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Abstract

Currently, formal methods are increasingly being used to analyze the behavior of real-time
systems. These systems are often part of critical applications, meaning that an error during
their operation can have serious consequences in domains such as avionics, industrial process
control and nuclear power plant control. For this reason, these systems need to be verified
before their implementation.

Formal verification methods, or simply formal methods, are increasingly being utilized
to meet the requirements imposed on this type of systems. In this study, we focused on
the verification of heterogeneous real-time systems. This verification require the proposal of
formal approaches that facilitate the development of verification tools. Formal methods offer
effective techniques for verifying a given system.

The used model, called duration action timed automata with relative time (daTA-R), is
an extension of standard timed automata. In this model, distributed real-time systems are
composed of a set of daTA components. We assume that each component is characterized
by a set of local clocks that evolve at a different frequency, but relative to the clocks of other
components. To study the semantics of such systems, we have used the parameter called
"slope,” which represents the ratio between the clock frequencies.

Also, we have used the equivalence relation between clock valuations to move towards
region graphs.

Finally, a tool has been developed to construct, for each daTA-R, the corresponding
regions automaton.

Key words: heterogeneous systems , real-time systems, durational actions timed au-
tomata, daTA-R, regions graph.
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Chapter 1

General Introduction
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1.1 Work context

1.1.1 Formal verification of real time systems

Recently, a strong enthusiasm has been felt for real-time systems, as they increasingly manage
our daily lives. Their most important characteristics are distribution and heterogeneity, which
can be expressed in terms of mobility.

Mobile Ad hoc Networks (MANETS) are an example of complex distributed systems, consist-
ing of wireless mobile nodes that can dynamically self-organize into arbitrary network topolo-
gies, in order to enable users and devices to communicate with each other under favorable
conditions in spaces devoid of any pre-existing communication infrastructure [32].Flexibility
and convenience are the reasons why their applications have been extended from the tra-
ditional domain (military) to a variety of commercial domains dealing with very specific
problems, such as ambient intelligence [3], private networks [81] , and location-based services
[18].

For example, with the emergence of autonomous combat drones, the complexity of drone
coordination algorithms can make it difficult to provide assurance to a concerned public that
these autonomous units are properly coordinating their actions with each other [72] . With
a formal model, it would be possible to provide and prove correct algorithms for performing
complex tasks.Nowadays, the verification of heterogeneous real-time systems poses a signif-
icant challenge. To address this, formal approaches need to be proposed, allowing for the
development of verification tools. Formal methods offer efficient techniques for verifying a
given system, leveraging mathematical rigor to demonstrate the validity of the underlying
system.To perform this verification, it is necessary to introduce formal approaches that fa-
cilitate the development of verification tools. Formal methods offer efficient techniques to



verify a specific system, utilizing mathematical rigor to establish the system’s validity.

In the last two decades, there has been significant research on various automata-based models,
which encompass a wide range of distributed behavior aspects. Additionally, a solid grasp of
the fundamental models is essential for developing automated verification techniques since
many complex models are constructed by combining these basic ones. In general, time is
measured using physical devices known as clocks, which exhibit nearly regular behavior over
time. When specifying real-time systems, it is crucial to consider temporal properties, and
clocks are explicitly utilized to express system constraints.

In distributed systems, there is no assumption that different timed components share a
common time reference or evolve at the same cadence. Models that rely on a global time
(i.e., a uniform rate of progression) for all system components fail to capture really aspects
of distributed systems.

Our focus lies on modeling and verifying heterogeneous real-time systems, which are pervasive
in computer applications and encompass the characteristics of distributed systems, such as
reactivity, mobility, and adaptability to uncertain or unforeseen factors. The engineering
of heterogeneous real-time systems, including their specification, development, management,
and deployment, has become increasingly important. Consequently, verifying the validity of
such systems poses a significant challenge.

We consider heterogeneous real-time systems where each participating component possesses
its own physical clocks, operating at distinct frequencies of progression. In such scenarios,
where a global clock is neither available nor desirable, it becomes imperative to model systems
while taking into account the individual clock frequencies of the participating components.
Thus, studying these systems based on their diverse temporal evolutions becomes a natural
approach.The majority of systems explicitly incorporate constraints related to real-time as-
pects. These constraints are quantitative in nature and interpret delays or durations, such
as response times or timeouts. Most classical models and automated verification techniques
have been extended to handle such real-time systems.

In 1990, Alur and Dill introduced the model of timed automata to describe the behavior
of real-time systems with quantitative constraints [0, [I1].Verification techniques have been
expanded to be compatible with this model [0, 46, [57]. Specification formalisms, such as
temporal logics, have also been extended to interpret real-time properties characterizing
systems [0, 146, [57]

There have been efforts to develop model-checking tools [79, 58], which have been successfully
applied to real-world cases in the industrial domain [76], 22].

In[5], [4], the authors proposed a model for distributed timed systems where each component is
a timed automaton with a set of local clocks that evolve at independent frequencies from the
clocks of other components. A clock can be read by any component in the system but can only
be reset at the level of the automaton it belongs to. For such systems, two main semantics
have been discussed: universal semantics and existential semantics. The universal semantics
captures behaviors that hold regardless of the individual components’ clock frequencies. This
is a natural choice when verifying that a system consistently satisfies positive specifications.
However, when verifying if a system avoids negative specifications, it is preferable to use the
existential semantics, which considers the set of behaviors that the system can potentially
exhibit under different clock frequency choices.

The existential semantics always describes a regular set of behaviors. However, in the case of



universal semantics, the problem of determining if the set of behaviors is empty is undecidable.
While the existential semantics allows us to verify negative specifications, the universal se-
mantics is suitable when assessing whether a system exhibits a desirable behavior that re-
mains robust despite clock variations. Unfortunately, determining the existence of such
behaviors is an undecidable problem.

1.1.2 Work Motivations

In this work, we address the issue of heterogeneous system components. Heterogeneity is
considered as a difference in the rates of component evolution. When a system consists
of multiple elements, each element has its own clock frequency. Therefore, we propose an
approach in this study for modeling and verifying distributed systems that incorporate local
and relative clock frequencies. We describe the system using a timing mechanism where
all clocks progress at the same frequency. However, clocks belonging to different processes
(components) are allowed to advance at different but proportional rates. We assume that all
processes can read the clock (use it), but only the process it belongs to can reset it. Defining
the symbols associated with the above proposed model becomes challenging in the form of a
timed transition system, as the number of configurations becomes infinite.

To solve this problem, we will review the proposed equivalence relations on clock valuations
that aim to aggregate configurations. This implies that an equivalence class (referred to as
a clock region) can represent a set of configurations [11].

Since the future behavior of any modeled system is determined by its current locality and
the values of clocks in all processes, we will redefine several concepts, such as clock regions
and the region automaton, with a specific focus on the impact of the relation between clock
frequencies.

In this context,we will demonstrate that the problem of verifying temporal satisfaction among
coordinated components in a formal verification of a heterogeneous systems can be reduced
to a search on a graph of regions.

Therefore, we will first extend duration actions with timed automata (daTA-R) by intro-
ducing a characterization of relative time speeds associated with the components to address
heterogeneity.

1.2 Contributions

In this work, we focused on the formal modeling and verification of real time and hetero-
geneous systems. The model of duration action timed automata has been extended with
the notion of relative time in order to model such systems.Our contributions can be sum-
marized in the formal modeling and verification of heterogeneous systems, aiming to verify
their behavioral and temporal properties. The decidability of the accessibility property has
been proven through the use of an abstraction of the system’s behavior called "region”. This
abstraction requires redefining the necessary concepts to accommodate it.

We are interested in the formal verification of heterogeneous systems where each participating
component has its own physical clocks with its own frequency of progression, even though
there is no available or desirable global clock.



The model of Duration Action Timed Automata (daTA) is a semantic structure designed as
a system of transitions. It is useful for expressing causality and temporal constraints that
must be adhered to during the execution of actions.

We have proposed an extension of the Duration Action Timed Automata model with relative
time (referred to as daTA-R) to address relative time speeds.

A daTA-R structure represents the potentially infinite behaviors of timed systems. This
model focuses on the temporal constraints imposed by heterogeneous systems, taking into
account the relative time speeds that differentiate the coordinated components.

In a daTA-R, the clocks belonging to different components evolve synchronously but under the
relative rates assigned to these components. Each rate assigned to a component p represents
the speed of p and depends on a certain reference of the global time, from which the local
time of p will be derived.

To study the semantics of such systems, we have defined a parameter called ”slope”, which
represents the ratio between the clock frequencies. This parameter enables us to assess and
prove the decidability of accessibility in a daTA-R.

At any given point in time, the future behavior of the modeled system is determined by its
current locality and the values of clocks in all processes. To address this, we have redefined
the algorithm for constructing a region automaton, taking into account the effect of relativity
between clock frequencies.

The semantics of a daTA-R is defined by two new relations: the equivalence relation on the
set of all clock valuations and the successor relation on these equivalence classes. These two
relations have allowed us to propose a method for constructing a finite region automaton to
study and prove decidability. This region automaton captures the infinite set of behaviors
implied by the daTA-R specification.

We have presented that the construction of the region automaton terminates with a finite
space of regions.

1.3 Dissertation outline

Chapter 1 includes the general introduction.

Chapter2 Presents the state of the art on the real-time systems, the critical systems and
heterogeneous systems with examples for each category of systems,

Chapter3 gives this chapter the famous model of durational actions Timed Automata
(daTA). We present the basic notions of this model, namely the syntax, the semantics,
the composition of several timed automata. . .; and we will insist on the use of this model in
the formal verification with its different types: accessibility, inclusion of languages, proper-
ties logics, tests, behavioral equivalences... Then, we approach the extensions and the sub
classes (the most important) of timed automata with emphasis on three points for each vari-
ant: the accessibility of a given state, the expressiveness and conciseness of the model. And
we ends this chapter by giving some concepts on the practice of verification, in particular
the two systems analysis approaches forward and backward, DBM structures, graphs of areas
and a brief presentation on the Uppaal tool.



Chapter 4 Chapter 4 details the variant of durational actions timed automata model, on
which we base our work in this thesis to address the issues and overcome the limitations
mentioned above in the motivation of this dissertation. We started with the definition of
durational actions timed automata with relative time model (daTA-R),we have explained
the principle of maximality semantics by emphasizing its advantages over the semantics of
interlacing. Then, we gave the basic concepts of this model, namely the syntax, semantics
and product of daTA-R.

Chapter 5 presented the part of the realization of our application and the language of
programming and the techniques and tools used.

And finally, a general conclusion.






