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Abstract. Inthispaper we proposeamaodel, timed automata with non-instantaneousactions, which
allows representing in a suitable way real-time systems. Timed automata with non-instantaneous
actions extend the timed automatamodel by dropping the assumption that actions are instantaneous:
in our model an action can take some time to be completed. We investigate the expressiveness of
the new model, comparing it with classical timed automata. In particular, we study the set of timed
languages which can be accepted by timed automata with non-instantaneous actions. We prove that
timed automata with non-instantaneous actions are more expressive than timed automata and less
expressive than timed automata with e edges. Moreover we define the parallel composition of timed
automata with non-instantaneous actions. We point out how the specification by means of a parallel
timed automaton with non-instantaneous actions is, in some cases, more convenient to represent
reality.
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1. Introduction

Transition systems have been intensively used as a model for specifying and verifying “real-life sys-
tems’. The representation of a system by means of a finite transition system allows reasoning easily
about qualitative properties of it, such as “safety” and “liveness’ properties. When real-time systems
are considered, also quantitative timing properties must be taken into account, since the correctness of
the whole system may depend on the magnitude of different delays. For these systems, the specification
by means of classica transition systems is no longer satisfactory because time requirements cannot be
described within this model. A natural way to solve this problem is to add, to the usual model, a suitable
notion of time. Examples of this extension can be found in[11, 15].

Alur and Dill proposed the model of timed automata [6, 7]. Since their introduction, timed automata
have been widely studied from different points of view [4, 5, 8, 9], in particular for their possible use
in the verification of real-time systems [1, 2, 3, 10, 14, 16, 19]. Timed automata can be represented by
finite graphs augmented with a finite set of (real-valued) clocks. An edge is labeled by a symbol which
represents the action performed when the edge is taken. While actions are instantaneous, time can elapse
in states. An edge can reset to zero the value of a set of clocks, and, at any instant, the value of a clock
is equal to the time elapsed since the last reset on it. Any edge can be equipped with a constraint on the
value of clocks. An edge may be taken only if the current value of clocks satisfies its constraint.

When considering real systems, in many cases the events are not instantaneous, but have a duration.
In this paper we propose a model, timed automata with non-instantaneous actions, which extends the
timed automata model by dropping the assumption that actions are instantaneous: in our model an action
can take some time to be completed. The model alows specifying in anatural way systems in which the
actions have a duration. To model non-instantaneous actions, every edge of the automaton is equipped
with two constraints, a initiation constraint and a completion constraint. An edge can be taken when
itsinitiation constraint is satisfied by the current value of clocks, and it can be completed only when its
completion constraint is satisfied. Analogously, every edge is associated with a set of clocks which are
reset to zero when it is taken (initiation reset) and a set of clocks which are reset to zero when the action
is completed (completion reset). An event with a duration can be modeled, using timed automata, with
two actions, corresponding to the initiation and the completion of the event. But in thisway the resulting
automaton has a different alphabet with respect to the original one, and the information that the event is
unique islost.

The notion of timed language accepted by a timed automaton is redefined in the context of timed
automata with non-instantaneous actions. Different notions of language acceptance are defined in the
paper, which differ in the choice of when an action occurrence must be considered, either on itsinitiation
or on its completion. The different acceptance conditions correspond to different views of the system, on
which different properties can be considered: for example, some property may refer to the initiation of
an action and the completion of another one.

We investigate the expressiveness of the new model, comparing it with classical timed automata. A
main result of the paper is that timed automata with non-instantaneous actions are more expressive than
timed automata and |ess expressive than timed automata with e edges.

Afterwards, we define the parallel composition of timed automata with non-instantaneous actions,

and we show how a classical example of use of timed automata as a specification language [7] can be
more suitably modeled by a paralel timed automaton with non-instantaneous actions.
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2. Timed automata with non-instantaneous actions

Starting from the notion of timed automata we introduce, in this section, anew class of automata. In the
following R is the set of non-negative real numbers. A clock takes values from R". Given aset X
of clocks, a clock valuation over X is a function assigning a non-negative real number to every clock.
The set of valuations of X', denoted Vy, is the set of total function from X to R™. Given v € Vy and
d € R*, with v + § we denote the valuation that maps each clock z € X into v(z) + 6. Given a set
X of clocks, areset v isasubset of X'. The set of all resets of X is denoted by I'y. Given avaluation
v € Vy and areset -y, we define that the valuation v\y(z) = 0if z € y and v\y(z) = v(z) if z & 7.
Given aset X of clocks, the set Wy of clock constraints over X' are defined by the following grammar:
o= true | false | AN |V ap | ) | x#t | x — y#t, wherez,y € X,t € R, and # isabinary
operator in {<,>, <, >, =}. Clock constraints are evaluated over clock valuations. The satisfaction by
avaluation v € Vy of the clock constraint 1) € Wy isdenoted by v |= 1.

