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“The Most Dangerous Phrase in The Language is:
"We've Always Done It This Way” ”

— Grace Murray Hopper






ABSTRACT

The spreading of internet-based technologies since the mid-90s has led to a
paradigm shift from monolithic centralized information systems to distributed in-
formation systems based upon the composition of software components, interact-
ing with each other and of heterogeneous natures. The popularity of these systems
is nowadays such that our everyday life is touched by them.

Classically concurrent and distributed systems are coded by using the message
passing paradigm according to which components exchange information by send-
ing and receiving messages. In the aim of clearly separating computional and in-
teractional aspects of computations, Gelernter and Carriero have proposed an al-
ternative framework in which components interact through the availability of in-
formation placed on a shared space. Their framework has been concretized in a
language called Linda. A series of languages, referred to nowadays as coordina-
tion languages, have been developed afterwards. In addition to providing a more
declarative framework, such languages are well-suited for applications like Face-
book, LinkedIn and Twitter, in which users share information by adding it or con-
sulting it in a common place. Such systems are in fact particular cases of so-called
socio-technical systems in which humans interact with machines and their envi-
ronments through complex dependencies. As coordination languages nicely meet
social networks, the question naturally arises whether they can also nicely code
socio-technical systems. However, answering this question first requires examin-
ing how well programs written in coordination languages can reflect what they are
assumed to model.

This thesis aims to address these two questions. To that end, we will use the
Bach coordination language developed at the University of Namur as a representa-
tive of Linda-like languages. We will extend it into a language named Multi-Bach to
enable the coding and reasoning about socio-technical systems. We will also intro-
duce a workbench, Anemone, to support the modelling of such systems. Finally, we
will demonstrate the interest of our approach through the coding of several socio-
technical systems.

Keywords: Coordination, Bach, Anemone, Socio-Technical Systems



The above picture has been generated by the artificial intelligence tool
“Microsoft Bing” to illustrate our work. Concurrent information systems
are depicted by various computers driven by three persons. This shows
that computer systems not only help humans in their tasks but also im-
pact their decisions and consequently their behaviours. Hence, the in-
troduction of socio-technical systems in which both humans and ma-
chines interact on an equal basis and impact each other. Moreover the
computers share a common place, which reminds the shared space used
by coordination languages. Finally, the Anemone flower is depicted in a
central and important position in the aim of linking and understanding
all the components, as we aim to achieve on our workbench.



RESUME

Depuis le milieu des années 90, le déploiement des technologies de sur I'internet a
conduit a un changement de paradigme, faisant passer les systemes d’information
de logiciels monolithiques et centralisés a des systémes distribués obtenus par
composition de fragments hétérogénes de logiciels interagissant les uns avec les
autres. La popularité de ces systemes est aujourd’hui telle que notre vie quotidi-
enne en est grandement impactée.

Traditionnellement, les systémes concurrents et distribués sont programmés
selon le paradigme de passage de messages, ol les composants coopérent en
s’échangeant des messages. Pour mieux séparer les aspects de calcul pur et
d’interaction, Gelernter et Carriero ont proposé une approche différente, ot les
composants cooperent au travers d'un espace commun d’informations. Cette idée
a donné naissance a un langage appelé Linda. Plusieurs langages appelés « lan-
gages de coordination » ont été développés a la suite. Ces langages offrent un cadre
plus déclaratif et s’adaptent bien a des applications comme Facebook, LinkedIn ou
Twitter, ot les utilisateurs partagent et consultent des informations dans un espace
commun. Ces systémes sont en réalité des exemples typiques de ce qu’'on appelle
les systémes socio-techniques, ot humains, machines et environnements inter-
agissent selon des relations complexes. Comme les langages de coordination sont
bien adaptés aux réseaux sociaux, une question se pose naturellement : peuvent-ils
aussi bien représenter les systemes socio-techniques ? Pour répondre a cette ques-
tion, il convient d’abord évaluer dans quelle mesure ces langages peuvent mod-
éliser fidelement ce qu'’ils prétendent représenter.

Notre these a pour but d’explorer ces questions. Pour ce faire, nous utiliserons
le langage de coordination Bach, développé a 'Université de Namur, comme ex-
emple représentatif des langages développés a la suite de Linda. Nous I'étendrons
en créant un langage nommé Multi-Bach pour coder et raisonner sur les systemes
socio-techniques. Nous introduirons aussi un atelier, Anemone, pour faciliter la
modélisation de ces systemes. Enfin, nous montrerons l'intérét de notre approche
en codant differents exemples de systémes socio-techniques.

Mots-clés : Coordination, Bach, Anemone, Systémes Socio-Techniques



Limage ci-dessus a été générée par l'outil d’intelligence artificielle “Mi-
crosoft Bing” pour illustrer notre travail. Des systemes d'information
concurrents sont représentés par divers ordinateurs pilotés par trois per-
sonnes. Lobjectif est de suggérer que les systemes informatiques ne se
contentent pas d'aider les humains dans leurs tdches, mais qu'ils in-
fluencent également leurs décisions et, par conséquent, leurs comporte-
ments. Do l'introduction de systémes socio-techniques dans lesquels
les humains et les machines interagissent sur un pied d’'égalité et ont
un impact les uns sur les autres. De plus, les ordinateurs partagent un
lieu commun, ce qui rappelle l'espace partagé utilisé par les langages de
coordination. Enfin, la fleur danémone est représentée dans une posi-
tion centrale dans le but de relier et de comprendre tous les composants,
comme nous souhaitons le faire avec notre atelier Anemone.
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PREFACE

Distributed systems constitute a hidden infrastructure powering many services
ranging from cloud storage to online gaming. Whether you are streaming a video,
making a bank transaction, or using a ride-sharing app, distributed systems al-
low for seamless coordination and data exchange between devices across vast net-
works. Their ubiquity makes them essential for supporting the demands of today’s
interconnected digital world.

It is however not the first time in the history of computer science that such a
synergy between technological artefacts and humans is put forward. In 1981, E.
Trist already identified socio-technical systems (STS) as systems involving complex
dependencies between humans, machines and the environment within which they
operate [118]. B. Whitworth further claims that STS are invoked each time social
interaction is mediated by information technology rather than by the natural world
[126]. In view of what precedes, one may even claim that our modern society is
ruled by collections of STS.

As evidenced in [80], engineering STS is difficult for two main reasons. On the
one hand, STS should be built with special concerns for interaction. On the other
hand, STS has to marry two different worlds, the social and technical worlds, driven
by different concerns. Following [81], we think that these two challenges may be
faced by properly handling contexts in coordination languages. Indeed, by clearly
separating the interactional and computational aspects of software components,
they have been proved to be well suited to program the interaction of conventional
distributed systems, and in particular to model service-oriented applications (see
eg [26, 68, 116]). Their expressiveness [28, 43, 25] is such that it is to be expected that
they also offer suitable means to handle other forms of socio/technical interactions
mentioned above.

In the aim of introducing our work, we subsequently present what coordination
languages and models are as well as what socio-technical systems are. We then
state our thesis and describe how it is substantiated in this manuscript. Finally, we
list and comment the publications on which this work rest.

Xix



PREFACE

Context

Coordination Languages and Models

As exemplified by the Erlang language [124] and the Akka Actor model [3], mes-
sage passing is a very popular framework to code concurrent and distributed ap-
plications. However, in the aim of building interactive distributed systems, a clear
separation between the interactional and the computational aspects of software
components has been advocated by Gelernter and Carriero in [54]. Their claim
has been supported by the design of a model, Linda ([34]), originally presented as
a set of inter-agent communication primitives which may be added to almost any
programming language. Besides process creation, this set includes primitives for
adding, deleting, and testing the presence/absence of data in a shared dataspace.
A number of other models, now referred to as coordination models, have been pro-
posed afterwards. At the University of Namur, Prof. Jacquet’s team has contributed
to that trend of research in many directions: language design, implementations,
expressiveness and semantical studies, and programming methodologies (see e.g.
[29, 64, 28, 74, 76, 75, 66, 41, 44, 42, 43]). In particular, the Bach language has been
proposed as a variant of the Linda language. More generally, according to [95, 3],
two main categories of coordination models can be distinguished:

e Channel-Based Models: Using communication channels for message ex-
change between processes, as seen in the CSP (Communicating Sequential
Processes) model.

e Data-Driven Models: Utilizing tuple spaces or shared data structures, such
as in the Linda model, to coordinate activities among distributed processes.

These languages are part of the center stage in various domains including dis-
tributed systems, embedded systems, distributed computing, and web services,
where efficient coordination of processes is essential for ensuring system perfor-
mance and reliability.

In summary, coordination languages can be seen as specialized tools for mod-
elling and managing complex interactions between components within a com-
putational system. In contrast to traditional programming languages that fo-
cus on computation and data manipulation, coordination languages concentrate
on scheduling, synchronization, and communication among processes or actors
within a system.

Socio-Technical Systems

Socio-technical systems are defined as systems where technical subsystems (ma-
chines, tools, software) and social subsystems (people, organizational structures,
processes) closely and interdependently interact. Originating from the work of the
Tavistock Institute of Human Relations in the 1950s [59], this concept emphasizes
the need to jointly design and manage both technical and social components.



Thesis Statement

Researchers like Eric Trist and Ken Bamforth highlighted that enhancing work sys-
tem performance requires [118], addressing both technical efficiency and social dy-
namics within organizations. The socio-technical approach promotes key princi-
ples to enhance these systems:

o Autonomy of work groups: Granting teams autonomy in managing their
processes, fostering innovation and accountability.

e Employee participation in decision-making: Actively involving organiza-
tional members in strategic and operational decisions to enhance engage-
ment and satisfaction.

e Adaptation of technologies to human needs: Designing technologies that
meet users’ needs and capabilities while enhancing efficiency and workplace
safety.

These principles are crucial across various domains such as work management,
software development, workplace health and safety, and organizational innova-
tion. By seamlessly integrating social and technical aspects, socio-technical sys-
tems aim to optimize overall performance while improving the well-being of indi-
viduals within organizations.

As we shall see later, it turns out that data-driven coordination languages are
well-suited for coding distributed applications, enabling processes to synchronize
through publishing, retrieving, and consulting information. This offers benefits like
spatial and temporal decoupling, as well as distributed sharing. In distributed sys-
tems with a social dimension, known as socio-technical systems, it is crucial to
combine technical and social elements. These systems need interaction mecha-
nisms that bridge the gap between socially expressed objectives and the technical
actions required. While coordination languages seem suitable for these tasks, it is
essential not only to develop mechanisms for coding these systems but also to pro-
vide ways to model and reason about them to build trust, especially in the context
of the trusted artificial intelligence. To address this, the thesis proposes an exten-
sion of a process algebra (based on the Bach language, an extension of the Linda
model) that is expressive enough to model both distributed and socio-technical
systems, along with a working environment for reasoning about these models.

Thesis Statement

Coordination languages can be extended to encode and reason about socio-
technical systems. By encoding we refer to the translation of socio-technical sys-
tems in programs written in coordination languages. By reasoning we do not mean
to simulate intelligent behaviours or to make inferences, as Artificial Intelligence
would suggest, but rather we address the process of thinking on programs in order
to make sure that they correctly represent the socio-technical systems under study.

This manuscript contributes to the study of coordination languages and socio-

technical systems in two key ways. First, it proposes an enriched process algebra
based on the Bach coordination language, which captures key concepts while ab-



PREFACE

stracting from implementation details. This framework is expressive enough to
model both distributed and socio-technical systems, where technical and social as-
pects are closely intertwined. Second, it introduces a workbench to reason about
models written in Bach and its extension. This workbench allows users to under-
stand instructions by executing them step by step, to better grasp the modelling of
real-life systems through animations, and to verify system properties through the
verification of reachability formulas. This leads us to our two thesis claims:

Claim 1. Enriching the Bach coordination language with primitives for dealing with
processes as active data, for relating data and for animating computations creates a
model suitable to code socio-technical systems.

Claim 2. A workbench that allows (i) to execute coordination programs step by step,
(i) to animate computations by graphical means and (iii) to check properties by ver-
ifying formulae is a good tool to reason about socio-technical systems.

Thesis Outline

This thesis is structured into five main parts. Part I serves as an introduction to the
background material and encompasses two chapters. Chapter 1 illuminates the
shift from distributed systems to socio-technical systems in the realm of coordina-
tion languages. Chapter 2 provides an overview of the Bach coordination language,
the foundation of this thesis, and includes an example of an intelligent restaurant
to model the language’s concepts.

As shown in Figure 1, Part II introduces and explores extensions to this lan-
guage and consists of two chapters. Chapter 3 defines our initial language, Anim-
Bach, and introduces the Scan workbench to showcase the language’s utility. The
primary feature of Anim-Bach is its capability to help users understand instruc-
tions, connect agents to animations for system evolution modelling, and facilitate
property verification through model verification and trace generation. Chapter 4
introduces our second language, Multi-Bach, along with its associated workbench,
Anemone. Multi-Bach extends Anim-Bach by introducing variables, generalized
choices, primitives for processing processes as active data, manipulation of black-
board rules, and a revised scene description allowing for multiple scenes, incor-
porating widgets as key elements. Anemone, as a workbench, has been refined to
accommodate these new features and provide additional facilities.

In Part III, we present potential optimizations for our Multi-Bach coordina-
tion model, adapting the Anemone workbench to accommodate these extensions.
The first chapter of this part, Chapter 5, explores the guarded list concept in Multi-
Bach, addressing the state space explosion problem in Anemone. The second chap-
ter, Chapter 6, discusses the challenges of correctness verification of programs in
data-driven coordination languages by introducing a guarded list construction to
mitigate state-space explosion, improve performance and enhance the expressive-
ness of these languages. In Part IV, we show how our approach can be applied to
the modelling and coordination of Socio-Technical Systems. Chapter 7 presents
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a methodology for encoding socio-technical systems using the Multi-Bach coor-
dination language and the Anemone workbench introduced in previous chapters.
Chapter 8 demonstrates the modelling and application of our Multi-Bach coordina-
tion model using the Anemone workbench on a range of socio-technical systems,
including games, intelligent systems, IoT, and even computer security. In PartV,
the final part, we draw our conclusions and outline future work.
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In Proceedings of the 21st International Conference on Coordination Models and
Languages. Vol. 11533. Lecture Notes in Computer Science. Springer, 2019, pp
75-91 (cit. on pp. 18, 19, 21) [63].

In this paper, we propose a workbench that describes concurrent systems us-
ing the Bach language, an extension of Linda, to animate them and to reason about
them using a linear temporal logic fragment. The key feature is that it maintains a
direct relationship between what is written by the user and its internal representa-
tion in the workbench. Another feature is the production of replayable examples of
traces when LTL formulas are satisfied.
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p. 19) [16].

In the aim of improving the performance of the Scan model-checker, we intro-
duce, in this paper, a new mechanism called "guarded list". We show that it does
not only improves the performance of the model-checker but also that it increases
the expressiveness of the resulting coordination language.

B2Scala tool: Integrating Bach in Scala with Security in Mind

Doha Ouardi, Manel Barkallah and Jean-Marie Jacquet. B2Scala tool: Integrating
Bach in Scala with Security in Mind. In Proceedings of the 17th Workshop on Inter-
action and Concurrency Experience (ICE’24), to appear in Electronic Proceedings
in Theoretical Computer Science, 2024 [94].

This article proposes an alternative approach to verifying security protocols us-
ing asynchronous communication via a shared space. It embodies Bach as a Do-
main Specific Language (DSL) in Scala, enabling programs to be tested while tak-
ing advantage of the Scala ecosystem. A variant of Hennessy-Milner logic is used
to restrict executions to programs that meet certain conditions. The Needham-
Schroeder protocol is used to illustrate the interest of our approach. In particular
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we have been able to rediscover the “man-in-the-middle” attack on this protocol
initially discovered by G. Lowe.
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Anemone: A workbench for the Multi-Bach Coordination Language

Jean-Marie Jacquet and Manel Barkallah. Anemone: A workbench for the Multi-
Bach coordination language In Science of Computer Programming (2021), p.
102579 (cit. on pp. 20, 21) [62].

In this article, we propose an extension of the [63] paper. This Anemone model
proposes a workbench to describe concurrent systems using a Linda-like language,
to animate them and to reason about them using a reachability logic. It is based,
in particular, on the construction of programming environments to analyse and
reason about programs written in these languages.

On the Expressiveness and Efficiency of Guarded Lists in Bach

Manel Barkallah and Jean-Marie Jacquet. On the Expressiveness and Efficiency of
Guarded Lists in Bach. Journal of Logical and Algebraic Methods in Programming
(2025): 101017 [15].

This paper is an extension of the article [16]. It expands it by adding program
transformations techniques, by adding corresponding efficiency results and by in-
vestigating in a deeper manner the expressiveness of guarded lists.
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CHAPTER

FROM DISTRIBUTED SYSTEMS TO
SOCIO-TECHNICAL SYSTEMS

Distributed systems are present in our daily life. Although they are very often studied
[from a computer science viewpoint, they often involve humans and thus lead to more
general systems, called socio-technical systems. It turns out that they can be nicely
modelled by the Linda model introduced by D. Gelernter [53], and more generally
by the so-called coordination models developed afterwards. This chapter aims at
introducing coordination models and socio-technical systems.

1.1 Opening

With the constant evolution of communication technologies, distributed systems
have become ubiquitous. They are for instance central to connecting to a bank
account, booking a flight, or even participating in vaccination campaigns. From a
more scientific point of view, distributed programming is also a key field of software
engineering.

