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Categorical modelling of trace equivalence for
timed automata models with invariants

N.S. Gribovskaya

Abstract.

Formal models for real-time systems have been actively studied over the past
several years. Much of the theory of untimed systems has been lifted to the real-time
setting. An example is the notion of trace equivalence applied to timed transition
systems with invariants which is studied here within the general categorical frame-
work of open maps. In particular, we demonstrate how to characterize standard
timed trace equivalence in terms of spans of open maps with a natural choice of a
path category.

1. Introduction

During the last years various timed extensions of concurrent models have
been actively studied in order to handle quantitative aspects of the behaviour
of concurrent and real-time systems. Much of the theory of untimed systems
has been lifted successfully to these real-time models. For example, many re-
sults from automata theory have been transferred to timed automata models
[3, 4, 1]. The real-time models often include timed versions of equivalences
on concurrent processes, e.g., timed bisimilarity equivalence, timed testing
equivalence and timed trace equivalence.

In this paper we focus on a timed variant of trace equivalence which
has already been treated for real-time models by many researchers (see,
for instance, [2, 21, 22]). Our aim here is to apply the general categorical
framework of open maps [14] to an extension of timed transition systems by
invariants which have to be true in all reachable states of the model. Such
invariants represent global properties of timed transition systems and may
be used for specification and verification of systems and processes.

The general idea of the open maps approach is to formalize that one
categorical model of computation is more expressive than another in terms
of embeddings. This approach also provides a general concept of abstract
bisimilarity for any categorical model in terms of spans of so-called open
maps, which are those morphisms which, roughly speaking, reflect and pre-
serve behavior. Formally, the definition of open maps is parameterized not
just on a categorical presentation of a model (i.e., on the choice of mor-
phisms), but also on the notion of a computation path and what does it
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mean to extend a computation path by another one. This abstract defi-
nition of bisimilarity makes possible a uniform definition of an equivalence
over different models (see [14, 18, 9, 10]) and allows one to apply general
results from the categorical setting (e.g., the existence of canonical models
and characteristic games and logics) to concrete behavioural equivalences.

The outline of the paper is as follows. The basic notions and notations
related to the open maps approach are defined in Section 2. In Section 3,
we introduced a model of timed transition systems with invariants, given
a category of timed transition systems with invariants and its subcategory
from [13], and represent some properties of this category. Next, in Section
4, we show how timed trace equivalence can be captured by the open maps
approach. Finally, Section 5 contains conclusions and remarks on the future
work.

2. Introduction to open maps

In this section we briefly recall the basic definitions from the category theory.
The notion of a category was introduced by S. Eilenberg and S. Mac
Lane in 1944 in connection with the problem of axiomatization of the group
theory of homologies and cohomologies of the topological spaces. This notion
gradually found its use in the applied fields of mathematics as well.

Definition 1. We say that the category M is assigned, if we have:

e a set M, the elements of which we call the objects of the category,

o a set M(X,Y), the elements of which we call the morphisms from X
toY,

e a rule of composition: o: M(X,Y) x M(Y,Z) — M(X, Z),

e the morphism 1x € M(X, X), called identity,

satisfied the following axioms:

o forall f € M(X,Y), g € M(Y,Z) and h € M(Z,V): ho(go f) =
(hog)o f,

o for all f € M(X,Y) and g € M(Y,Z) it holds: 1y o f = f and
goly =g.

One of the most important terms of the category theory is the notion
of open morphisms. For a given category the open morphisms are defined
by a specific subcategory and represent simulations between objects of the
category. Let M be a category and P — M be some subcategory of the
category M. Let us give the formal definition of P-open morphisms.
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Definition 2. A morphism f: X — Y in the category M is called P-open,
if for any morphism m : P — @ in the subcategory P and all morphisms
p:P—-X,q:Q—Y, f: X —Y such that qom = f op, there exists a
morphism p' : Q — X such that pom =p and fop =q.

Note that objects of the category M and P-open morphisms form a sub-
category in the category M, because identity morphisms and compositions
of P-open morphisms are obviously P-open.

