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Abstract. We give a generalization of a solution by Puri to the problem of checking emptiness
in timed automata with drifting clocks for the case of automata with non-closed guards. We show
that non-closed guards pose certain specific problems which cannot be handled by Puri’s algorithm,
and propose a new algorithm, based on the idea of “boundary clock regions” of Alur, LaTorre and
Pappas. We then give a symbolic algorithm for solving the reachability problem. Our algorithm is
based on a symbolic construction of the “neighborhood” of a zone, and on a procedure that, given
a set of zones Z, builds the forward propagation of the strongly connected components which can
be reached from Z. This improves a symbolic algorithm of Daws and Kordy, due to the ability to
handle sets of zones.

1 Introduction

Timed automata [AD94] are a widely accepted and powerful model of real time systems.
They are finite automata endowed with dense-time variables, called clocks, that are used to
measure time intervals separating actions. Dense time is utilized as an abstraction, in the
sense that the model is not sensitive w.r.t. the “clock tick” in the implementation. Efficient
algorithms and tools [LPY97,BDMT98 HHWT97| have been designed and applied with
succes for the verification of safety properties of systems modeled as timed automata.

Clocks in timed automata are synchronous: letting time pass ¢ units increases all clocks
with t. This assumption is sometimes too strong in distributed systems, in which some
degree of non-synchronicity between the local clocks of each component may be present.
The rectangular automata of [HKPV98] utilize dense variables that increase at a rate in
some interval [a, (], and the subclass of initialized rectangular automata has a decidable
reachability problem. Initialized rectangular automata may give a model of “inexact” timed
automata with known clock drift A, if the rate binding interval is always [1—A, 14+ A].
Hence, timed automata with a known clock drift have a decidable reachability problem.

In this paper, we are interested in solving the following safe implementation problem:
given a timed automaton A and some zone Z, does there exist A for which no trajectory
in which clocks drift with at most A units reaches Z7 In [Pur98], A. Puri has shown how
to compute the set of states that are reachable for any clock drift A. [Pur98] showed that,
in the case of closed constraints, the region automaton does not provide the complete
answer, as one needs to consider cycles in the (closed) region graph that have a nonempty
intersection with regions that are already reachable. This result was further extended, in
[DKO06], where a symbolic algorithm for constructing a “stable zone” in the region graph
is given. The stable zone is constructed for each cycle in the automaton graph that can
be reached. Both the work in [Pur98] and in [DKO06] treat of automata with closed clock
constraints.



In this paper, we extend these results in two directions. First, we investigate the exten-
sion of the technique of Puri to automata with non-closed constraints. Secondly, we give
a symbolic algorithm that constructs “sets of stable zones” as (forward propagations of)
sets of zones which lie on some cycle in the region graph. Our technique can be applied to
data structures for representing sets of zones, like in [LPWY99].

Our extension of Puri’s technique to non-closed guards utilizes a variant of boundary
clock regions of [ATPO1], to model the fact that trajectories that pass through some region
R can be arbitrarily close to some region R’ neighboring R. Note that, as in [Pur98],
we work with automata with bounded constraints; another assumption is that discrete
transitions in a run are separated by non-zero delays.

Recently, [DDR05b,AT05] addressed a similar class of problems: given a timed automa-
ton A, does there exist some A > 0 and a A-drift clock implementation of A, in which
“Important” properties of A be preserved? [DDR05b,DDR05a] consider this problem in
the context of verifying whether a controller C' specified as a timed-automaton can be
implemented by some drifting-clock automaton. Their approach is to model the system
composed of the controller and the environment it must control as a parametric rectangu-
lar automaton in which A is a parameter. The drawback of this approach is that parametric
model checking of timed automata with three clocks and only one parameter is known to
be undecidable [AHV93, WT97]. Hence, tools like UPPAAL cannot be directly applied to
synthesize the value of A. The approach proposed in [DDR05a] is to guess an initial value
for A and check it with UPPAAL; if this guess satisfies the desired properties, then, accord-
ing to the results of [DDRO5b], any “faster” implementation (with A" < A) is also correct.
This guess could be avoided by using the techniques from [DKO06] and this paper.

The rest of the paper is divided as follows: in the next section we recall the definition
and basic facts about timed automata and their drifting semantics. Section 3 contains the
construction of the boundary region automaton and its correctness. Section 4 is devoted to
the presentation of the symbolic algorithm and to comments on the improvements of our
approach w.r.t. [DK06]. We end with a section with conclusions.

2 Timed automata

A timed automaton [AD94] is a tuple A = (Q, X, 9, Qo, Qf) where @ is a finite set of
locations, X is a finite set of clocks, Qy, Qs C @ are sets of initial, resp. final locations, and
J is a finite set of tuples called transitions, (¢, C, X, q'), where ¢,¢' € @, X C X, and C'is a
finite conjunction of simple constraints utilizing clocks as variables — that is, constraints of
the form x € I, where [ is an interval with nonnegative integer bounds. We will consider
in this paper only bounded intervals, i.e. excluding intervals of the form [2, 00| . For each
(q,C, X,r) € ¢, the component C is called the guard of the transition and X is its reset
component. We consider the set of clocks is ordered as X = {z1,...,z,}.

In the standard semantics A can make time-passage transitions, in which all clocks
advance with the same amount of time, and discrete transitions, in which location may
change. The last are enabled when the “current clock valuation” satisfies the guard C' of a
transition (¢, C, X, ¢'), and when they are executed, the clocks in the “reset component” X

2



are set to zero. The notations used henceforth are the following: for a given point v € R%,
and X C X, v[X := 0] is the point obtained by reseting all clocks in X, defined by
(v[X :=0]); = v; for 2; € X and (v[X :=0]); = 0 for x; € X. We will also denote 0,, the
origin point, i.e. (0,); =0 for all 1 <i < n.

In the drifting semantics [Pur98, DDR05b], when time advances by t, each clock ad-
vances with some ¢’ € [t(1—A),t(1+ A)], independently of the others, A > 0 denoting
the maximal clock drift. The A-drifting semantics of A is the timed transition system
Ta(A) = (9,04, Qp, Qf) where Q = QxXRZ,, Qy = Qo x{0,} (all clocks are set to zero
initially), Qf = Q; xRZ, and -

04 =1{(q.v) Sa(g,0)) | t > 0,0 —v; € [t(1— A),¢(1+ A)] V1 <i < n}
U {(q,v) 5 (¢, v[X :=0]) | 3(¢,C, X,q) € such that v = C'}

Here |= denotes the usual satisfiaction relation for clock constraints. Elements of Q are
called states. When the automaton A is fixed, we use Ta for TA(A).