A Distributed System is a system where the components are located on differ-
ent computers in a network. In order to achieve a common goal, these compo-
nents communicate and coordinate their actions in general by sending messages
to each other. The Distributed System operates as a single entity with high perfor-
mance, thanks to these three key properties. First, the unlimited horizontal scala-
bility: where machines can be added whenever necessary. Second, the low latency:
having machines geographically located closer to the users, will reduce the time
needed to serve the users. Third, the fault tolerance: if one server (or data center)
fails, the other servers can still serve the service users. With such nice properties,
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it is not very surprising that distributed systems are used widely. To start with sev-
eral industries having to face real-time constraints use distributed systems, both
locally and globally. The “Uber” application is an interesting example. It divides
the map-data into small grid units (e.g. 4 km) and gives a unique identifier to each
unit. This is a way to distribute data in the real-time distributed system [109] and
store it easily. Distributed Artificial Intelligence (DAI) is a second field of applica-
tion of distributed systems. An illustration is provided by the traffic management
of autonomous or semi-autonomous vehicles in complex transport networks. More
generally, so-called multi-agent systems aim at making independent entities inter-
act with themselves and their environment in a smart way. They allow for appli-
cations that bring speedy distribution, optimized storage, complex planning, and
decisions.

Distributed programming has received considerable attention in the literature.
Among others, many languages have been presented. Most of the time, however,
coordinating the distributed entities is achieved by message passing. Erlang [124]
and Actor-based models, such as Akka [127], are seminal examples. However, so-
called generative communication, promoted by Gelernter ([53]) is also very suited
to that end and will be central to our thesis.

We will present it in the following, and in particular, will highlight its char-
acteristics and its incarceration in Linda. Then, we will present how such ideas
lead to synchronization based on the information and will relate it to constraint-
based concurrent programming [110] and socio-technical systems. Given that
background and before giving the structure of this thesis, we present the purpose
of this work. The following chapter focuses on the core of this thesis, the Bach lan-
guage.

1.2 Generative Communication

As observed in [53], quoting [6], the three major mechanisms of concurrent pro-
gramming are (i) monitors or shared variables, (ii) message passing, and (iii) remote
operations. By proposing a shared space accessed by a few primitives, Gelernter
has proposed a fourth mechanism, which he called generative communication. To
grasp it, one needs to understand the two key notions on which it relies: on the one
hand, the tuple space and, on the other hand, the primitives.

Tuples and the tuple space. Data to be communicated are represented in the
form of tuples and are stored in a shared space, called the tuple space, subsequently
also referred to as TS.

The primitives. A few primitives are introduced to allow processes to produce,
consume, and observe tuples stored in tuple space. They are: “out()” to add a tuple
to “TS”, “in()” to remove one tuple, and “read()” to read one tuple without removing
it. Although they are of a very limited number, these primitives are at the core of the
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Linda coordination language, which has been shown to be of great expressiveness
to code distributed applications.

TS TS

!? 0
=L >

Figure 1.1: A generates a tuple, to Figure 1.2: B deletes the tuple from
send to the process B TS

Figures 1.1 and 1.2 illustrate generative communication. Let us assume that we
want to code the equivalent of a process A producing data d to be given to process
B. One would traditionally have A send d to B in the form of a message. Instead,
here A generates d, encapsulates it in a tuple, and puts it on the tuple space by
means of the out primitive. This is what is depicted in Figure 1.1. Then process B
takes data d by using the in primitive. It is worth noting from this example that,
once it has been put on T'S by A and until it is taken by B, the tuple associated with
d has an existence independent of any process. It could for instance be read in the
meantime by any other process C. This is the reason why this form of communica-
tion has been called generative.

Although it was introduced in 1985, much before social networks, it is worth
observing that generative communication is well suited to model such networks.
For instance, consider Bob posting a message on Alice’s wall on Facebook. This
message will be seen by Alice’s friends or even, if the settings allow for that, by any
user of Facebook. If she does not like it, Alice may also remove Bob’s message. This
situation is in fact identical to what is described for processes A, B and C above,
A playing the role of Bob, B the role of Alice and C the role of any other user of
Facebook. Obviously, this comparison extends also to other social networks like
LinkedIn. More generally, our view of modern information systems is that the syn-
chronization of agents is more and more based on the availability of information
instead of messages being sent and received. As an evidence, although the appli-
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cation WhatsApp was first built to exchange messages from one user to another,
discussion lists have been introduced to share information between members of
groups of participants.

This new approach to concurrency will allow us to have a fresh look at socio-
technical later in this chapter. From a scientific point of view, it is also worth ob-
serving that a similar mechanism has been independently introduced by Saraswat
in order to cope with concurrency in constraint programming [111]. In his frame-
work, concurrently executing agents communicate by placing and checking con-
straints in a shared space called a store. The two major primitives to control parallel
agents are, on the one hand, atomic tell, thanks to which an agent instantaneously
places constraints provided they are consistent with constraints that have already
been placed, and, on the other hand, blocking ask, thanks to which an agent must
block when it checks a constraint that is not yet known to hold. Although less well
known than message passing, generative communication thus looks like a promis-
ing paradigm for coding distributed applications. In fact, Linda, the first language
developed along this idea has led to a whole family of language proposals, nowa-
days referred to as coordination languages and models, and has since the first in-
ternational conference on the subject in 1996 generated a whole body of research.
In the following section, we will present Linda and highlight the nice properties of
generative communication.

Linda, the first coordination language

Designed as a distributed coordination language (53, 541, Linda incorporates gen-
erative communication. As such, one of the important characteristics of the Linda
model is the notion of the tuple, which is an ordered sequence of data.

They are located in the shared tuple space and facilitate asynchronous commu-
nication between the agents. A producer agent sends tuples and collects them in
the tuple space. On the other hand, a consumer agent can read or re-read them,
or retrieve them from the tuple space. The communication between agents thus
arises from tuples being shared in a commonplace. As a result, each agent is able
to communicate in a broadcast manner with all the other agents, in contrast to
the message-passing paradigm in which one producer communicates to one con-
sumer. Another feature of Linda is that it relies on a limited set of primitives:

e “out”: to enable processes to produce information, by inserting tuples in the
tuple space.

e “in”: to enable processes to consume and retrieve information from the tuple
space.

e “rd”: to enable processes to read information from the tuple space.

e “eval”: to enable processes to compute results. To that end, the function
given as an argument of eval is evaluated by a parallel process and the result
is put as a tuple on the tuple space, yielding thereby a passive tuple.

Finally, as announced previously, Linda features generative communication and
consequently benefits from two fundamental properties: communication orthogo-
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nality and free naming. Communication, in Linda, is orthogonal in the sense that
the receiver has no prior knowledge of the sender, and similarly, the sender has no
information about the receiver. Two important consequences are space uncoupling
and time uncoupling. Moreover, distributed sharing in space and time is a conse-
quence of the first two [53].

(i) Space uncoupling. Message-based programming languages generally allow a
reception statement to accept data originating from any address space. Linda
allows in addition a sender to send data to any address space. This makes
Linda fully distributed in space. This is what is referred to as space uncou-
pling.

(il) Time uncoupling. Linda allows communication between time-disjoint pro-
cesses in that process “A” in which an “out()” instruction is present and can
run to completion before process “B”, in which the corresponding “in()” in-
struction appears, is charged. This contrasts with message passing, for which
classically the sender and the receiver should perform their sending and re-
ceiving operations simultaneously.

“_»

(iii) Distributed sharing. Linda allows “n” disjoint processes in the address space
to share a variable “v” by dropping it into “TS”. The TS operator definitions
ensure that “v” will be maintained atomically. With Linda, a shared variable
is not necessary to be implemented by a process or a module. Linda allows

n” processes disjoint in address space to share a variable “v” by dropping it
into TS.

The second characteristic of generative communication is the free naming [53].
This property can be represented in two points:

(i) Support for continuation passing. Consider “continuation passing”, which
represents the sending of data from one process to another. This process gets
stuck waiting for a response and is eventually continued by a third (or nth)
process. Linda supports continuation passing in a simple and flexible way by
allowing values of the type name to be tuple components and to be stored in
arbitrary data structures in the same way as values of any other type.

(i) Structured naming. Linda allows “in()” and “read()” statements to restrict,
and “out()” statements to widen, their focus. They also allow one name to
generate a family of others.

In conclusion, the Linda coordination model enhances asynchronous communica-
tion among distributed agents by using tuples, allowing producers and consumers
to operate independently. Its features, such as space and time uncoupling, enable
seamless interactions, while free naming and continuation passing support dy-
namic communication. Overall, Linda streamlines distributed coordination, em-
powering developers to create more adaptable systems. Consequently, the next
section will explore various coordination models and languages inspired by or cre-
atively utilizing Linda.
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1.3 Coordination Languages and Models

1.3.1 Basic Concepts of the Coordination Language

Having presented Linda, we now review coordination languages that were devel-
oped afterwards. Gelernter himself defined coordination as the process of building
programs by gluing together active pieces [53]. The article [31] gives an interesting
characterization of coordination in terms of three basic concepts:

(i) The coordinables (agents or processes): Coordinables are typically active com-
puting entities programmed in many languages. The coordination of agents
should not require their reprogramming but rather interoperate them as a
whole.

(ii) The coordination medium: Instead of the simple approach of considering
a few low-level primitives like send and receive to transmit messages over
channels, the communication proposed by Linda is based on a shared data
space, accessible to any agent.

(iii) The coordination rules: Coordination rules govern the relationship between
the coordinating agents and the coordinating medium. They can be expressed
either operationally or in more detail. Linda proposes a minimal set of prim-
itives, implemented as library routines invoked by some host programming
languages. However, other coordination languages, such as Tucson [92]), al-
low programming the reaction of the coordination medium to in and out
primitives.

In their seminal paper [54], Gelernter and Carriero postulate that the computations
necessary for the tasks to be performed and the communication required to co-
ordinate the components, are orthogonal and as a result, do not need to be incor-
porated in the same model. This property has been summed up by them by the
equation:

Programming = Coordination+ Computation

Coordination languages and models thus favour the separate development and the
eventual merging of these two major development phases [3]. It is also worth noting
that the concept of coordination is by no means limited to the field of computer
science but plays an essential role in many diverse disciplines such as economics,
biology, operations research, business organization theory, and social media. In
that sense, coordination is of a multidiscipline nature.

1.3.2 A Survey of Coordination Models and Language

Overview of Coordination

In [95], Papadopoulos and Arbab have presented an interesting classification of a
number of coordination models and languages proposed in the literature. This
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classification identifies two categories: the first categoryis called ‘“data-driven” and
the second one is ‘“control-driven’.

Let’s start with “data-driven”. Languages of this category are characterized by
the fact that the state of the computation at any time is defined in terms of both the
values of the data being received or sent and the actual configuration of the coor-
dinated components [54, 95]. In other words, a coordinated process is responsible
for both examining and manipulating data as well as for coordinating either itself
and/or other processes by invoking the coordination mechanism each language
provides. This means that there exists a mixture of coordination and computation
code within a process definition. More exactly, with respect to the above equation,
[34], the separation between computation and coordination is done at the level of
functionality. On the other hand, “control-driven” languages are characterized by
the fact processes are of two categories. So-called worker processes input or output
data on special ports. Other processes, called managers, are in charge of linking
these ports so as to create flows of data. As a result, in opposition to the data-driven
family, the value of the data being manipulated by the processes is of no more im-
portance in the definition of the state of the computation, which is now to be de-
fined in terms of the coordinated patterns allowing dataflows. In this thesis, we will
focus on the first category of this classification, the ‘data-driven” one.

Survey of Data-driven Coordination Models and Language

We now review several key coordination models and languages closely linked to our
research. We refer the reader to the article [37] for a detailed overview of coordina-
tion languages and models.

Gamma. Gamma [12] is a coordination model based on a chemical metaphor: it
considers the elements of the data space as molecules that move freely in chemical
solutions. Reactions between these molecules can occur, when they come into con-
tact and satisfy certain constraints. Gamma programming sees the atomic values
grouped in a single bag, and calculates the results of their individual interactions,
following the principle of locality. The latter stipulates the independence of reac-
tions between values to produce new ones. More explicitly, a Gamma program is a
pair(R, A), where Ris a reaction condition, namely a Boolean function on multisets
of data. The A component is a rewrite action, namely a function from multisets to
multisets of data. Following this language, any group of molecules satisfying the
reaction condition can be rewritten according to the corresponding rewrite action.

LINC. LINC [78] has been conceived as the natural evolution of the “Coordination
Language Facility” (CLF) [5] model developed to deploy distributed applications.
It is inspired by the Gamma reaction model for implementing reaction rules but
also incorporates Linda’s core primitives (out, in, rd) in a framework where each
“bag”(i.e. tuple space) can be implemented differently. This constitutes a practical
opportunity when it comes to physical mechanisms, in the case of deploying IoT
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scenarios for instance, or to existing systems, in the case of databases. LINC also
provides transactions to relieve developers of the load of backing up actions in case
of error. The LINC architecture has revised CLF to fit the new landscape defined
by the combination of cloud, Internet of Things, and cyber-physical systems. The
main differences in this model are as follows:

(i) The coordination engine, in LINC, has been improved both in terms of CPU
usage and memory footprint. It is integrated into each object, whereas CLF
relied on more complex dedicated objects. This allows to distribute the coor-
dination by delegating some parts to smaller CPUs.

(i) The rule language and the environment have been extended to improve its
expressiveness and the reexecution of the postmortem to debug the initial
execution.

MESSENGERS. Messengers [52] is a paradigm based on the principles of au-
tonomous messages, which assume their own behaviour in the form of a program.
These messages allow them to freely navigate in the supporting computer network,
to communicate with each other, and to call pre-compiled functions resident in the
nodes. The coordination in this programming model facilitates the communication
of this autonomous messages, at two levels [52]:

(i) The intra-object coordination: where the Messengers coordinate the invoca-
tion and exchange of data between the different functions distributed in the
network, both in time and in space.

(ii) The inter-object coordination: where Messengers, each representing a high-
level entity, can coordinate their behaviours among themselves.

Using a study of the collective behaviour of fish in the field of biology, the authors
showed an interest of the approach through the coding of an application composed
of autonomous and mobile entities whose behaviours can change dynamically and
which can coordinate their actions with each other. In particular, they evidence the
great flexibility in the interaction of entities, the ease of manipulation of the appli-
cation at runtime as well as the performance obtained. This model was extended
in the article [123]. This new version is a hierarchical model for the coordination
of casts and communication of casts of concurrent activities based on the group-
ing of actors. The casts are used for naming, migration, and synchronization, while
the Messengers are the actors used to send messages with special behaviour across
casts.

Klaim. Klaim [87] or “Kernel Language for Agents Interaction and Mobility” is
another coordination model featuring multiple tuple spaces, mobility of code and
agents. This language is designed to manage the physical distribution of processes
across a wired network. Klaim is able to manage the physical distribution of pro-
cesses on networks, as well as to control changes in their configurations. To do this,
Klaim considers a finite set of physical locations and associates nodes with these
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locations. These nodes are composed of three elements: a site, a process, and an
allocation environment. Internally,

(i) each site element is associated with a tuple space.
(i) as for the allocation environment, its function is to associate certain (logical)
localities with (physical) sites.

Klaim extends the classical Linda primitives out, in, rd and eval, as they can not
only be invoked locally on the local tuple space, but also on the tuple space of a
specified remote site by providing the locality of a node at the invocation of the
primitive. Klaim also provides a specific primitive newloc(w) to bind a new site with
a variable u. The implementation of the mobile code paradigms is achieved by
combining newloc(u) with a remote invocation of primitives such as eval.

Limone. Limone [51] for “Lightly-coordinated Mobile Networks” is another coor-
dination model addressing mobility. This model aims at facilitating the develop-
ment of applications on ad hoc networks consisting of logically mobile agents and
physically mobile hosts. It considers an agent-centered coordination perspective,
by allowing each agent to define its knowledge policy, and limiting all interactions
between agents. Agents are stored in a knowledge list, which is maintained by the
system. Limone adapts Linda-like primitives by eliminating remote blocking and
complex group operations. It provides timeouts for all distributed operations and
reactions that allow asynchronous communication with agents in the knowledge
list. Finally, it minimizes the granularity of atomic operations and the set of as-
sumptions about the environment.

TuCSoN. TuCSoN [92] is a coordination model adopting Linda at its core, for mo-
bile agent-based Internet applications, and shows its utility in distributed informa-
tion search. With a focus on mobile agent coordination, TuCSoN also addresses the
coordination of Internet applications based on mobile information agents. In or-
der to deal with mobility, A. Omicini and E Zambonelli introduced their approach
by saying that a network node that wants to accept mobile agents must define its
own local communication space, used by the agents to interact with other agents
as well as with the local execution framework. In summary, the principle of this
coordination language is:

(i) each local communication space consists of a multiplicity of global (with re-
spect to the node) communication abstractions, called tuple centers. A tuple
center is an improved tuple space, denoted by a name that is locally (with
respect to a node) unique.

(ii) mobile agents can access each tuple center via a Linda-like communication
interface. Such primitives include the Linda-like “out, in” and “rd” as well as
their non-blocking versions “inp” and “rdp’.

In TuCSoN, coordination is also expressed by specifying the reactions of the tu-
ple center to certain events, based on a logic-based language that specifies these

11
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reactions: ReSpecT or “Reaction Specification Tuples” [91]. Besides introducing
multiple tuple spaces, TuCSoN offers the possibility to program them as a key fea-
ture. The consequences of these extensions are respectively the parametrization of
classical primitives at the particular tuple center accessed, and the processing of
requests by the support, in addition to its access by the agents.

Bach. Bach [65] is an extension of Linda, developed at the University of Namur,
on which our research is based. This language is based on four primitives to access
a tuple space:

(i) the “tell(t)” primitive places an occurrence of tuple “¢” in the tuple space;
(i) the “ask(t)” primitive checks for the presence of tuple “¢” in the tuple space;
(iii) the “get(t)” primitive deletes an occurrence of tuple “¢” in the tuple space;
(iv) the “nask(t)” primitive checks for its absence.
p

It is interesting to note that the “fell” primitive always succeeds, while the last three
primitives suspend as long as the presence/absence of tuple “¢” is not satisfied.
Moreover, the tuple space is seen as a multiset of tuples, which naturally leaves
room for multiple occurrences. Bach has been shown to be expressive enough to
code mobile applications in ad hoc networks. It is less expressive than Gamma (see
[28]) but as we shall see later in the thesis expressive enough to code socio-technical
systems.

Why Choose Bach? Insights into its utility compared to other languages

We provide in Table 1.1 an overview of various coordination languages, detailing
their main features and suitability for different systems. Key elements in each col-
umn include:

e Language: the name of the coordination language.