Definition 2.1. (Timed Automaton)

A timed automaton 7" isatuple (Q, %, €, B, R, X'), where: () isafinite set of states, X isafinite al phabet
of actions, £ isafinite set of edges, B C @) isthe set of initial states, R C () isthe set of repeated states,
X isafinite set of clocks. Each edgee € £isatuplein Q x Uy x 'y x X x Q. Inthefollowing, T
denotes the class of all timed automata.

Definition 2.2. (Timed Automaton with non-Instantaneous Actions)

A timed automaton with non-instantaneous actions N isatuple (Q, %, &, B, R, X), where: @ isafinite
set of states, 3 is a finite aphabet of actions, £ is a finite set of edges, B C (@ is the set of initia
states, R C ( isthe set of repeated states, X is a finite set of clocks. Each edgee € £ isatuplein
Qx Ty xTyxIx Uy xTyxQ.Ife= (g9, 0,9 q¢) isan edge, q isthe source, ¢ isthe
target, ¢ and ¢ are the initiation constraint and the completion constraint, respectively, o is the label,
+* and v¢ are the initiation reset and the completion reset, respectively. The class of all timed automata
with non-instantaneous actions will be denoted by A

The semantics of atimed automaton with non-instantaneous actions N = (Q, %, &, B, R, X) isan infi-
nite transition system S(INV') whose states are of two kinds:

e apair (q,v), whereq € Q isastate of N and v € Vy isavauation;
e apar (?(w,%q),y) whereo € ¥, ¢¥ € Yy, v € 'y, g € Q and v € Vy. These states represent
the execution of action o after itsinitiation.

For an action o, there are two particular time instants, the initiation of the action and the completion
of the action, which may occur at different times. Following the notation of [17] we use the notation o 1
and o | for these two events. The transitions of S(IV) are labeled either by a real number representing
the elapsed time, or by an initiation or a completion of an action in X. The rules to derive the transitions
of S(N) are the following:

§ERY (¢, 9", 9", 0,97 ¢) € E,v = ¢!
) N2. o — .
(Q7 V) —>(Q7V + 5) (Q7 V) —>( o (wc,vc,q’)ay\7l)

N1.
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§eRT viEy
N3.—— 5 — N4.— — ol
( g (1/1,%‘1)’ V) —>( o (1/1,%‘1)7 v + 5) ( g (w,'y,q)a V) —>(q7 V\"Y)

Rule N1. represents the case in which the automaton stays idle. If N moves along an outgoing edge
e = (q,9% 9% 0,9¢ 7 ¢'), this corresponds to a transition of S(N) from the state (¢, v) to the state
(?(wc e v\") in which ¢ isinitiated (Rule N2.). Note that this state records the completion con-
straint and the completion reset of e, to be considered for the completion of o. In this state, some time
can elapse: in this case S(IV) reaches a state where o continues to be executed, but the valuation of
clocks is modified according to the elapsed time (Rule N3.). When the execution of ¢ terminates, N
reaches a new state (the target of ) with anew valuation of the clocks, given by the completion reset of
e (Rule N4.).

A timed language is a set of timed words. A timed word over an alphabet X is an infinite sequence
(o,t) = (00, t0)(01,t1) - .., Whereo; € ¥ and tyt1ts ... isaninfinite sequence of non-decreasing time
values associated to the symbols oyoi05 .... A timed word (o, t) is accepted by a timed automaton if
there exists a path in the automaton, labeled by ayo104 .. ., such that any edge labeled by o; is taken at
time ¢;, and satisfying some acceptance condition. The timed language accepted by a timed automaton
T isdenoted by £(T"), and L(7T) denotes the set of timed languages acceptable by automatain 7.