A Ta-trajectory is a sequence of transitions 7 = ((qi_l,vi_l) i>A(q,-,v,-)) in 64,

1<i<k
with & € R.o U {l}. We denote this situation as (qo,vo) ~~a (qk,vx). Also, we denote
(q,v) ~>4 (¢',v') when there exists a T-trajectory 7 such that (g, v) ~ (¢, v'). Trajectory
7 is accepting if it starts in Qy and ends in Q. The set of Ta-trajectories is denoted Traj,.

A run in A is a sequence p = ((qi_l,C’i,Xi,qi))KKk of transitions from §. A run

p = ((qi_l,Ci,X,-,qi))KKk is associated with a Tx-trajectory 7 = ((ai_l,v,-_l) LN
(Qi,vi))KKl if | =2k or Il =2k +1 and for each 1 <@ <k, Gy; = Goipy = Gis 2i-1 € Roo,

o =, V2 = Vo 1[X; = 0], vy | Oy, and also &opq1 € Raoo, g = G4 = qo-
For each A > 0 and state (¢,v) € Q, the set of Tyh-reachable states from (g, v) is:

Reachx(q,v) = {(q/,vl) € Q| (q,v) ~71, (q’,v/)}

The reachable states in the limit from (¢, v) are:

Reacha_0(q,v) = ﬂA>0 Reacha (g, v)

By extension, for any S C R%,, we denote

Reacha(q, S) = U Reacha(gq,v) and Reacha_o(q,S) = U Reacha_0(q,v).

veS vES

Throughout this paper we assume that there exists a clock x which is reset at each
transition and which is checked, on each transition, to be greater than zero. Note that this
assumption implies the fact that each cycle in the timed automaton contains a clock reset,
as in [Pur98]. We also consider that A has no self loops. Note also that the semantics of Ty
(in which time steps have non-zero duration) also implies that time must strictly progress
within each cycle, as required in [DDMRO04]. It is well-known that any timed automaton
can be transformed syntactically into an automaton satisfying these assumptions.
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Regions and region reachability. A zone [Yov98] is an n-dimensional convex set of points
which can be uniquely represented by a diagonal constraint of the form Cz = A, <ij Sn(xi—
x; € I;;), where o =0 and [;; are intervals with integer bounds satisfying the following
triangle inequality: V1 <4, 7,k <n, I;; C I;;+1;. The constraint C'; is called the normal
form representation of 7.

For M € N, an M-region (or simply a region, when M is understood from the context)
is a zone R for which the intervals in the normal form representation C'r are either point
intervals [;; = {a} with —M < a < M, or open unit intervals [;; = |a,a + 1] with
—M<a<M-—1(a€eN).

Remark 1. Throughout this paper M4 will denote the largest constant occurring in a
constraint in 4. We denote Reg 4 the set of M 4-regions.

The region automaton is then R 4 = (Q X Reg 4, or, Ro,Rf) where Ry = {(q, 0,) |
¢€Qo}, Ry ={(¢,R) | ¢ € Qr} and

or = {(¢.R) = (¢, R) | R# R, 3v € R,v/ € Rt € Rug s.t. (q,v) = (¢,0)
and V0 < t' <t, V0" € RY, if (¢,v) LN (g,v"), then v" € RUR'}
U{(¢,R) > (¢,R) | I e Rv' € R, st. (g,v) > (¢,0))}

%5 denotes here the immediate time successor relation, the time successor relation from
[AD94] is denoted Sy A run in R4 is a sequence of transitions from dx. Tuples (¢, R) €
Q) x Reg 4 will be called state regions.

It is well-known [AD94] that the region automaton is a faithful representation of the
set of reachable states of Tp(.A): there exists a reachable final state (¢,v) € Qy iff there
exists a reachable state region (¢, R) in ) x Reg, with v € R.

Figure 1 gives an example of a timed automaton and its associated region automaton.
The dashed line gives the only transition between a state region of the form (g, R) to a
state region of the form (¢, R). Note that no final region is reachable from (gg, 02) in this
automaton.

Yy Yy
1 w1 @ 1 @
r=1Ay€]0,1[ 7 V V
x::O @0 q1 a1
A ¥ A A
0 1 0 1

x

Fig. 1. The timed automaton .4; and its associated region automaton.



For each state region R and location g € () we denote RegReach ,(q,R) the set of state
regions (¢,R') that can be touched by a trajectory of T, that starts in (¢, R), with A>0
fixed; we also denote RegReach ,_,((¢,R) the set of state regions (¢’,R’) for which, for each
A>0, there exists a trajectory in T starting in (g, R) that touches (¢, R’); these notations
are also extended to zones Z:

) ={(¢',R') | 3(¢',v) € Reacha(q,R),v € R'}
) = ﬂA RegReach ,(q, R)

)= U {RegReach (¢, R) | R € Regy, R C Z}
Z) =

U {RegReach_,(q,R) | R € Reg4, RC Z}

RegReach 4 (g,

(¢, R
RegReach, (¢, R
RegReach »(q, Z
(g,

RegReach ,_,

Example 1. Consider again the timed automaton in Figure 1 and the region R; defined
by the constraint Cr, = 0 < # < y < 1. Then, for any A > 0, {(q1,v2) | (¢0,02) ~>2
(ql,vg)} N ({ql} X Rl) # (), and therefore (qi, R;) € RegReach 4(qo, 02). This implies that

(g1, R1) € RegReach ,_,(qo, 02).
Note also that, in the region automaton for A, the state region (¢, R;) is unreachable
from (qo, 02), hence RegReach 4 (g0, 02) 2 RegReach(qo, 02).

