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Abstract. We show that timed branching bisimilarity as defined by
van der Zwaag [14] and Baeten & Middelburg [2] is not an equivalence
relation, in case of a dense time domain. We propose an adaptation
based on van der Zwaag’s definition, and prove that the resulting timed
branching bisimilarity is an equivalence indeed. Furthermore, we prove
that in case of a discrete time domain, van der Zwaag’s definition and
our adaptation coincide.

1 Introduction

Branching bisimilarity [6,7] is a widely used concurrency semantics for process
algebras that include the silent step 7. Two processes are branching bisimilar if
they can be related by some branching bisimulation relation. See [5] for a clear
account on the strong points of branching bisimilarity.

Over the years, process algebras such as CCS, CSP and ACP have been
extended with a notion of time. As a result, the concurrency semantics underlying
these process algebras have been adapted to cope with the presence of time.
Klusener [11-13] was the first to extend the notion of a branching bisimulation
relation to a setting with time. The main complication is that while a process
can let time pass without performing an action, such idling may mean that
certain behavioural options in the future are being discarded. Klusener pioneered
how this aspect of timed processes can be taken into account in a branching
bisimulation context. Based on his work, van der Zwaag [14, 15] and Baeten &
Middelburg [2] proposed new notions of a timed branching bisimulation relation.

A key property for a semantics is that it is an equivalence. In general, for
concurrency semantics in the presence of 7, reflexivity and symmetry are easy to
see, but transitivity is much more difficult. In particular, the transitivity proof
for branching bisimilarity in [6] turned out to be flawed, because the transitive
closure of two branching bisimulation relations need not be a branching bisimu-
lation relation. Basten [3] pointed out this flaw, and proposed a new transitivity



proof for branching bisimilarity, based on the notion of a semébranching bisim-
ulation relation. Such relations are preserved under transitive closure, and the
notions of branching bisimilarity and semi-branching bisimilarity coincide.

In a setting with time, proving equivalence of a concurrency semantics be-
comes even more complicated, compared to the untimed case. Still, equivalence
properties for timed semantics are often claimed, but hardly ever proved. In [13—
15, 2], equivalence properties are claimed without an explicit proof, although in
all cases it is stated that such proofs do exist.

In the current paper, we study in how far for the notion of timed branching
bisimilarity of van der Zwaag constitutes an equivalence relation. We give a
counter-example to show that in case of a dense time domain, his notion is
not transitive. We proceed to present a stronger version of van der Zwaag’s
definition (stronger in the sense that it relates fewer processes), and prove that
this adapted notion does constitute an equivalence relation, even when the time
domain is dense. Our proof follows the approach of Basten. Next, we show that
in case of a discrete time domain, van der Zwaag’s notion of timed branching
bisimilarity and our new notion coincide. So in particular, in case of a discrete
time domain, van der Zwaag’s notion does constitute an equivalence relation.

In the appendix we show that our counter-example for transitivity also ap-
plies to the notion of timed branching bisimilarity by Baeten & Middelburg in
case of a dense time domain; see [2, Section 6.4.1]. So that notion does not
constitute an equivalence relation as well.

This paper is organized as follows. Section 2 contains the preliminaries. Sec-
tion 3 features a counter-example to show that the notion of timed branching
bisimilarity by van der Zwaag is not an equivalence relation in case of a dense
time domain. A new definition of timed branching bisimulation is proposed in
Section 4, and we prove that our notion of timed branching bisimilarity is an
equivalence indeed. In Section 5 we prove that in case of a discrete time domain,
our definition and van der Zwaag’s definition of timed branching bisimilarity
coincide. Section 6 gives suggestions for future work. In the appendix, we show
that our counter-example for transitivity also applies to the notion of timed
branching bisimilarity by Baeten & Middelburg [2].

2 Timed labelled transition systems

Let Act be a nonempty set of visible actions, and 7 a special action to represent
internal events, with 7 & Act. We use Act. to denote Act U {7}.

The time domain Time is a totally ordered set with a least element 0. We say
that Time is discrete if for each pair u,v € Time there are only finitely many
w € Time such that u < w < v.