In [14], the notion of P-open morphism was used to define the abstract
P-bisimilarity in the setting of objects of M.

Definition 3. Two objects X and X' of M are called P-bisimular iff there

is a span of P-open morphisms X A X AN X'.

To extract a subclass of categories, for which a specific bisimilarity is
indeed an equivalence relation, let us define a category with pullbacks.

Definition 4. A category M has pullbacks, iff for any two morphisms
T Lt To bl T5 there exist T and two morphisms T 2T 32Ty such that

® [11 0T = M2 O T,

e for any other T' and morphisms T} Lo Ty such that py o ¢y =

20 ¢a, there exists a unique morphism & : T — T such that ¢; = ;o€
(i=1,2).

The following proposition shows that if the category M has pullbacks,
then P-bisimilarity is always an equivalence relation.

Proposition 1. [14] Pullbacks of P-open morphisms are P-open.

3. Timed transition systems with invariants

In this section we describe a model of timed transition systems with invari-
ants, a category for this model proposed in the paper [13], and consider the
properties of the category. Furthermore, this section contains a number of
useful definitions and notations.

As a model for real time systems, we use timed transition systems with
invariants [16] which are an extension of timed transition systems and are a
basic interleaving model for concurrent and real-time systems.
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Figure 1. Timed transition system with invariants 7°

Definition 5. A timed system 7 is a siz-tuple (S, 3, s0, X, T, I), where

S is a set of states, and sq is the initial state,

3. is a finite alphabet of actions,

X is a set of clock variables (clocks),

T is a set of transitions such that T C S x ¥, x A x 2% x S. Here
A is a clock constraint generated by the following grammar A ::= c#x
| z+c #y | ANA, where # € {<,<,>,>,=}, ¢ is a real valued
constant, and x,y are clock variables,

e [ assigns an invariant that is given by the same syntax as clock con-
straints to each state; thus the invariant for a state s, vs, can be gen-
erated by the grammar A.

A transition (s,0,0,\,s") is denoted by s 5£>)\ s'.

Example 1. For the timed transition system T depicted in Figure 1, we
have the following: the alphabet of actions X' consists of three actions a, b,
and ¢, and the set of clocks X1 includes two clocks x and y. &

In order to explain the behavior of a timed transition system with in-
variants, we define some useful notions and notations. Let R™T be the set
of real nonnegative numbers and N be the set of natural numbers. For all
n € N we define the set R™ as the Cartesian product of n sets R™.
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Definition 6. A timed word over an alphabet 3 is a finite sequence of pairs
a = (01,d1) (02,d2) (03,d3) ... (on,dn), where for all1 < i < n o; € %,
d; € R and for all1 <i<n—1d; <d;1.

A pair (o, d) represents an occurrence of action o at time d relative to
starting time 0.

Definition 7. A clock evaluation is a function v : X — R™* which assigns
times to the clock variables of a system. We define (v + c¢)(z) := v(z) + ¢
for all clock variables x € X. If \ is a set of clocks, then

0 ifzen,
v(z) otherwise.

v[A — 0)(z) = {
A constraint § is satisfied by a clock evaluation v iff the expression
d[v(z)/z] evaluates to true. Here d[y/x]| is a syntactic substitution of y
for x in 6. A constraint ¢ defines a subset of R™ (m is the number of clocks
in the set X). We will call this subset the meaning of 0 and denote it by
|0]|x. The meaning of an invariant ts, [|¢s||x, is defined in the same way
as the meaning of a constraint §. A clock evaluation v defines a point in
R"™ (denoted by ||v|lx). Thus, the constraint § is satisfied by the clock
evaluation v iff ||v||x € ||d]|x-

Definition 8. Let 7 = (S,%.,s9, X, T, I) be a timed transition system with
invariants. A configuration of T is a pair (s,v), where s is a state and v
is a clock evaluation. The configuration Co(T) = (so,vp), where vy is the
constant 0 function, is called the initial configuration. We define the set of
all configurations of T as Conf(T).