Consider now the following safe implementation problem:

Problem 1. Given a zone Z and a location g € @), does there exist a clock drift A for which
no trajectory in T, reaches a state (¢,v) with v € Z7

Note that the safe implementation problem is not equivalent with checking whether

Reach_0(q0,0,)N(q, Z) # 0: in A; from Figure 1, for any A > 0, if (¢o, 02) im (qo,v1) im
(q1,v2) for some clock valuations vy, vy € [0,1]? then vi(y) = va(y) € [1 — A, 1[ and,
therefore, for the region Ry defined by Cr, = (z =0Ay = 1),

Reacha0(q0, 02) N (q1, Ra) = mA>0{(Q1702) | (q0,02) ~a (q1,02),v2 € Ry}
C ﬂA>0{q1} x (((0,1] x [1=A1[) N Ry ) =0

On the other hand, Example 1 above shows that (¢, R;) € RegReach ,_,(qo, 02) and hence
(g1, R2) € RegReach ,_,,(qo, 02). We may further observe that

Reacha_0(go, 02) N (g1, [0,1]%)
CMgfond < (0} <1-210) U (0,552 1-a,1)) =0

which actually means that no state in the state region (¢i, R) can be A-reached for any
A. Hence the pure study of Reachp .o is insufficient for solving the safe implementation
problem.

The example with region R, also suggests that “closing the guards” in the given timed
automata would not work. By closing the guards, we mean here the transformation of each
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automaton A into a timed automaton A in which each transition copies a transition of A,
but with all constraints transformed into non-strict. To see that this technique does not
work in general, note that, in Aj, (g1, Rs) € Reachy(qo, 0,,) \ RegReach 4 ,(qo,0,).

Before ending this section, we give a useful technical property relating convexity with
runs in the region automaton. This property utilizes the following notion of association
between runs in the timed automaton and runs in the region automaton: a run p =
((gi—1, Ri—1) LN (gi, Ri))1<i<k in R 4 is associated with a run p/ = ((rj_l,Cj,Xj,rj))KKm
in A if there are m indices ji,...,jm < k such that &, =|, R; = Rj,_1[X := 0] and
Rj,_1 C Zg (1 <1 <m), and also & = t for all i # ji,...,jn. In other words, p and p'
are associated iff all trajectories subsumed by p are associated with p'.

For each bounded region R € Reg,, we denote by V(R) the set of vertices, or cor-
nerpoints that bound R. For example, for the 2-dimensional region 0 < =z < y < 1,
V(R) = {(0,0),(0,1),(1,1)}. V(R) can be formally defined using the “fractional part”
[AD94] representation of regions.

Remark 2. Note that if V(R) C V(R') then R C R, where R is the topological closure of
R

Proposition 1. Suppose p; and py are two runs in R, with p; starting in (q, R;) and
ending in (¢, R!) (i = 1,2). Suppose that both runs are associated with the same run p in
A and that there exist R, R’ such that V(R) = V(Ry) UV(Ry), V(R') = V(R}) UV(R)).
Then there is a run p' in R4 that starts in (q, Ry), ends in (¢, Re) and is associated with
p.

The proof of this property is based on zone convexity and runs by induction on the length
of the run p.

3 The extended boundary region automaton

First, let us recall here briefly Puri’s technique for constructing the set of reachable re-
gions in a closed timed automaton: the A— O-reachable regions are obtained by applying,
alternatively, the following two procedures until a fixpoint is reached:

1. Forward closure of a given set of regions.
2. Add cycles in the “closed region automaton”, that have a nonempty intersection with
an already reachable region,

In the previous section, we have seen that this technique cannot be applied as is to
the closure A of the given automaton A, due to inherent peculiarities of working with
non-closed guards.

In this section, we refine Puri’s technique of searching for cycles in the region graph,
by carefully defining when to consider that a (possibly open) region “touches” a reachable
region. The right notion of “touching” is given in the following definition:
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Definition 1. A region R is t-aligned if its normal form representation Cr = /\Ogi,jgnxi_
x; € I;j has the property that Iy is not a point interval for alli. Equivalently, for any q € Q,

there exist v,v' € R with (q,v) <o (¢,v) for some t > 0.
Two regions R, R’ are neighbors if V(R)NV(R') # (. R, R are t-neighbors if both
are t-aligned and either V(R') C V(R) or V(R) C V(R).

Ezample 2. For any timed automaton, the region R; with Cg, : 0 <z <y <1 is a t-neighbor
for Ry, with Cg, : 0<z=y<1, while 0, is not a t-neighbor of R;.

The idea behind the computation of RegReach ,_, is to utilize, instead of regions, pairs
of regions (R, R') with V/(R) 2 V(R'). Such pairs are similar to the boundary regions of
[ATPO1]: they model sets of trajectories that pass through R and are “arbitrarily close” to
R'. Formally we construct the boundary regions automaton E(A) = { Qe(ay, Os(a), b, Qlj’c}
where eg(A) - Qg(A) X Qg(A) and

Qewy = {(¢, R, R) | ¢ € Q,R, R €Reg,V(R) 2 V(R')}
Qg = {(qa Onaon)GQS(A) | qEQO} and Q?‘ = {(Q,R, R/)GQ(E'(A) I qEQf}
Ocay = {(¢, R1, R) i>5(,4) (¢, R2, R) | Ry, Ry are t-neighbors}
(¢, B1, R) e (¢, Ra, R) | (0, Ba) = (q, Re) € 6r}
(¢, R, Ry) —>5(A (¢, R, R>) | V(R:) 2 V(R») and Ry, Ry are t-neighbors }
(¢, R, Ry) t—2>5 ) (¢, R, Ra) | (q. R1) = <Q7R2 €or}
(Q1, 15 i —TE(A) (Q2,R27R/2) | (Qth) (CI27R2) € dg and

if Rz = Rl[X := 0] for some X C X, then Ry = R|[X := 0]}

U{(q.R1,R}) Zeay (q,R,RY) | R, R ave t-neighbors,((q,R)), (q.R5)) €65 }

U
U
U
U

(65 is the transitive closure of the transition relation in the region automaton.)

Elements of Qg(4) will be called boundary regions. Each type of transition in £(A) is la-
beled differently, due to its particular significance: transitions — are between t-neighboring
boundary regions, s and =2 are the two types of time-passage transitions, while = rep-
resent reductions to a smaller boundary region. The reflexive-transitive closure of ¢4y will

be denoted —¢(4), while subsets of it involving only certain types of transitions are identi-
ti1,t2,n

fied by their respectlve symbols. For example, ——¢(4)= ( t—l)g(A) U t—2>g(A) U ﬁ>g(A) ) .

We will say that the transition (¢, Ry, R}) i>5(A) (g2, Ro, RY) is associated with a tran-
sition 7 = (¢q1,C, X, q2) € § if Ry C Z¢ and Ry = Ry[X :=0].