Asfor timed automata with al phabet X, the languages accepted by timed automata with non-instantaneous
actions N = (Q, X%, &, B, R, X) are timed languages over 3. The difference is that here we have dif-
ferent acceptance notions: we can choose, for each action o € ¥, if we want to consider the time of
its initiation or the time of its completion. If, for some action o, we choose to consider its initiation,
o is considered as occurring when o 1 occurs, and o | is ignored, while, if we choose to consider its
completion, o is considered as occurring when o | occurs, and o1 isignored.

Given A C ¥, let usdenoteby At= {01 |0 € A} and A|= {0 | |0 € A} the set of initiations and
completions of the actionsin A, respectively.

Definition 2.3. (Run, Selected Sequence)

Given atimed automaton with non-instantaneous actions N = (Q, %, £, B, R, X'), arun of the automa-
ton is an infinite sequence of states and transitions of S(V) g —% s; — ... such that sp = (g, v),
g € Bandv(z) = 0 forevery x € X, and astate ¢ € R exists such that ¢ occurs infinitely often in the
pairs of the sequence {s; }. Note that we use the Buchi acceptance condition for the runs [7].

e Thetimesequencetyt ;... of thetime elapsed from state s, to state s; in r is defined as follows:
0 ifl;eX

t0:0andti+1:ti+ .
[; otherwise

e The event sequence of the events occurring during r, including the elapsed times, is defined as
follows: (lo, to)(ll, tl) .

e GivenapartitionX = (I,C),IUC =X and I N C = (}, the (I, C) selected action sequence of r
is the projection of the event sequence of » on the pairs {({,¢)|l e IT U C|}.
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Definition 2.4. (Selected Acceptance, I nitiation Acceptance, Completion Acceptance)
Let N = (Q, %, €, B, R, X) beatimed automaton with non-instantaneous actions, and (1, C') apartition
of .

e A timed word w over X is (I, C') selected accepted by N if arun r of N exists such that, for all
o€ l,0 € C,w=v[o/ot,o /c"|], wherev isthe (I,C) selected action sequence of r and
v[o /o 1] denotes the sequence v in which every symbol o 1€ 11 is substituted by o (analogously
for v[o /o ]]). The set of timed words (I, C') selected accepted by N is called the (I, C) selected
accepted language of NV and is denoted by Lf 1.0) (N)

e A timed word w over X isinitiation accepted by NV iff itis (X, () selected accepted by N. We shall
use L{(N) for Lis p) (N), to denote the initiation accepted language of N.

e A timed word w over 3 is completion accepted by N iff it is ((), X) selected accepted by N. We
shall use L¢(N) for Ly s (IV), to denote the compl etion accepted language of N.

The class of timed languages selected (for any (I, C)), initiation and completion accepted by automata
in \V isdenoted by £*(N), L/ (N), LE(N), respectively.
3. Expressive power of the model

We now prove that the power of timed automata with non-instantaneous actions is greater than that of
timed automata (without e edges).

Example 3.1. Consider the automaton /V; in Figure 1a. Theinitiation accepted language L; isthe set of
al timed words (o, t) = (09, to)(01,t1)(02,t2) - - -, Such that each ¢; € (4,4 + 1], for al natural numbers
i,and either oy =aandt; =i+ 1,0ro; =bandt; € (i,1 + 1).

true, {x}, ¢, x>0, {y} Q@

x=1, {x} a, true, {} 0<x<1 {}, b, x=1, {x} true, {}, ¢, x<1 A O<y, {y}

Figurel. AutomataN; and N-

Example 3.2. Consider the automaton N, in Figure 1b. The completion accepted language I, is the set
of al timed words (o,t) = (c,ty)(c,t1)(c, t2) - -+, such that t; < t;41, and there existsy > 0 such that
0<t;<to+1—r,foralsi.

Theorem 3.1. 1. L(T) C LY(N), 2. L(T) C LE(N)
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Proof:

To show that £(7) C £Y(N) and L(T) C L¢(N'), we give aconstruction that, given atimed automaton
T, builds a timed automaton with non-instantaneous actions N such that £(T) = £(N) = L°(N).
GivenT = (Q,%,&,1, R, X), the corresponding timed automaton with non-instantaneous actionsisthe
automaton N = (Q,%,&',I, R, X'),where X' = X U{z. |e € £} andforeache = (¢,4,7,0,¢) € &,
&' contains (g, ¢,y U{ze}, 0,2 = 0,0,q"). Weassumethat X N {z, | e € £} = 0.