Chapter 2

Critical and heterogeneous real-time
systems

Sommaire
2.1 Introduction| .. .. ... ... ... i e e 7
2.2 Real-time systems| . . . . . . ... ... ... . 00 e e e, 7
[2.2.1  Example for real-time systems| . . . . ... ... ... 0L 8
2.3 Critical systems| . . . . . .. .. .. i e e e e e 8
[2.3.1  Example of critical systems| . . . . . . ... 0oL 9
2.4 Heterogeneous systems | . . ... ... .. ... 9
[2.4.1 Example of heterogeneous systems| . . . . . . ... ... ... ... 9

2.1 Introduction

In this chapter, will introduce real-time,critical and heterogeneous systems in general,with
examples from each system.

2.2 Real-time systems

Computer systems consist of a combination of hardware, software, user and data. Such sys-
tems are constantly evolving and will become undoubtedly a constituent part of our daily
lives. Real-time systems are defined as those systems in which the correctness of the sys-
tem depends not only on the logical results of computations, but also on the physical time at
which the results are produced [73]. In other terms, real-time systems are computing systems
that have temporal constraints to meet and thus, are required to guarantee a response within
specified timing constraints.Such systems need to achieve different requirements that can be
structured into three main categories[4§]: (i) functional requirements, (ii) temporal require-
ments, and (iii) dependability requirements. Functional requirements refer to the functions
that the real-time system must perform.

In real-time systems,this attribute is specified using the concept of a deadline.Based on the
consequence of missing a deadline , real-time systems are typically classified into three differ-
ent classes:(i)Hard, (ii)firm,(iii)soft real-time systems[1].In hard deadlines, that is, deadlines
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that if missed could result in severe consequences. On the other hand, for soft real-time
systems the goal becomes to meet a certain subset of deadlines in order to optimize some
specific criteria. Particularly, deadline violations result in degraded quality. However, the
system keeps operating and may recover in the future[48].In a frim real-time system,deadline
can be missed occasionally.

2.2.1 Example for real-time systems

¢ Embedded system:

An embedded system can be defined as a computer system specifically designed to
perform dedicated functions within a larger mechanical or electrical system. It is char-
acterized by its integration into a larger system or product, where it operates as a
component with a specific purpose. Embedded systems are typically embedded within
physical devices or machines, often with limited resources and specific requirements.
”An embedded system is a combination of computer hardware and software, designed
to perform specific functions within a larger system, often with real-time constraints.
It is typically embedded into a larger mechanical or electrical system, operates with
limited resources, and is tailored to meet specific application requirements.” [65]

¢ Real-Time Video Surveillance Systems:
Real-time video surveillance systems are used for security and monitoring purposes,
such as in airports, public spaces, and critical infrastructure. These systems process
live video feeds in real-time, detect anomalies or security threats, and trigger immediate
alerts or responses.[74]

2.3 Ciritical systems

Critical systems are systems where a failure or malfunction will result in significant negative
consequences such as physical injury, property or environmental damage. These systems
have stringent safety and security requirements to protect the user or other people. Alterna-
tively, these systems may be mission critical, underpinning products, for profit or competitive
advantage[41].A critical systems are typically classified into three different classes:(i)Safety-
critical systems,(ii)Mission-critical systems,(iii)Business-critical systems. A safety-critical
system is a system where safety is of importance.Basically, a safe system is a system that
delivers a service free from occurrences of catastrophic consequences on the environment and
user [I7].On the other hand,for mission-critical systems are systems that are essential to the
survival, operation, or mission of an organization or system, particularly those systems that
are relied upon for safety, security, and economic stability. These systems include, but are
not limited to, transportation, communication, energy, and healthcare systems[38].In critical
business systems are information systems and software that support a company’s operations
and are considered vital to its continuity. These systems include financial transactions, busi-
ness operations, and other core processes that maintain the company’s operations. Many eco-
nomic sectors rely on these systems to maintain productivity and effective performance[71].
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2.3.1 Example of critical systems

e Communication systems such as telephone switching systems, aircraft radio systems,
etc

e Embedded control systems for process plants, medical devices, etc.

e Embedded control systems for process plants, medical devices, etc.

2.4 Heterogeneous systems

Heterogeneous systems are inherently complex systems using a systems of systems approach
[77]. These heterogeneous systems are comprised of subsystems with multiple interactions be-
tween these subsystems. Heterogeneous systems are different from classical software systems
because subsystems in heterogeneous systems are functionaly independant and often exhibit
hetreogeneity in terms of hardware, software and processes. The HSA foundation has defined
a model for queues that enables a more precise control over scheduling the GPU workloads.
These advances have led to numerous issues that can not be detected or studied with current
tracers and profilers. Most tracers and profilers focus on the CPU, the operating system, or
on one coprocessor and do not provide a global view of the system. This is an issue when
all these components should work tightly together, and performance defects arise in some
scenarios because of interaction problems. A performance diagnostic toolkit that supports
heterogeneous hardware and can integrate and correlate tracing and profiling information
from all levels is needed in this context.GPU simulators are sometimes used to analyze new
hardware and software approaches to memory and scheduling issues [68, [63]. The HSA is a
low-level heterogeneous program- ming framework that is supported by multiple high-level
GPU programming languages (e.g.,OpenCL and C++ AMP), hardware devices and device
drivers [62].

2.4.1 Example of heterogeneous systems

1.Cloud Computing

The Cloud computing [66] is a paradigm that enables the acquisition of computational re-
sources on demand in a pay-per-use model. Consumers of cloud computing resources can
provision their own resources when they are needed, and can release them quickly once they
are not required. Resources are kept in large pools, giving the consumers the notion of an
infinite amount of available resources. Resource utilization is metered by the cloud service
provider. The main principle behind this model is offering computing, storage, and software
“as a service”. There are many definitions of Cloud Computing, but they all seem to focus
on just certain aspects of the technology [31].Cloud computing leverages the virtualisation of
computing resources to allow end-users to provide them at an acceptable price. In increasing
the computation demands, GPUs have been introduced in Cloud data centres because of
their performance abilities and their suitability for some applications [33]. Moreover, GPU
clusters will play an important role in the future of Cloud computing data centres since some
compute-intensive applications need to involve GPUs with CPUs [78]. Cloud computing
providers like Amazon , Microsoft Azure , IBM Bluemix , NIMBIX and recently Google have



enabled the users to access GPUs located in their Cloud data centres. Therefore, this recent
situation is changing the taxonomy of the Cloud data centres and the methods of managing
these resources.

2.Ad hoc networks

Ad hoc networks are new paradigm of networks offering unrestricted mobility without any
underlying infrastructure. An ad hoc network is a collection of autonomous nodes or terminals
that communicate with each other by forming a multihop radio network and maintaining
connectivity in a decentralized manner. Each node functions as both a host and a router.
More critically, the network topology is in general dynamic, because the connectivity among
the nodes may vary with time due to node departures, new node arrivals, and the possibility
of having mobile nodes. There are two major types of wireless ad hoc networks: Mobile Ad
Hoc Networks (MANETS) and Smart Sensor Networks (SSNs) [36].
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3.1 Introduction

Timed automata is a theory for modeling and verification of real time systems. Examples of
other formalisms with the same purpose, are timed Petri Nets, timed process algebras, and
real time logicS [25]. Following the work of Alur and Dill [8, 12], several model checkers have
been developed with timed automata being the core of their input languages e.g. [80]. It is
fair to say that they have been the driving force for the application and development of the
theory. The goal of this chapter is to provide a tutorial on timed automata with a focus on
the semantics.

In the original theory of timed automata [8, 2], a timed automaton is a finite-state Biichi
automaton extended with a set of real-valued variables modeling clocks. Constraints on
the clock variables are used to restrict the behavior of an automaton, and Biichi accepting
conditions are used to enforce progress properties. A simplified version, namely Timed Safety
Automata is introduced in [47] to specify progress properties using local invariant conditions.
Due to its simplicity, Timed Safety Automata has been adopted in several verification tools for
timed automata e.g. UPPAAL [55] and Kronos [80]. In this context the model of Durational
Actions Timed Automata (daTA*) has more interest. daTA* is a timed model, its semantic
express the durations of actions and other notions for specifying the real-time systems such as
urgency and deadlines [21]This model is based on a maximality semantic [7] and advocates
the true concurrency; from this point of view it is well suitable for modeling real time,
concurrent and distributed systems. But, the consideration of a dense time domain make
the generation of space state infinite from which the impossibility to use modelchecking as
methods for verification.

The rest of the chapter is organized as follows: In the next section, we describe the syntax
and operational semantics of timed automata.

Example.1 The Figure 1 shows a daTA. This clock will be used in the construction of the
timing constraints as guards of the transitions. This model is illustrated by the example of
Figure 1 composed of two states Sy and S; a transition labelled with an action a of duration
2 units of time. From the initial state of the illustrative daTA, the execution of the action a
leads to a reset of the clockz, associated with it.The expression x < 2 in state S; represents
a duration condition on the action a and means that a is potentially in execution until the
clock a reaches the value . The action does not wait for the end of any other action, so the
clock designated by the enabling domain of this action will be Cj,. This enabling domain will
be expressed by the guard and the deadline on the clock C, (1< C¢g < 3) .

3.2 Syntax, semantics of timed automata (daTA)

The Durational Actions Timed Automata model daTA* [20] is a timed model defined as
Timed Automata over an alphabet representing actions to be executed.In the 1990s, timed
automata were introduced by R. Alur and D. Dill [9]. They extended classical automata by
clocks which increment continuously and synchronously with time. Two news notions have
been added to transitions:
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e A guard defined on the value of the clocks describing the moment when the transition
can be fired and a reset to zero for a set of clocks when drawing the transition

e Another new notion called invariant has been added to localities and expressed as a
constraint on the clocks, this invariant can force the system to leave a locality to start
the execution of a action by limiting the waiting time in this locality.

The time domain can be either the set of natural N, or the set of positive rationals Q> or
the set of positive R>(. In this section, we consider positive reals, however, note that there
is not a big difference in the results if we considerQs, orN. Indeed, by considering N, the
granularity of the progression periods time can be adopted for the analysis of the properties
of the system.

3.2.1 Preliminaries

We present in this section Timed Automata.In the following Rs( is the set of nonnegative
real numbers.A clock takes values from R or it is undefined, denoted by L . Without loss
of generality, we write Rt U (L) where the set of nonnegative real numbers is extended with
the special valueL Given a set X of clocks, a clock valuation over X is a function assigning
a nonnegative real number to every clock.

The set of valuations of X, denoted {V,}, is the set of total function from X to R™ The
valuation v + d maps every clock y to v(y) + d(d € R™).

Given a set A of clocks, a reset is a subset of X. Given a valuation v and a reset A, we define
the valuation v[\ <= 0] by v(z) =0 for all z in A and v(z) if z & .