Definition 1 ([14]). A timed labelled transition system (TLTS) [8] is a tuple
(S, T,U), where:

1. S is a set of states, including a special state \/ to represent successful termi-
nation;



2. TCS x Actr x Time x S is a set of transitions;
3. U C S x Time is a delay relation, which satisfies:
—if T(s,l,u,r), then U(s,u);
— ifu <v and U(s,v), then U(s,u).

Transitions (s, £, u, s’) express that state s evolves into state s’ by the execution
of action ¢ at (absolute) time w. It is assumed that the execution of transitions

does not consume any time. A transition (s, ¢, u,s’) is denoted by s Lu s’ If
U(s,u), then state s can let time pass until time u; these predicates are used to
express time deadlocks.

3 Van der Zwaag’s timed branching bisimulation

Van Glabbeek and Weijland [7] introduced the notion of a branching bisimulation
relation for untimed LTSs. Intuitively, a 7-transition s — s’ is invisible if it
does not lose possible behaviour (i.e., if s and s’ can be related by a branching
bisimulation relation). See [5] for a lucid exposition on the motivations behind
the definition of a branching bisimulation relation.

The reflexive transitive closure of — is denoted by =>.

Definition 2 ([7]). Assume an untimed LTS. A symmetric binary relation B C
S % S is a branching bisimulation if sBt implies:

1. if s LN s', then

i either £ = 7 and s'Bt,

i or t=>1 -t with sBf and s'Bt';
2. if s |, then t =1t' | with sBt’.

Two states s and t are branching bisimilar, denoted by s < t, if there is a
branching bisimulation B with sBt.

Van der Zwaag [14] defined a timed version of branching bisimulation, which
takes into account time stamps of transitions and ultimate delays U (s, u).

For u € Time, the reflexive transitive closure of —,, is denoted by =, .

Definition 3 ([14]). Assume a TLTS (S, T,U). A collection B of symmetric
binary relations B, € S x S for uw € Time is a timed branching bisimulation if
sByt implies:

1. if s Lu s', then
i either £ = 7 and s'B,t,
i ort=>,t Lu t' with sByut and s'But';
2. if s |, thent=>,t' | with sB,t';
3. ifu<vand U(s,v), then for some n > 0 there are tg,...,t, €S witht =t
and U(tn,v), and ug < - -+ < up € Time with u = ug and v = u,, such that
fOT 1<n,t; =, tiv1, SBuiti-i-l and SBqutH_l.



Two states s and t are timed branching bisimilar at u if there is a timed branch-
ing bisimulation B with sByt. States s and t are timed branching bisimilar,
denoted by s ﬁth t,2 if they are timed branching bisimilar ot all u € Time.

Transitions can be executed at the same time consecutively. By the first
clause in Definition 3, the behavior of a state at some point in time is treated
like untimed behavior. The second clause deals with successful termination.® By
the last clause, time passing in a state s is matched by a related state ¢t with a “7-
path” where all intermediate states are related to s at times when a 7-transition
is performed.

In the following examples, Z>q C Time.

Ezample 1. Consider the following two TLTSs: sg ——4 51 Ll s9 and tog ——o ty.
We have sg ﬁi to, since sqBytg for w > 0, s1B,,t; for w > 1, and s9B,t; for
w > 0 is a timed branching bisimulation.

Ezample 2. Consider the following two TLTSs: sg —1 §1 —g S9 Lg s3 and
to —1 ty i)g ta. We have sq ﬁth to, since s9 B, to for w > 0, s1 Bt for w < 2,
S9Bywt1 for w > 0, and s3By,ts for w > 0 is a timed branching bisimulation.

Ezample 3. Consider the following two TLTSs: sg ——y 51—y S2 | and tg ——,
t1 |. If u = v, we have sg ﬁth to, since sqB,,tg for w > 0, s1B,t1, and soB,,t1 for
w > 0 is a timed branching bisimulation. If u # v, we have sg ¥5Z to, because s
and t; are not timed branching bisimilar at time u; namely, ¢; has a successful
termination, and s; cannot simulate this at time u, as it cannot do a 7-transition
at time wu.