We say that T can make a run (so, Vo) % (s1,11) ? e Z—"> (Sn, vn) iff for
1 2

n

alli > 0 there exists a transition s;_1 > s; such that ||v;_1+(d; —d;i_1)|| x

€ 10illx, for all 7 € [0, (d; — d;—1)) it holds that ||vi—1 + T||x € |lts;_, |lx
and v; = (Vi—1 + (di — di—1))[Ni — 0] (here so is the initial state, vy is the
constant 0 function and dy = 0) and for the last state ||vy||x € ||ts, ||x. The
timed word a = (01,dy) (02,d2) ...(opn,dy) is generated by this run.

In the paper [13] the authors constructed the category of the timed tran-
sition systems with invariants, C77 8%, which consists of the timed tran-
sition systems with invariants and morphisms between them. Let us give
the definition of a morphism between two timed transition systems with
invariants.
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Figure 2. The timed transition system with invariants T

Definition 9. [13] A morphism (u,n) between timed transition systems with
invariants T, = (81,3, 89, X1,T1, 1) and To = (S2,%, 59, X2, Ty, I3) consists
of two components: a map p : S1 — So between the states and a map
n: Xo — X between the clocks. These maps must satisfy p(s9) = 89, for
all s1.€ S1 lesy llxy € llesy) (@) /2] x,, and whenever there is a transition

in Tp of the form s; 5%\ s}, there is a transition p(sy) 63/\ w(sy) in T
1, A1 2, N2
satisfying the following two constraints:

1. Ao =n"t(\1), where n7 (M) = {x € Xo | n(x) € \1},
2. |161llx, € [|62[n(z)/=][ x, -

Example 2. [t is easy to check that the pair of maps (p,n) such that
1(8i) = si, (0 <1i<2) and m(z) =z, m(y) =1y is a morphism from the
timed transition system with invariants T in F' igure 2 to the timed transition
system with invariants T in Figure 1. &

Let us introduce an auxiliary notation. For a function n : X’ — X and
a clock valuation v : X — R*, we define n~(v) : X’ — R as follows:
1 v)(@') = v(n()).

Consider a useful simulation property of a morphism, proved in [13].

Theorem 1. [13] Given timed transition systems with invariants T and
T with alphabet 2 and a morphism (pu,n) between T and T', whenever

(s0,0) AN (s1,v1) -+ (Sp—1,Vn—1) I (Snyn) is a run of T generating the
T1 Tn
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timed word (01,71) -+ (o, Ta), then (u(s0),n™"(v0)) Z> (u(s1),m~ (1)) -
((8n—1),n  Hwno1)) B (u(sn), ™ (vn)) is a run of T' generating the same

word.

Timed transition systems with invariants under an alphabet > and mor-
phisms between them form a category of timed transition systems with in-
variants, CT 7 S%,, in which the composition of two morphisms (u,n) : 7 —
7" and (',n') + T' — T" is defined as (¢, n') o (u,n) = (1" o p,mon'),
and the identity morphism is the morphism where both p and 7 are the
identity functions. As proved in [13], CT7 Sy, is indeed a category which
has pullbacks and binary products.

4. Timed trace equivalence and open maps

In this section we first introduce the notion of timed trace equivalence in
the setting of timed transition systems with invariants and then show how
the equivalence can be captured by open maps.

Definition 10. For a timed transition system with invariants T, the set

L(T) = {a=(01,d1) ...(0n,dn) | T can make a run (sg, vp) % (s1,1)
1
% % (SnyVn) } is called the language of the timed transition system
2 n
7.

v

Example 3. The setL(T) = {E, (b,tl), (b,tl)(cv, tg) | t1 <3, 1 <tag—t1 < 2}
is the language of the timed transition system T, depicted in Figure 2. <

Now we define the notion of a trace equivalence for timed transition
systems with invariants.

Definition 11. Timed transition systems with invariants T and T’ are
called timed trace equivalent iff L(7) = L(7").

