed for
other timed models, such as time Petri nets and timed event level structures,
and possible improvements that can result from here. Finally, we plan to explore
how partial order reduction can be used for other finite quotient representations
of timed automata, such as the region graph construction.
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