Ezample 4. Consider the following two TLTSs: sq L S1 —, S | and tg LA,
t1 . If u = v, we have sg gﬁj to, since sgBytg for w > 0, s1 Bty for w > 0, and
s9Byty for w > 0 is a timed branching bisimulation. If u # v, we have sg ﬁth to,
because s and to are not timed branching bisimilar at time %2 .

Van der Zwaag [14, 15] wrote about his definition: “It is straightforward to verify
that branching bisimilarity is an equivalence relation.” However, we found that
in general this is not the case. A counter-example is presented below. Note that
it uses a non-discrete time domain.

Ezample 5. Let p, q, and r defined as in Figures 1, 2 and 3, with Time = Q>¢.
(u)

We depict s —25, s’ as s == g/,
P ﬁth q, since pB,,q for w > 0, p;Byq; for w <
(for ¢ > 0) is a timed branching bisimulation.

i-&-%’ and p}B,,q; for w > 0

4 The superscript Z refers to van der Zwaag, to distinguish it from the adaptation of
his definition of timed branching bisimulation that we will define later.

5 Van der Zwaag does not take into account successful termination, so the second
clause is missing in his definition.

5 5o <, to would hold for u < v if in Definition 3 we would require that they are
timed branching bisimilar at 0 (instead of at all uw € Time).
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Moreover, g ﬁth r, since ¢B,r for w > 0, ¢;Byr; for w > 0, ¢;Bor;, and
Gi ByToo for w =0V w > H% (for i,7 > 0) is a timed branching bisimulation.
(Note that ¢; and 7. are not timed branching bisimilar in the time interval
(0, +551)

However, p ﬁg r, due to the fact that none of the p; can simulate r.
Namely, 7+ can idle until time 1; p; can only simulate this by executing a 7 at
H-%’ but the resulting process 224-:11 a(L) is not timed branching bisimilar
1

to 7o at time since only the latter can execute action a at time s E

time
1

i+2)

4 A strengthened timed branching bisimulation

In this section, we propose a way to fix the definition of van der Zwaag (see Def-

inition 3). Our adaptation requires the stuttering property [7] (see Definition 6)
at all time intervals. That is, in the last clause of Definition 3, we require that
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Fig. 3. A timed process r

sBytiy1 for u; < w < w;y1. Hence, we achieve a stronger version of van der
Zwaag’s definition. We prove that this new notion of timed branching bisimilar-
ity is an equivalence relation.

4.1 Timed branching bisimulation

Definition 4. Assume a TLTS (S, T,U). A collection B of binary relations
B, €S xS foru € Time is a timed branching bisimulation if sB,t implies:

1. if s Lu s', then
1 either £ = 7 and s'B,t,
i ort=>,1 Lu t' with sByut and s'Byut';
2. ift -5 t!, then
1 either £ = 7 and sB,t',
1 0T §=>, 8 Lu s" with 3Byt and s'B,t';
if s |, then t =, t' | with sB,t';
if t |, then s =, s | with s'Bt;
ifu <v andU(s,v), then for some n > 0 there are tg, ..., t, € S witht =ty
and U(tn,v), and ug < -+ < up € Time with u = ug and v = Uy, such that
fori <mn, t; =y, tiy1 and sBytiy1 for u; <w < uyqq;
6. if u < v and U(t,v), then for some n > 0 there are sg,...,8, € S with
s =59 and U(sp,v), and ug < -+ < up, € Time with u = ug and v = uy,,
such that for i <mn, s;=>y,; Siy1 and siy1 Byt for u; <w < uiqq.

G Lo

Two states s and t are timed branching bisimilar at u if there is a timed branch-
ing bisimulation B with sByt. States s and t are timed branching bisimilar,
denoted by s <4 t, if they are timed branching bisimilar at all w € Time.

It is not hard to see that the union of timed branching bisimulations is again a
timed branching bisimulation.

Note that states ¢ and r from Example 5 are not timed branching bisimilar
according to Definition 4. Namely, none of the ¢; can simulate r,, in the time

interval (0, H%], so that the stuttering property is violated.