The set Cx of clock constraints over X ,where x , t €R, " , and * is a binary operator and
x € {=,<,<,>,>} . Clock constraints are evaluated over clock valuations. The satisfaction
with respect to clock valuation function v € Vy |, he expression L x 1 evaluates to true and all
other comparisons that involve evaluate to false. We write v € C'x to denote that according
the valuation function v| =Cx evaluates to true. Let ACT be a set of label symbols.In
general way timed automata are finite state machines whose transitions are decorated by
clocks constraints.

3.2.2 Formal Syntax and Semantics

In this section, we present the syntax and the semantics of the model that we consider in this
thesis, as well as the model of timed automata with durations of actions,which we abbreviate
as daTA.

Definition 3.1
a daTA*A is a tuple (S, Ly, so, H, Tp) of the support ACT whereover:
e S is a finite set of locations,

e[, : S — 2,m*H) is a function which assigns to each state S the set F of ending
conditions (duration conditions) of actions possibly in execution in S,

e Sy € S is the initial state, such that L(sg) = o,
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e H is a finite set of variables named clocks ,
e T'Hh CSx Qf?f(H) ><2f$f(H) x ACT x H x S is the set of transitions.

e A transition (s,G, D, a,x,s’) represents a switch from state s to state s’ by starting
execution of action a and resetting clock x. G is the corresponding guard which must be
satisfied to fire this transition. D is the corresponding deadline which requires, at the

moment of its satisfaction, that action a must occur. (s,G,D,a,x,s’) can be written
G,D,a,x
— S .

Figure [3.1] represents an example of daTA

® o

22

Figure 3.1: Example of daTA.

Definition 3.2

A timed transition system (TTS) over the alphabet A is a tuple S = (Q, qo, A, —) where @
is a set of states, ¢o € @) is the initial state, A is a finite set of actions disjoint from R, and

—C Q x (AURsg) x Q is a set of edges.If (¢,e,q) €, we also write ¢ — go. Moreover,
TTS should satisty the classical time-related conditions where d, dy € R>¢:

e Time determinism: (g L) A (q L g = (¢ =q)

d/ 2 d+dl 2
"= q") = (qg——¢q")

e Time additivity: (g LN q7) N (q
e Null delay: Vq: ¢ 9, q
e Time continuity: (g N Q) = (Vd' < d,39", qu 4, q")

Let S = (Q,q0, A, —) be a TTS. Let —* be the reflexive and transitive closure of —.We
denote Reach(qy) = {q € Q | g0 =" ¢}, the set of reachable states S .
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Definition 3.3

The semantics of a daTA A = (S, Ly, so, H, Tp) is defined by associating to it an infinite
transitions system Sy over ACT U R*. A state of S4 (or configuration) is a pair <s,v> such
that is a state of A and v is a valuation for H . A configuration <wvyg, so> is initial if sq is the
initial state of A and Vo € H,vy(x)= 0 Two types of transitions between S, configurations
are possible, and which correspond respectively to time passing (rules RA1 and RA2 ) and
the launching of a transition from A (rule RD ).

deR*"vd=d v+d gD

(RAL) 3
(5,1} = {5, v + d}
rER T v+eED AED

(RA2) :
(5, v) = {5, v+ &)

(5.6,0,a,x,5ET, vEG
(s, v} = (s", [{x] = O]v)

(RD)

Where « is the smallest real quantity of time in which no action occurs (Belala, 2010).In RA
rules,D = Vie; D; where (S, G, Dy, a;,2;,;);er is the set of all transitions stemming from
state S. Indeed, whenever a D; holds, time cannot progress regardless of the otherD;.

Note that if one wants to guarantee that at least a transition could be drawn starting from

a state if time cannot progress any more within this state,one requires that the formula

3.2.3 Parallel composition of timed automata

can be defined in a classical way, for example by constructing an n-ary synchronization with
renaming. This type of operation allows the parallel execution of timed automata while
synchronizing their actions. It is commonly used to model complex systems by decomposing
them into smaller components that can be analyzed and tested independently before being
combined into the the final system.
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3.3 Decidability of the accessibility property

In this part, we want to describe a construction proposed in Alur and Dill (1994) [II]to
decide whether a locality in a timed automaton is accessible or not. This construction is an
abstraction of the behavior of the considered timed automaton in such a way that testing the
accessibility of a locality in a timed automaton is reduced to testing whether a state (or a set
of states) in another finite to decide if a locality in a timed automaton is accessible or not.
This construction is then an abstraction of the behavior of the timed automaton considered
in such a way so that the test of the accessibility of a locality in a timed automaton is reduced
to testing if a state (or a set of states) in another finite automaton is accessible.

The key feature of this construction is the generation of a finite-state automaton in which a
state can be an aggregation of an infinite number of states of the timed transition system.
Therefore, any transition by action or time passage in the timed transition system finds
its equivalence in the integrated automaton, and the reverse is always true. It should be
noted that the precise waiting times in the individual locations may not be the same, so the
equivalence relation with respect to time is a bisimulation relation that abstracts away from
time and attempts to obtain a finite number of equivalence classes.

for x € H, for any v(z) € R ,fract(v(z)) denotes the fractional part of v”, and [v(x)]
denotes the integral part of v”. For z € H , let ¢, be the largest integer ¢ such that (z < 0)

or ¢ < z is a sub-formula of some clock constraint appearing in 7" .

e For all x € H either [v(x)] and [v'(z)] are the same, or both v(x) and v'(x) are greater
than c,.

e For all xzy € H with v(z) < ¢, and v(y) < ¢, , fract(v(z)) < fract(v(y)) iff
fract(v'(z)) < fract(v'(y)) .

e for all x € H with v(z) < ¢,, fract(v(xz)) =0 iff fract(v(z))=0.

The equivalence relation = is defined over the set of all clock interpretations for H. We will
use V' to denote the equivalence classes of V/(H) to which ” belongs. It also clock regions
denoted by:[v] =v" € V(H)lv =~ v/

Region defined by :

o | 1<x<2 and

/'f p ’ O<y<1 and
1 i I
(“'”/ P , Fract (x)»fract (y)
(1] 1 2 x 0 1 2 X
(a)Distribution satisfying (b) Distribution satisfying
the firsttwo conditions three conditions

Figure 3.2: Region index for two clocks that have the same maximum value
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Intuitively, the first two conditions express that if a clock valuation satisfies certain con-
straints of the timed automaton, then the other equivalent valuation also satisfies the same
constraints. The third condition ensures the same order of arrival for new integer values
when different clocks increment from two equivalent configurations. The equivalence relation
~ defined above concerns clock valuations, and an equivalence class is therefore called a clock
region.

The construction of clock regions is illustrated by Figure |3.2| where there are two clocks x
and y and a maximum constant C, = C, = 2. If we apply the first two conditions of the
equivalence relation ~ on this example, we get the partition presented in figure (a) that
provides valid regions for all temporal constraints defined with constants smaller or equal to
2. However, the problem that arises is that we can find two valuations in the same region
that are not equivalent with respect to the passage of time (see the third condition of the
equivalence relation ~ above). For example, let’s take the two valuations v and v’ (see
Figure (a)). If we let time elapse from v, we will first reach the integer value z = 1
before clock y reaches integer value 1, while from ¢, we will reach integer value y = 1
before clock x reaches 1. The possible behaviors from v and v" are therefore not the same.
The third condition of ~ refines the partition presented in Figure (a) by diagonal lines
representing the passage of time and provides the partition shown in Figure (b), which
turns out to be a bisimulation relation with time abstraction. This equivalence relation
enables the construction of a finite automaton from the initial timed automaton A as follows:
the automaton states (configurations) are pairs (s,«) where s is a location of the timed
automaton, and « is a clock region constructed according to the conditions of the equivalence
relation . The transitions are (s,a) = (s', ') if there exists:

. Ga,R . .
e A transition s —== ¢’ in the timed automaton A,

e a valuation of clocks v € & and t0 such that:

vt I(s),
—v+tEG;

(v+t)[R] | I(s') and
— (v+1t)[R] € .

The finite automaton R(A) resulting from this construction associated with the initial timed
automaton A is called the region automaton. The essential property of this region automaton
is that it recognizes exactly the same language as that of the initial timed automaton, i.e., if
R(A) recognizes a word ajas . .., then there exists a timed word (ay,t1)(asg, t2) ... recognized
by the initial timed automaton A. Thus, the emptiness test of the language recognized by
a timed automaton A or the accessibility problems of a location in A can be reduced to an
accessibility problem in its region automaton R(A). This gives an algorithm for these two
problems that is PSPACE-complete:

3.3.1 Theorem 3.1

The accessibility of a location in timed automata [9, [IT]is a PSPACE-complete problem.
To clarify these notions, we will construct the region automaton from the timed automaton
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in Figur(A). Figure (B) shows the resulting region automaton. In this example, to
determine whether the location s2 in A is accessible, one needs to prove the accessibility
of one of the states (s3,a) in the region automaton in Figure 3.3(B), where « is a clock
region. In region automaton,there is a path leading to a state containing the locality s3,who
is (s),r =y =0) > (5,0 =y <z <1) > (53,0 <y < < 1). This path tells us that
there exists an execution in the timed automaton A of the form (so,vo) = (so,vo + t1)
(s1,v1) 1N (51,01 + t2) = (s3,vy),the transitions leading to the location ss, or ¢; and t, are
positive real numbers.

30
- xey=l
. . . b
e —_ i e

kS 5 B £ B 3,
Owpewel vyl mml il md Lwyew

i, //_'F;,:f//:, : 5, d i O
SopLml oyelim a 1leyix =1, %21 4

a, (y<l) 7, y:=0 w
""-n.._‘_‘_‘_-___-_-_._'_'_,_-'—'_
Figure (A) Figure (B)

Figure 3.3: Automaton A and its region automaton

The computation of the complexity of the accessibility problem (evoked in the previous
theorem) was done on the original paper [11].

e The PSPACE-hardness stems from the possibility of encoding, respecting the word w,
the behavior of a Turing machine M that is linearly bounded in space. This implies
the existence of a timed automaton such that the clock valuation of this automaton
coincides with the state of the tape of M during execution. It should be noted that
this encoding can be done using only three clocks.[37]

e The PSPACE-easy side comes from the possibility of considering a non-deterministic
algorithm that can memorize the current symbolic state (a location and a clock region)
and a successor state generated in a non-deterministic manner.