Example 4. Consider the timed transition systems with invariants shown
in Figure 1, 2 and 3. The timed transition systems with invariants T and T
are timed trace equivalent, while the timed transition systems with invariants
T and T are not, because, for example, we have (b,1)(¢,2) € L(T) but this
1s not the case for the timed transition system with invariants T. &

Next, following the paper [14], we construct a subcategory of observations
of the category CT7TSy,.
We choose timed words over ¥ as “observation objects”.
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Figure 3. The trace equivalent timed transition systems with invariants

Definition 12. [13] Given a timed word o = (01,71)...(0n,Tn), we de-
fine a timed transition system with invariants T = (S*,0,%, Ve, T I)
corresponding to o as follows:

0% 1...(n-1) = n,
51,)\1 6n7)\n
i.e. the states are the integers 0,1,...,(n — 1),n, with 0 as the initial

state, and the set of clock variables, V%, consists of the 2" subsets of states

{1,2,...,n}. In addition, we define \; = {x | i € z} and §; = /‘\/ (x =
zeVe

Ti = Ti(iz)), where I(i,x) := max{k € x U {0} | k < i} and 79 := 0. The
indez returned by I(i,x) is the index of the last state at which x was reset.
The invariants are defined inductively to be of the form A\ cx(ce <z < ).
The initial invariant is )\ . x(0 < x < 11). Assume that the invariant on
the state (i — 1) is N\,ex(ci! < a < 1), then the invariant on state i
is Npex(if & € A then (0 < & < 7) else (¢! <z <7t + 7)), where
7, = 7; — Ti—1. The constraint on the final state is N\ cx( if © € A then
(x =0) else (z = 1)).

The class of timed transition systems of the form T is denoted as T7TS%.

With respect to the set of actions 3, let Ps, denote the full subcategory of
the category C7 7T Sy, with objects from 77 S% and with identity morphisms
and morphisms with 7.' as a domain.

Given the category C77 Sy, and subcategory Ps., we can now apply the
general framework from [14] to define the alternative notion of open maps.

LT, denotes the timed transition system corresponding to the empty timed word e.
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Lemma 1. A morphism (pu,n) : T — T is Py-open iff for all morphisms
(p1,m) : O — T" with O € P there exists a morphism (u',n') : O — T
such that (p1,m) = (1,m) o (W', ')

Our next aim is to characterize Ps,-openness of a morphism relative to
the corresponding subcategory of observations defined as above.

Theorem 2. A morphism between T and T' is Ps-open iff whenever

(spyvh) B (s, V) o (sl V) T3 (sl vh) s a run of T generating the
T1 Tn

timed word (o1,71) ... (0n, Tn), there exists a run of T (so,10) 2> (s1,v1) ...

T1
(Sn—1,Vn—1) ~”> (Sn,Un) generating the same word and satisfying the follow-
ing condztwns st = p(s;) and v. =071 () for all 0 <i < n.

Z

Proof. (=) Let (u,n) : T — T’ be a Py-open morphism. Assume

that (s, v}) 2> (s, 1) ... (s, v, ) T8 (s,1)) is a run of 7' generating
T1 Tn

the timed word o = (01, 71) ... (0pn, Tn). According to Theorem 4 from [13],

for this run there exists a morphism (u1,m1) : 7o, — 7' in CTTS% such

that p1(i) = s, (i = 0.n) and m(z) = {i | (1 < i < n)A (V(x) = 0)}.

By Lemma 1 we have a morphism (u2,m2) : 7o — 7 in CT T S% such that

(e, m) = (i, m) o (p2,m2), because (u,n) is a- Ps-open morphism. Now,

by Theorem 4 from [13], we can find a run of 7 (sg, ) % (s1,v1) ...
1

(Sn—1,Vn— 1) (Sn, V) for morphism (u2,72) such that pa(i) = s; (¢ =0..n)
and n2(x) = {z | (1 <i<n)A(vi(x) =0)}. It means that s, = pu(s;) and
vi=n"ty) for all 0 < i < n.

