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Abstract

With the rapid growth of distributed computing and networking, the demand for large-
scale, complex distributed applications is increasing significantly. Distributed Real-Time
Applications (DRTA) are used to control and monitor a wide variety of distributed real-time
systems, including aerospace, robotics, and nuclear power plants. DRTA often operate on
heterogeneous computer networks with multiple interconnected components, each equipped
with its own local independent clock. These independent clocks have their own rate behav-
ior without synchronization. Timed Automata (TA) with independent clocks can be used
to model DRTA with independent clocks. However, it is important to recognize that in
certain scenarios there may be indirect interactions or dependencies between independent
clocks. This may be the case in larger systems where different components or subsystems
interact or depend on each other for timing information. In this talk, we will propose
a derivative-based alternative semantics for TA with independent clocks. This approach
has been implemented in a tool called MIMETIC. We will also talk about the problem of
bisimulation with our alternative semantics for TA with independent clocks.

1 Introduction

Distributed Real-Time Applications (DRTA) play an increasingly important role in everyday
life, from traffic light controllers to airplanes, and from telecommunication networks to medi-
cal systems. In the last decades, several formal methods and real-time formalisms have been
proposed to formalize and prove properties of DRTA. However, traditional real-time formalisms
are not always adequate for reasoning about DRTA because they assume a unique, perfectly
synchronous (Newtonian) measure of time. A successful technique for modeling DRTA is Timed
Automata (TA)[2]. A TA is a finite automaton augmented with real-valued clocks, where all
clocks have infinite precision and are perfectly synchronized. There are other variants of TA
called Distributed Timed Automata (DTA) [8], Timed Automata with Independent Clocks
(icTA) [1] and Distributed Event Clock Automata (DECA) [12] where the clocks are not nec-
essarily synchronized. A notable feature of these independent clocks in DTA, icTA and DECA
is their autonomous operation, without any direct relationship or dependency on other clocks
in the automaton. Each clock operates independently and maintains its own rate behavior
without the need to synchronize with other clocks. This autonomy provides flexibility and
allows each automaton (or component) to follow its own timing constraints without being in-
fluenced by the behavior of other clocks. However, it is important to recognize that although
the clocks are independent, there may still be indirect interactions or dependencies between
them. These interactions can arise due to the interconnected nature of the DRTA or due to
dependencies between components. For example, the behavior of one component, driven by
its independent clock, may indirectly affect the timing or behavior of other components in the
system. Consequently, understanding and managing these dependencies is critical to ensuring
proper synchronization, coordination, and overall system performance.



In order to model Distributed Real-Time Applications (DRTA) with greater flexibility and
accuracy, we propose an alternative semantics for Timed Automata with Independent Clocks
(icTA, DTA, and DECA). This alternative semantics allows for the inclusion of rate constraints
on clock derivatives, allowing for a more detailed representation of distributed real-time behav-
ior. Under this proposed semantics, rate constraints are associated with the locations of the
automaton and the clock derivatives correspond to the first derivative of the original clocks.
Each clock can proceed at its own rate, and these rates can be real values. Rate constraints are
expressed as a conjunction of comparisons between clock derivative values, or between a clock
derivative value and a natural constant of 1. If no rate constraints are specified at a location,
the derivative of the clock is assumed to be constant and equal to 1, similar to a traditional TA.

2 An Alternative Semantics for Timed Automata

Here, we propose a derivative-based alternative semantics for TA with independent clocks,
called Timed Automata with independent clocks and clock derivatives (idTA). In our approach,
clock derivatives represent the first derivative of independent clocks associated with different
processes. This allows us to capture the rate at which the clocks are advancing. The main
advantages of our derivative-based alternative semantics are: (1) Our alternative semantics can
accommodate multi-timed words [11], which provide a more expressive representation of timing
behavior in distributed systems. In addition, rate constraints allow us to precisely define the
rates at which clocks evolve. (2) With our alternative semantics, it becomes possible to analyze
the local behavior of individual components independently.

Definition 1 (Rates [1]). A rate is a tuple T = (T4)geproc 0f local time functions. Each local
time function T, maps the reference time to the time of process q, i.e, 74 : R>g = R>q. The
functions T, must be continuous, strictly increasing, divergent, and satisfy 74(0) = 0.