Starting from this point, we focus on timed branching bisimulation as defined
in Definition 4. We did not define this new notion of timed branching bisimulation
as a symmetric relation (like in Definition 3), in view of the equivalence proof
that we are going to present. Namely, in general the relation composition of two
symmetric relations is not symmetric. Clearly any symmetric timed branching
bisimulation is a timed branching bisimulation. Furthermore, it follows from
Definition 4 that the inverse of a timed branching bisimulation is again a timed
branching bisimulation, so the union of a timed branching bisimulation and its
inverse is a symmetric timed branching bisimulation. Hence, Definition 4 and
the definition of timed branching bisimulation as a symmetric relation give rise
to the same notion.

4.2 Timed semi-branching bisimulation

Basten [3] showed that the relation composition of two (untimed) branching
bisimulations is not necessarily again a branching bisimulation. Figure 4 illus-
trates an example, showing that the relation composition of two timed branching
bisimulations is not always a timed branching bisimulation. It is a slightly sim-
plified version of an example from [3], here applied at time 0. Clearly, B and
D are timed branching bisimulations. However, BoD is not, and the problem
arises at the transition 79 ——q r1. According to case 1 of Definition 3, since
ro (BoD) tg, either rq (BoD)tg, or ro (BoD)t; and 1 (BoD) ty, must hold. But
neither of these cases hold, so BoD is not a timed branching bisimulation.

B D BoD
To o So o ro.to
7(0) | 7(0) V(O) 7(0) / V(O)
Loy ST t1 rLol b
7(0) | - 7(0) W(O) 7(0) : W(O)
T9 So.. ... 19 Tol . /.. to

7(0) (0 7(0)
re . iSa T3

Fig. 4. Composition does not preserve timed branching bisimulation

Semi-branching bisimulation [7] relaxes case 1i of Definition 2: if s — s/,
then it is allowed that t = t' with sBt’ and s’ Bt'. Basten proved that the rela-
tion composition of two semi-branching bisimulations is again a semi-branching
bisimulation. It is easy to see that semi-branching bisimilarity is reflexive and
symmetric. Hence, semi-branching bisimilarity is an equivalence relation. Then
he proved that semi-branching bisimilarity and branching bisimilarity coincide,



that means two states in an (untimed) LTS are related by a branching bisimu-
lation relation if and only if they are related by a semi-branching bisimulation
relation. We mimic the approach in [3] to prove that timed branching bisimilarity
is an equivalence relation.

Definition 5. Assume a TLTS (S, T,U). A collection B of binary relations
B, C S x Time x S for u € Time is a timed semi-branching bisimulation if
sByt implies:
1. ifs L»u s', then
i either £ =1 and t =, t' with sB,t' and s'B,t,
i ort=>y,t Lu t' with sBy,t and s'B,t';
2. ift S, t', then
1 either £ = 7 and s =>, s’ with s'B,t and s'B,t’,
1 or S=>, § L»u s" with $B,t and s'B,t';

3. if s |, then t =, t' | with sB,t';

4. if t ], then s=>, s" | with s'Byt;

5. ifu <wv and U(s,v), then for some n > 0 there are tg, ..., t, € S witht =ty
and U(t,,v), and ug < -+ < u, € Time with u = ug and v = u,, such that
fori <mn, t; =y, tiy1 and sBytiy1 for u; <w < uyqq;

6. if u < v and U(t,v), then for some n > 0 there are sg,...,8, € S with

s =50 and U(sp,v), and ug < -+ < up € Time with u = ug and v = u,,
such that for i <mn, s;=>y, Sit1 and siy1 Byt for u; <w < uiqq.

Two states s and t are timed semi-branching bisimilar at w if there is a timed
semi-branching bisimulation B with sB,t. States s and t are timed semi-branching
bisimilar, denoted by s <, t, if they are timed semi-branching bisimilar at all
u € Time.

It is not hard to see that the union of timed semi-branching bisimulations is
again a timed semi-branching bisimulation. Furthermore, any timed branching
bisimulation is a timed semi-branching bisimulation.

Definition 6 ([7]). A timed semi-branching bisimulation B is said to satisfy
the stuttering property if:

1. sByt, s'Byt and s ——, §1 ——y -+ ——y Sp —u S implies that s; Byt for
1<i<n;

2. sByut, sBut' and t ——, t; ——, -+ ——y tn, ——y t' implies that sByt; for
1 <i<n.

Lemma 1. Any timed semi-branching bisimulation satisfying the stuttering prop-
erty is a timed branching bistmulation.