All actions of IV are forced to be instantaneous. Thisis done by resetting the dedicated clock 2 at
the initiation of the transition e and requiring that 2, = 0 at the termination of e. So N actsas 7' in all
runs, and hence £(T) = L£!(N) = L°(N) no matter the given selection for N.

To show that the class £(7") isastrict subset of £/(N) (£¢(N)), consider the timed automaton with
non-instantaneous actions V; (IN;) in Figure 1a(1b). The language initiation accepted by thisautomaton,
L, (L9), isequa to the one accepted by the timed automaton with e edges shown in Figure 2a (2b). This
language cannot be accepted by any timed automaton without e edges[12]. O

0<x<1, b, {}

true, £, {x} 0<x, ¢, {y}
x=1, a,{x} x=1, S{X}

x<1A O<y, ¢, {y}

(b)

Figure2. A timed automaton for L, and atimed automaton for L

Proposition 3.1. 1. LY(N) € L¢(N), 2. LN) € LY N).

Proof:

Sketch. The proof is based on the fact that the language L, (L), initiation (completion) accepted by
the automaton N; (IV2), cannot be completion (initiation) accepted by any timed automaton with non-
instantaneous actions. O

Proposition 3.2. LY(N) U LE(N) C L5 (N).

Proof:

Sketch. The proof is based on the fact that the language I, U Lo, ({a, b}, {c}) accepted by the automaton
N3 in Figure 3a, can be neither initiation nor completion accepted by any timed automaton with non-
instantaneous actions. O

We now prove that timed automata with non-instantaneous actions are less expressive than timed
automata in which e (non-observables) transitions are used. The latter class will be denoted by 7 [12].
Let us start defining a transformation for a single automaton with non-instantaneous actions V.

Definition 3.1. (Smulator Automaton)

Let N = (Q,%,&, B, R, X) be atimed automaton with non-istantaneous actions. The simulator au-
tomaton of NV is atimed automaton 7% defined as follows: TV = (Q', X1 UX |, &, B, R, X) where
Q = QU {ql| ec & andforale= (g1, 0,975 q) € &, & contains (¢,4",7*,0 1, q.) and
(qea 1/)67 707 U~L7 q,)
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+ x=1, {x}, a, true, {} x=1, {x}, a, true, {}

OO i

0<x<1, {}, b, x=1, {x}

true, {x}, ¢, x>0, {y} 0<x<1, {}, b, x=1, {x} C.ﬂa
x=0, a, {x} x=2, ¢ {x}

true, {}, ¢, x<1 A O<y, {y}
@ (b)

Figure3. Automaton N3 and an automaton for L¢yer

The simulator automaton 7V simulates al runs of NV retaining both initiation symbol and termination
symbol for each action. Its actions are instantaneous and represent initiating instants and terminating
instants of non-instantaneous actions of V.

Definition 3.2. (Relabeled Simulator Automaton)
Let N = (Q,%, &, B, R, X) be atimed automaton with non-instantaneous actions and 7°" its simulator
automaton. Let (1, C) apartition of X.
Consider the renaming function g; ¢y : £ 1 UX|— X U {e} such that
o ifoel e ifoel
e ifoec D=1 i ec
The relabeled simulator automaton of NV, denoted by 12’} ) is the simulator automaton 7 where

forall e € &' thetrangition label [ of e isrenamed by g ) (1).

9(1,0)(UT) =

Note that the relabeled simulator automaton of N has an alphabet ¥ U {e} and belongs to 7.
Theorem 3.2. L5(N) C L(T).

Proof:
Sketch. First we show that £5(N') C £(7¢). Consider atimed automaton with non-instantaneous actions

N =(Q,%,&,1,R, X), and apartition (I, C) of £. Let T be the simulator automaton of N and T(I}fc)

be the relabeled simulator automaton of N. It can be shown that [(SLC)(N) = E(T(]}’,C)) obtaining that
any timed automaton with non-instantaneous actions can be simulated by an automaton in L.