3.4 Verification by inclusion of timed languages

In the previous section, we showed that it is always possible to associate with an execution
in a timed automaton a timed word that is described as a sequence of pairs (a,t) where a
represents the label or action of the transition and ¢ is the time instant at which action a was
taken. An acceptance condition can be added to the model of timed automata (final locations,
Biichi, Miiller, etc.) to turn this model into a machine that accepts a language of timed words.
If the correct behaviors of a system specification coincide with a language accepted by a
timed automaton, then the verification problem reduces to studying the following question
about timed languages: is the inclusion of the language of the studied system in that of
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its specification verified? In untimed systems, this problem is solved by verifying that the
intersection between the language of the studied system and the complement of the language
provided by the specification is empty. In the case of timed systems, it is generally impossible
to construct a timed automaton that recognizes the complement of a language accepted by
a timed automaton, which makes it impossible to apply this method. Moreover, it has been
proven in [I1] that the inclusion problem mentioned above is undecidable, and verifying such
timed properties can only be done for specific timed languages, such as those accepted by
deterministic timed automata

3.4.1 Logic of timing

To extend time logic by quantitative constraints, we can
e or conditioning the classical modalities of these logics by constraints,

e or integrate watches (which relate to the formula of ownership) and operators to manage
them.

The first option is to incorporate a constraint that has the form < ¢, such as e {=, <, <
,>,>} and ¢ € Njat the level of the Until time operator noted by. Then we can say that a
formula ¢ U-. v is true for an execution p if and only if there is a state such as :

e there are amounts of ¢ units of time from the initial state to this state,
e He checked ¢ and
e all previous visited states pending execution p verify ¢ .

More generally, it is possible to integrate an interval [a;b] at the level of an operator Until.
This way of expanding time logic is quite classic [49]. This extension was also proposed
using CTL for the discreet time [40] and for the dense time [6] Logic Timed CTL (TCTL)
was formally defined from the atomic propositions (such as labels on the system states to be
checked), the Boolean operators (A, V,—) and the modalities F_ Uy, and A_U.,. .Property
(1) is written as follows:

AG (problem = AF<5 alarm)

Another approach to extending time logic by quantitative aspects [16] is to integrate.

e of clocks of formulas (all of these watches are rated H) that increase synchronously
with time,

e a zero discount operator (in) and
e of simple constraints x > ¢ with = € H.

The reduction to zero followed by a x > ¢ constraint captures the time that separates the two
systems states. Formally, TCT L, logic was defined from C'T'L by adding x 1 ¢ constraints
with © € H and x € H the operator = in _. Property (1) is written as follows:

AG (problem = (z in (AF(x < 5 A alarm))))
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In this formula, the operator in reverses the clock x to zero when one encounters a state that
checks "problem” and thus one must check that the watch x is less than or equal to 5 when
one meets a state which checks the state "alarm” to ensure that the time separating these
two states is less or equals 5.

It is clear that all operators of T'C'T'L can be expressed by using the clocks of formulas. We
have the following equivalence for the formulas of TC'T'L ¢ and :

E(pUwc¥) =z in E(pU (W Az <))
Very fine properties can be expressed by the T'C'T'Lj, logic, it has been shown in the case of
dense time that this logic is more expressive than T'C'T'L [29] : The proof is that this formula
has no equivalent in T'C'T'L:

zin EF(PLNz <1ANEG(z <1= D))

The formula above expresses the fact that it is feasible to a state that verifies the P; property
in less than 1 unit of time and from that state there is an execution during which there is no
state verifying the P, property before the x clock is equal to 1.

We have the following result:

Theorem 3.2

The TCTL or TCTLy, logic[6] checking model for timed automates is a PSPACE-complete
problem. Verification algorithms do the labeling of an extended automate of regions with
special clocks that are used to check time constraints in logical formulas. Kronos is a tool
used to check formulas written in TC'T'L on parallel compositions of timed automates[79)].

3.4.2 Logic of linear time

Linear time logic can also be extended so that properties can be formalized on the executions
of timed automates.Then we write Property (1) as follows: G(problem = F<3 alarm).Among
the linear time timed logic can be mentioned MT'L [49] 14] where the U modality has been
extended by intervals, as well as a MTL restriction that does not allow the reduction of
intervals to a single value (i.e. you cannot use the U_, modality).

The MTL checking model is an indecisible problem when considering a semantics for which
the observation of the system is continuous: each atomic proposition has a truth value defined
over time intervals during executions. On the other hand, the checking model is decisive when
one considers a punctual semantics for which these atomic propositions are true at moments.
For MITL, the model checking is an EXPSPACE-complete problem and becomes PSPACE
-complete if the ”Until” terms are used with the constraints < ¢ or > ¢ [I3]. For more details
on several quantitative time logic, we can refer to [15], [0, 14 [46], 69].

3.4.3 Modal Logic with Fixed Points

Modal logic can also be extended to enunciate real-time properties.Inspired by Hennessy and
Milner’s logic [43] one can describe the behavior of the system by defining the modalities
that relate to the transition labels of the STT.There are two ways to express quantification:
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e cxistential, written in the form < a > ¢ to formalize "it is possible to draw a transition
a and then check ¢” and;

e universal, [a]p to formalize ”after any transition labeled with a, ¢ is true.”

For time transitions, we can use the symbol ¢ in the form of < § > ¢ to express that
it is possible to wait a certain time, without any action transition being drawn, until ¢ s
verified. Fixed-point operators can also be used to formalize properties that involve unlimited
behaviors[54] [75]. To measure the time that separates the actions from the system studied,
formula clocks (such as those of ’C'T'L;, were used to deal with these quantitative aspects.
The checking model for timed modal logic with fixed points is an EXPTIME-complete prob-
lem [2].

3.4.4 Automated Testing

A test machine [I] is a T}, timed machine built to describe an error scenario and that its
verification can be carried out by applying an accessibility problem to the parallel composition
of the automate that is checked with T,arphi.It is also possible to use timed modular logic
to describe the correction property and automatically build the associated test automatic.
Note that this approach is only applicable to a limited category of properties.

3.4.5 Behavioral Equivalence and bisimulation

Behavioral equivalences are useful for comparing timed systems. A widely used class of these
equivalences is temporized strong bisimulation. It is said that the two statements (s1,v1)
and (s2,v9) are heavily bisimilar and it is written (s1,v1) & (89, v9) if and only if:

e for any transition of (s1,v;) = (s},v}) with a € Act, there is a transition (sy,vy) —
(sh,vh) such as (S1,v]). =~ (s2,v2), and vice versa, and
i ¢ : . . ¢
e for any transition of (sy,v1) — (s},v]) with ¢ € R>, there is a transition (s2,v9) —
(sh,v5) such as (s1,v]). = (sh, vh), and vice versa.

The above definition of behavioral equivalence is very strong, and in particular, for a bisimula-
tion relationship that respects the initial and final states, it is said that two timed automates
are strongly bisimilar if they accept the same timed words.

It should be noted that the time-abstract bisimulation (used for the correction of the automate
of regions) is much less powerful than the strong time-based bisimulation, because in the
latter, the waiting times to leave a state must be the same from two equivalent states, which
does not exist in the abstract time-bisimulation.

Deciding whether two timed automates are highly bisimilar is an exptime-complete problem[52].

3.5 Extensions of timed automata: high level languages

Having high-level descriptive languages is very useful to more easily specify systems. For
this, several extensions of the timed automata model have been considered. During the
presentation of these extensions, we will be interested in the following questions:
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e Does the extension preserve the determinability of accessibility?

If the verification of the systems we model is our goal,ining the determinability of the
model is an essential point.

e Does the extension add expressiveness?

It is important to have models that make it easy to describe more systems.

e Does the extension add concision to the models that can be built? Another important
point is the ease of modeling: a smaller model is generally more readable and easier to
modify.

3.5.1 The diagonal boundaries

The restrictions on the clocks allowed in the model of the timepieces we have presented are
very simple and allow only a comparison between the value of a clock and a constant. Another
type of constraint, called diagonal constraints, was mentioned in the original paper[16] and
this allows for comparisons of types x — y < ¢ orz and y, b is a comparison symbol and ¢ is
an entire constant. This extension of timed automates has the following properties :

e Accessibility in timed automates with diagonal constraints is a PSPACE-complete prob-
lem [16].

e The use of diagonal constraints does not increase the expressiveness of timed automates
[24].

e the use of diagonal constraints adds the concision [2§].

The problem of accessibility of this extension was already proved decisive in the original paper
[11],, it was also solved by the construction of an automate of regions, which refines the one
presented in Section and the complexity remains the same. For the second property,
this extension was shown more expressively in [24]. The principle of this demonstration is to
replace one by one the diagonal constraints and to construct an automatic timed without
diagonal restraints equivalent according to the strong timed bisimulation ratio.Figure 77
explains how to replace a diagonal tension (in this figure, the goal is to remove the diagonal
force x — y < ¢ where ¢ is a positive integer).The basic principle is as follows: the flow of
time does not affect the truth value of a x —y < ¢ diagonal constraint, but this value can be
changed if one of the two watches involved in the diagonal restraint is reset.So, two copies of
the original automat were built, the  — y < ¢ constraint is verified in one copy, while in the
other, it is the X — y > ¢ constrain that is checked.When the watch = or y is reset, we go
according to the value of the other watch to either of the copies. For example, if the watch y is
reset, then if < ¢ is in the copy « —yc, whereas if X > ¢ we are in the other copy X —y > c.
This transformation described above gives a double size of the automate, therefore we have
an exponential construction to transform all diagonal constraints. Since timed automates
with diagonal constraints are exponentially more concise than standard timed automates,
this exponential cost cannot be avoided. This means that we can model systems with timed
automates with diagonal constraints exponentially smaller than equivalent standard timed
automates.

22



copieoll x—y<¢ x:=0

T bﬂ"' }'::ﬂ
¢ positif I ng}
______ } II_.
I
I
[
X i= xi=0 1 x>
4 y :[}) —— :: ;’r yi=0
X—yV=¢ /
________ } f
/
!

copieou x—-y>c¢

Figure 3.4: Suppression of diagonal constraints.

3.5.2 restricted additives

The timed automata can also be extended by other types of constraints, in this section we
will consider the so-called additive constrains that have the shape x + y < ¢ where z and y
are watches, is a comparison symbol and ¢ is an integer positive. The authors of [23] have
studied this extension of timed automates that accept languages not recognized by standard
timed automates. For example, the Figurd3.5 automate accepts a language that no standard
timing automate can accept: actions are executed on dates 1/2, 3/4, 7/8, 15/16, ...

x+y=1ax=0

1
L+ ={(an.:1 wig)|n2lett;=1 _EI

Figure 3.5: Suppression of diagonal constraints.

The properties satisfied by this model of timed automates with additive constraints are[23]:

e he problem of accessibility in timed automates with additive constraints using two
clocks is decisive.

e The problem of accessibility in timed automates with additive constraints using at least
four watches is unresolved.
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The determinability of this model in the case of two watches derives from an extensive
construction of an automatic of regions, the region index used is a refinement of the index of
regions that we saw in the section [3.3| Figure |3.6| illustrates this construction. In the event
that there are four watches, accessibility becomes indecisive. In proof of this latter case, the
small automatic of Figure has been used several times.