Proof. Let B be a timed semi-branching bisimulation that satisfies the stuttering
property. We prove that B is a timed branching bisimulation.

Let sB,t. We only consider case 1li of Definition 5, because cases 1ii, 2ii and
3-6 are the same for both timed semi-branching and branching bisimulation.
Moreover, case 2i can be dealt with in a similar way as case 1i. So let s ——,, s’
and t =, t' with sB,t’ and s’'B,t'. We distinguish two cases.



1. t =t'. Then s’ B,t, which agrees with case 1i of Definition 4.
2. t #t'. Then t =, t" —,t'. Since B satisfies the stuttering property, sB,t".
This agrees with case 1ii of Definition 4. O

4.3 Timed branching bisimilarity is an equivalence.
Our equivalence proof consists of the following main steps:

1. We first prove that the relation composition of two timed semi-branching
bisimulation relations is again a semi-branching bisimulation relation (Propo-
sition 1).

2. Then we prove that timed semi-branching bisimilarity is an equivalence re-
lation (Theorem 1).

3. Finally, we prove that the largest timed semi-branching bisimulation satisfies
the stuttering property (Proposition 2).

According to Lemma 1, any timed semi-branching bisimulation satisfying the
stuttering property is a timed branching bisimulation. So by the 3rd point, two
states are related by a timed branching bisimulation if and only if they are
related by a timed semi-branching bisimulation.

Lemma 2. Let B be a timed semi-branching bisimulation, and sBt.

1. s=, 8 = (T €S :t=,t' ANs'Byt');
2. t=,t' = (3 €S :s8=, 5 ANt'Bys').

Proof. We prove the first part, by induction on the number of 7-transitions at
u from s to s'.

1. Base case: The number of T-transitions at u from s to s’ is zero. Then s = 5.
Take ' = t. Clearly t =, t' and s'B,t’.

2. Inductive case: s =, s’ consists of n > 1 7-transitions at . Then there exists
an s” € S such that s =, s” in n — 1 7-transitions at u, and s —, s’. By
the induction hypothesis, t =, t” with s”B,t". Since s” —, s’ and B is a
timed semi-branching bisimulation:

— either ¢/ =, t' and s B,t' and s'B,t';
— or ¢ =, t —, t' with s"B,t and s'B,t'.
In both cases t =, t' with s’ B,t’.

The proof of the second part is similar. a

Proposition 1. The relation composition of two timed semi-branching bisimu-
lations is again a timed semi-branching bisimulation.

Proof. Let B and D be timed semi-branching bisimulations. We prove that the
composition of B and D (or better, the compositions of B,, and D,, for u € Time)
is a timed semi-branching bisimulation. Suppose that rB,sD,t for r,s,t € S.
We check that the conditions of Definition 5 are satisfied with respect to the
pair r,t. We distinguish four cases.



1. r =, r" and s=>, s with rB,s’ and ' B,s’. Since sD,t and s=>, ¢,
Lemma 2 yields that t =, ¢’ with s’ D,t’. Hence, rB, s’ D,t' and 1’ B,s' D,t'.
2. Timr' and s =, s”ims’ with 7B, s” and r’ B, s’. Since sD,t and s =, s,
Lemma 2 yields that t =, ¢/ with s D,t”. Since s” Lu s and s D,t":
— Either ¢ = 7 and t’ =, ¢’ with s”"D,t' and s'D,t'. Then t =, t' with
rBys"D,t' and r’'B,s'D,t'.
— Or " =y t" st with 8" Dyt" and ' Dyt'. Then t =, t ., t' with
rBys"D,t" and r'B,s' D,t'.
3. r |. Since rBy,s, s=>, s’ | with rB,s’. Since sD,t and s=>, s, Lemma 2
yields that ¢t =, t"” with s’D,t”. Since s’ | and §'D,t", t" =, | with
s'D,t'. Hence, t =, t' | with rB,s'D,t’.

4. u <wv and U(r,v). Since rBys, for some n > 0 there are sq, ..., s, € S with
s = so and U(sy,v), and ug < -+ < u, € Time with u = ug and v = u,,
such that s; =, si+1 and 7By, 8,41 for u; < w < w;pq and @ < n.