To show that the class £°(N) is astrict subset of £(7;) (and then also £(N') and £L¢(N) are so, by
Proposition 3.2) consider the timed automaton in 7; shown in Figure 3b. The language accepted by this
automaton, Leyen, is the set of all timed words (0,t) = (a,%)(a,t1)(a,t2) - - -, such that each ¢; is an
even natural number and ¢; < #; 1, for all 4.

This language cannot be selected accepted by any automaton in V. O

As a consequence, our model can be put at an intermediate level between timed automata and timed
automata with e edges.
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Automata with periodic clock constraints, defined in [13], also have an expressive power between
timed automata and timed automata with e edges. They contain constraints which are based on regularly
repeated time intervals. However, their power is not comparable with the power of our model. In fact
the aim of automata with periodic clock constraints is that of model periodic behaviors, while we model
actions that have a duration.

GW@ @) @ ]
\. L£(T?)  /

L(T)

Figure4. Inclusion among language classes

With automata with periodic clock constraints it is possible to model the timed automaton (with e
edges) of Figure 3b for Ly, Wwhich we are not able to model. On the other side, automata NV, N, and
N3 cannot be modeled with periodic clock constraints.

The inclusion among language classes is given in Figure 4, where £(77) is the class of languages
accepted by timed automata with periodic clock constraints.

We can apply to timed automata with non-instantaneous actions the verification techniques, based on
model checking, usually applied to timed automata [3, 10, 16, 19]. To perform this task, we first specify
the time of occurrence of every action and then translate the timed automaton with non-instantaneous
actions into a timed automaton with e edges, as shown in the proof of Theorem 3.2.

4. Parallel Composition

In this section we define the semantic of aparallel composition of timed automata with non-instantaneous
actions.

Let Ny = (Ql, 2, 51, B, Ry, Xl) and Ny = (QQ, 2o, 52, Bs, Ro, Xg) be two timed automata with
non-instantaneous actions such that X N X5 = (). The parallel composition of N; and N is denoted by
(N1 || N2).

The semantic isatransition system S(V; || No) whose states are pairs (Cy, Co) inwhich C; isastate
of the transition system S(/V;) defining the semantic of N; and Cs is a state of the transition system
S(Nz). Aninitia configuration is (CY,C9) in which the components are initial states of S(V;) and
S(N2) respectively.

To save notation let us define afunction Fyy,c : X1 U Xy — {{1,2},{1},{2}} suchthat Fsy,c(0) =
{k € {1,2} | 0 € E}. Thisfunction returns a non-singleton if applied to a synchronization action,
otherwise it returns a singleton containing the index of the automaton the argument belongs to.

The system evolves starting from an initial configuration using the following rules.
f§eRT

((s1,11), (52,12)) = (51,01 + 6), (52,2 + 8))

PN1.
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Fsync(0) = J, Vi € J.(Cj = (4, v5)s (4, ¥ 7k 0, 95,75, ) € &) vj E )
(C1,C) -7h(ct, C5)
wherefor all j € {1,2},C} = { G, Z. g
(o (ch_ﬁ]c_yqu_),yj\’)/j) ifjed
Fopne(0) =T, V5 € J.(Cj = (0 (ye e g0 v)s vy = 5)
(€1.C2) (€1 Ch)

PN2.

PN3.

C; ifj&J
(qj,zxj\'y;) ifjeJ

Rule PN 1 represents the case in which both the two automata stay idle while the time passes. Rule
PN?2 describes the situation in which a set of automata initiate, at the same time, an action o. This
setis {1, 2} if o isasynchronization action. If (o) isasingleton, only one automaton proceeds
according to its own behavior. Rule P N3 describes the case in which a set of automata in paralel, or a
single, complete an action o. Note that synchronization non-instantaneous actions must be initiated and
terminated in the same instants by the two automata.

Let us remark that the notions of run and acceptance are analogous to the ones for timed automata
with non-instantaneous transitions, the only difference being that at least a repeated state for each au-
tomaton must be infinitely repeated in arun according to the Biichi acceptance condition.

The definition above can be extended to the case of n, n > 2 automata simply adding components
to the states of the transition system and extending the function %, to handle common symbols of
automata. That is the function applied to a symbol returns the set of all indexes of automata that must
synchronize on the symbol.

wherefor all j € {1,2},C; = {

5. An example of specification

We consider the example of an automatic controller which opens and closes agate at arailroad crossing.
This example was originally presented in [18], and it was used in [7] to show the specification and
verification capabilities of timed automata. For simplicity we assume that one unit of time corresponds
to aminute.