(<) For the if part of the theorem assume that (u1,m1) : 7o — 7' is
a morphism from the category C77S%. By Theorem 4 from [13], we can

find a run of 77 (sp, 1)) j—} (h,04) oo (Sh_1, V1) Z—"> (s, V) generating
n

the timed word (o1,71)...(0pn, ) such that pi(i) = s, (i = 0,...,n) and
m(z) ={i| (1 <i<n)A@(z)=0)}. Now, from the asaumptions of the
theorem, there exists a run of 7 (sg, 19) 2 (51,21) - .. (Sn—1,Vn-1) 3 (Sn, Un)
T1 Tn
generating the same timed word such that s} = u(s;) and v} = n71(;) for all
0 <i < n. By Theorem 4 from [13], this implies an existence of a morphism
(n2,m2) : 7o — T in CTT S, such that ps(i) =s; (1 =0,...,n) and n2(x) =

{i | (A <i<n)A(viz)=0)} Thus, we have (u1,m) = (1,n) © (p2,72)-
Now, from Lemma 1, we conclude that (u,n) is Ps:-open. a

Example 5. According to Theorem 2, the morphism (u,n) defined in Ex-
ample 2 is not Ps-open, because for the run of T (so,vo) % (s1,11) %

(s2,12) (where vo(x) = 1p(y) = 11(y) = ra(z) = 12(y) =0 and v1(z) = 1),
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generating the timed word (b,1)(c,2), there is no run of T, generating the
same timed word. &

From [14] and by the fact that C7 7 S%, has pullbacks [13], we can con-
clude that Ps:-bisimilarity is an equivalence relation generated by open maps.
Now we can present our main result.

Theorem 3. Tuwo timed transition systems T and T' are PE-bisimilar iff
they are timed trace equivalent.

Proof. (=) Let 7 and 7’ be Pg-bisimular timed transition systems
with invariants. This means that there exists a span of Ps,-open morphisms

T (tem) T* (“/—’?/) 7’ with a vertex 7*. By Theorems 1 and 2, it is easy to
check that L(7) = L(7*) and L(7") = L(T*). Thus, we have L(7) = L(7T").

(<) Let T and 7' be timed trace equivalent timed transition systems
with invariants. According to [13], C7 7 S, has binary products. Thus, we
have the timed transition system with invariants 7 x 7, that is a binary
product of 7 and 7’, and two projecting morphisms (u,n) : 7 x 7' — T
and (¢/,n) + T xT' — T'. In order to complete this proof, we need
to demonstrate that (p,7n) and (x/,n’) are Pg-open morphisms. Assume

(so,v0) 2 (s1,v1) B ... B (s,,1,) is arun of 7, generating the timed
T1 T2 Tn

word o = (01,71) ... (0, Tn). Since L(7T) = L(7"), there exists a run (s, 1)

Iosh,v)) B0 T (s, Ul) of T' generating the same timed word a. By

T1 T2 T

Theorem 4 from [13], this implies existence of morphisms (p1,m) : 7o — 7
and (p2,m2) : 7o — 7T'. From the definition of binary products (see [20]), we
get a morphism (us,n3) : 7o, — 7 x T’ such that (u1,m) = (1,m) o (us3,n3)
and (p2,m2) = (1, 1) o (u3,n3). From this diagram and by Theorems 1 and
2, it follows that (p,7n) is a Ps-open morphism. In a similar way we can
show that (1/,7n’) is a Ps:-open morphism as well. O

5. Conclusion

In this paper, we have tried to review Joyal, Nielsen, and Winskel’s theory of
open maps [14] to provide a timed variant of a well-known trace equivalence
in the category of timed transition systems with invariants. In particular, we
have developed a categorical characterization of the timed trace equivalence.
In the future, we hope to extend the obtained results to other observational
equivalences (e.g., equivalences taking into account internal actions, etc.)
and to other classes of timed models (e.g., time Petri nets, networks of timed
automata, etc.). In particular, relying on the paper [14], we contemplate to
adapt the unfolding methods for time Petri nets from [6] and open maps
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based characterizations for timed event structures from [22] to transfer the
general concept of bisimilarity to the timed models.
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