An example is provided in Figure 2 for £(.A;), where A; is the automaton from Figure
1. (Some of the transitions are labeled only with one of the types they may carry.) Note
that, starting from (qo, 02,02), the only reachable boundary regions in £(.A;) in which
location ¢; occurs are of the type (¢i, R, R') in which Cp : (xt =0Ay =1) and R # R
As we will see, this is consistent with the fact that RegReacho_((qo,02) Z (g1, R") where
Crr:(x=0Ny=1).



Fig. 2. £( A1) for the automaton in Figure 1.

The following property says that the third components in boundary regions always
follow the transitions of the closure A of the given timed automaton A:

Lemma 1. If (¢1,R1,R)) M)g(A) (g2, Ro,15) then ((q1,0%), (g2, 1%3)) € 0%

Proof. The proof follows by straightforward induction on the length of the £(.A)-run. For

the base cases, observe first that each of the transition relations i)g( ) and t—l)g( A) satisfy
this property, as the third component of the source and destination boundary regions is

the same, while the case of t—2>g( 4 holds by definition. And for the case (¢qi,R,R)) i)g( A)
(q2,R2,R,) we only have to note that, as (¢, Ry) EN (g2, R2) € Og, this transition must

be associated with some transition ¢ LAN g2 in A. But the fact that V(R]) C V(R;)
implies that R} C R, and, therefore, R) satisfies the closed constraint C', which implies

that (g1, Rs) % (o, B)) € 6x. 0

Denote Reachg(4)(qo,0,,0,) the set of boundary regions that can be reached from
(40, 0,,0,) in £(A). The first main result of this paper is the following;:

Theorem 1. Let A be a bounded timed automaton with no self loops and in which there
exists a clock x such that for all transitions (q,C, X, q’), we have v € X and C' A (z = 0)
1s not satisfiable. Then:

RegReach ,_(q0,0,) = {(¢, R) | 3R’ € Regy, (¢, R, R') € Reachg(4)(qo,0,,0,)}

The inverse inclusion is a corollary of the following technical property:

Proposition 2. Suppose (q1, Ri, R}) —¢a) (q2, Ra, Ry) and denote d(v,v') = max |v; — v}
(i.e. the maz-distance), and also d(v, R) = min{d(v,v’) | v € R}.
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Then for all A>0 and 0 < n < A there exists ( <n such that for all v9 € Ry for which
d(ve, Ry) < C there exists v € Ry for which d(vy, R}) <n and with (g, v1) LN (g, v2) for
some t € Ryg.

Proof. The proof is by induction on the number of transitions in £(A). There are 6 base
cases, according to the types of £(A)-transition. The most interesting is the case of i>g( A)s
which means that we are given the following transition (g, Ri, R) —»g(4) (¢, R, R). Note
that, in this case, for each v' € Ry the following real number is well-defined: ty = max{t |

Jug € Ry, (q,v0) AN (q,v")}. because Rs is t-aligned.
tA
Fix some ¢, A € R>( small enough and put @ = —. Take then any point v' € Ry such

V2
that d(v, R) < «. Then it’s not difficult to see that there exists v € Ry with (¢, v) im (q,v")
for some t’ < t and d(v, R) = a.. The most defavorable situation that might occur is depicted
in two dimensions in Figure 3, and is when R is a line and Ry, R are diametrically opposed
w.r.t. R.

X
R1 R
_tA
SR
S,Ul
v S
| Ry
—
t tA Y
Fig. 3.

For the case of (¢, Ri, R) ¢4 (¢, Ra, R) the property follows easier: if we take v € R
(A)

with d(v/, R) = « then for any ¢ for which there exists v € Ry with (q,v) — (¢, v’) we have
that d(v, R) < o + t.

For the case (q, R, Ry) L>5(A) (¢, R, Rs) v can be chosen equal to v’, by observing that
having d(v, R2) = o and Ry and Rs t-neighbors implies that d(v, R;) < 2a.

Similarly, for the case (¢, R, R;) t—2>g(A) (¢, R, Ry) we can take v = v’ and observe that,
if (¢, R1) = (¢, Ry) € 0g and d(v, Ry) = o then d(v, Ry) < 2ay/n.

The case when (q1, Ry, R}) i>5(A) (g2, Ro, RY) follows by observing that, if we take

v" € Ry and put d(v', R}), and if we consider any v € R; with (g, v) EN (g2, "), then
d(v, R}) < ay/n.

The case (¢, Ry, R}) %g( A) (¢, Ra, RY) relies on the following non-closed variant of the
Theorem 7.3 of [Pur98]:



Theorem 2. Given R € Reg, and q € Q with ((q, R), (¢, R)) € &%, then for any v,v' € R
and for any A >0, (q,v") € Reacha(q,v).

The following straightforward corollary of Theorem 2 will be essential in the construc-
tion of our symbolic algorithm:

Corollary 1. Suppose that the state regions (q1,R1) # (q2,Rs) belong to the same strongly
connected component in the region automaton, and ((qq,Ra), (¢3,R3)) € 0. Then for any
v1 € Ry, v3 € R3 and for any A > 0, (g3,v3) € Reacha(qq,v1).

Note that the validity of this corollary relies on the fact that we only consider bounded
regions.

The proof of the direct inclusion in Theorem 1 relies on a “continuous” presentation of
trajectories. In the sequel, for a mapping f: A — B x C, f|,: A — C denotes the second
projection. For a real function f : I — A with I C R>y and J C I, f|, denotes the usual
restriction of f to J. Also B} denotes the unit ball in R, w.r.t the distance d.

Definition 2. A continuous A-trajectory (A € Rx) is a mapping ¢ : [0, af — QxR%,
satisfying the following properties:

1. For each q € Q, ¢~ '(q x R%) is a finite union of left-closed, right-open intervals
(]é,q)lgign(,),qf with T}, = [a}, ait'[, for some oy, ..., a1 € Rxq with o, < agﬂ.

2. For any two distinct states q,r € Q,q # r, and any two adjacent intervals I;,qv Iém (i.e.,
aftt = af), there exists a transition (q,C, X,r) € 0 which creates the “jump” from I} ,

to ]i,r in the following sense: if we denote v = En}HQSE(‘T) and v = gb|2(a£), then
€T Oéq

vEC and v =v[X =0].

3. For each q € Q for which ng,>0, for each 1 <i<ny, and each t,t' € I,  with t <t',
there exists u € BY such that ¢|,(t') = ¢|,(t) + (' — t)(1 + Au).. Here, 1 denotes the
vector 1 = (1,1,...,1) € Ry,.