¢ Key Features: main characteristics, such as coordination concepts, primi-
tives, or metaphors used.

e Concurrent Systems (C.S.): indicates if the language supports concurrent
systems.

e Asynchronous Communication (A.C.): specifies whether the language en-
ables asynchronous communication, essential in distributed environments.

e STS: shows if the language supports communication via a shared tuple space,
a common structure for storing and exchanging information.

e Level of Understanding (L.U.): the difficulty level for users, rated as "Easy"
or "Moderate."

Bach offers specific advantages over other languages discussed in this chapter and
in Table 1.1, particularly for socio-technical systems and concurrent processes. Its
simplicity, comparable to languages like Gamma, MESSENGERS, and Linda, is cru-
cial for developers implementing coordination solutions without the burden of
complex syntax. Additionally, Bach enhances the original Linda model with ro-
bust tuple management, making it well-suited for ad hoc networks and distributed

12
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environments. Unlike LINC and Klaim, which introduce unnecessary complexity
through their focus on distributed applications and mobility management, Bach
emphasizes straightforward coordination of mobile agents. This simplicity facili-
tates rapid development and efficient interactions within socio-technical systems.
While TuCSoN and Limone offer programmable tuple centers and agent-centered
coordination, they may present a steeper learning curve for less experienced devel-
opers.

Language Key Features C.S | A.C | STS L.U
Basic coordination language with
Linda simple primitives (‘out’, ‘in‘, ‘rd‘) vV | Yes | V Easy

for tuple management.

Chemical metaphor; supports
Gamma parallel, independent reactionsin | v | Yes | v Easy
data.

Adapted for distributed
applications (IoT, cloud); efficient
transactions and embedded
coordination engine.

LINC

v No v Moderate

Autonomous messages for

MESSENGERS flexible, mobile coordination.

vV | Yes | V Easy

Manages mobility and
Klaim distribution with multiple tuple v | Yes Moderate
spaces and remote primitives.

Agent-centered, non-blocking

ad hoc networks.

Limone communication with timeouts in Yes Moderate

Programmable tuple centers for
TuCSoN mobile agents in Internet v’ | Yes | v° | Moderate
applications.

Linda extension with tuple
Bach management, ideal for v | Yes | V Easy
coordination in ad hoc networks.

Table 1.1: Summary of coordination languages listed in Section 1.3

Furthermore, Bach supports asynchronous communication, enhancing flex-
ibility and responsiveness by allowing agents to operate independently without
waiting for responses. This aligns with Bach’s intuitive design philosophy, making
it a valuable asset for teams aiming to improve collaboration in complex systems.
Its ease of understanding, applicability to concurrent processes, and effective coor-
dination capabilities position Bach as a highly usable and adaptable choice among
coordination languages. Moreover, Bach can be considered one of the representa-
tives of “data-driven” coordination languages and thus is very easy to integrate with
other languages from the same family.
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1.4 Socio-Technical Systems

1.4.1 Overview

Applications are rarely conceived in isolation. In contrast, most of them imply a
form of interaction with users. However, in general, such interaction often results in
structural reorganizations within companies. This has resulted in the consideration
of so-called socio-technical systems (STS). Several definitions of these systems have
been provided in the literature. The most often cited one is however that proposed
by Trist.

In [118], the authors define socio-technical systems as systems involving com-
plex dependencies between human beings, machines and the environment in
which they operate. One of the challenges posed by such systems comes from the
fact that STS have to marry two different worlds, the social and technical worlds,
driven by different concerns. In fact, in the social world, cognitive, psychological,
and organizational aspects lead people to formulate high-level goals to be pursued
and state of affairs to be achieved, these in general depending upon a current con-
text.

In contrast, in the technical world, performance and reliability are two key
concepts that are often expressed in terms of actions at the level of perceptions and
measurements provided by sensors. There is thus a conceptual gap to be overcome.
Obviously, to that end, the best solution is to somehow increase the abstraction
level understandable by devices rather than forcing humans to speak the “language
of devices”. Another challenge posed by STS is that their design should pay special
attention to interaction. Indeed, as people interact with each other through
technology, supporting and governing interactions both from social-to-technical,
technical-to-social, social-to-social, and technical-to-technical directions is of cru-
cial importance. Following [81], we think that these two challenges may be faced
by Linda-like languages and in particular the Bach language. Indeed, by clearly
separating the interactional and computational aspects of software components,
coordination models have proven to be well-suited to program the interaction
of conventional distributed systems, and in particular to model service-oriented
applications (see eg [26, 68, 116]). Their expressiveness [28, 43, 25] is such that
it is to be expected that they also offer suitable means to handle other forms
of socio/technical to socio/technical interactions mentioned above. Moreover,
information produced by sensors may be materialized as tuples, traditionally used
in data-driven coordination models, which in turn may be looked at as atomic
formulae of logic programs whose rules may be used to perform inferences of high-
level goals. This new way of looking at tuples opens the possibility of regarding
pieces of information produced by sensors as the basic blocks to be manipulated
by rules of logic programs to infer high-level goals expressed in the social world.
Finally, as suggested in [65] suitably handling relations on multiple blackboards
provides an elegant means to capture contexts.
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As STS involves socio and technical dimensions, Mariani identifies in [79] two
major dimensions in which to sum up research efforts in coordination devoted
to STS: on one hand, social-to-technical efforts devoted to reflecting all the nu-
ances of social activity and relationships in technical terms and, on the other hand,
technical-to-social approaches used to exploit the full potential of technical plat-
forms in order to enhance the effects of social interactions. We subsequently review
these efforts according to these two dimensions and, in particular, sketch how coor-
dination can bring solutions to problems encountered. The following two sections
are largely inspired by [79].

1.4.2 Technical-to-Social Approaches

As defined in [79], technical-to-social coordination approaches are those ap-
proaches “concerned with how to exploit the technical components of the STS to (a)
enhance the interaction capabilities of human users as well as to (b) exploit the ac-
tivities, side effects , and outcomes of their collaborations to improve themselves”.
Two approaches are of particular interest: observation-based coordination and self-
organization based coordination.

Observation-Based Coordination

As depicted in [79], observation-based coordination captures the idea of coordinat-
ing an ensemble of agents by enabling them to observe each other’s actions or the
traces that those actions leave in the environment. Stigmergy is a key concept in
these lines. It denotes agents communicating and synchronizing their activities
through the environment rather than by directly communicating. It is worth ob-
serving how data-driven coordination models nicely meet stigmergy. Indeed, the
shared space on which they rely offers an easy means to create an environment
on which the agent can communicate and synchronize. The term stigmergy has
been originally introduced by Grassé [58] to define the coordination approach of a
specific species of termites in collectively building their nest, Then, throughout the
years, it has undergone many generalizations/specializations/extensions [96, 106,
89]. Here, we refer to a generic set of coordination mechanisms mediated by the
environment. Let us examine some examples of stigmergic coordination.

LAbS. LADbS, the Language with Attribute-based Stigmergies, introduced in [88]
is a good example of coordination language featuring stigmergy. This language
has been developed for multiagent systems (MAS), in the aim of modelling several
classes of systems that lend themselves to the intuitive design of local specifications
and that can be used as the basis for automated analysis. According to the concept
of virtual stigmergy, LAbS has a distributed and decentralized data structure, to
model the communication between agents or the propagation of knowledge. LAbS
combines the stigmergic interaction in [99, 106] and generalizes the communica-
tion based on the attributes introduced in [4]. It models the external environment
as a shared data repository accessible by the different agents. In LAbS, agents can

15
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only access their local copy of the stigmergy. This language offers a communication
mechanism based on agent attributes instead of limiting message exchanges in the
spatial neighbourhood. This helps to describe, and reason about different types of
distributed systems and to introduce multiple stigmergies. For the evaluation of
the quality and power of the LAbS language, the authors used some classical case
studies, such as Boids (short for bird-oid objects) [103].

MoK. MoK, the Molecules of Knowledge model, introduced in [82, 80] is a way of
designing computing platforms that support knowledge management in STS. Ac-
cordingly the software exploits user interactions to self-organize information in a
continuous way. MoK is built around the integration of (a) a biochemical metaphor
[122] to define how to perform computations, also (b) a BIC [35] that defines how
to manage interactions. Mariani [80] defined the MoK system as a network of com-
partments, representing information repositories, where:

(i) the seeds (where information sources) continuously and spontaneously in-
ject atoms (atomic information),
(ii) the atoms can then aggregate into molecules (composite information),
(iii) the molecules diffuse to other compartments, gain/lose relevance, etc.

Respecting the laws of coordination to dictate the evolution of the system, pro-
cesses are implemented by MoK reactions [80], which take place within the com-
partments and are influenced by enzymes (the reification of the agents’ actions)
and traces (their side effects). Enzymes and traces are left in the compartments
by the catalysts (the agents) during their activities. These reactions take advantage
of decentralization and localization to promote self-organization: first, they rely
only on local information in their compartment and can only affect neighbours.
Second, they are programmed according to dynamic rate expressions inspired by
natural chemical reactions, which are sensitive to contextual information affecting
(eventually) their own outcomes.

Self-Organization Based Coordination

Having agents perform tasks independently while synchronizing through their en-
vironment naturally leads to self-organisation and even one step beyond to decen-
tralisation. As noted in [79], this is actually a sort of holy grail for coordination
models and languages. It would indeed be fantastic to conceive systems able to
autonomously reconfigure themselves in the presence of changes on the sole basis
of locally available information, without any global supervision. Here again, rule-
based coordination [67] and multiple shared spaces [24] can be of particular inter-
est. In fact, multiple spaces allow creating local environments. Moreover, by insert-
ing or retrieving tuples dynamically on events, blackboard rules allow to achieve a
form of autonomous behaviour.

It is worth observing that the decentralized approach of self-organization is
used by systems of a natural type, in order to enable an emerging phenomenon
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and to harmonize the local interaction effects logically. As an imitation, a num-
ber of pieces of work have highlighted the ways in which decentralization of in-
vestment decision-making authorities can be implemented, such as G.Michael and
A.Campbell in [56] and J-P. Denis’s doctoral thesis [46], which focused on the anal-
ysis of the coordination relationships between centers and branches inside multi-
dimensional groups of an organization. This is the most studied fundamental per-
spective at the level of group management in a unit that does not deal with process
strategy/tactics. Babaoglu and al., 2006 [7] have demonstrated with examples the
importance of design model families for the distributed computing on the basis
of these models. Also, the article [130] has shown that nature-inspired models of
coordination can be well adapted to respond to the challenging needs of invasive
environments.

The evolution of information during these years has created new challenges
in the knowledge production process, facing the heterogeneity of the information
structure and the increasing quantity. In these socio-technical environments [81]
as an example, software systems are characterized by a huge amount of informa-
tion to process and the user’s behaviour deeply affects the behaviour of the system
itself.

1.4.3 Social-to-Technical Approaches

Social-to-technical coordination approaches are defined in [79] as those ap-
proaches that let technical components of the STS facilitate social relationships,
protocols, expectations, conventions, and norms. The key issues for these ap-
proaches are social protocols and argumentation.

Social Protocols

In [36], Chopra and Singh proposed a social protocol based on a software engi-
neering paradigm called Interaction Oriented Software Engineering (IOSE). This
paradigm concentrates on social protocols (social relationships), characterizing the
responsibility of the parties involved as they progress according to their interaction.

It adopts the representation of responsibility (such as openness and innovation
that motivate social machines), with the help of computer media, to grasp the sig-
nificance of the states and transitions of a social machine. The technical compo-
nent of an STS, named “SE-machine” are implementation of social protocols, that
facilitate the interaction between social relationships and the responsibility of the
interacting parties during the communication. According to the article [36], the
social protocol has three objectives:

(i) make social expectations explicit in an environment to follow individual ob-
jectives,

(i) identify who is responsible for the interacting parties, for the wait and who is
expected to wait (for whom for what wait),
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(iii) release the principals for the implementation of SE-machines, impose only
one compliance standard.

In order to achieve their goal and as shown in Figure 1.3, Chopra and Singh al in
[36] use a technical mechanism based on the notion of commitment, which is also
exploited by Baldonia et al in [9]. The latter introduces a relationship of expecta-
tions and responsibility between two interacting parties: the creditor expects the
debtor to respect his commitment, while the debtor accepts to be responsible for
it. The treatment of undertakings, in the sense of their control, coordination, and
execution, is an efficient way to achieve, in terms of calculation, the social proto-
cols that play a crucial role in STS. In this qualification of “Social-to-Technical”, the
authors of [9] and [10], propose an explicit representation in terms of a set of re-
lations defined in a normative way between two or more parties, subject to social
control through the monitoring of observable behaviour. In this theme [36], so-
cial relations are resources, at the typical agents’ disposition without relying on a
functional approach, who use them in their practical reasoning.

Monitored Input
variables data
Environment SE-Machine
Controlled QOutput
variables data

Social machine as sociotechnical system

1
Principal € ----: Social Protocols ====9 Principal

SE-Machine € - -=--- - Messages = - - - - - % SE-Machine

Figure 1.3: Social Protocols in Decentralized Social Machines via IOSE [36]

The IOSE, as shown in Figure 1.3, introduces social protocols as a way of spec-
ifying decentralized social machines. In doing so, it goes beyond the machine-
oriented conception of traditional SE [36]. The first figure presents the current
machine-oriented software engineering: given the STS requirements, design an SE
machine to control the environment. The SE-machine is conceptually monolithic,
although it can be implemented as a distributed system. The second illustration
shows the IOSE model that gives the STS and designs a social protocol. Princi-
pals enact the protocol via their respective SE-machines, which communicate by
messaging. A principal’s SE-machine interfaces with the environment, exactly as
depicted in the left figure, and helps a principal participate in a social protocol.
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JaCaMo. JaCaMo [22] is a multi-agent oriented programming platform that pro-
vides programming constructs, corresponding to the abstractions used at the level
of a multi-agent system, to express social coordination. This platform [22] de-
scribes a global approach that integrates the agent, environment, and organization
levels, by providing a programming model that aims to efficiently and synergisti-
cally integrate the related abstraction dimensions. The agent programming in Ja-
CaMo is supported by the Jason programming language [23] while the environmen-
tal engineering is made possible by the notion of artefact provided by the CArtAgO
framework [107]. JaCaMo has extended for a new platform, JaCaMo+ [11] for MAS
development. On the one hand, the first approach is focused on the programming
of agents, environment and organizational aspects. It is exploited to build a cus-
tomized coordination artefact that follows the normative state of the MAS, i.e., the
collection of commitments. On the other hand, JaCaMo+ enriches these commit-
ments to allow interacting agents to react to a change in the state of the commit-
ments.

Argumentation

According to [79], computational argumentation exploits computational tech-
niques to automatically analyse and construct arguments and their relationships
[122], including generating explanations and justifications for decision-making
[33]. Argumentation-based coordination approaches have significant confidence
in STSs, above all in the “Social-to-technical” category, as they work to capture in
computational terms the rules of engagement and progression of different types
of human dialogues, all aimed at enabling people to cooperate to make decisions.
Thus, here, the social protocol to which agents must conform is defined by the rules
of the argumentation framework taken as a reference, and the set of norms and
regulations derives from the rules deciding which arguments are admissible, better
than others, and, ultimately, win the debacle.

In other words, if users can get justifications for decisions made, they are likely
to increase their confidence in the system’s capabilities. In this regard, it is worth
noting that efforts to ensure trust and responsibility are an increasingly heated
topic, well outside of coordination in STSs, but in many areas of Al (from big data
to algorithms in general [85]) as evidenced by the recently approved “transparency
initiative” by many organizations around the world. Taking advantage of the situ-
atedness and argumentation, the “Speaking Objects” vision is emerging. The prin-
ciple of Speaking Objects is to give users the right level of abstraction when inter-
acting with technical systems.

Speaking Objects. According to [77], the concept of “speaking objects” is de-
scribed as a general way of designing distributed systems, with a particular focus
on the vision of the Internet of Things. The core idea [79] is that sensors and ac-
tuators no longer just provide readings of predefined parameters and respond to
simple commands to change the state of the local environment. Instead, they are
empowered to assert complexities about the state of the world and to pursue goals
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assigned to users or explicitly set for the system itself. Essentially, this amounts to
a shift from actions and perceptions to goals and propositions. Key factors behind
this paradigm shift are increases in computing power that can be built into every-
day objects, and advances in machine learning techniques In this context, coordi-
nation becomes the ability to debate the “state of affairs” and initiate a dialogue to
jointly decide how to act to achieve the desired future state.

1.5 Closing Remarks

The elements presented in this chapter are crucial for understanding both exist-
ing coordination models and the socio-technical systems that influence our world
today. We explored how data-based coordination languages effectively manage dis-
tributed applications through mechanisms like publication and retrieval, which of-
fer benefits such as space and time uncoupling. The chapter also highlighted the
need to integrate technical and social dimensions in system design. Coordination
languages bridge the gap between social goals and technical actions, essential for
managing complex socio-technical systems.

In the next chapter, we will introduce the Bach coordination language, which
serves as the foundation for this thesis.

20



CHAPTER

BACH COORDINATION LANGUAGE

The rest of the thesis relies on the Bach coordination language, developed at the Uni-
versity of Namur. In this chapter, we introduce its key concepts: tokens, structured in-
formation terms, primitives, agents and operators. They are illustrated on a running
example, featuring restaurants employing tablet ordering systems. Implementation
issues are also tackled and an incarnation in Scala is proposed.

2.1 Opening

The Bach coordination language [65] is a Linda dialect developed by the Coordi-
Nam research group of the University of Namur, for the efficient coordination of
complex systems. This coordination language provides a systematic approach to
describe the behaviour of entities and the operations that must be performed on
them in a coordinated way.