A 1 /
YA > p 4
/’ o ‘ *
I s ’ ’
ARSI
—— e g g ——
2 N o ’ ’
> 1 ’ ’
’ s
’ \\II

RS
I

I
*
I\
I

y
)
I
1
\l
') E-J‘_-‘-_-\

A

v

Figure 3.6: Index of regions on two clocks for timing automates with Additional restrictions.

Note 3.1

Regarding the case of three clocks in timing machines with additive constraints, and since it
is impossible to build a finished region automat for them in the same way as for standard
timing automates, the proof of accessibility remains an open issue.

3.5.3 The Internal Action

The elimination of internal actions, so-called e-transitions, in finite machines has no influence
on the language recognized by these structures, therefore this type of action does not add
expressiveness to the finite automate model. On the other hand, in the timed framework,
these silent actions add expressiveness to the model and always preserve the decisiveness of
accessibility (the automatic of regions is constructed in the same way)[24].

Figure 3.7: A language not recognised by standard timed automates.

he automated timing for Figure accepts a language that is not supported by any other
standard timing automates. This language contains the timed words on a letter a such that
all dates are integers: at each unit of time this machine provides two possibilities of crossings,
either the transition marked by a is chosen, or it is the other that is labeled by ¢.

24



3.5.4 Updatable timed automata

In conventional timer machines, the only operation permitted on the clocks is the reset to
zero. It is worth taking care of other slightly more complicated operations on the watches.
The two forms of the operations of the upgrades are x :>1 ¢ and X : bowtiey + ¢ where x
andy are clocks, is a comparison symbol and ¢ is an integer. For example, the update

e 1 :< ¢ assigns to the watch z a value less than or equal to the constant ¢ in a non-
deterministic way,

e 1 :=y — 1 affects the watch x to the value of the clock y decremented by 1,
e 1 := ( corresponds to the classic zero discounts.

A study of this type of timed automates that uses updates was done in [30]As it is possible
to increase, decrease, or even set any clock to zero, these powerful types of updates make
the accessibility of the overall model indecisive.However, accessibility has been shown to
be decisive for several subclasses of this model, here are a few results for these sub-classes
presented in [30] : accessibility in timed automates

e with updates of the form z := c is decisive.

e with self-incrementation (c-to-d using updates of the form = := = + 1) and without
diagonal constraint is decisive.

e with self-incrementation and diagonal constraints is indecisive.
e with self-decrementation (c-to-d that uses updates in the form = := x — 1) is indecisive.

The proof of determinability is always based on a construction of automatic regions with
fairly fine region indices that refine those seen in the section. Figure displays a
region index for a timed automate that uses diagonal clock constraints x —y < 1,y > 1 and
x := 0,y := 1 updates.The distribution described by fat-pointed lines represents the classical
index of regions. But when the update is used y := 1, this index will be incompatible with the
model being studied because (among other things) the update y := 1 makes the clock region
grey on Figure overlaps several regions (without checking a condition of the time-abstract
bisimulation relationship). Then you have to divide again this space of watch valuations by
inserting a straight half x = 2 (presented by a line in fine dots on Figure .

It should be noted that it is possible to transform the classes of timed automates with up-
dates that have been proved decisive into standard timed automates with equivalent internal
actions according to a low bi-simulation ratio but that preserves the same languages [30]. In
addition, these automates with updates are also exponentially more concise than standard
timed automates

Finally, we can say that this type of clock operations called “updates” produce very practical
macros for modeling real systems.For example, one can cite among the systems that naturally
model with this type of operations: ordering problems [42].
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Figure 3.8: A new distribution of regions according to the {z —y < 1,y > 1} constraints and
the {z := 0,y := 1} updates.

3.5.5 Linear hybrid automata

Linear hybrid automates extend the classical timed automates by:
e of general linear constraints, for example 2x — y + 3z < 85,

e of updates more complex than simple reset operations: we can apply affinity functions
to the watches of the Z set on each transition,

e Clocks have different slopes depending on the states: for this reason the clocks in this
extension are called dynamic variables.

It has been seen above that the timed automate extensions with additive constraints and
extended updates make all verification problems unresolved.The same goes for variables with
different slopes: the problem of accessibility in this extension, where a variable can have two
different slops, is indecisive. A survey on these concepts and even on decisive subclasses of
linear hybrid automates is available in [45] and[70].

In addition, it should be noted the importance of the task of studying and searching for
subclasses of linear hybrid automates. Therefore, this task allows us to distinguish:

e of decisive families such as the initialized rectangular automates [45], or
e There are groups in which optimization can be applied.

In addition, there are some subclasses that are of particular importance in the practical world,
for example for the modeling of telecommunications protocols,one can use the p-automata
family, or use the chronometer automate family, that is, those that have variables with slopes
in {0, 1}, for the preemptive modeling problems of ordering.

So regarding model-checking and to check accessibility properties in linear hybrid automates,
there are no general algorithms.But there is a possibility of proposing either semi-algorithms
that may not complete the calculation,or approximations that ensure the completion of the
computation but do not always give a result (for example, the answer may be "I don’t know”
or "the system checks the empty set”).

The main point of these approaches is based on the use of linear constraints to determine
the set of system states to be verified [7]. Polyhedral computing libraries have been used to
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deploy semi-algorithms that verify accessibility. HyTech is a tool that can calculate step-by-
step state spaces for these linear hybrid automates. As it can also do fixed point calculations
(end is uncertain). A detailed description with examples is available in [44] .

3.6 The Subclasses of Timed Automates: Between Ex-
pressiveness and Efficiency

This section is reserved to present some restrictions on timed automates.In general, the idea
behind these restrictions is to limit ourselves to less expressive models to ensure certain
properties or make decision-making algorithms more effective.So the goal of this approach is
to find a good compromise between a good model expressivity and an effective algorithm.

It should be noted that the two main reasons that have given importance to this approach to
the restriction of timed automates are the parallel composition (the same problem was in the
classical timeless framework) and timing (the integration of the clocks into the model), these
two aspects have made the task of verifying these models more complicated, even theoreti-
cally, the verification of a parallel compound of time-free automates has the same degree of
complexity as verifying a single timed automat (the complexity is still PSPACE).Although
there are good data structures, called BDDs (Binary Decision Diagram), to curb the com-
binatory explosion due to parallel composition, and there are other data structure, called
DBMs (Diference Bound Matrice), to facilitate the representation of real-time constraints,
there are no data structure that gives us an effective solution to address the combination of
these two types of explosions.

3.6.1 Automata with “event recording”

In this model, each letter a of the stock alphabet (which are labels for the timed automate
transitions) has its own z, clock such that this clock is reset to zero if a transition labeled
by the a share is drawn.This model also implies that the automate can only have this type
of clock. Therefore, during the shooting of any transition, there is only the clock associated
with the action of that transition that will be reset to zero. So the value of the watch z,
coincides exactly with the time that has elapsed since the last execution of the a proprietary
action.

The model of event-recording machines was proposed in [16], this paper also presented another
version called the ”event-predicting” machines where the clocks indicate the time remaining
before the next launch of the a proprietary stock and not the time passed after the last
execution of a proprietary action.Negative values were assigned to the watches each time to
be able to manipulate this idea.

This subclass did not actually bring any improvements in complexity, so the vacuum test is
still PSPACE-complete and the same for model-checking. In return, this subclass of timed
automates is determinable, the languages of these models are closed by complementary and
therefore the inclusion test between two languages becomes decisive.
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3.6.2 Automata with one or two clocks

Accessibility for timed automates with more than three watches has been shown in [37] that
it is a PSPACE-complete problem.For this purpose, the study of machines with one or two
watches has gained importance in order to develop more efficient algorithms.

Clock automates (AT1H) form a important class as it checks the following properties [50]:

e the accessibility of a location is a NLOGSPACE-complete problem, i.e. it has the same
complexity as that in a non-timed graph,

e model-checking for the AT1H that uses TCT L< > formulas has a polynomial-time al-
gorithm (so this TCTL restriction does not allow ” = ¢” constraints in the ”Until”
terms),

e model-checking of TCTL is a PSPACE-complete problem.

For each (s,7) configuration and for each (s,z) pair such as z € 7, a fs Gamma function
is associated to give the minimum duration during taking a ¢ check path and before 1 is
met.These f,, functions have the following three particular forms:

e f., is constant at if the shortest path leading to ¢ has a reset transition before any
time transition,

e f,, is decreasing (with a slope equal to -1) when the shortest path has a time transition
before any reset, or

e f,- combines the two above-cited forms, constant for the first interval of and after
decreasing.

To define these functions f, ., we must first determine their values at the limits of . Use an
algorithm that calculates the shortest path. by Bellman-Ford[35].

Regarding the properties of timed languages, timed automates with a clock offer the deter-
minability for the inclusion test of time-based languages comprising only the finite words
[67], however this test remains indecisive for the endless words Abdulla2005.

For two-clock timing machines, a significant leap in complexity has been noticed: the acces-
sibility of a location is a NP-hard problem and the model-checking of CT'L (i.e. the formulas
do not contain real-time constraints) is now PSPACE-complet [50].

3.7 Discrete-time automata

It is possible to Using natural numbers as a time domain instead of a dense domain is a
viable option. However, for most of the problems encountered in timed automata and their
restrictions, this change in the time domain does not significantly impact the complexity of
verification algorithms. The accessibility and model checking of TCTL (Timed Computation
Tree Logic) still remain PSPACE-complete.

Therefore, in order to achieve more efficient algorithms with this time domain change, it is
necessary to explore simpler models. Various proposals have been put forward in the literature
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to address this challenge. These proposals aim to find alternative modeling approaches that
can yield more effective algorithms while utilizing natural numbers as the time domain.
First, we will consider models such as a duration of one unit of time is associated with each
transition of the automate. Several studies have studied this simple notion of timing. Model-
checking of TCTL is polynomial for this restriction [40] and even for models where each
transition lasts 0 or 1 unit of time [53]. This model-checking result for TCTL is unique. If
we use the T'C'T'L;, logic with formula clocks, we will have PSPACE-complete problems.

A spontaneous extension of the previous model is to consider transitions with full durations
and obtain a model defined as cost automates. Within this framework, it is possible to have
polynomial model-checking algorithms for TC'T'L< >, however model-checking forT’CT'L is a
Ab-complete [51] problem. This extension is implanted in the TSMV [64] tool which is an
extended version of the NuSMV tool [34].