The continuous A-trajectory ¢ is canonical if the following property holds:

4. Foreacht,t' € [0,a[, if there exists R € Reg 4 and q € Q such that ¢(t), ¢(t') € {q} xR
and for allt" witht <" <t', ¢(t") € {q} xRY, then for allt <t" <t', ¢(t") € {q} x R.

The second property holds due to the assumption which forbids taking two discrete tran-
sitions without letting time pass. The fourth also is consistent since we only consider
automata without self loops.

Canonical continuous trajectories avoid “volutes” between t-neighbors. The following
property shows that each A-trajectory, which gives only “essential points” through the
behavior of a system, can be associated with a canonical continuous trajectory, which in
fact completes the A-trajectory with all the intermediary points:

Proposition 3. For each A-trajectory T = ((qi_l,vi_l) LN (qi,v,-))KKk (A > 0) there

exists a canonical continuous A-trajectory ¢ : [0, a[ — Q x Ry for which ¢(0) = (qo, vo),
lim 2o @(t) = (qr, k), and for each 1 < i < k there exists a; with a;—y < o5 such that

(i) = (gi, vi)-
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The proof follows by easy induction on the the length k& of 7.

The following property states that, if we “simulate” the behavior of a A-trajectory ¢
with a “pseudo”-O-trajectory ¢’ (to be defined in the statement of the following proposi-
tion), then the final points in the two trajectories cannot be “too far” one from the other.
In some sense, the simulating pseudo-0-trajectory models what would happen in A, if we
were to “follow” the same run that is associated with ¢, take the transitions at the same
time points but without any clock drift and without checking any guard on the transitions
(i.e. just resetting clocks).

Proposition 4. Given a canonical continuous A-trajectory ¢ : [0, af — Q xR, consider
a mapping ¢' : [0, a] — Q x RL; with ¢'(0) = ¢(0) and satisfying the following properties:

1. Forallq € Q,1<i<ngg t,t'€ll,  witht<t', ¢'(t') =¢'(t) +1 —t.

2. For any two states q,r €Q, q#r and any two adjacent intervals I;,qv Iém (with ozf]“ =al),
if (¢,C, X, ) is the transition for which condition 2 in Definition 2 is met for ¢, and
we denote v ="lim ¢'|,(z) and v' = ¢'|,(o]), then v' = v[X = 0].

x Saltt

Then for each t € [0,a[ , d(¢|,(t), ¢'|,(t)) < tA.

Recall that d denotes the max-distance. The proof can be again given by induction on the
number of regions through which ¢ passes.

Note that, by the construction in Proposition 4, there exists a unique mapping ¢’
associated to ¢ — we will call it the 0-approximation of ¢. ¢’ is not really a O-trajectory
since in condition 2 above we may have v £ C.

The following technical lemma is needed in the proof of Theorem 1:

Lemma 2. Given k points y1,...,yx € RYy such that d(y;,y;) < 5=, and denoting R;

the region to which y; belongs, then there exists a nonempty region R such that V(R) =
Mi<icn V(R:) (that is, all R; are neighbors).

Proof. This result follows by observing that, in the given situation, any n-dimensional ball
B centered in any of the points must have a nonempty intersection with all the regions.
On the other hand, it is not difficult to see that any regions whose closures have an
empty intersection are at distance greater than /2/2 from each other. It then follows
that all pairs of regions have a nonempty intersection. Then, a similar argument for the
intersections of their intersections leads us to conclude that these too have a nonempty
intersection, etc. 0

For the following lemma, we denote % the union of the identity relation with the im-
mediate successor relation in R 4. The result here is needed when showing that regions that
are “arbitrarily close” are forward-propagated through the same types of region transitions,
then we obtain also regions that are “arbitrarily close”:

Lemma 3. Consider two tuples of regions Ry,...,R,, R},... R, and two extra regions
R, R such that V(R) = ﬂ1gi§n V(R;) and V(R') = ﬂ1gi§n V(RY)).

11



1. Suppose that (q, R;) =0 (¢, R}) for all 1 < i < n and some q € Q. Then (¢, R) 0,

(¢, ).
2. If (q,Ri)ﬁ(q’,Rg) for all 1<i<n and some q,q €Q, then (q,R)%(q’,R’).

The first result follows by observing how linear combinations of vertices of a region evolve
during time steps, whereas the second is straightforward.

The following technical property is needed when proving a somewhat reverse of the
previous lemma: if two regions can be reached from one another via some (sufficiently small)
time-passage transition with some drift A > 0, and they are neighbors of some regions that
can be reached from one another in the 0-drift region automaton, then, altogether, the four
regions form a transition in £(.A):

Proposition 5. Given A > 0, two regions Ry # Ry, and a (canonical) continuous A-
trajectory ¢ : [0, af — Q x RL,, suppose that ¢(t) € {q} x (R1 U Ry) for some q € Q and
all t € [0,af, and also that ¢(0) € (q, Ry), lim; o ¢(t) € (q, R2). Then there exist R}, R,
such that V(R,) C V(Ry) and V(R,) C V(Ry) such that (q,R})) = (¢, R,). Moreover,
(qa R1> R/l) —EA) (Q> R2a R/2)

Together, Lemma 3 and Proposition 5 show how the neighborhoodness relation between
regions is related with the transition relation in the region automaton.

The final step in the proof of the direct inclusion in Theorem 1 is the following propo-
sition. Here, we denote T = card(fg(4)) and K =231, Also AT} = gf?)', is the number
of ordered tuples of 23! 4 2 elements from a set of card(fg(4))+2 elements. Note that
K <T for any automaton A.

Proposition 6. Take ¢ : [0,af — Q xR, a canonical continuous A-trajectory, with

1 1 : - -
A< 2AK T I Denote (qi, Ri)0§i§m¢ the sequence of state regions to which the points

in ¢ belong, that is, if (t) € (i, i), (1) € (qir1, Riy1) then V" € [t, '], ¢(t") € (¢, Ri) U
(Qi—l—la Ri+1) . Th@’ﬂ there exist regions (Ri)0§i§m¢ SUCh that (Qi—lu Ri—h Ri—l) —>5(A) (ql, RZ’, RZ>
for all1 <i < my.

The proof works in two steps: first, for a < 2(A¥i22)2 + 2, we may show that there exist
regions (Ri)ogigmd) such that (¢_1, Ri—1, Ri_1) e (g, R R;) forall 1 <i< M.