For i < n we show that for some m; > 0 there are t{, ..., t,, € S with t = ¢
and U(ty, ,v), and v§ < -+ < vl € Time with (4;) u;—1 = vj (if i > 0)
and (B l) u; = vl , such that:

C’)tl Lt§-+1forj<mi;
E

i) si Dul th (1fz > 0);
(F;) siDyti, for vi <w <!, and j < m.
We apply mductlon with respect to 1.
— Base case: 1 = 0.

Let mg = 1, t) = t9 = t and v) = v{ = ug. Note that By, Cy and Fy

hold.

— Inductive case: 0 < i < n.

Suppose that my, &, .. tfnk,vo, ceey mk have been defined for 0 < k <
1. Moreover, suppose that By, Cy, and F} hold for 0 < k£ < ¢, and that
Ak, Dy, and Ey hold for 0 < k < 1.

Fi_q for j = m;_; — 1 together with B;_; yields s;_1D,, , m . Since
Si—1=>u,_, Si, Lemma 2 implies that /7! =, ' with szDuPlt . We
define tj) = t' [then D; and E; hold] and vj = u;_; [then A; holds].
8i=>u, *** =u,_, Sn With U(s,,v) implies that U(s;, u;). Since s,»Duiflt(i),
according to case 5 of Definition 5, for some m; > 0 there are i, ..., ;.

S with U(t},,,u;), and v} < --- <}, € Time with vj < v} and u; = v
[then B; holds], such that for Jj< ml, th =i tt 1 [then C; holds] and
siDyth, | for vl <w < vl [then F holds].
Concluding, for i < n, rBul Sz+1Du1t0 and 7By Si+1 Dy tlill for v,”l <w<
v;iﬁ and j < m;. Since v§ < vk, v}, = u; = gt t =19, u = ug = v,

' i+1
ty =i th g, th, =u, to ', and U(ty, ,v), we are done.

So cases 1,3,5 of Definition 5 are satisfied. Similarly it can be checked that cases
2,4,6 are satisfied. So the composition of B and D is again a timed semi-branching
bisimulation. O
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Theorem 1. Timed semi-branching bisimilarity, <4, s an equivalence rela-
tion.

Proof. Reflexivity: Obviously, the identity relation on S is a timed semi-branching
bisimulation.

Symmetry: Let B a timed semi-branching bisimulation. Obviously, B~ is also
a timed semi-branching bisimulation.

Transitivity: This follows from Proposition 1. ad

Proposition 2. The largest timed semi-branching bisimulation satisfies the stut-
tering property.

Proof Let B be the largest timed semi-branching bisimulation on S. Let s —,,
81—y by 8y ——y 8 With sB,t and s'B,t. We prove that B’ = BU{(s;, ) |
1 < i< n}is a timed semi-branching bisimulation.

We check that all cases of Definition 5 are satisfied for the relations s;B.t,
for 1 < i < n. First we check that the transitions of s; are matched by ¢. Since
s=>, 8; and sB,t, by Lemma 2 t =, t' with s;B,t’.

—If s Lu s”, then it follows from s;B,t’ that:

e Either / = 7 and t/ =, t"/ with s;B,t"” and s B,t". Since t =, t' =, t”,
this agrees with case 1i of Definition 5.

e Ort' =, t" Lu t" with s;B,t" and s” B,t". Since t =, t' =, t""’, this
agrees with case 1ii of Definition 5.

— If s; |, then it follows from s;B,t' that t =, t” | with s;B,t"”. Since
t=,t' =, t", this agrees with case 3 of Definition 5.

— If u < v and U(s;,v), then it follows from s; B,t’ that for some n > 0 there
are tg,...,tn, € S with ¢ = ¢y and U(t,,v), and ug < -+ < u, € Time
with v = up and v = u,, such that for i < n, t; =, tix1 and s;B,t; for
u; < w < uiqq. Since t =, t' =, t1, this agrees with case 5 of Definition 5.

Next we check that the transitions of ¢ are matched by s;.

—Ift Lu ', then it follows from s’'B,t that:

e Either £ = 7 and s’ =, s” with s’ B,t and s”" B,t’. Since s; =, 8’ =, s”
this agrees with case 2i of Definition 5.