To delve into the concepts and principles of the Bach coordination language
with precision and using concrete examples, we initiate this chapter by elucidating
our case study in Section 2.2: an intelligent restaurant that employs tablets for or-
der placement. Subsequently, in Section 2.3, we provide an overview of the data,
primitives, and agents inherent to Bach. Moving on to Section 2.4, we demonstrate
the modelling of the Altar example using our base language. With focus on enhanc-
ing user-friendliness, Section 2.5 presents the implementation of Bach in Scala, and
Section 2.6 its embedding in Scala. Finally Section 2.7 draws a conclusion.
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2.2 Altar, a Tablet-Based Case Study

To illustrate the modelling with Bach, we shall use a tablet-based restaurant ap-
plication. We shall subsequently name it Altar, as an anacronym for A wonderful
TablEt-based Restaurant.

In the aim of being modern and providing a nice experience, the main idea of
the Altar restaurant is to use the latest technology to order dishes, have them served
and pay at the end of the meal. More precisely, as depicted in Figure 2.2, each table
is equipped with an interactive electronic tablet. Clients are assumed to have cre-
ated an account before entering the restaurant'. After having logged on the tablet,
they can consult what is on the menu, place orders (possibly multiple times), track
the status of the orders, and pay at the end of the meal. The cooks receive the order
in the kitchen and prepare the dishes. Once done, they inform the waiters which
serve the dishes at the ordering table. To simplify the modelling, we shall assume
that a few Japanese dishes and drinks can be served: nigiri, maki, temaki and beer.

As we shall see, the Bach coordination language provides a solid framework for
coordinating the actions of all the agents, including clients, kitchen staff, and wait-
ers. It enables transparent communication and ensures that all parts of the restau-
rant work together efficiently.

2.3 Bach in a Snapshot

To describe Bach, one needs to explain how information placed on the shared space
is represented and how it is handled by concurrent processes running around the
shared space. This respectively leads to the two following subsections.

2.3.1 Data

Tokens are used as the fundamental elements to represent information. They con-
sist of discrete units of information with no structure. In contrast, so-called struc-
tured information terms (or si-terms for short) take the form f(#,..., f;) where f
is a functor and the t;’s are either tokens or si-terms. As usual, we shall consider
tokens as particular structured information terms with no arguments. This allows
us to define si-terms as follow:

Definition 1. Si-Terms are defined as either flat tokens or structured information
terms. Their syntax is shown in Figure 2.1.

Example 1. In the Altar example 2.2, manel is a token representing a client (in fact,
the PhD student writing this thesis), and order (manel, maki) is a si-term ex-
pressing an order placed by manel to get maki.

1A part that we shall not model.
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IDENTIFIER

lid ::= any string of letters and digits starting with a lower case letter

SI-TERMS
fu=1lid
sin=

lid

f(Sil)"' ySin)

function name
si-terms
token
structured term

Figure 2.1: Syntax of Si-Terms

Figure 2.2: Example of “Altar Restaurant”
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2.3.2 Statements
Primitives

Inspired by Linda [34], Bach relies on four key primitives tailored for shared space
interaction. They are depicted in Figure 2.3. They consist of the primitives:

e “tell(t)” which places an occurrence of si-term “¢” on the shared space,

e “ask(t)” which checks for the presence of si-term “#” on the shared space,
e “get(t)” which deletes an occurrence of si-term “#” on the shared space,

e “nask(t)” which dually checks for its absence.

It is important to note that the “zell” primitive always succeeds?, while the last three
primitives suspend as long as the presence/absence of the si-term “¢” is not satis-
fied. Moreover, the shared space is seen as a multiset of si-terms, which naturally
leaves room for multiple occurrences.

tell(t) ask(r)
N\ /
t
/ N
nask(t) get(1)

Figure 2.3: Primitives in Bach

Example 2. In the Altar example, tell (order (manel, table_3, 5,
maki)) may be used to indicate that client manel orders maki at table 3 as a
fifth order, while ask (status (manel, 5, served)) may be used to check
whether the fifth order from manel has been served.

Agents

Primitives may be combined to construct more complex agents, using traditional
composition operators from concurrency theory:

2Here and in the following we will say that a primitive "succeeds" or "fails" by reference to the logic
programming framework — which has inspired Bach - to denote the fact that the computational transi-
tion associated with the primitive has been done or cannot be done, respectively. Intuitively a primitive
succeeds when it can be computed. It suspends when it cannot computes but may do so later in a more
global computation in which the primitive is involved.
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® sequential composition noted “;”,
e parallel composition noted “||”,
e and non-deterministic choice noted “+”.

Following concurrency theory, procedures may also be defined to describe agents.
Their definition takes the following form

proc_name(argi,---,argy) = agent

where proc_name is the name of a procedure, the arg_i’s are arguments consist-
ing of si-terms and agent is an agent, as just described. Following this introduc-
tion, procedure calls can be used as primitives in the composition of agents.

Definition 2. Primitives, agents and procedure calls are associated to the syntax
shown in Figure 2.4:

Example 3. Coming back to the Altar restaurant, the behaviour of a client identified
by id can be depicted as follows:

Client(id) = LogIn(id); EnjoyAltar(id); LogOut(id)

This definition involves Client as a procedure name, id as an argument and calls
sequentially procedures LogIn, EnjoyAltar and LogOut.

2.4 Modelling Altar in Bach

To illustrate the expressiveness of Bach, let us see how the Altar restaurant can be
modelled. Three kinds of agents need to be tackled: the clients, the cooks and the
waiters. Assuming that we have three clients (manel, alice and emma), one cook
(john) and one waiter (tom), the behaviour of the restaurant can be modelled by
the following parallel composition:

Client (manel) || Client(alice) || Client(emma) || Cook(john) || Waiter (tom)

All these five agents will interact via the shared space and not directly by sending
messages between them. As a result, it is quite easy to introduce a new client, cook
or waiter: one has just to introduce it in the parallel composition. Let us now code
these three kinds of agents.

2.4.1 Modelling a Client

Clients, and more generally all the three agents, are modelled in a generic way by
introducing an identifier as an argument. We have already described the behaviour
of a client as doing a log in, enjoying his time at the Alter restaurant and performing
alogout:
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IDENTIFIERS
lid ::= any string of letters and digits starting with a lower case letter
uid::= any string of letters and digits starting with an upper case letter

PRIMITIVES
cprim = communication primitive
tell(si)
ask(si)
nask(si)
get(si)
PROCEDURES
pn:=uid procedure name
pc:= pn(siy, -+, Siy) procedure call
pharg ::= lid: sname arguments in procedure head
ph:= head of procedure declaration
pn(pharg,,---,pharg,)
peq::= ph=ag. procedure equation
AGENTS
ag:= agents
cprim communication primitive
pc procedure call
ag,; ag, sequential composition
ag,llag, parallel composition
ag, +ag, non-deterministic choice

Figure 2.4: Syntax of primitives, agents and procedure calls

Client(id) = LogIn(id); EnjoyAltar(id); LogOut(id)
Doing a log in or a log out is of no particular interest: this is respectively modelled
through the telling and getting of the presence of the client, as follows:

LogIn(id) = tell (logged(id))
LogOut(id) = get(logged(id))

Describing the time spent by a client in the Altar restaurant is more interesting.
It involves sitting at a table, placing orders, checking for the status of the orders

and finally paying. Assuming four tables, numbered ¢I to #4, this can be coded as
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follows, with procedure SitAtTable figuring a client sitting at a table and procedure
EnjoyAtTable summarizing the remaining action.

EnjoyAltar (id) = SitAtTable(id,t1); EnjoyAtTable(id,t1)
+ SitAtTable(id,t2); EnjoyAtTable(id,t2)
+ SitAtTable(id,t3); EnjoyAtTable(id,t3)
+ SitAtTable(id, t4); EnjoyAtTable(id,t4)

It is worth noting that the above choice repeating similar alternatives can be abbre-
viated in one line by means of the following general sum

sum(tin [t1, t2, t3, t4]): SitAtTable(id, t); EnjoyAtTable(id,t) 2.1)

Note also that this construct should be understood as a shorthand for the choice
obtained by replacing ¢ with each possible value in the group (¢1,£2,13,£4), resulting
in the following alternative definition of EnjoyAltar:

EnjoyAltar(id) = sum(t in [tl, t2, t3, t4]):
(SitAtTable(id, t) ; EnjoyAtTable(id, t))

Making an order is simulated by placing an order request on the shared space,
namely of telling a si-term of the form order(id,t,d) for some dish d. This
will be taken by the cook who will indicate that the dish is ready by telling a
order_prepared si-term. Similarly a waiter will indicate that the order has been
served by taking a order_prepared si-term and telling a order_served si-term.
Hence checking that the status of an order amount to checking the presence of one
of the above si-terms. This results in the following code:

MakeOrder(id, t) = tell (order(id, t, nigiri))
+ tell (order(id, t,maki))
+ tell (order(id, t,temaki))
+ tell (order(id,t,beer))

CheckOrder(id, t,d,in_progress) = ask (order(id, t,d))
CheckOrder(id, t,d, prepared) = ask (order_prepared(id,t,d))
CheckOrder(id, t,d, served) = ask (order_served (id, t,d))

Note that for simplicity of the reading, we have preferred to write the choice in
MakeOrder explicitly instead of using the shorthand version

MakeOrder(id,t) = sum (d in [nigiri, maki, temaki, beer]):
tell (order (id, t,d))

Finally, counting the bill is left outside this simple exercise and is just coded by
telling the si-term orders_paid(id,t):

PayOrders(id, t) = tell (orders_paid(id,t))
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2.4.2 Modelling a cook

The behaviour of a cook consists of repeadly taking orders and of preparing them.
Concretely, this amounts to getting a si-term order(id, t, d), from some user iden-
tified by id, sitting at table ¢ and asking for the dish d, and afterwards of telling a
order_prepared(id,t,d) si-term. Roughly speaking, this can be coded as:

Cook(id_cook) = get(order(id,t,d)); tell(order_prepared(id,t,d))

However, although id_cook is an argument, which does not require quantification,
the id, t, and t arguments should be quantified on all possible values. This can
be achieved by using non-deterministic choices. Another way of proceeding is to
provide generalized choices used before accounting for these quantifications. We
shall use both subsequently by balancing the case of reading and the length of the
resulting code.

The first quantification on the id of users is operated through the
CookForCustomer procedure, as follows

Cook(id_cook) = CookForCustomer (id_cook,manel); Cook(id_cook)
+ CookForCustomer (id_cook, alice); Cook(id_cook)
+ CookForCustomer (id_cook,emma) ; Cook(id_cook)

Similarly, the CookForCustomer procedure can be coded by the
CookForCustomer AtTable procedure by making explicit the tables.

CookForCustomer (id_cook, id_client) = sum(t in [tl, t2, t3, t4]):
CookForCustomerAtTable (id_cook, id_client, t)

Finally, the CookForCustomer AtTable procedure can be coded by making ex-
plicit the dishes, as follows:

CookForCustomerAtTable (id_cook, id_client,id_table) =
sum(d in [nigiri, maki, temaki, beer]):
get(order(id_client,id_table,d));
tell (order_prepared(id_client,id_table,d))

2.4.3 Modelling a Waiter

A waiter has a behaviour similar to a cook. It waits for an order_prepared si-term
and then puts and order_served si-term to indicate that the dish has been served.
The following code results by analogy to what we wrote for a cook.

Waiter (id_waiter) =
WaiterForCustomer (id_waiter ,manel) ; Waiter (id_waiter)
+ WaiterForCustomer (id_waiter, alice); Waiter (id_waiter)
+ WaiterForCustomer (id_waiter ,arima) ; Waiter (id_waiter)
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WaiterForCustomer (id_waiter,id_client) =
sum(t in [tl, t2, t3, t4]):
WaiterForCustomerAtTable (id_waiter, id_client,t))

WaiterForCustomerAtTable (id_waiter,id_client,id_table) =
sum(d in [nigiri, maki, temaki, beer]):
get (order_prepared (id_client,id_table,d));
tell (order_served (id_client,id_table,d))

2.5 Interpreting Bach using Scala

In order to allow the reader to experiment with the languages he has proposed, D.
Darquennes has presented in his PhD thesis [43] interpreters for these languages
as extensions of an interpreter he developed jointly with J.-M. Jacquet. They have
chosen Scala as the implementation language in view of the combination of object
and functional programming it offers. These interpreters will also be the basis of
our work. To provide the reader with the background necessary to understand our
thesis, we briefly outline in this section the core features of their implementation.
Besides a parser which is left outside the scope of this section, they concern three
main aspects: the representation of data, the representation of the shared space
and the simulator making the computations.

2.5.1 Data Representation

The Bach version tackled by D. Darquennes and J.-M. Jacquet uses only si-terms,
which are represented as strings. This can be easily extended to more complicated
si-terms by using Scala case classes, composed of two arguments: the si-term func-
tor and a list of arguments.

With respect to the agents, three kinds of case classes have been used:

® a case class bacht_ast_empty_agent to represent a terminated agent

® a case class bacht_ast_primitive to represent a primitive in the form
of a pair composed of primitive type (tell, ask, nask, get) and of a token (being
possibly generalized to a si-term)

® a case class bacht_ast_agent to represent a composed agent formed
from an operator applied to two sub-agents agenti and agentii.

2.5.2 Shared Space

The shared space is implemented as a mutable map. Initially empty, it is enriched
for each told token (resp. si-term) by an association of this token (resp. si-term)
with a number representing the number of its occurrences on the shared space.
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class Expr

case class bacht_ast_empty_agent () extends Expr

case class bacht_ast_primitive(primitive: String, token: String) extends Expr
case class bacht_ast_agent (op: String, agenti: Expr, agentii: Expr) extends Expr

Figure 2.5: Internal representation of agents

More precisely, the execution of a tell primitive, say tell(t) consists in checking
whether ¢ is already in the map. If it is then the number of occurrences associated
with it is simply incremented by one. Otherwise a new association (¢,1) is added to
the map. Dually, the execution of get(?) consists in checking first whether ¢ is in the
map and then whether it is associated with a strictly positive integer. In this case,
the execution of get(t) consists in decrementing by one the number of associated
occurrences. In case one of these two conditions is not met then the get primi-
tive cannot be executed. Note that with this simple strategy, a token may appear
in the map but with 0 as a number of occurrences associated with it. Hence the
implementation has not only to test whether the token appears in the map but also
to test whether the associated number of occurrences is more than one. The ask
primitive has a similar behaviour without removing an instance. Finally the nask
primitive has an opposite behaviour, succeeding in case the ask primitive fails and
failing in case it succeeds.

The code for the primitives is presented in Figure 2.6. It is worth noting that, in
view of the similarity of Bach to concurrent logic programming, the shared space
has been named as store, hence BachTStore as the name of the class.

2.5.3 Simulator

The simulator consists in repeatedly executing a computation step. This boils down
to the definition of function run_one, which assumes an agent in internal form
and which returns a pair composed of a boolean and an agent in internal form. The
boolean aims at specifying whether the attempted computation step can indeed
take place. In this case, the associated agent consists of the agent resulting from the
computation step. Otherwise, failure is reported with the given agent as associated
agent.

The function assumes a Bach store, as specified in the previous subsection. It
is given as a parameter of the BachTSimul in which run_one is defined. The
function is defined inductively on the structure of its argument, say agent. Ifitis a
primitive, then the run_ one function simply consists in executing the primitive on
the store. This is technically achieved by the exec_primitive function, which
actually calls the associated primitive function on the store.

If agent is a sequentially composed agent ag; ; ag;;, then the computation
step proceeds by trying to execute the first subagent ag;. Assume this succeeds and
delivers ag’ as resulting agent. Then the agent returned is ag’; ag;; in case ag’ is
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import scala.collection.mutable.Map
class BachTStore {
var theStore = Map[String, Int] ()

def tell (token:String) :Boolean =
if (theStore.contains(token))
{ theStore(token) = theStore(token) + 1 }
else
{ theStore = theStore ++ Map(token —> 1) }
true

{

def ask(token:String) :Boolean =
if (theStore.contains (token))
if (theStore(token) >= 1) { true }
else { false }
else false

{

def get (token:String) :Boolean = {
if (theStore.contains(token))
if (theStore(token) >= 1)
{ theStore(token) = theStore(token) - 1
true
}
else { false }
else false

def nask (token:String) :Boolean = {
if (theStore.contains (token))
if (theStore(token) >= 1) { false }
else { true }
else true

Figure 2.6: Primitives and the shared space

not empty or more simply ag;; in case ag’ is empty. Of course, the whole compu-
tation fails in case ag; cannot perform a transition step, namely in case run_one
applied to ag; fails. The code for these two first cases is presented in Figure 2.7.

The cases of the composed agent by a parallel or choice operator are more
subtle. Indeed for both cases one should not always favour the first or second
subagent. To avoid that behaviour, a random variable branch_choice is used,
with assigned values 0 or 1. If 0 is given to the variable, then the computation starts
with the first subagent. Otherwise, it starts with the second. In case of failure, the
other one agent is evaluated and if both fails a failure is reported. In case of success
for the parallel composition the resulting agent is determined in a similar way to
what is done for the sequentially composed agent. For a composition by the choice
operator the tried alternative is simply selected. The code for these two cases is
reported in Figures 2.8 and 2.9.
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Given the run_one function, the simulator mainly consists of a loop which is
executed while the current agent is non empty and while failure does not occur.
This is materialized in the bacht_exec_all function detailed in Figure 2.10.

def run_one(agent: Expr) : (Boolean,Expr) = {
agent match {

case bacht_ast_primitive (prim,token) =>
{ if (exec_primitive (prim,token)) { (true,bacht_ast_empty_agent()) }
else { (false,agent) }

}

case bacht_ast_agent (";",ag_i,ag_ii) =>
{ run_one(ag_i) match
{ case (false,_) => (false,agent)
case (true,bacht_ast_empty_agent()) => (true,ag_ii)
case (true,ag_cont) => (true,bacht_ast_agent(";",ag_cont,ag_ii)
)

def exec_primitive (prim:String,token:String) :Boolean = {
prim match
{ case "tell" => bb.tell (token)
case "ask" => bb.ask (token)
case "get" => bb.get (token)
case "nask" => bb.nask (token)

Figure 2.7: Bach simulator: primitive and sequential composition

2.6 Embodying Bach in Scala

2.6.1 Some Notes on Scala

Following the work of P. Matiello and A. de Melo [83] to implement the n-calculus
as a domain specific language hosted in Scala, it is possible to turn the implemen-
tation of Bach proposed by D. Darquennes and J.-M. Jacquet into a domain specific
language hosted in Scala. To that end, two main features of Scala are worth stress-
ing.