Then, for the case of a > 2(A517)? + 2, we may show that, after most 2(A%[7)? + 2

transitions, the trajectory must pass through the same state region (g, R), which implies
17t27n77n7~l/

t1,t2,n,7,d

that, after the correspoding sequence of : g(4)-transitions (as constructed in the
first part), we may insert a O transition. The whole argument is based on Lemmas 1, 3
(and some extra technical lemmas) and Propositions 1 and 5.

Proof. Consider first that o < 2(A¥122)2 + 2. For each 0 < i < my, pick a point v; € R;
and construct a O-approximation ¢ : [a;, af — @ x R%, of the sub-trajectory gbhvi’a[ that
starts in v, i.e. ¢|[vi,a[(ai) = (¢;,v;). Then, for each 0 <1i < j < m, define w;; = ¢;(e;).
Proposition 4 implies that d(wy, ;, w;,;) < (e, — ;) A < aA < L forall 0 < iy < iy <
J < m. If we also denote R;; the region to which w;; belongs, and observe that R;; = R,
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we may then apply Lemma 2 to deduce that, for each 0 < j < m, there exists a region R}
such that V(R}) = (Noc,<; V(Rij)-

We will then show that (¢;—1, Rj—1, R, ;) —ea) (g5, Iy, R}) by induction on j, 0 <
J < mgy. Two cases occur, according to whether ¢;_; = ¢; or not. For the case when
¢i—1 7 ¢;, we have that there exists some X C {1,...,n} such that R;;; = R;[X := 0] and
R}, = R;[X := 0] which proves the claim.

When ¢;—1 = ¢;, denote R the region for Which V(R]) = No<ic; V(Rij). Note first

that Rj; were constructed such that (g, R ;_ ) = (qj, R;;), Lemma 3 implies then that

(g5, ;-_1) (qj, RY). This means that the trajectory ¢|[ satlsﬁes the requirements
in Proposition 5, therefore we have that (g, 1, R, ) —>g(A) (¢j, Rj, R}). But then
(¢, Ry, RY) Do) (5, Ry, RY), hence the induction step is proved.

For the second part of the proof, for the case of o > 2(A§fjf22) +2, the idea is to apply the

same technique as in the first part, that is, consider 0-approximations ¢, : [a;, o = QxRZ,
define regions R;; to which w;; belong etc. But, unlike the first part of the proof, since
a > 2(AFTF)% + 2, there may exist 1 < 4y < iy < my such that d(w;,;, wi, ;) > 5. If this
does not happen, then the proof is over.

If this happens, denote #; the first index for which there exists some 7 with d(w;, ;, w; ;) >
%, and denote iy > iy the least index corresponding for which this this inequality is
satisfied. Hence, we have a sequence of &(A)-transitions S = ((gi—1, Ri—1, R:1) —g(a)
(¢, B, Rzz)) 1<i<iy

Note that the minimal number of regions through which a A-trajectory may pass is
2|a]; therefore, if we had iy — i < (AF})? + 1, then a;, — oy, < 2(ARH)? + 2, which
contradicts the hypothesis that d(w;,;,ws, ;) > 21 Hence, between 7; and iy there are at
least (AR)? +1 transitions in each sequence.

Note then that, for any (qi, Ry, R]) € Qg(a), a rough overestimate of the number of
regions (¢a, Ry, R}) for which (g1, Ry, R}) =% (qo, Ry, R}) is 2°™. Therefore, in the sequence
of £(A)-transitions corresponding to a canonical trajectory starting in (q1, Ry, R}), after
at most 23" transitions we must have one ——%-transition.

We will therefore have at least two indices ji,jo with 7; < j; < jo < 45 such that
the subsequence of 23" + 1 transitions starting at index j; and the subsequence of 23" + 1
transitions starting at j, are the same in both sequences S; and S,, But, according to

the above remark, this means that in fact we have in both sequences a repeated SILLEN

. . . . _ _ / /

transition, in particular, ¢;, 1 = ¢j,—1, ¢jy = @jp» Rjy—1 = Rj,—1, Ry, = Ry, R, i1
/ / 2 2 _ p2

R Rjz’ le R]z 1 Rjr - Rjz‘

A first observation is that either R | or R} is t-aligned, and at the same time the
respective R7 | or R} is t-aligned too — let’s suppose R} , R7 are t-aligned. On the other
hand, by Lemma 1, ((g;,, R},), (¢,, R},)) € 6% and ((g;,, R, ) (¢j,, B)) € 6% Note also
that both these reachability relations are in fact associated Wlth the same A-run. Therefore
we may apply Proposition 1 and get that there exists R” such that V(R") = V (R} )JUV (R3))
and (g5, B, (g5, R")) € &7,

13



But this implies that we may switch from the sequence S to the sequence S, by inserting
the transitions (qJN RJl? Rh) —>6(A) (qJU ij RH) L>5(v4 (qJU R]17 R2 )
We may therefore iterate the whole argument for the sub- trajectory ¢|[a, . which
1

nal’

contains strictly less regions that ¢. ad

4 Symbolic computation of RegReach,_,,(Qo,0,)

The idea behind our symbolic algorithm is to alternate forward reachability, t-neighbor
construction and cycle construction, until a fixpoint is reached. The cycle construction
takes advantage of the special form of boundary regions in £(.A) that give the possibility
to obtain, symbolically, all regions that are neighbors of reachable regions. Our algorithm
uses triples of the form (g, Z, Z') where q € Q and Z, Z' are zones with Z' = 7/ C Z. The
algorithm generates triples (¢, Z, Z') for which, for any regions R, R',if R C Z, R’ C Z'" and
V(R) 2 V(R'), then (qo, 0,,0,) —¢) (¢, R, R'). But let us introduce first some notations.