Definition 2 (Rate Constraints). Let Proc be a non-empty set of processes. Let X be a
finite set of clocks. Let X be a finite set of clocks and w: X — Proc. Let X be a finite set of
time clock derivatives. The set U(X) of rate constraints over the set of clocks X is given by the
following grammar:

Yi=true |z~ 1| ~g |1 A o

where &,9 € X, z,y € X and ~ € {<, >, <, >, =}. A rate constraint v is a conjunction
of comparisons of two clock derivative values or a clock derivative value with a natural constant
1. A classical clock (as in TA) will be described by & = 1.

Definition 3 (idTA). An idTA is a tuple A = (S, s0,%, X, = dmta, Inv, R, F,7) over Proc
where: (1) S is a finite set of locations, (2) so € S is the initial location, (3) ¥ is a finite
alphabet, (4) X is a finite set of clock names, (5) —dgmia C S x X x ®(X) x 2% x S is the finite
transition relation, (6) Inv : S — A(X) associates to each location with a clock invariant, (7)
R : S — U(X) associates to each location with a rate constraint, (8) F C S is a finite set of
final locations, (8) m: X — Proc maps each clock to a process.

Definition 4. Let Proc be a non-empty set of processes. Let X be a finite set of clocks and
7w : X — Proc. Given a rate constraint v € U(X) and a tuple of functions T € Rates, we note
T satisfies 1 at time t, as (7,t) = v¥. In particular, the formal definition is as follows:

(1,t) |E & ~ 1 <= 74 is derivable at t and dr,/dt(t) ~ 1



x>1ay 1,8,y =0 x <4,b

X>=YAY= x>y Ay=1
x 24y <1,d,x =0 y 216y =0
Figure 1: An idTA M

(1,t) E &~y <= 1, is derivable at t and
Ty is derivable at t and dr,/dt(t) ~ dr,/dt(t)
(Tv t) ': 1/)1 A 1/}2 — (Ta t) ': 1/}1 and (7.7 t) ': ¢2

(1,t) | true < true

The semantics of an idTA is given by a Multi-timed Labeled Transition Systems (MLTS)
[11].

Example 1. Figure 1 above shows an idTA M with the finite alphabet ¥ = {a,b,c,d}, the set
of independent clocks X = {x,y}, and rates constraints & > 3 and y = 1 in location s1, and ss.

3 Decidability

We present a fundamental decidable problem used to reason about behavioral equivalence be-
tween different components of a DRTA using idTA. Therefore, we will extend the zone-based
abstraction [9] to represent multi-timed zone graphs with clock derivatives. We show that our
multi-timed bisimulation is decidable over a multi-timed zone graph with clock derivatives.

4 Implementation

The above derivative-based alternative semantics is implemented in a tool called MIMETIC. We
have used Java 8 version in the implementation of our tool. MIMETIC provides a graphical
user interface with two main parts: select the XML file (UPPAAL file) and writing a L, formula
(text box) [9]. We have used the ANTLR parser generator [13] to read the XML file generated
by UPPAAL [14] and a L, formula. After parsing the xml input files and the L, formula, our
tool performs a model checking algorithm to verify that a idTA model satisfies a L,, formula.

5 Related Work

There are several formalisms based on Timed Labeled Transition Systems (TLTS), such as
Timed Input/Output Automata (TIOA) [7], Hybrid Automata (HA) [4], Hybrid Input/Output
Automata (HIOA) [10], Multi-Rate Timed Automata (MRTA) [5], Rectangular Hybrid Au-
tomata (RHA) [5] which are often used for modeling DRTA [6][3]. Consequently, TIOA, HA,
MRTA, RHA and HIOA can be used to analyze distributed algorithms, such as clock synchro-
nization algorithms that use independent clocks [6]. HIOA are an extension of TIOA, where
external variables model the continuous information flowing into and out of the system [6].
However, the reachability problem and simulation (and bisimulation) are undecidable for TIOA
(and HA, RHA, MRTA and HIOA) [6], but decidable for TA and Network of TA (NTA).
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