Functions and Objects

Functions may be coded by defining objects with an apply function. For instance,
if we define:
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val bach_random_choice = new Random/()

def run_one (agent: Expr) : (Boolean, Expr)

agent match {

{

case bacht_ast_agent ("||",ag_i,ag_ii) =>

{

if (branch_choice ==

var branch_choice = bach_random choice.nextInt (2)

)

{ run_one( ag_i ) match

{ case
{ run_one (
{ case
=>
case

=>
case

=>

}

}
case
=>
case
=>

}
else

(false, _

) =>

ag_ii ) match
(false,_)
(false, agent)

(true, bacht_ast_empty_agent())
(true,ag_i)

(true, ag_cont)
(true,bacht_ast_agent ("| |",ag_1i,ag_cont))

(true,bacht_ast_empty_agent())

(true,ag_ii)

(true, ag_cont)

(true,bacht_ast_agent ("| |",ag_cont,ag_ii)

{ run_one( ag_ii ) match

{ case
{ run_one(
{ case
=>
case

=>
case

=>

}

}
case
=>
case
=>

(false,_)

=>

ag_i ) match

(false,_)

(false, agent)
(true,bacht_ast_empty_agent ())
(true,ag_ii)

(true, ag_cont)
(true,bacht_ast_agent ("| |",ag_cont,ag_ii))

(true,bacht_ast_empty_agent ())

(true,ag_i)

(true, ag_cont)

(true,bacht_ast_agent ("| |",ag_1i,ag_cont))

Figure 2.8: Bach simulator: parallel composition

object tell { def apply(siterm:

object Agent { def apply(agent: BSC_Agent)

then the evaluation of:

val P = Agent { tell(f(1,2)) }

SI_Term) TellAgent(siterm) }

CalledAgent(agent) }

consists first in evaluating tell on the si-term f(1,2), which results in the structure
TellAgent(f(1,2)), and then in evaluating the function Agent on this value, which
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val bach_random_choice = new Random/()
def run_one (agent: Expr) : (Boolean,Expr) = {

agent match {

case bacht_ast_agent ("+",ag_i,ag_ii) =>
{ wvar branch_choice = bach_random choice.nextInt (2)
if (branch_choice == 0)
{ run_one( ag_i ) match
{ case (false,_) =>
{ run_one( ag_ii ) match
{ case (false,_) => (false,agent)
case (true,bacht_ast_empty_agent())
=> (true,bacht_ast_empty_agent())
case (true,ag_cont)
=> (true,ag_cont)

}

(true,bacht_ast_empty_agent ())

(true,bacht_ast_empty_agent ())
case (true,ag_cont)

(true, ag_cont)

else
{ run_one( ag_ii ) match
{ case (false,_) =>
{ run_one( ag_i ) match
{ case (false,_)
=> (false,agent)
case (true,bacht_ast_empty_agent())
=> (true,bacht_ast_empty_ agent())
case (true,ag_cont)
=> (true,ag_cont)

}
case (true,bacht_ast_empty_agent ())
(true,bacht_ast_empty_agent ())
case (true,ag_cont)
=> (true,ag_cont)

=>

Figure 2.9: BachT simulator: non-deterministic choice

results in the structure Called Agent(TellAgent(f(1,2))). It is that result which is

assigned to P.

Strictness and Lazyness

Scala is a strict language that eagerly evaluates expressions. However there are
cases in which it is desirable to postpone the evaluation of expressions, for instance
to handle recursive definitions of agents. To that end, Scala proposes two basic
mechanisms: call-by-name of arguments of functions and so-called thunks. To un-

derstand these two concepts, let us consider the following function:
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def bacht_exec_all(agent: Expr) :Boolean = {

var failure = false
var c_agent = agent
while ( c_agent != bacht_ast_empty_agent () && !failure ) {
failure = run_one(c_agent) match
{ case (false,_) => true
case (true,new_agent) =>
{ c_agent = new_agent
false
}
}
bb.print_store
println("\n")
}

if (c_agent == bacht_ast_empty_agent()) {
println("Success\n")
true }
else {
println("Failure\n")
false }

Figure 2.10: Bach simulator: main loop

def doubleFirst(x: Int, y: Int) = X + X

It returns the double of its first argument, regardless of the value of the second one
(which is not used). Suppose we want to evaluate doubleFirst(3+4,10+20). Using
an eager strategy, Scala evaluates the two arguments and then computes the double
of the first one. As aresult 10 + 20 is computed although the result is not used.

Let us slightly modify the definition of the doubleFirst function, as follows:

def doubleFirstLazy(x: Int, y: => Int) = X + X

The first argument is passed using the call-by-value strategy. As for the
doubleFirst function, it is evaluated whenever the function is called.

In contrast, the second argument is passed using the call-by-name strategy. Ac-
cordingly, it is evaluated when needed and thus in our example not evaluated at all.
Such a strategy is particularly useful to code if-then-else expressions for which one
part only is evaluated according to the evaluation of the condition:

def myIf[A](cond: Boolean, onTrue: => A, onFalse: => A):
A = { if (cond) onTrue else onFalse }

For instance, using the following definition of myDiv, the evaluation of myDiv(0)
leads only to evaluate 1.

def myDiv(x: Float): Float = { (mylIf[Float](x /= 0, 1/x, 1))(x) }
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However one step further needs to be made to handle recursive expressions that we
want to evaluate step by step. In that case, so-called thunks are used. They amount
to consider functions requiring no arguments, as in the following definition:

def mylIf[A] (cond: Boolean, onTrue: () => A, onFalse: () => A):
A = { if (cond) onTrue() else onFalse() }

Note that the arguments onTrue and onFalse are now functions that take no ar-
guments and return expressions, rather than just being expressions themselves.
Note also that according to the syntax of Scala onTrue() can also be rewritten as
onTrue apply.

To conclude this point, it is possible to delay the evaluation of val-declared ex-
pression by using the lazy keyword, such as in

lazy val recursiveExpression = ... recursiveExpression ...

Programming Interface

To embody Bach in Scala, two main issues must be tackled: on the one hand, how
data is declared, and, on the other hand, how agents are declared.

Data. As regards data, the trait SI_Ter m is defined to capture si-terms. Concrete
si-terms are then defined as case classes of this trait. For instance in order to ma-
nipulate f(1,2) in one of the primitives (tell, ask, ...) the following declaration has
to be made:

case class f(x:Int, y: Int) extends SI Term

Similarly, si-terms can be declared as in

case class a() extends SI_Term

However that leads to use parentheses everywhere as in tell(a()). To avoid that a
Token class has been defined as a case class of SI_Term. It takes as argument a
string so that token a can be declared as

val a = Token(‘‘a’’)

Accordingly, a may now be used without parentheses, as in tell(a).

Agents. The main idea for programming agents is to employ constructs of the
form

val P = Agent { ( tell(f(1,2)) + tell(g(3)) ) || (tell(a) + tell(b)) }
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which encapsulate a Bach agent inside Scala definitions. The Agent object is the
main ingredient to do so. It is defined as an object with an apply method as follows

object Agent { def apply(agent: BSC_Agent) = CalledAgent(() => agent) }

It thus consists of a function mapping a BSC_Agent into the Scala structure
CalledAgent taking a thunk, which consists of a function taking no argument
and returning an agent. As we saw above, this is needed to treat in a lazy way recur-
sively defined agent.

The BS_Agent type is in fact a trait equipped with the methods needed to parse
Bach composed agents. Technically, it is defined as

trait BSC_Agent { this: BSC_Agent =>

def =(other: => BSC_Agent) = ConcatenationAgent( () => this, other _)
def ||(other: => BSC_Agent) = ParallelAgent( () => this, other _)
def +(other: => BSC_Agent) = ChoiceAgent( () => this, other _) }

As ; is a reserved symbol in Scala, sequential composition is in fact rewritten with
the * symbol. The definition of the composition symbol #, || and + employs Scala
facility to postfix operations. Using the above definitions, a construct of the form
tell(t) + tell(u) is interpreted as the call of method + to tell(#) with argument
tell(u).

It is worth observing that the composition operators take agent arguments with
call-by-name and deliver structures using thunks, namely functions without argu-
ments to agents.

2.6.2 Implementation of the Domain Specific Language

The implementation of the domain specific language is based on the same ingre-
dients as the implementation reported in Section 2.5: (i) how data is handled, (ii)
what internal structures are needed and (iii) how computations are simulated. In
fact, data is handled in the store exactly as in the interpreter of Section 2.5. Com-
putations are also simulated in the same way. Internal structures need just to be
slightly adapted.

Primitives are dealt with individually and not by means of a general
ast_primitive. In a way similar to Agent, a tell primitive is interpreted as a
function that return a Tell Agent case class extending the trait BSC,gent. This is
achieved technically by the following code:

object tell { def apply(siterm: SI_Term) = TellAgent(siterm) }
case class TellAgent(si:SI_Term) extends BSC_Agent {
override def bsc_toString: String = {
"tell (" + si.bsc_toString + ")" } }
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Ask, nask and get primitives are of course handled similarly.

Moreover the generic ast_agent of Section 2.5 is also decoupled in differ-
ent structures to cope with sequential composition, parallel composition and non-
deterministic choice.

case class ConcatenationAgent(left: () => BSC_Agent, right: () =
BSC_Agent) extends BSC_Agent

case class ParallelAgent(left: () => BSC_Agent, right: () =>
BSC_Agent) extends BSC_Agent

case class ChoiceAgent(left: () => BSC_Agent, right: () =>
BSC_Agent) extends BSC_Agent

However, besides this rather syntactic rewriting, they are used in the same way as
ast_agent for the Bach interpreter. The complete implementation is provided
as a package available at [14]. It is subsequently referred to as BScaLra for Bach in
Scala.

2.6.3 Back to the Altar Restaurant

To conclude this Section, let us see how the modelling of the Altar restaurant of
Section 2.4, written in Bach can be recoded in BSCALA.

Top Goal

The top goal

Client (manel) || Client(alice) || Client(emma) || Cook(john) || Waiter (tom)

is rewritten first by declaring the si-terms manel, alice, ..., then by naming the
clients and putting them in parallel to form the Restaurant agent, which is finally
evaluated by calling an instance of the BSC_Runner interpreter. This is achieved
by the following code.

val manel = Token("Manel")
val alice = Token("Alice")
val emma = Token ("Bmma")
val john = Token("John")
val tom = Token('"Tom")

val Manel = Agent { Client(manel) }
val Alice = Agent { Client(alice) }
val Fima = Agent { Client (emma) }
val John = Agent { Cook(john) }
val Tom = Agent { Waiter(tom) }

38



2.6.3. Back to the Altar Restaurant

val Restaurant = Agent { Manel || Alice || Boma || John || Tom }

val bsc_executor = new BSC_Runner
bsc_executor. execute (Restaurant)

Modelling a Client

Clients are modelled by mimicking the Bach description. For instance, the follow-
ing Bach code

Client(id) = LogIn(id); EnjoyAltar(id); LogOut(id)

is rewritten in BSCALA as

def Client(id:SI_Term) = Agent {LogIn(id) * EnjoyAltar(id) #* LogOut(id)}

Similarly, the recursive procedure HandleOrders coded in Bach as

HandleOrders(id,t) = MakeOrder(id, t); HandleOrders(id, t)
+ CheckOrder(id, t, prepared) ; HandleOrders(id, t)
+ CheckOrder(id, t,served) ; HandleOrders(id, t)
+ CheckOrder(id, t,in_progress); HandleOrders(id,t)

is rewritten in BSCALA as follows

def HandleOrders(id:SI_Term, t:SI_Term): BSC_Agent = {
Agent { ( MakeOrder(id,t) * HandleOrders(id,t) )
+ ( CheckOrder(id,t,prepared) * HandleOrders(id,t))
+ ( CheckOrder(id,t,served) * HandleOrders(id,t) )
+ ( CheckOrder(id,t,in_progress) * HandleOrders(id,t))
1

Modelling Cooks and Waiters

Modelling a cook or a waiter is done in a similar way. For instance, the following
Bach declarations

Cook(id_cook) = CookForCustomer (id_cook,manel) ; Cook(id_cook)
+ CookForCustomer (id_cook, alice); Cook(id_cook)
+ CookForCustomer (id_cook ,emma) ; Cook(id_cook)

Waiter (id_waiter)= WaiterForCustomer (id_waiter ,manel) ; Waiter (id_waiter)
+ WaiterForCustomer (id_waiter, alice); Waiter (id_waiter)
+ WaiterForCustomer (id_waiter ,emima) ; Waiter (id_waiter)

are coded as follows
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def Cook(id:SI_Term): BSC_Agent =
Agent { ( CookForCustomer (id ,manel) * Cook(id) )
+ ( CookForCustomer(id, alice) * Cook(id) )
+ ( CookForCustomer(id ,emma) = Cook(id) ) }

def Waiter (id_waiter:SI_Term): BSC_Agent =
Agent { ( WaiterForCustomer (id_waiter ,manel) * Waiter (id_waiter))
+ ( WaiterForCustomer (id_waiter, alice) * Waiter (id_waiter))
+ ( WaiterForCustomer (id_waiter ,emma) * Cook(id_waiter)) }

The whole code is available in Appendix A.

2.7 Closing Remarks

In summary, we introduced the coordination language Bach laying down the foun-
dation for our research by elucidating key concepts like si-terms, primitives, and
agents. We illustrated these notions through a tangible example that influenced
the trajectory of our thesis research.

The next chapter explores the first major extension of the Bach language: the
Anim-Bach coordination model. We will introduce this model in detail, along with a
new workbench called Scan, designed to animate Anim-Bach. This extension repre-
sents an important step forward in our exploration of Bach’s coordination features,
paving the way for exciting new directions in our continuing research.
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CHAPTER

ANIMATING PROGRAMS WITH SCAN AND
ANIM-BACH

This chapter addresses the need for a workbench designed to reason about programs
written in the Linda-like language, Bach, which includes inter-agent communica-
tion primitives. While various coordination models have been proposed, emphasis
has not been placed on the practical construction of programs in these languages and
on ensuring that programs model systems accurately.

Building on previous work on Bach, we present our workbench with three main
objectives: to enable users to understand step-by-step execution of programs, to con-
nect agents to animations to model system evolution, and to facilitate property ver-
ification through model checking and trace generation. The workbench Scan is de-
signed to be user-friendly, in particular, by maintaining a direct relationship between
user input and internal representation. The rush-hour puzzle, is used as a practical
example to illustrate the concepts. In this follow-up, we present the tool functional-
ities, the coordination language and temporal logic used, and briefly cover the tool’s
implementation.

3.1 Opening

The idea of separating the interactional and computational aspects of software
components has been advocated by Gelernter and Carriero in their work [54].
They introduced the Linda model [34], which consists of inter-agent communi-
cation primitives that can be added to various programming languages. As ex-
plained before, these primitives include operations for process creation, and data
manipulation (addition, deletion, and presence/absence testing) in a shared data-
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space. Since then, several coordination models, also known as coordination lan-
guages, have been proposed. However, while many research efforts have focused
on proposing new languages, semantics, and implementations, few articles have
addressed the practical concerns of building programs in coordination languages
and ensuring that programs accurately represent the intended models.

In this chapter, we address these problems by building upon Bach to present an
extension embodying animations features together with a workbench to reason on
programs. The main goal of this workbench is threefold:

(i) To facilitate the understanding of Bach instructions by enabling step-by-step
execution and by visualizing modifications on the shared space. This helps
users comprehend how suspended processes can be released.

(ii) To enhance the modelling of real systems in Bach by connecting agents to
animations that represent the evolution of the system. This enables users to
better understand how agents interact in the modelled system.

(iii) To enable property checking through model checking of temporal logic for-
mulas and the production of traces that serve as evidence for the validation
of these formulas.

The development of the workbench is guided by two key properties:

(i) Simplicity of deployment and usage. The workbench is designed as a stan-
dalone executable file that can be launched through a simple command line.
Itincorporates a straightforward process algebra that focuses on core coordi-
nation and animation features, relieving users from dealing with additional
complexities commonly found in commercial systems.

(ii) Maintaining a direct relationship between the user’s input and the internal
representation of the program. This property allows users to have a better
understanding of the actual computations performed by the workbench and
facilitates the generation of meaningful traces.

Given these objectives and properties, the workbench is dedicated to creating a
practical and user-friendly environment that facilitates the process of reasoning
about programs written in the coordination language Bach and its extended ver-
sion. The rest of this chapter is organized as follows. In Section 3.2, we will illus-
trate these concepts with a case study on “Rush Hour”. In Section 3.3, we explain the
coordination language and temporal logic used in the tool. Section 3.4 covers the
features of our workbench and gives a complete view of the tool. Next, we present
our implementation of Scan. Before concluding this chapter, we also offer a brief
comparison with related work.

3.2 Rush Hour Puzzle: A Case Study of a Popular Game
Worldwide

In order to illustrate the concepts of our coordination language Anim-Bach, we will
use a well-known board game called Rush Hour puzzle. This game [63], shown in
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3.3. Anim-Bach, Coordination Model

{

2 3456
I

m—

SO RN

Figure 3.1: Rush hour puzzle’s game

Figure 3.1, consists of moving cars and trucks on a 6x6 grid, according to their direc-
tion, such that the red car can exit. It can be formulated as a coordination problem
by considering cars and trucks as autonomous agents that have to coordinate on
the basis of free places.

3.3 Anim-Bach, Coordination Model

3.3.1 Data Definition

As illustrated in Chapter 2, the Bach language [43, 65] utilizes four basic operations
to manipulate information: tell for adding information to a shared space, ask for
checking if the information is present, nask for checking if the information is ab-
sent, and get for checking the presence and removing one occurrence. In the sim-
plest version, called BachT, the information consists of atomic si-terms, and the
shared space, known as the store, is a multiset of such si-terms.