3.8 Verification in Practice

In order to check the timed machines, it is possible to use a few tools such as Uppaal and
Kronos that implement verification algorithms that will be described in this section. As
the notion of region, which groups the valuations of equivalent watches, is quite fine and
contributes to the growth of inefficiency of algorithms, the construction of the automate of
regions (which we presented in Section was not useful for practice. So a second symbolic
representation, called “zone,” of the equivalence relationship has been used by tools that are
based on flight algorithms. The interest of the use of zones in practice is at the expense of
additional abstraction on behaviors.

To analyze flight systems, we can distinguish two main families of semi-algorithms:

e the first family uses forward analysis: from the initial configurations, this approach
iteratively calculates the successors and tests whether the configuration we want to is
calculated or not.

e The second uses a backward analysis: it can be said that it is the dual approach of
the first, because it iteratively calculates the predecessors of the configurations that
we want to and tests whether an initial configuration is among the set of calculated
precursors.

These methods can be applied to all state-transition models in order to analyze the different
systems, see for example [7] for an application on hybrid automates.

Before presenting these methods of analysis, we will first expose a concept widely used for
the verification of timed systems that is symbolic representation.

3.8.1 The zones: a symbolic representation for the implementabil-
ity of the verification

In order to verify a timed automate that has an infinite set of configurations, it is therefore
necessary to have a symbolic representation in order to be able to manipulate these infinite
sets of konfigurations. The zones are the most widely used symbolic representation: each
zone represents a set of watch valuations that are obtained by a combination of simple time
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constraints x <1 ¢ or x — yc where x and y are watches, is a comparison symbol and c is an
integer. In both forward and backward analysis approaches, the algorithms will manipulate
the (s,Z) pairs where s is a localization of the timing machine and Z a zone of watch
valuations. In these areas, several operations can be performed:

the future of a Z zone is defined by Z = {v + tannoov € Z and

Formulas of the first order are applied to the zones to define those operations that preserve
the zones.

Now, we describe the simplest method that is backward analysis. Then we will present the
forward analysis method that is favoured by most algorithms despite the difficulty of its
implementation.

3.8.2 The backward analysis approach

The backward analysis is done as follows: from the states we want to, we calculate the
preceding states in one step, then those in two steps,... and at each step we test whether
the initial state is among the calculated states. If this is the case, it means that the desired
states can be reached from the initial state. If you have completed the calculation and it is
not, it means that you can never reach those desired states. The principle of methods based
on backward analysis is illustrated in Figure |3.9
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Figure 3.9: The calculation, step by step, of the predecessors of the final state in the backward
analysis.

The use of zones makes it easy to calculate a step back from the analysis. If you take a

transition from the timed automat ¢t = s 2% & and if Z' is a zone, then the goal is
to calculate the set of predecessors in a step of (s, Z’) following the transition ¢ which is
exactly a set of configurations (s,v) where v is an valuation of watches belonging to the zone
Z=gn(ZNY =0)Y]"

The completion of the iterative calculation of the backward analysis is a very important
property. The proof of this property is based on the fact that a zone actually consists of
several clock regions. This makes it easy to show that if Z’ is a zone, then the Z zone we
just described is itself a union of regions. As it has been shown that the number of regions
associated with a timed automate is finite, then the amount of (s, Z) pairs that is being
calculated in a backward analysis is itself finite.

Practically, forward analysis is implemented in most tools despite the undeniable advantages
of backward analysis. The reasons can be summarized in:
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e the forward analysis can only reach the system configurations that make sense because
they are reachable by real executions.

e the analysis backwards is not suitable with the analysis of systems that use high-level
data structures, such as the whole variables bordered or the pieces of C programs,...
We find this data structure in tools that implement the analysis forward, for example
the Uppaal tool that will be presented in the next section |3.9

3.8.3 The forward analysis approach

The forward analysis is done as follows: from the initial state, the successive states are
calculated in one step, then those in two steps,... and at each step we test whether the states
sought are among the states calculated. If this is the case, it means that some of these desired
states can be reached from the initial state. If you have completed the calculation and it is
not, it means that you can never reach those desired states. The principle of methods based
on forward analysis is illustrated in Figure [3.10

The use of zones makes it easy to calculate a step forward from the analysis. If you take

a transition from the timed automate t = s =% s and if Z is a zone, then the goal is to
calculate the set of successors in a step of (s, Z) following the transition t which is exactly
all the configurations of (s’,v’) where v’ is an valuation of watches belonging to the zone

7' =(gn Z)[V].
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Figure 3.10: The calculation, step by step, of the successors of the initial state in the forward
analysis.

Generally the iterative calculation of the forward analysis does not end, unlike the calcula-
tions of the backward analysis. Figure and Figure [3.12] present a timed automate that
illustrates this disadvantage of analyzing forward. The value of the = clock in this example
increases by one unit of time for each iteration of the forward calculation, so this calculation
will never end.

Usually an abstraction operator is used at each stage of the calculation to deal with this
termination problem. This abstraction is called normalization or extrapolation. k is the
highest constant with which a timepiece watch has been compared in restrictions. Now that
Z is a zone, the extrapolation of Z versus k is the smallest area that includes Z and is defined
by constraints that use only constants between —k and +k. This extrapolation operation
aims: Since all the clock constraints of the timing machine are bounded by k, then what is
important is only to know that the value of a watch has exceeded the k£ boundary because
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you don’t really need its exact value. Note that using this extrapolation operation during
the entire forward analysis ensures the completion of the iterative calculation because the
number of zones defined by constraints that use only [—k + k| constants is finite.
Furthermore, this forward analysis approach can create another problem with each calculation
iteration: a calculated overapproximation of accessible states. So this iterative calculation
can return to us states declared as accessible but in reality they are not.

It has been shown in [27] that this forward analysis approach is correct if we consider timed
automates without diagonal constraints, however it is incorrect for the class of automates
with diagonal restraints.

xz1lay=1

y::O

Figure 3.11: A timed automate that illustrates the non-finishment of the forward analysis.

Figure 3.12: Iterative advance calculation.

3.8.4 DBMs: a daTA structure for the representation of zones

A DBM (Difference Bound Matrix) is a classical data structure that represents differential
constraints systems[35]. Furthermore, this concept of DBM has gained particular interest in
the verification of timed systems because it allows an adequate representation of a concept
quite demanded by verification tools that is the zones. It was proposed in [26] for the analysis
of temporal Petri networks, then it is heavily used to analyze the timed automates[39].

Which is n the cardinality of all the watches used, a DBM M is a square matrix of size
(n+1) x (n+ 1) . Typically, the coefficients of M are pairs of (m, <) such that m is an
integer and the symbol € {<, <}. If M = (m;;)o<ijn, {%i, 110 < n} is the set of clocks and z
is a fictitious clock that is always worth 0, then for each constraint of the form X; —x;m; s
one can directly acquire the coefficient M, ; of the DBM. However, the coefficient m;o = 7
in the case of a x; < form coercion is 7 because this coertion can easily be rewritten in the
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X; — xoform 7. The following example refers to a DBM defined by the constraints (x;>2)
AMay < 4) A (21 — 22— < 3)and illustrated in Figure [3.13}
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Figure 3.13: A zone defined by constraints (z7 > 2) A (2 < 4) A (21 — x5 < 3).

If a coefficient is equal to 400, it means that there is no constraint on the difference between
the two watches linked to the coefficent. The value of the my; = —2 coefficient is determined
from the x; > 2 coercion that must be rewritten in the form of another equivalent coertion
using the fictional clock z¢o — 1 < —2.

Every DBM characterizes a zone, and each zone can be characterized by one or more DBMs.
In the above DBM, if you change the +o0o value of the m; o coefficient to 9, this does not
change the drawn area and then you get a second DBM of the same zone. A shorter path
algorithm, such as Floyd-Warshall [35], can be applied to provide DBMs in a normal form.
These algorithms choose the strongest constraints the DBMs that characterize the zones. If
we put the previous example of a DBM in normal form, we will have the following DBM
equivalent:

0 -2 0
7 0 3
4 2 0

SO, DBMs represent the basic data structures that are used to determine the areas for the
implementation and manipulation of configuration sets of timed automates. However, these
structures have undergone several improvements, such as minimizing DBMs [56] and using
Clock Difference Diagrams (CDDs) to compact the representation of DBM unions [59].

3.9 Example of verification tools: Uppaal

Uppaal is a tool developed by the University of Uppsala (Sweden) and Aalborg University
(Danish)[56].1t is used to verify temporary systems. This tool is free at http://www.uppaal.com.
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It is designed to do verification on a variant of the timed automates. This variant is wider
syntaxically because it allows a direct representation of the

e Emergency constraints: in the case of a transition that must be taken immediately,
without waiting,

e Atomic constraints: When one is forced to instantly draw a sequence of transitions,

These modelling facilities improve the concision and readability of the original model but do
not add expressiveness.

.
5]

File Templates View Queries Options Help
Dal@ aaaBa-so
System Editor | Simulator | verifier |
Drag out | Name: [Train | Parameters: [int[0,N] e; const id

E&E

Figure 3.14: An example of modeling by Uppaal.
The Uppaal tool offers the ability to verify a subset of T'CTL; that mainly gathers the

properties of accessibility, security and also the responsive properties. For more details on
using this tool, a tutorial is available at the web address mentioned above [19].
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Chapter 4

Construction of regions automaton for
a daTA model with relative time
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4.1 Introduction

A Duration Action Timed Automata with Relative Time (daTA-R) is an extension of the
traditional Timed Automata framework that incorporates relative timing constraints. To rep-
resent the duration of actions, each edge in the automaton is annotated with clock constraints
that encompass them. These clock constraints implicitly define the temporal boundaries of
the actions, taking into account those actions that have already started. A single clock is
reset at each edge, signifying the initiation of an event or action.

The completion of an action is captured through temporal formulas associated with the loca-
tions of the automaton, specifically at the destination location. By examining the temporal
formulas at the destination location, one can determine whether the action has concluded
or if it is still ongoing. If there is a dependency between successive actions, the duration
of an action is typically specified within the constraint of the following edge. However, if
there is no direct dependency, the duration information is usually encoded in the subsequent
locations, indicating that the action is still in progress.
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This elegant approach of utilizing clock constraints and temporal formulas enables the daTA-
R structure to effectively represent and capture the durations of actions, all while adhering to
the principles of maximality semantics.An example of a daTA is shown in figurdd.1} The au-
tomaton consists of two localities Sy, and one clock z. A transition from Spto S represents
the start of action a (indicating the beginning of its execution).

ly: 0 és
l:fx > 2) GS
Ly = 7}&3

Figure 4.1: daTA-R

a
G:True

X =

N

<x<5
0

b
G:
y

Assuming a time granularity of seconds, the automaton A starts in locality /5. As soon as the
value of y is less than or equal to 4, the automaton can make an a transition to /; and reset
the x clock to 0. On the locality /; the temporal formula {x > 2} represents information
about the duration of the action a (it is important to differentiate it from invariant in timed
automata). When z is at most 5 and is at least 2, transition to [y can be started (b executed)
and y is reset. In the same logic the temporal formula {y > 7} represents duration of the
action a.