The term A-zones denotes zones Z C [0, M 4] (recall M4 is the maximal constant used
in A). The set of A-zones is denoted Z,4. We also say that an A-zone Z is time passage
closed if for all v € Z and ¢ € Q, if (q,v) = (¢,v') (with v/ € [0, M4]") then V' € Z.
Recall that the time-passage closure of a zone Z (which we denote here as Tpass(Z)) is
the zone that can be computed symbolically as follows: if Z is defined by the constraint
CZ = /\OSj<i§n T — Xy S [ij7 then

C'Tpass(Z) = /\ T; — X5 € ]ij A /\ x; €1 Lo

1<i<i<n 1<i<n

where the operation 7 replaces the upper limit of an interval with M 4. E.g. 1 [a, b[= [a, M 4]
(recall that we only work with bounded regions here).
For any A-zone Z which is time-passage closed, we denote

t—Nghbr(Z) = Z U U{R' | 3R C Z, R € Reg 4 such that R, R are t-neighbors}

We also denote t—Nghbr(q, Z) = {q} x t—Nghbr(Z) for any ¢ € Q. For the sequel we will
abuse of notation and, for a set of pairs P C ) X Z4, we denote UP for the set

uP ={(a. 7)1 Z,=\ {7 | (¢, 2) € P}}

The following proposition gives a set of properties that characterize the t—Nghbr oper-
ator and relate it with the boudary regions in £(A):

Proposition 7. 1. Suppose Z is a time-passage closed A-zone, with Cy = /\0§j<i§n T —
xj € I;;. Then t—Nghbr(Z) is defined by the constraint in normal form

Ct—Nghbr(Z) : /\1<i<7gxi GIZ‘()) A /\1<j<i<n<zi_zj - (IZ]—F ]—1, 1[) N [—MA, MA]>
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2. Moreover, if Z is time passage closed, then for all Ry, R} C Z with V(Ry) DV (RY), if
we have that (q, Ry, R)) “2""¢ 4y (¢, R, RY) then there exists (¢, Z') C t—Nghbr(Z)
for which Ry, Ry, C Z' and V(Ry) D V(R)).

3. Finally, suppose Zi,Zy are two A-zones which are time passage closed. Then Zy =
t—Nghbr(Z;) if and only if for any region Ry C Z that is t-aligned, and for any region
Ry which is a t-neighbor for Ry, we have that Ry C Zs.

Given a transition 7= (¢, X, C, ¢’) and a zone Z, the forward propagation of (q, Z) along
T is:
Fwd(q, Z,7) = J{(¢,Z) | e Zv € Z',t e Ry sit.
(q,v) L5 (q,v") i>0 (¢, v"[X :=0]) and v" |= C’}

The forward propagation of (¢, Z) is then
Fwd(q, Z) = pX.((q, UU FWd(X 7))

It is well known [Yov98] that, for any zone Z, state ¢ and transition 7, Fwd(q, Z, 7) and
Fwd(q, Z) are computable symbolically if there is no diagonal constraint in the given
automaton A (see [BLRO5]) — which is the case here.

We may then see that forward reachability and t-neighborhoodness are related by the
following property:

t—Nghbl’ Q> U{ qa | El Q>Rl) (qa RQ) n R.A>
EIRg € Regy s.t. Ry C t—Nghbr(R;) N Z, R C t—Nghbr(R,)}

The Fwd application can be extended to triples (¢, Z, Z') as follows: first, the time-
passage of a triple is defined as:

Tpass(q, 21, 7)) = {(q, Zy, Z4) | Zy = Tpass(Zy), Zy € t—Nghbr(Zé)}

The effect of a transition 7 = (q1, C, X, g2) € § on a triple (¢, Z, Z') is defined as follows:
first, we denote 7 = (q1,C, X, q2) the closure of 7, with C' being the closure of C' (in the
sense that all inequalities in C' are transformed into nonstrict). Then we put:

Trans(ql, Zl, Z{,T) = {(QQ, ZQ, Zé) | Zg = (ZlﬂZC)[X = 0] and Zé = Z{ﬂZg[X = 0]}

We may then combine the two definitions to get the forward propagation of a triple
(q,Z,7') along the transition 7 as:

FwBnR(q, 7y, Z;,7) = Trans(Tpass(qi, Z1, Z1), T)

The following proposition shows that the forward propagations of boundary regions can
be computed symbolically, using the FwBnR. operator:
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Proposition 8. Given ¢, € Q and Zy, Z] two A-zones which are time passage closed and
with Z, = t—Nghbr(Z}). Then (g2, Ro, Ry) € FwBnR(q1, Z1, Z],7) if and only if there
exist (q17R17R/1> € QE(A) with Rl g Zl Rll g Zi; and (Q37R37Rg)7(Q47R47R21) € QS(.A)
such that

t1,t2,n,7

1
(q1, R1, R)) ——¢(a) (g3, R3, Ry) Zea) (g2, Ra, RY)

where the last transition is associated with 7.

In the sequel, we will consider each set of tuples Z C @) x Z 4 as the set of state regions
belonging to Z. Hence, we abuse notation and denote Z; = 2, if {(¢,R) | 3(¢,Z) €
ZlaR - Z} = {(qa R) | El(qv Z) € Z2>R - Z}

For each set of triples 7" C Q x Z4 x Z4, we define FWBnR/(T") as the set of triples
(q, Z,7') which can be reached from 7" by repeatedly applying forward propagation steps,

FwBnR(?) = uX.(T U UT@U(MZ/EXFWBHR(% Z,7'7))

This set can be computed as a fixpoint: FwBnR(Y) = (J, .y F% where Fy = 7 and

Fo= UT@ U(q,zz')an FwBnR(q, Z, 7', 7).
On the other hand, for each set Z C @ x Z4, we define Cyc(Z) as the subset of Z
that contains only regions which lie on a cycle in Reg 4,

Cyc(2)=J{(¢.2) S Z|VRC Z R e Ru,((¢. R), (¢. R)) € 6%}

Proposition 9. Fwd(Cyc(Z)) = Fwd (I/X.(Z N FWd(X))).

This result is a corollary of a property related to strongly connected components (s.c.c.)
in general graphs, that we give in the following:

Lemma 4. Consider a finite graph G = (V,E) (E C V x V, card(V) < o0) in which
E = EyUFEy with E; N Ey = () and such that E does not contain self loops. Denote E*, Ef
and E3 the reflexive-transitive closure of E, resp. Ey, Es, and for any U C V', define as
usual E(U) ={v €V |Ju e U, (u,v) € E} and E*(U) = pX.(U U E(X)). Also denote:

Fwd(U) = {v eV |JuelUuwv,v €V, (u,v),(vg,v) € E, (v1,02) € El}
SCCs(U) = U {(WCU|W is as.cc with card( W) > 2}
Suppose that U = E*(U) and there are no nontrivial cycles containing only edges from Es.