However, while this basic setup is theoretically sufficient for coding many ap-
plications, it can be too elementary in practice. Therefore, more structured pieces
of information are introduced they take the form f(ay,---, a,), where f is a functor
and ay, ..., a, are si-terms. They use user-defined sets. These sets are defined by
associating an identifier with an enumeration of elements, as exemplified in:

eset Cols = {
Rows = {

’ »

4, 5, 6}.

1, 2, 3,
1, 2, 3, 4, 5, 6}.

Definition 3. Sets are defined by the keyword eset followed by a list of set declarations
of the form:

set_identifier = set_enumeration.

where set_identifier is a string of letters and digits, starting with an upper case letter,
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and where set_enumeration is a comma-separated list of strings composed of letters
and digits, surrounded by the { and } brackets.

Example 4. In order to illustrate those concepts, let us consider the rush hour puzzle
game [63], shown in Figure 3.1. Two sets are required: one to specify the columns and
the rows (ranging from 1 to 6) and one to specify the colors of the vehicles.

eset RCInt {1, 2, 3, 4, 5, 6 }.
Colors = { yellow, green, blue, purple, red, orange }.

In this example, free places of the game are represented by the si-terms free(i,j) with
i arow and j a column. The extension of Bach we shall define, which is subse-
quently called Anim-Bach, additionally uses mapping equations as rewriting rules,
from left to right, with the aim of progressively reducing an expression into a set
element.

Example 5. As an example, in the Rush Hour problem, assuming that trucks take
three cells and are identified by the upper and left-most cell they occupy, the opera-
tion down__t ruck determines the cell to be taken by a truck moving down:

map down_truck : RCInt -> RClInt.
eqn down_truck(l) = 4. down_truck(2) = 5. down_truck(3) = 6.

Example 6. Besides down_truck, our modelling of the Rush Hour problem requires
specifying a similar mapping down_car for cars (taking two cells instead of three). It
is also convenient to specify two additional mappings, right_truck and right_car cor-
responding to horizontal movements. Finally, pred and succ mappings are defined
to reflect the predecessor and successor functions.

eqn down_car(1) = 3. down_car(2) = 4. down_car(3) = 5.
down_car(4) = 6. down_truck(1l) = 4. down_truck(2) = 5.
down_truck(3) = 6.
right_car(1) = 3. right_car(2) = 4. right_car(3) = 5.
right_car(4) = 6. right_truck (1) = 4. right_truck(2) = 5.
right_truck(3) = 6.
pred(2) = 1. pred(3) = 2. pred(4) = 3. pred(5) = 4. pred(6) = 5.
succ(l) = 2. succ(2) = 3. succ(3) = 4. succ(4) = 5. succ(5) = 6.

It is worth noting from this example that mappings may be partially defined. The
responsibility is placed on the programmer to use them only when they are de-
fined. Map rewritings are declared using the eqn keyword along with equations of
the form s = ¢, where s and ¢ are si-terms. These mapping equations establish a
rewriting relation that transforms si-terms into other si-terms, denoted by ~.
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IDENTIFIERS
lid ::= any string of letters and digits starting with a lower case letter
uid::= any string of letters and digits starting with an upper case letter
id ::= any string of letters and digits starting with a letter

SI-TERMS
fu=lid function name
siu= si-terms
lid token
f(siy, -, sip) structured term
SETS
sname::= id set name
seq::= sname = {si(, Si) *}. set equation
sdefs ::= set seq(seq) * set definitions
setprod ::= sname(x sname) * set product
MAPS
mname::= lid map name
msign ::= map signature
map mname: setprod — sname.
meq::= map equation
mname(siy,- -+, Sip) = Si.
meqs::= equations definition
eqn meq(meq) *
mdecl ::= map declaration
msignmeqs

Figure 3.2: Syntax of data

To summarize this section, we assume that a series of sets, mappings, and a
set of structured pieces of information, denoted as .#, have been defined. With the
help of the mapping definitions, we also assume the existence of a rewriting relation
~» that transforms any mapping expression into a set element. The precise syntax
is shown in Figure 3.2. With these components in place, we can now proceed with
the definition of agents in Anim-Bach.
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3.3.2 Primitives
Primitives of Bach Basics

In Anim-Bach, the primitives available are tel1, ask, nask, and get, which op-
erate on elements from .#. These primitives are similar to Linda’s primitives but
adapted to a constraint-like context. As a reminder, in the context of a store rep-
resented as a multiset of si-terms, the execution of the tell (t) primitive adds
an occurrence of ¢ to the store. The ask (t) and get (t) primitives check if ¢
is present in the store, with the latter removing one occurrence. Conversely, the
nask (t) primitive tests whether ¢ is absent from the store.

Figure 3.3 specifies the transition rules for theses primitives. They use as con-
figurations pairs of instructions, here consisting of the primitives under considera-
tion, coupled with the contents of the store. The symbol E represents a terminated
computation. Rule (T) expresses thata te11 primitive can be executed in any store
o, and that its action has the effect of adding the considered si-term ¢ to the store.
Rule (A) states that an ask primitive can be executed in any store o containing the
si-term ¢, while leaving the store o unchanged. Rule (G) operates similarly but with
the difference of retrieving an occurrence of its associated si-term ¢. Finally, Rule
(N) establishes that a nask primitive can be executed in any store o not containing
the si-term ¢, leaving store o unchanged after its execution.

t~u

M (tell(t) |lo)y — (E|ouiu})
t~u

(A)

(ask(t) |loUu{u}y — (E|louiu})

t~u

(&)

(get(t)loufu}) —<(El|og)
N t~u,ugo

(nask(t)|o) —(E|0)

Figure 3.3: Transition rules for the primitives in Anim-Bach

Note that, in these rules, before processing, a structured piece of information ¢ is
rewritten as u using the rewriting relation ~.
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Graphical Primitives

peGPrim

(Gr)
(plo)y—(E|o)

Figure 3.4: Transition rule for the graphical primitive

Anim-Bach also includes a set GPrim of graphical primitives. They consist of

® aplace_at primitive to place images,

® amove_to primitive to move images from their current position to another,
® a hide primitive to hide images and

® at show primitive to make images appear.

The operational semantics of these primitives is described by Rule (Gr) of Fig-
ure 3.4. Essentially this transition rule states that any graphical primitive succeed
on any store. As a summary, Figure 3.5 provides a listing of the various primitives
of Anim-Bach.

PRIMITIVES
cprim = communication primitive
tell(si)
ask(si)
nask(si)
get(si)

aprim::= animation primitive
draw(si)
move_to(siy, Sio, Sig)
place_at(siy, siy, si3)
hide(si)
show(si)

Figure 3.5: Syntax of primitives

3.3.3 Agents

By combining primitives using composition operators from concurrency theory,
such as sequential composition, parallel composition, and non-deterministic
choice, more complex agents can be created. Additionally, Anim-Bach introduces
conditional statements of the form ¢ — s; ¢ s», which execute s; if the condition ¢
evaluates to true, or s, otherwise. Conditions of type ¢ can be constructed using
classical logical operators: & for conjunction (AND), | for disjunction (OR), and !
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for negation (NOT). Elementary conditions are formed by comparing set elements
or mappings using equality (=) or inequality (#, <, <, >, =) operators. With these
concepts in mind, the statements in the Anim-Bach language, referred to as agents,
are generated by the following grammar:

A == Prim | Proc | A;A | A||lA | A+A | C— A¢A

in which Prim denotes a primitive, Proc a procedure call, and C a condition.

Procedures are defined by using the proc keyword, similar to how mappings
are defined. A procedure name is associated with an agent. It is assumed that the
defining agents are guarded, meaning that any procedure call is preceded by the
execution of a primitive or can be transformed into such a form. For instance, the
behaviour of a vertical truck can be defined as follows:

proc VerticalTruck(r: Rows, c: Cols) =
( (r>1 & r<5) —> ( get(free(pred(r),c)); tell(free(succ(r),c);
VerticalTruck (pred(r),c) )

( (r<4) —> ( get(free(down_truck(r),c)); tell(free(r,c));
VerticalTruck (succ(r),c)) ).

To understand this code, it is essential to mention that the position of trucks is de-
termined by the upper-left cell it occupies. Accordingly, the “VerticalTruck” pro-
cedure’s parameters explicitly include the row and column numbers of this cell.
When it comes to a vertical truck, it has the choice to move either one cell up or
one cell down, which is symbolized by the “+” operator. The first option involves
moving the truck one cell up, but for this to be valid, the row denoted as r must
be greater than one (to avoid reaching the top row) and strictly less than five (to
prevent exceeding the fifth row, as shown in Figure 3.1). Assuming these condi-
tions are met (r > 1&r < 5), moving the truck up is a three-step process. Firstly, we
must ensure that the cell above is unoccupied, which is checked using the si-term
free(pred(r),c)) via the “get(free(pred(r),c))” primitive. Note that pred(r) is effec-
tively represented as r — 1. Secondly, the cell vacated by moving the truck up must
be marked as free. This is achieved by informing the corresponding free si-term in
the store through the “tell(free(succ(succ(r)),c))” operation. Here, succ(r) is equiv-
alent to r + 1 due to a mapping. Finally, the truck procedure is called recursively
with pred(r) and c as the new coordinates for the upper-left cell it occupies.

The behaviour for the alternative movement, where the truck moves down by
one cell, is analogous. Since r is assumed to belong to the set RCInt = {1,---,6}
and we don’t perform a pred operation, there’s no need to verify that r is greater
than or equal to 1. However, to move the cell downward, it’s crucial to check that r
is strictly less than 4 to prevent moving beyond the fourth row.

Example 7. Animations can be added between the get and tell equations in order to
better present the movement of the truck. This leads us to the following code:
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proc VerticalTruck(r: RCInt, c: RCInt) =
( (r>1 & r<5) —> ( get(free(pred(r),c));
tell (free (succ(succ(r)),c));
VerticalTruck (pred(r),c)) )

( (r>=1 & r<4)-> ( get(free(down_truck(r),c));
tell (free(r,c));
VerticalTruck (succ(r),c)) ).

The transition rules in Figure 3.6, define the operational semantics of complex
statements. Configurations in this context consist of agents, representing the cur-
rent state of running agents, and a multi-set of si-terms, representing the current
state of the store. To indicate the termination of an agent’s computation, a special
symbol E is used as before. IT is considered as a fully computed agent. For the sake
of uniformity, we refer to E as an agent. Intuitively, agents in the form of (E; A),
(EllA), and (A||E) are always rewritten as A.

(Aloy — (Al 0")

(S) ! !
(A;Bloy—(A"; Blo')

(Aloy — (Al o")
P) (All|Bloy—<(A"||B|d"
(BllAloy— (Bl A"|d")

(Aloy —(A'|a")
() (A+ Bloy— (A |a")
(B+ Aloy— (A"l a"

EC,(Aloy— (A |a")
(Co) (C— AoBlo)y — (A" | d))
(IC—BoAloy — (A'|d")

P(x) = A (Alx/u| o) — (A'| o")

(Pc)
(P(w) |0y — (A"| 0"

Figure 3.6: Transition rules for the operators in Anim-Bach

The rules presented in Figure 3.6 follow the classical concurrency setting:

e Rule (S) states that a sequentially composed agent can perform a computa-
tion step if its first subagent can do so.
o Rule (P) defines the parallel operator in an interleaving manner.
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e Rule (C) requires the non-deterministic choice to be made based on the first
step of its components.

e Rule (Co) specifies that the conditional instruction C — A¢ B behaves as A if
the condition C can be evaluated to true and as B otherwise.

e Rule (Pc), makes procedure call P(u) behaves as the agent A defining proce-
dure P with the formal arguments X replaced by the actual ones u.

To conclude, Figure 3.7 provides the syntax of complex agents.

PROCEDURES
pn = uid procedure name
pc=pn(siy, -, Siy) procedure call
pharg :=lid: sname arguments in procedure head
ph:= head of procedure declaration
pn(pharg,,--, pharg,)
peq::= ph=ag. procedure equation
pdecls ::= proc peq (peq) * procedure declarations
CONDITIONS
compop ::=
=|l=|<|<=|>|>= comparison operators
elmc::= siy compop iy elementary conditions
boolop ::=&|‘|"|! boolean operators
cu= conditions
elmc

¢1 boolopc;

AGENTS
ag:= agents
cprim communication primitive
aprim animation primitive
pc procedure call
ag; ag, sequential composition
ag,llag, parallel composition
ag, +ag, non-deterministic choice
c—ag,oag, conditional agent

Figure 3.7: Syntax of agents
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3.3.4 Animations

Two issues need to be addressed in order to create animations: the first is to de-
scribe the scene to be represented, while the second uses primitives for image
placement, visibility control, and movement. To define a scene, we specify the size
of the background image and a collection of images to be included.

Example 8. To get the picture of Figure 3.8, we can define the scene as follows:

scene (640,640)
background = loadImage (Images/the_background_img.png) .
GreenTruck = loadImage(Images/gtruck.jpg) .
Yellowtruck = loadImage(Images/ytruck.jpg) .

NN

[y ]

6 —

Figure 3.8: Animation of Rush hour puzzle’s game

The images are manipulated by means of the graphical primitives already an-
nounced but left partially specified. Their coordinates are expressed in pixels with
respect to the canvas, with (0,0) being the upper-left corner of the canvas. They
consist of

eplace_at (i, x, y): to place image identified by i at the coordinates
(x,)
emove_to (i, x, y):tomoveimage identified by i from its current posi-
tion to the new coordinates (x, y)
e hide (1): tohide image identified by i
e show (1) : to make appear image identified by i
As already mentioned, primitives are added tothetell, get, nask, andask
primitives in the definition of Anim-Bach. As announced in Section 3.3.2, it is worth
observing that the map constructs (introduced earlier) allow the declaration of co-
ordinates in a symbolic manner, making it easy to specify the position of images.
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Example 9. By using (x,y) to denote respectively the column and the row occupied
by the leftmost uppermost cell occupied by a vehicle, one may translate coordinates
expressed logically in rows and columns of the grid in pixel positions as follows:

eqn x_vehicle(1) = 55. x_vehicle(2) = 130. x_vehicle(3) = 210.
x_vehicle(4) = 285. x_vehicle(5) = 360. x_vehicle(6) = 435.
y_vehicle(1) = 80. y_vehicle(2) = 155. y_vehicle(3) = 230.
y_vehicle(4) = 310. y_vehicle(5) = 385. y_vehicle(6) = 460.

Example 10. Using such declarations, one may then place the yellow truck by execut-
ing:place_at (yellow_truck,rhScene,x _vehicle(1),y_vehicle(1l)).
More generally, placing a truck at a place can be coded as follows:

proc PlaceTruck(r: RCInt, c: RCInt, p: Colors) =
(p = yellow —> place_at(yellow_truck,rhScene,x_vehicle (¢) ,y_vehicle(r)))

+
(p = green —> place_at(green_truck,rhScene, x_vehicle(c),y_vehicle(r)))
+

(p = blue —> place_at(blue_truck,rhScene,x_vehicle(c) ,y_vehicle(r)))
+

(p = purple —>place_at(purple_truck,rhScene, x_vehicle(c) ,y_vehicle(r))).

Example 11. Moving cars and trucks can be coded similarly, as illustrated below.

proc MoveTruck(r:Rows, c: Cols, p: Colors) =
(p = yellow —> move_to(yellow_truck,rhScene, x_vehicle(c),y_vehicle(r)))
+

(p
+

green —> move_to(green_truck,rhScene, x_vehicle(c),y_vehicle(r)))

(p = blue —> move_to(blue_truck,rhScene, x_vehicle(c) ,y_vehicle(r)))
+

(p

purple —> move_to(purple_truck,rhScene, x_vehicle (c) ,y_vehicle(r))).

The interested reader will find the complete coding of the rush-hour problem in
appendix B.

3.3.5 Logic Formulae

With the Anim-Bach language developed so far, the programmer can hope to model
a system and, as we shall see in a few pages with the Scan workbench, can hope to
incrementally execute it step-by-step or illustrate its execution through animations.
However this is not enough to solve puzzles like the rush hour problem. Indeed
with what is described until now, one can in the best case follow cars and trucks
moving in an uncontrolled manner and dream that magically the red car will exit.
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More generally, one may want to be able to state formulae and prove that they hold.
This is exactly what model checking aims at. In this section, we will first provide a
simple introduction to model checking and then specify which formulae can be
written with Anim-Bach.

An Introduction to Model Checking

As defined in [8] by Baier and Katoen, model checking is an automatic verification
technique that systematically explores the states of a system to determine whether
a given specification holds. Practically this involves two tasks: on the one hand, the
creation of a model that represents the system behaviour and, on the other hand,
the specification of properties, typically expressed in logic. Model checking then
aims at establishing that the model meets the logic formulae.

In the simple context in which we place our work, model checking can be seen
as characterized by several key features:

o Finite-State Systems: The technique is particularly effective for finite-state
systems, where the number of possible states is manageable. Note that tech-
niques such as state space reduction are employed to handle larger systems.

e Automatic Verification: Model checking provides an automated way to ver-
ify system properties without requiring manual inspection. This is achieved
through algorithms that systematically explore the state space of the model.
Very often both the model and the logic formula are transformed in finite
state automata and the verification is performed in that setting. In case the
verification fails a counter-example is produced. Otherwise a successful mes-
sage is returned to the user.

o State Space Exploration: Model checking involves exploring the state space
of the model, which may include exhaustive search methods. Techniques
such as breadth-first search or depth-first search are commonly utilized to
traverse the state space.

e Temporal Logic Specifications: Properties of the system are expressed in
temporal logic, which allows reasoning about the timing of events. Typi-
cally, Linear Temporal Logic (LTL) and Computation Tree Logic (CTL) are
used since they provide rich languages to specify temporal properties. Both
are formalisms that allow to express properties about states that evolve over
time. Hence the qualification “temporal”. Of the two, LTL is the simplest to
use and check but, as one may infer, it is also the less expressive.

