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Motivations: Parameterized verification and synthesis Parameterized
systems arise in the practice of, for instance, distributed algorithms, telecom-
munication protocols, or robotics. They consist in programs which are made of
an arbitrary number of processes which can communicate with each other. The
distributed nature of parameterized systems makes their design hard to realize
correctly, and computer-assisted methods are necessary to help their design.
During an execution of a parameterized system, it is assumed that the number
of processes is a parameter k which can be arbitrary but does not change over
time. So, different executions may have different numbers of processes k.

To help the design of parameterized systems, various mathematical models
have been introduced as well as automatic verification methods. Their goal is to
automatically verify, for example, that whatever the number of processes k is,
all the possible executions of those k processes satisfy a property, given for in-
stance as a logical formula. See for instance [2] for a survey of those models and
methods. Such verification techniques run over abstract models of paramater-
ized systems rather than their concrete instance. The models therefore should
over-approximate the concrete systems so that when the verification algorithm
concludes that the model satisfies a given property, so does the concrete system.

Verification techniques therefore need to take a model of a system as input,
and are somehow used as high-level debugging tools. The synthesis problem is
a more ambitious problem: it asks to automatically generate a parameterized
system from a specification of its correct behaviours. So, in a synthesis scenario,
only a set of correct semantical behaviours of the system is specified (typically in
a logical formalism), and it is the goal of the synthesis algorithm to automatically
construct a system whose executions are all semantically correct, if such a system
exists. The automatic synthesis of programs from specifications is an active field
of research which has seen substantial progress in the last decade. One successful
example is the automatic synthesis of (non-parameterized) reactive systems [4].
Reactive systems are in continuous interaction with some environment which
provides signals to which the system must react, while ensuring the correctness
of its behaviours with respect to a set of properties typically expressed in a
temporal logic. There are now many efficient tools for reactive synthesis and a
yearly competition [1].

A parameterized reactive system can be defined as a system interacting with
an environment made of an arbitrary number k of processes, and whose goal



is to ensure some property. As an example, the environment can be composed
of processes which demand access to some critical resource and the goal of the
system is to ensure that any process requiring access to the resource eventually
gets it.

Word languages and games for reactive system synthesis A convenient
abstraction for modelling reactive system executions is that of infinite words over
a finite alphabet. Such words model the interaction between the environment
and the system, which alternatively provide an input symbol i € I taken in a
finite set I and an output symbol o € O taken in a finite set O. The result
of that interaction is an infinite word 41014201 ... € (IO)¥. Then, correctness
properties of executions are, semantically, languages P C (IO)“: an execution
w € (I0)¥ is correct with respect to P if w € P. The reactive synthesis problem
(also known as the Church problem [6, 11, 4]) then asks whether given such a
P, there exists a function f : IT — O such that for all inputs i45... € I¥,
i1f(i1)iaf(i1i2) ... € P. Such a function f is called a causal function or a
strategy and indeed, the synthesis problem of reactive systems can be seen as a
game between two antagonistic players: the environment which tries to fail the
system with respect to P and the system which tries to guarantee that P holds
by reacting to the inputs he received so far. A celebrated result is that of Biichi
and Landweber obtained in 69: when P is defined in monadic second-order
logic with one successor (or equivalently, P is w-regular), the reactive synthesis
problem is decidable. The solution of this problem is based on automata theory
and games played on graphs [13].

Data word languages as a semantical abstraction of parameterized
reactive systems In parameterized synthesis, the environment is composed
of arbitrary many processes. The latter assumption that I and O are finite
sets then appears to be a strong limitation to accurately model executions of
such systems. In this internship, we rather propose to model interactions as
data words, i.e., infinite sequences of elements taken in a infinite set (e.g. N,Q,
.). For example, integers in N can be used to represent process ids. Consider
the example of a system which receives, at each step of its execution, the id
of a process, and eventually has to select the highest id and output it forever.
Correct executions of such a system form the following data word language:

S ={diddsdly... € N* | Ji,m e N - (Vj >i-d, =du) A(Vk € N-dy <dpn)}

A way to formulate the parameterized synthesis problem is to ask whether for
all number of processes k, there exists a strategy ensuring that the executions
are all in S, whatever the environment does, i.e. whatever the input sequence
amongst k different data the environment provides. The answer is positive in
our example: a winning strategy would output at every step, the maximal id
seen so far. This strategy satisfies the specification whatever k is, because by
definition of the parameter k, at most k different id can occur as input, and so,
there exists a maximal one.



There is a large literature on automata to recognize, and logics to define, data
word languages. Those formalisms can thus be used to express specifications of
parameterized systems, and are good candidates for a mathematical theory of
synthesis of parameterized reactive systems.

Main objective The main objective of this project is to establish mathemat-
ical foundations for a theory of parameterized synthesis based on the data word
abstraction. In particular, the goal is to identify classes of specifications with
decidable parameterized synthesis problems, whether those specifications are
defined using data word automata or data word logics, and to design synthesis
algorithms able to automatically generate (models of) parameterized systems.

Work plan This research topic opens numerous research directions. As a con-
sequence, the internship has a natural continuation as a PhD Thesis. Based on
a discussion with the interested student, we will decide which research direction
is investigated during the internship, the other ones being deferred to the PhD
Thesis.

A first step will consist in revisiting data word languages with a parame-
terized perspective. More precisely, we will study different classes of register
automata, and study their properties (closure properties, emptiness...) when
they are considered with a new semantics, allowing only a finite (parameterized)
number of distinct data values.

This preliminary study will then be used to analyse parameterized synthe-
sis problems for various specification formalisms, either based on logics or on
automata. Several classes of logics and automata can be considered to describe
such specifications. For instance, various classes of register automata have been
studied in [10]. Regarding the logical perspective, specifications expressed in ex-
tensions of first-order logic have recently been considered in [12]. Other logical
formalisms, based on linear-time temporal logic, have been studied in [7, 8].

Regarding automata, a promising research direction consists in lifting the
results obtained in [10] to this parameterized setting. We have indeed shown
the decidability of different versions of the synthesis problem for specifications
expressed as register automata [9]. To lift them, one will have to study whether
parameterized synthesis can be reduced to classical synthesis for some classes of
automata. A complementary approach consists in identifying cutoff properties.
Intuitively, such a property can be thought as the existence of a finite bound K
allowing to reduce all the synthesis problems for £ > K distinct data values to
a single synthesis problem for exactly K distinct data values. The existence of
cutoff is a classical tool for the verification parameterized systems [5].

When turning to logical aspects, the problem is again quickly undecidable,
and one has to identify decidable fragments. Beyond existing restrictions of
first-order logic considered in [3], one could also consider fragments of monadic-
second-order logic, with suitable restrictions on input-data tests. Unlike the
data-free setting, there are in general no automata-logic correspondences in
presence of data. Therefore original techniques are required to address this



setting.
Thesis The internship naturally offers a continuation as a PhD thesis.
Funding Standard funding according to national rules will be offered.

Location The internship will be co-supervised by Emmanuel Filiot (ULB)
and Pierre-Alain Reynier (AMU). Hence, the internship can be held either at
Bruxelles, or at Marseille, and visits to the other site during the internship will
be proposed.

Student profile This proposal is best fit to students interested in theo-
retical aspects of computer science and in particular automata theory, log-
ics (automata-logic correspondences, model-checking, ...), as well as infinite-
duration games played on graphs. The outcomes of this project will be mainly
theorems and proofs and, hopefully, publications in TCS conferences.

Working language French or English.

Contact If you have any question, please contact us at efiliot@ulb.be or
pierre-alain.reynier@lis-lab.fr.
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