4.1.1 Preliminaries

In the following we consider R>( a set of nonnegative real numbers. Clocks are real variables
take values from Rs(. Let M, ranged over z,y, ..., be a set of clocks and consider H C M.
A clock valuation over H is a function that assigns a nonnegative real number to every clock.
Vi is the set of total valuation functions from H to R>g. A valuation is noted v € Vy, and
for d € Rxg, v + d maps every clock x to v(z) +d. For A C H, v[X:= 0] indicates the
valuation for H which assigns the value 0 to each x € A\, and agrees with the valuation v for
the other clocks of H.

The set C(X) of clock constraints C' is defined by the grammar:

Cu=true | false | v ~c| CANC,
where x € X, ¢ € Ryg and ~ € {<,>,=,<,> }. We write v = C when the valuation v
satisfies a clock constraint C' over X iff C evaluates to true according to the values given by
v.
We also use a subset of constraints where only the atomic form of clocks comparison is
allowed. This set is defined by Cy(H) by the grammar: C ::= =z > ¢, where z € H and
¢ € R>p. This subset represents condition duration over the set of actions noted by Act.
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4.2 Timed automata with action durations and relative
speed clocks model

In this section, we present the basic model called duration action timed automata on which
we introduce the notion of relativity between clock frequencies. This is achieved by the
asynchronous product of these automata.

4.2.1 Definition 4.1

a data-R is a tuple (S, L, so, H, Tp) of the support ACT where over:

e S is a finite set of locations,

el : S — 2, is a function which assigns to each state S the set F of ending
conditions (duration conditions) of actions possibly in execution in S,

e Sy € S is the initial state, such that Ls(sg) = o,

e M is a finite set of variables named clocks ,

H) (H

o THh CSx Qf?f( ><2ff’f ) XACT x H x S is the set of transitions.

e A transition (s,G,D,a,x,s’) represents a switch from state s to state s’ by starting
execution of action a and resetting clock x. G is the corresponding guard which must be
satisfied to fire this transition. D is the corresponding deadline which requires, at the

moment of its satisfaction, that action a must occur. (s,G, D, a,x,s’) can be written

G,D,a,x
S — S .

Definition 2 (daTA with relative time rates)

A daTA with relative time rates (daTA-R) over the set of agents Ag is a structure A = (A, )
where A = (S,s9, H,T, Lg) is a daTA and 7 is a distribution of the clocks of H over the
agents, defined as a subjective mapping from H to Ag (for each p € Ag, we have 7~1(p) C H).
Observe that several clocks can be assigned to each agent, said to belong to that agent. The
evolutions of the clocks of an agent behave synchronously. In a daTA with relative time rates,
the clocks that belong to different agents evolve synchronously but under the relative time
rates assigned to these agents. Each such rate assigned to the agent p represents the speed
of p and depends on some global time reference, from which the local time of p is derived.

Note that each rate can be given by the function 7, : R>g — Rs¢ with 7, (0) = 0 and 7, (¢)
returns the local time in each agent p € Ag for the instant ¢ of absolute time. Moreover,

7 is a tuple of local time rate functions such that 7 = ( 7,),.,,- The function 7, is the p

local time rate. For a time value ¢, the mapping function 7 : R5¢y — Rgg assigns the tuple
( Tp(t))peAg to 7(t).

37



4.2.2 Semantical Rules to Build a daTA-R

In the study by Alur and Dill [10], they propose an equivalence relation to group states of a
timed transition system, where each equivalence class represents a set of states. These classes
are referred to as clock regions, capturing different valuations of clocks within the system.
Achieving coherence in the design of a multi-agent system requires that all components share
a common perception of time, as emphasized by Lenzen [61]. This shared perception of time
is crucial for maintaining consistency in the system. It becomes particularly significant when
calculating the semantic graph of the model, as it affects the interpretation of states and
transitions. Consequently, it becomes necessary to redefine concepts like clock regions and
region automata to account for this unified perception of time. In the subsequent discussion,
we will focus on the impact of relative clock speeds.

4.2.3 Equivalence Classes of Clock Valuations
Let A= ((S, Ls, so, H,T),7) be a daTA-R over Act and a set of agents Ag.

Definition 4 (slope,,)

Let x (resp. y) be a clock that belongs to the agent p (resp. ¢) and evolves according to the
rate function 7, (resp. 7,). We define slope,, as the ratio of local-time rate functions 7, and

Tp, noted slopeg, = 7,/7,.(see Figure [£.2).

7 (1)
7, (1)

A slope,, = SVt E RS,

Figure 4.2: Two clocks evolution with different speeds.

Given a pair of clocks, x and y (within respectively agent p and ¢), their owner speeds will
make them diverging from time reference at a certain speed. That is equal to the ratio
between their owner rates. It represents the slope of the straight line in Figure 4.2 As there
are only finitely many clock constraints on clock z, we can determine the largest integer
¢, € N with which x is compared in some clock constraint (guard) of the daTA-R A. In
the remainder and for every pair of clocks x and y, the parameter slope,, is assumed be an
integer constant whatever the value of time t.

38



Definition 5 (equivalence relation ~)

We define the equivalence relation ~ over the set of all clock valuations[60],v ~ " iff all the
following conditions hold:

1. For all x € H, either v(z) and v'(z) are the same, or both v(z) and v'(x) are greater
than c,.

2. Forall x,y € H with v(x) < ¢,,v(y) < ¢, and x (resp. y) evolves according to 7, (resp.
T,):

() ¢ gopery S () S (cH+1) g if f € gy S V() S (1) oo for c€N

slopesy slopery — slopezy
(b) fract(slopeyv(z)) < fract(v(y)) if f fract(slope,v'(x)) < fract(v'(y))

An equivalence class of clock valuations induced by ~ is a clock region of A.

4.2.4 The Representation of Clock Regions

Each equivalence class of clock valuations can be specified by a finite set of clock constraints
it satisfies. The notation [v] represents the clock region to which v belongs.

Example

We consider two clocks x and y which evolve at different rates such that slope,, = 2, ¢, = 2
and ¢, = 2. The clock regions obtained by the Definition 5 (equivalence relation) are depicted
in Figure . Thus, we have 15 corner points (e.g. [x = 0,5Ay = 2]), 38 open line segments
(e.g. [0 <2z =y < 1]) and 23 open regions (e.g. [0 < 2z <y < 1]).

l<2x<y<2
1
A
[ 4 x>2
R ' “«--""" y>2
- A/
|
x>2
Rl [ 0<y<1

Figure 4.3: Clock regions deducted by the relation ~.

Definition 6 (slopeq.)

For each clock x € H, we define slope,qz(x) as the largest value of slope,, for all y € H.
Reconsider the example above:

® 5l0Pemaz(z)=maz(slopesy, slopem):ma:v(%, 1)=2.
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o 510pEmaz(yy=maz(slope,,, slopey,) :maa:(%, 1)=1.

Note that if x is the fastest clock in H then slopemaz(z) = slopez=1, moreover 1/slopemaz(a)
is the smallest amount of time in which x cannot stay in the same region. In the example,
the clock = changes the region each half unit of time corresponding to 1/slopemaa) =1/2,
when y do this change each one unit of time (except for regions represented by points).
The representation of a clock region accords with the two following points:

e For each clock = which evolves according to 7,, there is one clock constraint taken from

_ _ 1
{m cle=0, Slope 12 omer o L1+ slope J1+2- slope . Cp forallye H}
theset: |0 A (c— <z<c)|e=E—,2 o Ll+-—2—1+2 1 c
CH slopez - slopegy’ slopegy’ ™" "7 77 slopegy’ slopegy’ """ T
Yy

U{x>c}. (1)

e For each pair of clocks x and y which evolve respectively according to 7, and 7, such
that ¢ < x < c—l—m and d <y < d+m appear in (1) for some ¢ and d,

whether slope,,(x — ¢) is less than, equal to or greater than y — d.

4.2.5 The time-successors of clock regions

In the following, we introduce the time-successor relation over clock regions. When time
advances from any clock valuation v in the region «, we will reach all its time-successors
a'. Formally, we say that o is a time-successor of the region « if there are v in «a, v’ in
o, t € Ryg such that v = v@7(t), with v@P7(t) = (v(2) + 7p(t))a-1(x)=p. For example, in
Figure the five time-successors of the region o = [(1.5b < = < 2),(1 < y < 2z — 2)]are :
itself, [(z = 2),(1 < y < 2], [( > 2),(1 < y < 2}, [(@ > 2), (y = Dland[(x > 2),(y > 2)].
These regions are those covered by a line drawn from any point in « parallel to the line
y = slopey, - * = 2z (in the upwards direction). To compute each time-successor of a region
«, we must give:

[label=()] For every clock z, a constraint of the form (x = ¢) or <c <z <c+ é)

Slopemaz(m)

Slopemaac(z)

or(x > ¢,) and For every pair x and y such that (c <z <c+ +> and (d <y<d+
appear in , the ordering relationship between slope,,(x — ¢) and y — d.

Slopemaz<y> )

To compute the possible time-successors, three cases are distinguished:

First case

Each clock z in the region « satisfies the constraint (z > ¢, ), so « has only one time-successor,
itself.
This is the case of region [(z > 2), (y > 2)] in Figure [4.3]

Second case

This case is considered when there is at least, in the region «, one clock = which satisfies
the constraint © = ¢ for some ¢ < ¢,. The set Hy contains all clocks appearing in similar
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constraint form as x. The clock region a will be changed immediately when the time advances,
because the fractional part of each clock in Hy becomes different from 0. The clock regions
«a and 8 have the same time-successors where (3 is specified by:

2. A set of clock constraints which can be given as follows:
[label=For each clock x € Hy:[label=]

(a) 1. If « satisfies (x = ¢;) then [ satisfies (z > ¢,);
ii. If « satisfies (z = ¢) then [ satisfies (c <zr<c+ +>

Slopemaa:(x)
(b) For each clock = ¢ Hy, the clock constraint in o remains the same in (.
(¢) The ordering relationship between slope,,(x — ¢) and y — d of each pair of clocks

x, y in o is the same as that in 3, such that z < ¢, and y < ¢, hold in the region
Q.

For example, in Figure the time-successors of the region [(x = 0), (0 < y < 1)] are the
same as the time-successors of the region [0 < 2z < y < 1].