Linear Temporal Logic

Aiminig at a proof-of-concept, we shall place our work under the simplest LTL
framework. This logic extends propositional logic by introducing temporal oper-
ators that allow reasoning about how propositions evolve in a linear sequence of
time points or states. LTL enables the expression of statements such as:
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e “Globally”(G ): This specifies that a property is always true in the future
across all states. Formally, G means ¢ holds in the current state and every
subsequent state.

e “Finally” (F ): This indicates that a property will eventually become true at
some point in the future. Formally F¢ means that ¢ holds at the current or
subsequent state.

e “Next” (X): This ensures that a property is true in the immediate next state.
As a result X¢ evaluates ¢ only for the next time step.

e “Until” (U): This allows for the expression of properties where one property
holds until another becomes true. For instance, ¢ U ¥ means ¢ must hold in
all states up to the point where ¥ becomes true. Note that the formula also
implies that ¥ holds at some point.

It is worth observing that the last two operators are more fundamental as the first
two operators can be expressed with negation and the until operator:

Fo trueUeg

Gy

—|Fﬁ(p

LTL Formulae in Anim-Bach

As Anim-Bach already allows to model systems, to be able to use model checking,
it remains to specify the propositional formulae we shall employ and then the tem-
poral operators we shall use.

Propositional Formulae. In our coordination context, a key point is to determine
which si-terms occur on the store. The following definition aims at capturing this
idea.

Definition 4. Given a structured piece of information t, we define #t as the number
of occurrences of t in the store.

This notation serves as a fundamental building block for constructing basic
propositional formulae, allowing for a clear representation of system state and be-
haviour. These formulae utilize equalities or inequalities that combine algebraic
expressions involving integers and the count of occurrences of structured pieces of
information.

Definition 5. We define as basic propositional formulae, equalities, or inequalities
combining algebraic expressions involving integers and a number of occurrences of
structured pieces of information.

Example 12. One example of a basic formula is #free(1; 1) = 1, which indicates that
the cell at coordinates (1; 1) is free.

56



3.3.5. Logic Formulae

EXPRESSIONS ON SI-TERMS
int ::= positive integer

arop:= +| - arithmetic operators
cardsi::=#si number of occurences of si
exp = expressions on si-terms
cardsi
int

exp, arop exp,
bf = elementary basic formula
exp compop exp
pf = propositional formula
bf
bf, boolop bf,
tf = temporal formulae

rf
Next tf

pf Until ¢f
Reach pf

Figure 3.9: Syntax of logical formulae

Definition 6. Propositional state formulas are constructed by combining these basic
formulae using classical propositional connectors, thus adhering to the principles
outlined in [8].

As specific cases, true and false represent formulae that are always frue and
false, respectively. These formulae are actually shorthand notations for p v -p and
p A p, where p is a basic propositional formula (PF).

Temporal Formulae. Building upon the next and until operators, the temporal
formulae are defined as follows.

Definition 7. The temporal logic fragment utilized with Anim-Bach is defined by the
grammar:

TF == PF | NextTF | PFUntilTF
where PF represents a propositional formula.

Example 13. As an illustration, consider a scenario where the red car leaving the
grid is indicated by placing out on the store. A solution to the rush hour puzzle can
be obtained by verifying the formula:

true Until (#out=1)
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As such, formulae are so frequent to use, we shall subsequently note them as
Reach (#out =1)

In other terms, we use Reach to denote the F operator mentioned above.

As a summary of this section on temporal logic, Figure 3.9 provides a recap of
the syntax of the logical formulae.

3.4 Scan, Coordination Workbench

In line with Linda’s approach, the Bach language utilizes a shared space to facilitate
process coordination. This shared space enables the separation of time and space,
which is a fundamental characteristic of data-based coordination languages [95].
Taking inspiration from the concept of a blackboard system [49], where a group
of specialists collaboratively updates knowledge on a blackboard based on a given
problem, Scan revolves around an interactive blackboard. Tllustrated in Figure 3.10,
the interface initially presents the current content of the shared space, allowing di-
rect interaction through buttons such as tell, get, and clear. Additionally, the
platform offers the ability to create four types of processes.

Current store
afi
token : t | iplicity : 1 | Get
New Autonomous Agent | | New Interactive Agent ‘ ‘ New Description ‘ ‘ New Model Checker

Figure 3.10: Interactive blackboard window

The first two processes, namely the “Autonomous Agent” and the “Interactive
Agent”, enable the user to input instructions in Anim-Bachand execute them. In
Figure 3.11 (a), windows of the first type allow step-by-step computation by letting
the user choose which primitives to execute. Conversely, as shown in Figure 3.11
(b), windows of the second type execute computations either in one run when the
“run” button is activated or step-by-step when the “next” button is selected. In both
cases, the Scan workbench determines (randomly) the primitives to be executed.
These windows execute their operations in parallel, hence the term “agent” to indi-
cate entities capable of concurrent activities.
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Agent to be processed
ell(a); ¢ teliih); askic) + tell(d) )
Current agent

(a) Interactive agent window

] Agent number 2

Agent to be processed

aet(a); tell(c) + get(b)

Current agent

[[get@ ]; [tell(Q)]]+ [ get(b) |

(b) Autonomous agent window

Figure 3.11: Interacting with the blackboard

While the interactive and autonomous agents are useful for debugging concur-
rent executions at a low level around the shared space, they provide limited insights
into whether the code accurately reflects the programmer’s intended model. More-
over, they offer excessive details regarding the main execution steps leading to a
solution for the given problem. To address these limitations, Scan incorporates an-
imations through a third type of process initiated by the “new description” button
(refer to Figure 3.10). In Figure 3.12 (a), such animations are created by describ-
ing a scene using a set of pictures manipulated by primitives that insert them into
the scene, control their visibility, and orchestrate their movements. These primi-
tives allow the high-level drawing and animation of pictures, as demonstrated in
Figure 3.12 (b). Notably, as these primitives can be embedded within instructions
of autonomous agents, the concurrent execution of these agents provides dynamic
simulations of the problem being addressed.
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Agent number 3

Set/map/scene/proc description(s) to be processed

scene (562,618)
background = loadimage(images/rh_empty.png).
yellow_truck = loadimage(imagesfyellow_truck.png).
green_truck = loadimage(images/green_truck.png).
blue_truck = loadimage(lmages/blue_truck.png).
purple_truck = loadimage(images/purple_truck.png).
red_car = loadimage(images/red_car.png).
green_car = loadimage(lmages/green_car.png).
orange_car = loadimage(images/orange_car.png). |

Description(s) parsed

Here will be displayed the description(s)

(a) Description window

(b) Scene window

Figure 3.12: Animation

While the graphical simulation of systems is appealing, it does not always of-
fer a solution to the problem at hand, as demonstrated by the rush hour problem.
Therefore, the Scan workbench introduces a fourth type of process through the
“new model checker” button in Figure 3.10, which generates windows as depicted
in Figure 3.13. These windows allow the verification of formulas written in the sub-
set explained in Section 3.3.5, the identification of execution traces that satisfy the
formulas, and the replay of these traces, including the primitives that generate ani-
mations.
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Despite its simplicity, we believe that the Scan workbench fulfills the threefold
objective stated in the introduction:

e By providing a view of the shared space and incorporating interactive and
autonomous agents, users gain a better understanding of the execution of
Bach programs.

e The animation features provide a high-level perspective on the actual com-
putation process and an intuitive understanding of the problem modelling.

e The model checker capabilities enable the verification of properties and, in
conjunction with animation features, allow graphical replay of executions as
visual proofs.

(<) Agent number 4

Agent to be processed

Launchvehicules

Agent introduced
Here will be displayed the parsed agent
Formula to be processed
true Until #out=1]

Formula introduced

Here will be displayed the parsed formula

| Model Check

Status of the model checking

Simulate trace

Figure 3.13: Verification Window

3.5 Implementation of Scan

The implementation of the Scan workbench leverages the Scala programming lan-
guage [90] and is built on top of the Processing library [101].

As already mentioned in Chapter 2, Scala is a programming language that com-
bines the strengths of object-oriented and functional paradigms and is equipped
with a robust static type system. It compiles Scala source code into Java bytecode,
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which facilitates seamless integration with Java libraries. Additionally, Scala offers
powerful parsing capabilities. These characteristics make Scala well-suited for in-
terpreting the Anim-Bach language, which, as demonstrated in the Chapter 2 in the
Section 2.5, can be effectively described using recursive definitions.

Processing, on the other hand, is a graphical library primarily designed for
teaching programming in a visual context, particularly to artists. While it is com-
monly used with a dedicated integrated development environment (IDE), Process-
ing can also be employed as a Java library, which is the approach adopted by Scan.
Central to Processing is the draw method, which is called multiple times per sec-
ond (typically 60 times) and allows for the creation of animations by modifying
various parameters such as image coordinates. The subsequent subsections will
provide readers with an understanding of the key components and elements of our
implementation.

3.5.1 Internal Representation of Data

Scala case classes provide an elegant mechanism for representing data in an in-
ternal manner while maintaining a strong connection to the textual representation
in Anim-Bach. For example, following the outline already mentioned in the Chap-
ter 2 in the Section 2.5.1, an abstract class called AB_AG is introduced to represent
agents in Anim-Bach.

Case classes are then defined to represent specific types of
agents, such as AB_AST_Empty_Agent () for the empty agent,
AB_AST _Primitive (primitive: String, stinfo: AB_SI_ELM)
for a primitive, and AB_AST_Agent (op: String, agi: AB_AG,
agii: AB_AG) for a composed agent using the operator op, such as || for
parallel composition, with two subagents agi and agii. Similar structures are
utilized to represent code sets, structured pieces of information, map equations,
and temporal logic formulae.

This approach ensures a close correspondence between the internal represen-
tation and the textual description in Anim-Bach. Consequently, unlike tools like
mCRL2 [38], it becomes relatively straightforward to provide the user with infor-
mative messages that are directly linked to their written code.

3.5.2 Parsing Anim-Bach Constructs

As detailed in chapter 33 of [90], Scala provides tools for parsing languages. The key
components for parsing are threefold:

e Firstly, parsers are treated as functions that consume input and produce a
parse result. These parsers can be sequenced using the “~” operator. For
example, consider the expression:

"tell (" ~ stInfo ~ ")"
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In this case, Scala attempts to parse the string “te 11 (”, followed by the result
ofthe “st Info” parser (which parses a structured piece of information), and
finally the string “) ”. The result of this evaluation is an instance of the
class, which can be seen as a pair or, in this context, a triple of values.
Secondly, Scala allows the application of functions to the result of a parser
using the “~~” construction. For instance:

“«w _»

("la-z][0-9a-zA-Z_]+").r A {_.toString}

applies the toString function to the values that can be examined by the regu-
lar expression parser, transforming it into a string.

thirdly, values can be examined through a case statement, which allows per-
forming a matching, as illustrated as follows :

"tell ("~stInfo~")" AA {
case _ ~ sti ~ _ => AB_AST_ Primitive("tell",sti) }

There a string composed of the string “tell(” followed by the result of the func-
tion st Info followed by the string “)” is given as the corresponding three-
fold sequence of strings to be matched to the expression “_ ~ sti ~ _”
It is worth noting that sti is actually a variable that is matched with the
corresponding piece of structured information in case the matching is suc-
cessful. The underscores denote different anonymous variables, which are
respectively used to match the strings “tell(” and “)”. In case the matching is
successful, the value after the arrow “=>" is given as a result of the parsing.
In the above example, a new case class is returned for the primitive tell with
“sti” as astructured piece of information. It is worth noting that for expres-
sively purposes, Scala permits to avoid explicitly writing the new statement
(which would have been written in Java for instance).

Writing the parser follows from the above description by specifying the priorities
of the operators. We subsequently take as an example the parsing of agents, other
structures are being processed similarly.

Our choice of agents has been quite classical: we stipulate that the sequen-
tial composition binds more than the parallel composition, which itself binds
more than the non-deterministic choice operator. As a result, assuming that func-
tions compositionParaand compositionSeqarein charge of parsingagents
composed in a parallel and sequential manner, the former can be defined from the
latter as follows:

def compositionPara : Parser [AB AG] =
compositionSeq~rep (opPara~compositionPara) A* {
case ag ~ List() => ag
case agi ~ List(op~agii) => AB_AST Agent(op,agi,agii) }

The first case of the matching ag ~ List () instantiates ag to the result of a
sequential-like agent which is followed by an empty list, namely which is followed
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by an empty repetition of the parallel operator followed by a parallel-like agent. In
the second case of the matching, agi represents the parsing of the sequential-like
agent (similarly ag does for the first case) and agii represents the parsing of the
repetition of the parallel operator followed by a parallel-like agent.

3.5.3 Store

Following the description in Chapter 2, the store in Scala is implemented as a mu-
table map. Initially, the store is empty, and for each told structured piece of infor-
mation, it is updated by associating it with a number representing the occurrences
of that information in the store. The implementation of primitives directly follows
this idea. For example, when executing the tell primitive, denoted astell (t), the
program checksif t is already present in the map. Ifitis, the number of occurrences
associated with t is incremented by one.

On the other hand, if t is not in the map, a new association (t, 1) is added.
Similarly, the execution of get (t) involves checking if t exists in the map. If it
does, the number of occurrences is decremented by one. If either of these con-
ditions is not satisfied, the get primitive cannot be executed. The declaration of
sets, map equations, and procedure definitions are also stored using maps or lists
to preserve their information.

3.5.4 Simulator

The simulator functions by iteratively performing transition steps. In our imple-
mentation, this is accomplished through the run_one function, which accepts a
parsed agent as input and returns a pair containing a boolean value and a parsed
agent. The boolean value indicates whether a transition step has occurred. If a
transition step takes place, the associated agent in the pair represents the result-
ing agent after the transition. However, if no transition step occurs, the simulator
reports a failure, and the associated agent remains the same as the input agent.

The run_one function is recursively defined based on the structure of the ar-
gument, denoted as ag. When ag is a primitive agent, the function executes the
corresponding primitive operation on the store. In the case of a sequentially com-
posed agent, denoted as ag;; agi;, the transition step begins by attempting to ex-
ecute the first subagent, ag;. If this execution succeeds and yields ag’ as the re-
sulting agent, the function returns ag’; ag;; if ag’ is not empty. If ag’ is empty, the
function simply returns ag;;. Importantly, if the transition step fails when applied
to ag;, i.e., if run_one applied to ag; fails, the entire computation also fails.

The situation becomes more intricate when dealing with an agent composed of
a parallel or choice operator. In both cases, it is not always appropriate to favour
either the first or second subagent consistently. To avoid such bias, we introduce a
boolean variable randomly assigned the value of 0 or 1. Based on this value, we ini-
tiate the evaluation of either the first or second subagent. If one evaluation fails, we
proceed to evaluate the other subagent. If both evaluations fail, a failure is reported.
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In the case of a successful evaluation for a parallel composition, we determine the
resulting agent similarly as we did for sequentially composed agents. For a choice
composition, the alternative that was successfully evaluated is simply selected.

The computation of a procedure call and a conditional statement follows the
expected behaviour. With the one-step transition function implemented, the sim-
ulator primarily consists of a loop that continues executing as long as the current
agent is non-empty and no failures occur.

3.5.5 Scene

The scene and its animation are implemented by using Processing as the underly-
ing framework. When declaring a scene, specific declarations are introduced within
the Processing’s set up method. To create the illusion of image movement, an up-
date is performed in the draw method of Processing, utilizing linear interpolation
between the initial and final coordinates. Placing images, as well as hiding or show-
ing them, is accomplished by modifying the relevant variables and attributes asso-
ciated with the images.

3.5.6 Temporal Formulae

Scan temporal formulae are verified by means of a home-made program inspired
by the techniques proposed in [104]. For more general temporal formulae, it es-
sentially uses a limited depth-first search algorithm based on the simulator de-
scribed in Section 3.5.4 with recursive reasoning on the temporal formulae. More
concretely, the key function check_1t s takes as arguments an integer I, a tem-
poral formula F, an agent A, and a trace T. The first argument is the length of the
remaining search allowed. The second and third arguments are the temporal for-
mulas to be checked against the agent. The path consists of the trace prefix already
computed. The function returns a boolean, stating whether the formula has been
checked, together with a path, describing the last path explored. It provides an ex-
ecution witness of the truth of the formula in case the returned boolean is true.

The check_1ts function is coded by using a recursive reasoning on the for-
mulae:

e if F is a propositional formula, then the current contents of the store should
verify it. If this is the case, then t rue is returned together with the path P.
Otherwise, false is returned together with P.

e if F is of the form Next TF and if I is strictly positive, then check_ 1t s issuc-
cessively called on the list of next possible agents returned by run_ one with
I—1 asinteger, the agent produced by run_one as agent, TF as formula and
P augmented with a reference to the computation step as path. In case one
of these calls succeed, namely returns t rue with the associated path, then
this result is returned. Otherwise or in case I = 0, then false is returned
together with the path P.
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e the case where F is of the form PF Until TF is treated similarly. Either TF holds
on the current store, in which case t rue is returned together with P, or PF
holds in the current store and there is one successor agent (explored as for the
above case) for which PF Until TF holds. In this latter case, t rue is returned
together with the discovered path. In case none of the two situations holds,
then false is returned with the path P.

It is worth noting that the algorithm is not complete. If it returns t rue then the
considered formula has been established and the returned path provides a wit-
ness execution that can be replayed. Otherwise, because of the limited depth-first
search, false may be returned wrongly as the formula could have been proven by
using a more exhaustive search. Nevertheless, such a simple algorithm is in prac-
tice already useful to establish formulae. Note also that, in case of success, the al-
gorithm is sound because of the limited form of the temporal formulae considered
in Scan which, in particular, does not involve negation in the definition of the TF
formulae. This reflects that temporal logic formula is used here in an extensional
way, where formulae are interpreted over concrete execution paths rather than over
all possible behaviours.

Being simpler, Reach formulae allow for a more efficient algorithm. Indeed, they
basically required to check that configurations enjoy the property they express. As
a result, Reach formulae are checked by a breadth-first search algorithm that gen-
erates from a configuration the configurations obtained after one step and that, for
each of them, tests whether the formula is met. Moreover, the contents of the store
and the state of agents are memorized at each node of the graph in order to perform
loop checking.