Then
E*(SCCso(U)) = E* (VX.(U N Fwd(X))

Proof. For the left-to-right inclusion, take v € SCCx4(U), which means that there exists
a s.c.c. W C U with card(W) > 2 and v € W. Note first that U = E*(U) implies
Fwd(E*(W)) C U. On the other hand, due to the fact that Ey contains no nontrivial
cycles, we must have that Fwd(E*(W)) = E*(W). This means that £*(WW) is a fixpoint
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for the mapping X — U N Fwd(X), and hence v € W C v X.(U N Fwd(X)) which is the
greatest fixpoint.

For the reverse proof, take W with W = U N Fwd(W) and pick some v € W. The
fixpoint equation implies that for any £ there exists a sequence of vertices vy,...,vp € W
such that (v;,vi41) € E (1 < i < k) with vy = v. Also v; # v;11, since E contains no
self loops. By finiteness of V, there exist 1 < j; < jo — 1 < k with v;, = vj,. It follows
that there exists a s.c.c. W/ C W with vj,,...,v;,_1 € W and also card(W’) > 2. But this
implies that v € E*(W') C E*(SCCxo(U)). 0

Remark 3. Note that, in general, SCC5o(U) # vX.(U N Fwd(X)).

Proposition 9 is then an easy corollary of this lemma, if we take G as the region graph,

with By == and B, — Y Note that our assumption on the given timed automaton ensure
the hypotheses in the lemma. More specifically, the existence of the extra clock which
is reset and is checked to be > 0 on each transition implies the hypothesis on FE,. not
containing nontrivial cycles.

The construction of Fwd(Cyc(Z2)) involves the fixpoint computation of the inner great-
est fixpoint, as the “limit” of the the sequence Cy = Z and C,,,; = C,, N Fwd(C,,). Then,
when this sequence stabilizes, we apply forward closure.

Our symbolic algorithm for computing RegReach 4 (o, 0,) is the following:

Algorithm 1 Construction of Reachg(4)(qo, Op, 0;,)

BReach := {(qo7 0,, On)}; PrevBReach := (;
while BReach # PrevBReach
PrevBReach := BReach;
BReach := FwBnR(BReach);
2:={(¢.2")|3Z,(q,Z, Z") € BReach};
BReach:=BReachU {(q,Z,Z') | (¢, Z") e Fwd(Cyc(Z)), Z=t—Nghbr(Z') };
end while ;
return BReach;

O~ O Tk W

Theorem 3. Let A be a bounded timed automaton with no self loops and in which there
exists a clock x such that all transitions (q,C, X,q') have x € X and C A (x = 0) not
satisfiable. Then (q, R) € RegReach,_,(qo,0,) if and only if, at the end of the above
algorithm, there exists (q, Z, Z') € BReach such that R C Z.

This result is a corollary of Proposition 8 and of Theorem 1. Note also that Corollary 1
is essential in the proof of this theorem, as it allows considering forward propagations of
strongly connected components, instead of just cycles in the region graph.

Comparison with [DK06] The symbolic construction in the last algorithm is different from
the one of [DKO06]: in that paper, a stable zone W, is constructed, symbolically, for each
cycle o in the timed automaton. The fixpoint definition for W, is W, = v X.(Fwd(X) N
Bck(X)). Hence, a preliminary analysis of the graph of the timed automaton is needed, in
which all the cycles of the graph have to be constructed. It is well-known that the number
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of cycles in a graph is superexponential in the size of the graph, hence, at least in theory,
the approach of [DK06] may lead to a superexponential time complexity.

One might also ask whether the approach from [DK06] may apply to a strongly con-
nected component rather than to only one cycle at a time. The answer is negative in general,
for the following reasons: first, as already [DKO06] note, W, is in general larger than the set
of regions which lie on a cycle in the region graph that is “induced” by o. However, any
region in W, is A-reachable (for any A) from any other region due to a convexity argu-
ment regulating the A-trajectories through the cycle o. This argument no longer applies
for strongly connected components with more than one cycle. As a counterexample, in the
timed automaton in Figure 4, if we put Z = {(¢2, R) | R € R4}, then

W =ZNvX.(Fwd(X)NBck(X)) = {(q, (z € 0,3]) V (z € [4,6])) }

which is not convex (here Bck is the backward propagation of a set of zones). And it
should be clear that, from the state region (g, € [4,5]), no region within the A-zone
(g2, € [0,3]) can be A-reached for all A > 0. More generally, reaching some region within
W does not give guarantee that all W is A-reachable.

z €[5,6]7x:=0

z€[2,3]7z:=0 z€[4,5]7

Fig. 4. An example of a non-convex generalization of “stable sets” of [DKO06].

5 Conclusions

We have presented a construction for solving the following safe implementation problem:
given a timed automaton 4 and some n-dimensional zone Z, does there exist a clock drift
A for which no trajectory in A in which clocks drifts with at most A units reaches Z7? The
construction generalizes [Pur98|, by allowing also the handling of non-closed constraints.
We also give a symbolic algorithm that builds the set of zones that are reachable with
arbitrarily small clock drifts.

Our algorithm works by constructing, symbolically, forward propagations of strongly
connected components in the region graph. Most of the constructions in our algorithm work
also with representations of sets of zones, like the clock decision diagrams of [LPWY99].
The only construction that could raise problems is t—Nghbr, which, as defined, can only be
applied to one DBM at a time. We are interested in finding ways to bypass this problem
for constructing an algorithm which is fully compatible with CDDs.

On the other hand, our technique of considering strongly connected components instead
of just cycles in the region graph can be easily applied to automata containing only closed

18



constraints, as in [Pur98,DK06|. It is possible that, in that setting, the above compatibil-
ity problem between t—Nghbr and CDDs be solvable in a easier way, since in the closed
constraints case, region neighborhoodness means regions with nonempty intersection.

Up to the author’s knowledge, there exist no algorithms allowing the symbolic com-
putation of the non-trivial strongly connected components in a graph, employing only the
set-based constructions that are used in reachability algorithms for timed systems — that
is, union, intersection, forward or backward propagation. Symbolic algorithms with good
complexity like [GPP03,BGS00] use a “pick” function which returns a single node in the
graph, and employ set difference. First, picking a region in a zone, though not an ex-
pensive operation, might prove to be a harmful operation w.r.t. set-based structures like
clock-difference diagrams. Secondly, set difference, in our setting, amounts to DBM sub-
traction, which is known not to be a “nice” operation on DBMs. Some heuristics for DBM
subtraction have been investigated in [DHLPO6].
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