)

14 . . .
e Or s’ =, 8" —, s"” with s’ B,t and s” B,t'. Since s; =, s’ =, s”, this
agrees with case 2ii of Definition 5.

— Ift |, then it follows from s’ B, t that s’ =, s” | with s” B,t. Since s; =, s’ =, s”

this agrees with case 4 of Definition 5.

— If u < v and U(¢,v), then it follows from s'B,t that for some n > 0 there
are sg,...,s, € S with s’ = s and U(s,,v), and ug < -+ < u, € Time
with u = ug and v = wuy, such that for i < n, sj =y, sj,; and sj,, B,t for
u; < w < wiqq. Since s; =, 8" =, s, this agrees with case 6 of Definition 5.

11
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Hence B’ is a timed semi-branching bisimulation. Since B is the largest, and
B C B, we find that B = B’. So B satisfies the first requirement of Definition 6.

Since B is the largest timed semi-branching bisimulation and <, , is an
equivalence, B is symmetric. Then B also satisfies the second requirement of
Definition 6. Hence B satisfies the stuttering property. a

As a consequence, the largest timed semi-branching bisimulation is a timed
branching bisimulation (by Lemma 1 and Proposition 2). Since any timed branch-
ing bisimulation is a timed semi-branching bisimulation, we have the following
two corollaries.

Corollary 1. Two states are related by a timed branching bisimulation if and
only if they are related by a timed semi-branching bisimulation.

Corollary 2. Timed branching bisimilarity, <, is an equivalence relation.

We note that for each u € Time, timed branching bisimilarity at time wu is also
an equivalence relation.

5 Discrete time domains

Theorem 2. In case of a discrete time domain, gi and <, coincide.

Proof. Clearly «,, C <% We prove that <% C <,,. Suppose B is a timed
branching bisimulation relation according to Definition 3. We show that B is
a timed branching bisimulation relation according to Definition 4. B satisfies
cases 1-4 of Definition 4, since they coincide with cases 1-2 of Definition 3. We
prove that case 5 of Definition 4 is satisfied.

Let sB,t and U(s,v) with u < v. Let ug < -+ < up, € Time with ug = u and
Uy = v, where uy,...,u,_1 are all the elements from Time that are between u
and v. (Here we use that Time is discrete.) We prove induction on n that there
are to,...,t, € S with t = to and U(t,,v), such that for i < n, t; =, t;+1 and
SBU,LL,'_H for Uq <w< Uj41-

— Base case: n = 1. By case 3 of Definition 3 there is a t; € S with U(t1,v),
such that t =, t1, sB,t1 and sB,t1. Hence, sB,t; for u < w < v.

— Inductive case:n > 1. Since U(s, v), clearly also U(s, u1). By case 3 of Defini-
tion 3 there is a ¢; € S such that t =, ¢1, sB,t; and sB,,t1. Hence, sB,t;
for v < w < wy. By induction, sB,,t; together with U(s,v) implies that
there are to,...,t, € S with U(t,,v), such that for 1 < i < n, t; =, tiy1,
sBy,tiy1 and sBy,  ti11. Hence, sBytiy1 for u; <w < ujyq.

We conclude that case 5 of Definition 4 holds. Similarly it can be proved that
B satisfies case 6 of Definition 4. Hence B is a timed branching bisimulation
relation according to Definition 4. So &7 C «,;. O

12



6

Future work

We conclude the paper by pointing out some possible research directions for the
future.

1.

It is an interesting question whether a rooted version of timed branching
bisimilarity is a congruence over a basic timed process algebra (such as
Baeten and Bergstra’s BPATY [1], which is basic real time process algebra
with time stamped urgent actions). Similar to equivalence, congruence prop-
erties for timed branching bisimilarity are often claimed, but hardly ever
proved. We only know of one such congruence proof, in [13].

Van der Zwaag [14] extended the cones and foci verification method from
Groote and Springintveld [9] to TLTSs. Fokkink and Pang [10] proposed an
adapted version of this timed cones and foci method. Both papers take gg)
as a starting point. It should be investigated whether a timed cones and foci
method can be formulated for «,;, as defined in the current paper.