Final case

If the first and the second case do not apply, then let Hy be the set of clocks = for which the
region « satisfies two constraints, ¢ < x < ¢ + 1 and slopey,(r —¢) > y — d, for all

Slopem,am(m)
1

clocks y for which the region « satisfies d < y < d + PEE—
max(y

z;' Therefore, the time-successors of the region « are «, 8
SlOPemazx(x)

and all the time-successors of $ which is specified by :

. Thus, when time advances,

clocks in Hy take the values

1. A set of clock constraints which can be given as follows:

o . . 1 .
=. 05 S —
[label=.]For each clock € H,, if a satisfies <c <z <c+ ) then (3 satisfies

Slopemax(x)

(x =c+ m» For each clock x ¢ Hy, the clock constraint in « remains the

same in f3.

Slopemaz(z) szopemaz(y)
appear in ., the ordering relationship between slope,,(z —c) and y —d in « remains
the same in f.

2. For each pair of clocks x and y such that (c <zr<c+ é) and (d <y<d+ +>

For example, in Figure the time-successors of the region [0 < 2z < y < 1] include itself,
[(0 <z <0,5),(y=1)] and all time-successors of [(0 < z < 0,5), (y = 1)].

4.3 The region automaton

The above definitions about equivalence relation over the set of all clock valuations and the
time-successor relation over these equivalence classes allow defining the region automaton.

The region automaton R(A) of the daTA-R A is formed by a set of configurations and a
transition relation over this set. Each configuration < s,a > records a location s of the
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automaton A and a clock region a of current values of the clocks. The initial configuration
of R(A) is < sg, [vg] > with s is the initial location of A and [vg] is the region of the initial
valuation of clocks that maps each clock in H to 0. The transition relation of R(A) joins
< s,a, and < s, o' > with the label a iff there is a transition labeled with a from location s
with the clock valuation v € a to location s’ with the clock valuation v' € o/ in the daTA-R
A. For a clock region « and a set of clocks A C H, the region a[\ := 0] denotes the reset of
all clocks of A in any valuation v of a. Formally Vv € a,Vx € H:
if z € A then v(z) =0 in o[\ := 0]
else v(z) in a[X := 0] is the same in a.

4.3.1 Algorithm of construction of regions automaton

Let A= ((S,s0,H,Ls,T),m) be a daTA-R over the set of agents Ag. The region automaton
R(A) is an automaton over the alphabet Act such that:

e The configurations of R(A) are of the form < s|ae > where s is a location of A and «
is a clock region.

e The initial configuration is of the form < sg|[vg] > where vy(x) = 0 for every z € H.

e A transition of R(A), from the configuration < s|a > to < §'|o/ >, is labeled by a € Act
iff there is a transition (s, G, a,z,s’) in T and a clock region o which satisfies

— o is a time-successor of the region «,
— =G and

— o’=[ {z}:=0] .

Figure highlights a part of the regions graph of the frame example.
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Figure 4.4: A part of regions automaton.
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4.4 Algorithm for calculating time-successors of clocks
region

Var:

g,

Pile-région; pile-ordre ; pile-CT :pile

Pile-vide (pile-région) = Faux

as—dépilé (pile-région)

if ‘=" € operator («. pile-CT) then

‘ « appartient au 2eme cas;
else

if operator (a. pile-CT) ={>} then

‘ « Appartient au ler cas;
else

a Appartient au 3éme cas;

if ae {région du 1ér cas} then

| B=a;

end
if ae { région du 2éme cas} then

B. pile-ordre = «. pile-ordre;
while CTA ¢« dépiler («. pile-CT do

CTA « dépiler (. pile-CT)

if operators (CTA)# { =} alors then

‘ Empiler (CTA, . pile-CT);
else
if val (CTA) ValMaz (clock Id (CTA)) then
CTA « clock Id (CTA) ; ValMax (clock Id (CTA));
Empiler (CTA, 3. pile-CT);
else
CTA « Val (CTA) < clock Id (CTA)=< Val (CTA) +

1

slopeMaz(clockId) 5

end
end

end

end

end

f a € {région de 3¢me cas} then

B. pile-ordre = «. pile-ordre;

X «clockldMax (dépiler (a. pile-ordre));

while (pile-vide (a. pile -CT) =fauz) do

CTA <« dépiler («. pile-CT;

if clockld (CTA) # X then

‘ Empiler (CTA, 5. pile-CT ;

else
CTA <« clockld (CTA) =val-sup (CTA);
Empiler (CTA, 5. pile-CT);

end 44

end

end
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The functions used in the algorithm
e Operators:returns the set of operators present in alpha and pile-CT.
e Clockld:returns the set of operators present in alpha and stack-CT.
e ClockIdMax:returns the maximum CTA clockid.
e pile-vide:function to check if a pile is empty or not.
e valireturns the value associated with the CTA.
e valmax:returns the mmaximum value associated with the clock identify.

e valsup:returns the successor value of the clock identify.

4.5 Conclusion

In this chapter, an approach for the analysis of timed systems has been proposed where
the clocks evolve with relative frequencies. The proof of decidability has was based on an
abstraction, called region, of the behavior of the system, for this, the necessary concepts
are redefined. As a continuation of this contribution, it remains to study the power of
expressiveness of duration action timed automata with relative velocities time and to study
once again the effect of the other relations between these frequencies of clocks. This can be
achieved by exploring the different forms and values of the parameter slope other direction
consists in exploring the capacities of this model for describe the semantics of ambient system
specifications.
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Chapter 5

Implementation and realization
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5.1 Introduction

In this chapter, we will present class diagrams for modeling daTA-R and the region automaton
as well as the java development language with the development environments required for

the development and creation of our app.

5.2 Class Diagram

A class diagram is a type of UML (Unified Modeling Language) diagram used to model the
static structure of a software system, with emphasis on classes, attributes, methods, and
relationships between classes. It provides an overview of the system architecture and facili-
tates understanding of the class hierarchy, associations and inheritance. The class diagram
is widely used in software development to plan, design, and communicate the structure of an

object-oriented system.
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5.2.1 Class diagram of daTA-R

Figure 5.1: Class diagram of daTA-R
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5.2.2 Class diagram of Region automaton

Figure 5.2: Class diagram of Regions automaton
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5.3 Software tools

5.3.1 Tools for implementation

e Overleaf:
Overleaf is a collaborative cloud-based LaTeX editor used for writing, editing and
publishing scientific documents. The official journal partners with a wide range of
scientific publishers to provide LaTeX templates and direct submission links.

Bverleaf

Figure 5.3: Logo of Overleaf

e JAVA language:
Java is an object-oriented language, used for the development of various types of ap-
plication. It is characterized by its probability due to the use of a virtual machine the
JVM (Java Virtual Machine) which interfaces between the program and the operating

(() Java

"——-_--'.'....’.'
Figure 5.4: Logo of JAVA

e IntelliJ IDEA:
IntelliJ IDEA is an Integrated Development Environment designed specially for the
Java language by the company Jetbrains
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IntelliJ IDEA

Figure 5.5: IntelliJ IDEA Logo

e Visual Paradigm:
Visual Paradigm is a UML modeling tool supporting UML 2 and Business Process
Modeling Notation (BPMN). In in addition to modeling support, it provides capabilities
for report generation and code engineering, including the generation of coded. In this
project we used Visual Paradigm for modeling class diagrams.

QVisualParadigm
Online

<

Figure 5.6: Visual Paradigm Logo

e Graphstream:
Graphstream is a Java graph management library. His goal principal is the modeling of
dynamic interaction networks of different sizes. The purpose of the Library is to provide
a means of representing graphics and work on them.
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Figure 5.7: Graphstream Logo

5.4 Source code

5.4.1 Source code structure

SIC

Common

Initial
Cq

State

Transition
Test
TestRTA

Figure 5.8: Source code structure
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5.4.2 Main interface

(& daTAR [=a=]

Etat Initial: S0
Horloge: H1
Action; ab
Transition 1: 30,a,31
Transition 2. 51,b,52
Afficher le resultat

Figure 5.9: Main interface

5.4.3 Transform source code

class AutomataGraph {
public static void drawAutomata(String etatInitial, String horloge, String action,
String transitionl, String transition2) {
Graph graph = new SingleGraph("Region Automata");
graph.setStrict(false);
graph.setAutoCreate(true);
Node s@ = graph.addNode("S8");
Nede s1 = graph.addNode("S1");
Node s2 = graph.addNode("52");
Edge el = graph.addEdge("S051", "se", "s1");
Edge e2 = graph.addEdge("5152", "s1", "s2");
el_setAttribute("ui.label", transitionl);
e2_setAttribute("ui.label", transition2);
Viewer viewer = graph.display();
viewer.setCloseFramePolicy(Viewer.CloseFramePolicy .HIDE_ONLY);
String result = "Etat Initial: " + etatInitial + "\n"
" + horloge + "\n"
+ action + "\n"
+ "Transition 1: " + transitionl + "\n"
+ "Transition 2: + transition2;
JOptionPane.showMessageDialog(null, result, "Affichage", JOptionPane.INFORMATION MESSAGE);

+ "Horloge:

+ "Action: "

Figure 5.10: Method to schematize the daTA-R structure
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5.5 Execution example

|£:| GraphStream EI@

Figure 5.11: Execution example

5.6 Conclusion

In this chapter, we have presented the java programming language with the tool of Intellij
IDEA development. We have also presented the two diagrams of classes modeled by a graphic
design software which is Visual Paradigm.
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Chapter 6

(General conclusion

The main objective of this work was to participate in the development of models and al-
gorithms for the formal verification of heterogeneous systems where the notions of reactivity,
heterogeneity, distribution must be considered.These approaches must take temporal proper-
ties into consideration.We have applied our approach in the field of critical and heterogeneous
real-time systems.This field is still present in computer applications.The contributions of this
work can be summarized as follows:

We have proposed an approach for the analysis of critical and heterogeneous real-time sys-
tems.The clocks associated with different processes evolve at different frequencies but relative.

We have shown the decidability of reachability using a new abstraction of system behaviors.
This abstraction required the redefinition of several necessary concepts.

In heterogeneous and coordinated real-time systems, although the components may be het-
erogeneous, we have worked on the daTa-R model to interpret the temporal behaviors.

To study the semantics of such systems, we have used the parameter “slope”. This parameter
allowed us to redefine the equivalence relation on the valuations clocks of an daTA-R.

We have presented that the number of clock regions associated with a daTA-R is finite. Therefore,
we redefine the successor relation on these clock regions to be able to build the region au-
tomaton.

To have a construction of a region automaton that terminates, we must have a finite index

of regions and a successor relation on this index. Indeed, this automaton of regions specifies
the same behaviors as those implied by the specification daTA-R.
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