The automaton modeling the train is shown in Figure 5a. The automaton starts in state . When
approaching the railroad crossing, the train sends a (instantaneous) signal, approach, to the controller.
Note that the signal approach belongs to both the alphabet of the train and of the controller, thus the two
automata must synchronize on it. The train sends the signal approach at least 4 minutes before it enters
the crossing. The train takes at least 1 minute to pass through the railroad crossing (action crossing).
Note that, because this action is non-instantaneous, in [7] it was modeled by two actions, in and out,
simulating the initiation and completion of it. After the signal approach is sent to the controller, the
signal exit is sent within 8 minutes.

The gate is modeled by the automaton in Figure 5b. The synchronization with the controller is
ensured by the instantaneous signals lower and raise. When the gate receives the signal lower, it startsto
close the gate within 1 minute, and the closing action takes between 1 and 2 minutes. The gate responds
to the signal raise by opening the gate with the same delays.
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true, {y}, lower, ‘@ true, {u}, approach, ‘@
y=0.{} u=0,{}

true, {x}, approach,
x=0,{}

true, {w}, y<1,{z, y<1,{z, u=11{}, u=1,{},

exit, up, down, raise, lower,
x <8and x> 4, {w}, 1<z<2,{} 1<z<2,{} u=1{} u=1,{}
w=0,{} crossing, w > 1, {}

true, {y}, raise, true, {u}, exit,u=0, {}
s3 2 s3 s2
y=0,{}
@ (b (©

Figure5. Train, Gate and Controller

Finally, Figure 5¢c shows the controller. When the controller receives the signal approach from the
train, it sends, exactly after 1 minute, the signal for closing the gate. With the same delay it sends the
signal raise after receiving the signal exit. Note that all the signals are forced to be instantaneous by
asking for the value of the clocks to be the same at their initiation and compl etion.

The whole system is obtained by the parallel composition of the three automata.

We would like to remark that our specification alows us to state properties which better describe
real constraints than timed automata. As an example, let us quote a property which was checked on the
train/gate system in [7]. Such a property is a safety one: “Whenever the train is inside the gate, the
gate should be closed”. Using parallel timed automata with non-instantaneous actions we can state finer
properties. For example we could be interested in verifying the following two ones:

1. “Whenever the train approaches the gate, the gate closes, and when the train initiates to cross the
gate, the action of closing it should be completed”.

2. “Every time, after the train crosses the gate, the gate must open, and the action of opening the gate
should be initiated only when the train has completed the action of crossing it”.

Both the properties could be expressed as conditions on the language accepted by the parallel compo-
stion (T'rain || Gate || Controller) by specifying that, for property 1., the selected accepted words
should refer to the initiation of crossing and to the completion of down, while for property 2. they should
refer to the completion of crossing and to the initiation of up.

6. Simulation for Effectiveness

In this section we define a simple construction that, given a parallel composition P = (M || N2) of
timed automata with non-instantaneous actions and a partition (I, C) of its alphabet 3, builds a timed
automaton with e edges recognizing exactly [,f 1,0) (P). Thisisdonein order to make the parallel compo-
sition effective: properties can be checked on the timed automaton resulting from the construction and,
for this, verification techniques and developed tools for timed automata can be used [3, 10, 16, 19].

Let P = (N || N2) isaparalel composition of timed automata with non-instantaneous actions.

1. Construct the simulator automata 7V, T2 of Ny, N, respectively (see Section 3).
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2. Construct the parallel composition of timed automata 7% = (7™M || TV2) [7].

3. Apply the relabeling function g; ) defined in Definition 3.2 to the labels of the transitions of ™

obtaining the automaton T(I;’ o) with e edges.

Theorem 6.1 Lf; .\ (P) = ﬁ(T(I;C))- -

Clearly, if we have more than 2 automata the construction extends naturally to the general case. First, do
step 1 and step 2 for the automata V; and N». Thisyields an automaton P'. Do step 1 for the successive
automaton N3 and construct the parallel composition of P and 7/V3. Iterate until all automata have been
considered and, finally, do step 3.
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