Van Glabbeek [4] presented a wide range of concurrency semantics for un-
timed processes with the silent step 7. It would be a challenge to try and
formulate timed versions of these semantics, and prove equivalence and con-
gruence properties for the resulting timed semantics.
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A Branching tail bisimulation

Baeten and Middelburg [2] defined the notion of branching tail bisimulation,
which is closely related to van der Zwaag’s definition of timed branching bisim-
ulation. We show that in case of dense time, our counter-example (see Example
5) again shows that branching tail bisimilarity is not an equivalence relation.

In the absolute time setting of Baeten and Middelburg, states are of the
form <p,u> with p a process algebraic term and u a time stamp referring to the
absolute time. They give operational semantics to their process algebras such
that if <p, u>—— <p, u4+v> (where — for v > 0 denotes a time step of v time
units), then <p, u> s <p, u+w> for 0 < w < v; in our example this saturation
with time steps will be mimicked. The relation s — s’ is defined by: either
S=> 8¢, or s—» §— s with v+w=u.”

Branching tail bisimulation is defined as follows.®

Definition 7 ([2]). Assume a TLTS in the style of Baeten and Middelburg. A
symmetric binary relation B C S x S is a branching tail bisimulation if sBt
implies:

1. if s N s', then
1 either £ = 7 and t =t' with sBt' and s'Bt’;
i ort=-1——t' with sBt and s'Bt’;
2. if s LN <v,u>, then t =1/ N <+/,u> with sBt';
3. if s ', then
i either t =t —— 1 —» t' with v +w = u, sBt and s'Bt’;
i ort=>t+——t' with sBt and s'Bt’.
7 Baeten and Middelburg also have a deadlock predicate 1, which we do not take into
account here, as it does not play a role in our counter-example.
8 Baeten and Middelburg define this notion in the setting with relative time, and

remark that the adaptation of this definition to absolute time is straightforward.
Here we present this straightforward adaptation.
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Two states s and t are branching tail bisimilar, written s <5M ¢, if there is a

branching tail bisimulation B with sBt.”

We proceed to transpose the TLTSs from Example 5 into the setting of Baeten
and Middelburg. We now have the following transitions, for ¢ > 0:

<p,0> — <pg, 0>

<pi, 0> > <pit1,0>

<pit1,0> > <p;, 0>

<piu>— <piv>, 0<u<v< H%
1 T 1

<pi7i+_2> —><p2,i+—2>

<pju> = <phv>, A5 <u<v <1

<pli>S<ylsn=1,..i+1

<q,0> — <qp,0>

<q;, 0> - <gi41,0>

<Qip1,0> > <q;, 0>

<gi,u> = <g,v> 0<u<v<1
<g,i>-H <, i>n=1,..i+1

<r,0> — <rg, 0>

<ri, 0> = <ri41,0>

<rip1,0> —= <r;, 0>

T, US> = <1y, 0>, 1%2 <u<v<l
<rpisS<ydsn=1,..i4+1
<ro,0> - <re, 0>

oo, 0> — <1(,0>

<Too, US> — <reoo,¥>,0<u<v <1
ooy 2> -5 </, 1> neN

<p,0> =BM <4 0>, since <p,w>B<gq,w> for w > 0, <p;, w>B<g;, w> for
w < H%’ and <pl,w>B<g;,w> for w > 0 (for ¢ > 0) is a branching tail
bisimulation.
Moreover, <q, 0> zﬁM <r,0>, since <q, w>B<r,w> forw > 0, <q;, w>B<r;, w>
for w > 0, <g;,0>B<r;,0>, and <g;, w>B<ro, w> for w =0V w > =5 (for
i,7 > 0) is a branching tail bisimulation.
However, <p, 0> ﬁg)M <r,0>, since p cannot simulate r. This is due to the
fact that none of the p; can simulate r.,. Namely, ro, can idle until time 1. p;
can only simulate this by executing a 7 at time i—|+2’ but the resulting process
<pi, Z._+2> is not timed branching bisimilar to <rg, i-|+2>’ since only the latter
1

can execute action a at time e

9 The superscript BM refers to Baeten and Middelburg, to distinguish it from the
notion of timed branching bisimulation as defined in this paper.
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