3.6 Related work

While numerous works in the field of coordination have introduced new languages,
new semantics, and new implementations, only a few have addressed the practical
aspects of building programs in coordination languages. A few notable exceptions,
including the Extensible Coordination Tools [69], ReoLive [39], and TAPAs [32]:

The Extensible Coordination Tools (ECT) has been developed for the control-
based coordination language Reo, a language quite different from Anim-Bach. ECT
consists of a set of plug-ins for the Eclipse platform that provide graphical editing
facilities of Reo connectors, the animation of these connectors as well as model
checking based on constraint automata or a translation to the process algebra
mCRL2 [38]. Although it is certainly less elaborated, our work differs in several re-
spects. First, it deals with tuple spaces instead of connectors. Second, it allows
grasping the modelling of real-life systems by connecting agents of Bach to anima-
tions at the application level. Consequently, although one may animate connectors
in ECT, one cannot animate the modelling of the rush hour problem for instance,
as we did with Anim-Bach. Finally, in contrast to our work, model checking in ECT
does not preserve a one-to-one link with textual representations, in particular when
mCRL2 is used. ReolLive is also dedicated to Reo. It proposes similar tools, but by
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means of a set of web-based tools using ScalaJS. As a consequence, the above com-
parison with ECT also applies to ReoLive. TAPAs [32] is a tool developed essentially
for CCSP with a plug-in for an extension of the Klaim coordination language. It
allows to graphically specify systems and to verify their equivalence by means of
bisimulations based equivalences (strong, weak, and branching) or decorated trace
equivalences (weak and strong variants of trace completed trace, divergence sensi-
tive trace, must, testing). It also allows model checking systems by using formulae
of the p-calculus. The two main differences of our work with TAPAs are, on the one
hand, our concern for tuple-based coordination languages, and, on the other hand,
the facilities offered by Anim-Bach for animations.

Declarative invariant assertions are proposed in [70] to detect inconsistencies
in models expressed in the Peer model, a coordination model based on shared tu-
ple spaces, messages and Petri nets. In addition to the fact that the Peer Model
is quite different from Anim-Bach, our work differs in two main respects. On the
one hand, assertions in [70] are verified at runtime, whereas our temporal formu-
lae are checked statically. On the other hand, in contrast to our work, no animation
facilities are provided. Although it includes facilities to view the evolution of the
shared space, TUCSON [93] does not provide facilities to animate computations
nor to model-check them.

Finally, a Linda workbench is presented in [48] with the goal of providing a sim-
ple tool that allows users to experiment with a Linda-inspired language. It is inte-
grated with Netbeans and uses the JavaSpaces language, an extension of Java sup-
porting Linda primitives. It is hence named JavaSpaces Netbeans. This workbench
provides a tuple browser and a distributed debugger, including record facilities to
replay a sequence of tuple space operations. Although our work provides facilities
to explore and modify the tuple space, we do not provide debugging facilities. In
contrast, however, we provide animation facilities as well as formulae verification
facilities which are not included in JavaSpaces Netbeans.

3.7 Closing Remarks

In this chapter, we presented a workbench for reasoning about programs written in
Linda-type coordination languages at three levels: (i) executing instructions step-
by-step or automatically, while showing their impact on the shared space, (ii) illus-
trating calculations with animations and (iii) verifying properties using temporal
formulas.

In the next chapter, we will present an extension of this workbench, to improve
it in many aspects (modelling, animation, etc.), bearing in mind that the Scan ver-
sion has been designed to be as simple as possible while incorporating key ideas.
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CHAPTER

IMPROVING SCAN INTO ANEMONE AND
MULTI-BACH

This chapter extends the developments of Chapter 3. While the overarching research
objectives remain consistent, noteworthy enhancements have been made. At the pro-
cess algebra level, our modifications include the introduction of generalized choices,
primitives for handling processes as active data, manipulation of blackboard rules,
and a revised description of scenes that now allows for multiple scenes, incorporating
widgets as the primary elements.

The workbench has been refined to accommodate these new features and pro-
vide additional facilities. Notably, the interactive blackboard now integrates a filter
button, enabling users to selectively choose elements within the shared space. Two
novel windows, parallel to the interactive and autonomous agent windows, are in-
troduced to facilitate the creation of new processes induced by their active data view.
Furthermore, a new window type is proposed for rule management. The resulting
workbench is referred to as Anemone, and it can be accessed at the website [13], to-
gether with examples, videos, tutorials, and documentation.

4.1 Opening

In this chapter, we present an extension of Chapter 3, the very one we presented
at the Coordination’19 conference [63], with the aim of tackling the complex chal-
lenges of coordination and modelling in Linda-like languages.

This advanced language is called Multi-Bach. It is a coordination language en-
riched with essential primitives for system modelling and animation. Our research
objectives remain the same, but we have made several revisions and introduced
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new features. At the level of process algebra, we have integrated generalized choices
and primitives to manipulate processes as active data. We will present these in a
new coordination model in Section 4.2. In addition, we have restructured the way
scenes are described, enabling the creation of multiple scenes and the use of mul-
tiple agents. Moreover, we have enhanced this description system, allowing us to
incorporate widgets as key scene elements. This is explored in Section 4.3. Sec-
tion 4.4 discusses how our implementation is extended and Section 4.5 compares
our work to related work. Finally, Section 4.6 presents our conclusion.

4.2 Multi-Bach, Overview of the Coordination Model

4.2.1 Data Definition and Primitives

As done in Chapter 3, Multi-Bach assumes the existence of defined sets, mappings,
variables, and si-terms together with the presence of a rewriting relation ~» that
transforms any mapping expression into a set element. Primitives include the zell,
ask, get and nask primitives explained in Chapter 3. As we shall the latter, they will
be enriched by other new primitives.

4.2.2 Agents

At the agent level, we continue to use the traditional composition operators of con-
currency theory, as described in Section 3.3.3. The primitives of Multi-Bach com-
prise the tell, ask, nask and get primitives. They can be composed to form more
complex agents by: sequential composition noted “;”, parallel composition noted
“|I” and non-deterministic choice noted “+”. As in Anim-Bach, Multi-Bach intro-
duces conditional statements. They are structured as ¢ — a; ¢ ay, in which ¢ rep-
resents a condition, and a; and a, are agents. Conditions are derived from basic
ones using classical operators like (&), or (|), and negation (!). Elementary condi-
tions arise by associating set elements or mappings with them through equalities
(=) or inequalities (! =, <, <=, >, >=). Procedures also offer a simple way to group
together sets of instructions. In Multi-Bach one creates them using the proc key-
word to link an agent with a procedure name. This is similar to regular concurrency
theory, where it’s assumed that the agents being defined are guarded. This means
that any procedure call comes after the execution of a basic action or can be trans-
formed into that form.

The Multi-Bach model, [62] introduces an additional mechanism: generalized
choices. They take the form X.cs A, where A, is an agent that depends on a variable
e taken from the set S. This is usually achieved by introducing a term involving e.
The execution follows the general pattern of classical choices. All the variations of
A, obtained by allowing e to span all values in S are presented as potential options.
The alternative capable of executing a computation step is chosen to carry out that
step within the generalized choice.
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The statements in the Multi-Bach language, referred to as agents informally, are
composed of statements denoted as A. These statements are produced according
to the grammar outlined below, where Prim signifies a primitive action, Proc repre-
sents a procedure call, C stands for a condition, e signifies a variable, and S denotes
aset:

A == Prim | Proc | A;A | A|llA | A+ A | C—A0A | ZesAe

The operational semantics of the primitives remains the one given in Figure 4.1 in
the previous chapter. The operational semantics of complex agents extends the
one given in Figure 3.6. As before, configurations consist of agents representing the
current state of the agent and a multiset of si-terms representing the current state
of the store. As before also, to express the termination of an agent’s computation
uniformly, we consider E as a special terminating agent. For the sake of clarity, we
rewrite agents in the form of (E; A), (E || A), and (A || E) simply as A to maintain
consistency with our intuitive understanding.

™ t~u
(tell(H)|oy — (E|ouiu})
t~u
A)
(ask(®) |louf{u}y — (E|louiu})
©) t~u
(get(t)lou{ut) —(E|0)
™) t~u,ugo

(nask(t)|o) —<(E|0o)

Figure 4.1: Transition rules for the primitives in Multi-Bach

Rules (S), (P) and (C) provide the usual semantics for sequential, parallel and choice
compositions, already exposed in the previous chapter. Rule (Gc) generalizes rule
(C) for multiple alternatives obtained by variable e ranging over set S. As expected,
rule (Co) specifies that the conditional instruction C — A< B behaves as A if con-
dition C can be evaluated to true and as B otherwise. Note that the notation |= C is
used to denote the fact that C evaluates to true. Rule (Pc) makes procedure call P(u)
behave as the agent A defining procedure P with the formal arguments X replaced
by the actual ones .
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4.2.3 Processes as Active Data

Linda introduces an interesting concept where computation threads are treated as
active data. This data is placed into a shared space and can be thought of as some-
thing to be executed.

In our system, defining procedures helps achieve this. When we make a proce-
dure call, it’s like starting a new task that runs alongside the current one. Because a
procedure call looks like a piece of text and is similar to some other data we use, it
becomes a new kind of data. As a consequence, repeatedly invoking the same pro-
cedure call results in the creation of multiple threads with identical names, much
like repeatedly telling the same si-term leads to multiple occurrences in the store.
Drawing an analogy, inquiring about or retrieving a procedure call involves check-
ing for the presence of a corresponding thread, and in the case of retrieval, remov-
ing one of the threads associated with that call. Furthermore, applying a “nask”
primitive to a procedure name entails verifying the absence of a thread correspond-
ing to the procedure call. It's important to note that terminated processes are con-
sidered to be in a special stopped state but are not removed from the multiset of
procedure calls.

As a result, the Multi-Bach process algebra introduces four new operations:
tellp(Proc), askp(Proc), naskp(Proc) and getp(Proc). These operations serve the pur-
pose of creating a computational thread responsible for executing the specified
procedure call Proc, checking for its presence or absence, and terminating a thread
executing Proc. In the context of the Rush Hour problem, their computation follows
the above explanation. For instance, if the red truck is defined by:

proc RedTruck = VerticalTruck(1,1).

then the execution of tellp (RedTruck) creates a new thread in charge of exe-
cuting the agent RedTruck. Moreover, performing getp (RedTruck) amounts
to killing this thread, whatever point of execution it has reached. Consequently,
repeating a procedure call multiple times results in the creation of several threads
with the same name, akin to multiple occurrences of the same si-term in the store.
Following this analogy, inquiring or retrieving a procedure call involves checking
for the presence of a corresponding thread, and in the case of retrieval, removing
one of the threads associated with the call. Moreover, applying a naskp primi-
tive to a procedure name involves verifying the absence of a thread corresponding
to the procedure call. This approach allows treating windows created by the New
Autonomous Agent andnew Interactive Agent buttons as special cases
of processes being told, with Agent 1, Agent 2, etc., as process call identifiers.

The formal description of the newly introduced tellp(Proc),
askp (Proc),naskp (Proc), and getp (Proc) primitives is obtained through
a new transition relation denoted by the symbol <. This relation operates on
configurations of the form (Z£?|o), where 22 is a multiset of pairs of the form
pc: A, representing procedure call and agent pairs, and o is a multiset of si-terms.
The intuition is that &2 formalizes parallel-running threads, each identified by a
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(Aloy —(A'|a")

(0)
<PUlpc:Allo>—<PUipc: A} o' >

(Tp) <Puipc:tellp(P)}|o>—<PU{pc:E}U{P:P}|0o >

(Ag) <PUfpc:askp(P)}u{P:Al|lo>—<PU{pc:ElUu{P:A}|o>

(Af,) <PU{P:askp(P)}|o>— <P U{P:askpP)}| o>
(Gp) <PUipc:getp(P)lUIP: A} |0 > — <P U{pc:E}| o>
(Gp) <P Ui{Proc:getp(P)}|c>—<P|0o >

P Uipc: naskp(P)} # P U{P: A} forany &’ and A

N
(Np) <PuUi{pc:naskpP)}|o>—<PU{pc:E}|o >

Figure 4.2: Transition rules for active data

reference pc and a current execution state A, while the store o is shared among all
threads for reading and writing.

The transition rules for the primitive agents are defined by rules (O) to (Np) in
Figure 4.2. Rule (O) relates the rules (T to (N) of Figure 4.1, defining the transitions
of the tell, ask, get and nask, with the new transition relation. It states that any com-
putation step of (A | o) can be lifted to the new configuration < U {pc: A} | o >.
Rule (T),) states that rellp(P) generates a new thread, referenced to by P with as
current computation state, the agent P to be executed. Moreover, the process pc
on which tellp(P) is computed moves to the ending state E. It is here worth noting
that union is to be understood in a multiset fashion. Rules (AZ) and (Asp) proceed
in the same way but by checking that the asked process P belongs to the multiset
of processes. Rule (Ag) treats the case of a process different from the process com-
puting the askp primitive while rule (A;,) allows the process to check itself. Rules
(Gp) and (G,,) are similar with the process checked for presence being removed.
Finally rule (N,) specifies that naskp(P) succeeds only when the multiset of pro-
cedure calls does not contain a process referenced to by P. It is worth noting that,
for ease of reading, indices have been used in the rules of Figure 4.2 in a system-
atic manner as follows: the subscript p refers to processes (being told, asked, ...),
the superscript s, for self, refers to transitions due to actions relating to the process
under consideration, while the superscript o, for other, refers to transitions due to
actions of other processes.

To completely describe the transitions, one should also lift the rules of Figure 3.6
for the operators to the new configurations. This can be done in a similar way as
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rules of Figure 4.1 were lifted in rule (O). For instance, rule (S) vcan be rewritten as
follows:

<PUipc:Allo>—<PUipc: A} o' >

<PUlpc:A;Bt|lo>—<PUipc:A;B}| o' >

4.2.4 Rules

When we illustrate computations, it’s important to capture not only the events
directly produced by these computations, but also events indirectly triggered by
them. For example, in the Rush Hour problem, if the red car leaves the grid and
places the ‘out’si-term on the store, we may want to infer that the puzzle is solved
which we could indicate by the ‘position’ attribute of the red car widget changing
from ‘in_grid’ to ‘out_grid’. To accomplish this, as described in references [67] and
[43], Multi-Bach uses rules of the form:

+t,—u— +v,-W

This rule asserts that the presence of object ¢ and the absence of object u im-
plies the presence of object v and the absence of object w. In a broader context,
these rules can involve multiple positively and negatively marked objects on both
sides. They indicate that any combination of objects from the left side results in
adding positively marked objects on the right side and removing one occurrence
of negatively marked objects on the right side. For example, in the rule mentioned
above, if we add a new occurrence of ¢ or remove u, it leads to adding v and remov-
ing one occurrence of w.

These rules are applied systematically whenever there is a change on the store.
It’s important to note that, following the analogy between passive si-terms and ac-
tive processes, objects in these rules can be either si-terms or processes. To imple-
ment these rules in Multi-Bach, a two-step approach is followed:

® Declaration: Rules are declared by assigning a name to a rule in the specified
format.

e Activation: Rules are activated by using the tellr command with the rule
name as an argument. The presence or absence of rules can be checked
using the askr and naskr primitives, respectively. To remove a rule, the
getr (rn) command is used.

Example 14. As an example, consider the following rule declaration:

rule move_car =
for r in Rows, ¢ in Cols, p in Colors:
+moveCar(p,r,c) —> +MoveCar(p,r,c), -moveCar(p,r,c).
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In this rule, whenever a si-term like moveCar (r, ¢, p) is found in the store, where
p represents a color, r represents a row number, and ¢ represents a column num-
ber, it triggers the action MoveCar (r, ¢, p). To prevent this rule from being ap-
plied multiple times, the si-term moveCar (p, r, c) is also removed. To activate
therulemove_car, oneexecutestellr (move_car), typically at the start of the
computation. In our modelling of the Rush Hour problem, we use another rule, de-
fined as follows:

Definition 8. As an example, consider the following rule end of puzzle:

rule end_puzzle = +out —> +puzzle_solved, +RedCarOut, —out.

with procedure RedCaroOut defined as:

proc RedCarOut = att(position,red_car,rhScene, out_grid) .

Arule is declared by using the keyword rule together with an equation of the form:
rule_name = rule_description.
with the following conventions:

e The rule nameis a string of letters and digits, starting with a lower-case letter.
o The rule description is a construct of the form

quant:l_m_objects — I_m_objects

where quant quantifies variables (represented as strings of letter and digits,
starting with a lower case letter) over sets and where 1_m_objects lists si-
terms or procedure calls, positively or negatively marked.

To formally capture rules, we expand blackboards by including multisets of rule
names. This leads us to new configurations of the form

4Z?|o|R>

where £ is a multiset of procedure calls associated with agents, ¢ is a multiset of
si-terms, and R is a multiset of rule names. Extending the rules from Figure 4.2 to
accommodate these new configurations is straightforward. The execution of the
primitives tellr, askr, getr, and naskr can be described as expected by the corre-
sponding updates of the R component. We denote the resulting transition relation
as —. However, the execution of rules requires attention and is denoted by an aux-
iliary relation . Let’s establish a few definitions first:

Definition 9. Define the set SRP of rule primitives as the set of elements generated by
the following grammar:

RP == +s | -s | +P | -P
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where s denotes a si-term, possibly containing variables, and P denotes a proce-
dure call, possibly containing variables. Define the set SeqRP as the set of non-
empty sequences of rule primitives. Given such a sequence Seq, we respectively de-
note Pterm(Seq) and Nterm(Seq) as the multisets of positively marked si-terms +s
and negatively marked si-terms —s of Seq. Similarly, Pproc(Seq) and Nproc(Seq)
are respectively the multisets of positively marked procedure calls + P and negatively
marked procedure calls —P of Seq. Define the set Srule as the set of constructions of
the form

for 1v1€S8y,.,v,€8,:A—B

where A, B € SeqRP, S1, ..., Sy, are sets, and vy, ..., v, are all the variables occurring
in A and B. The sequence A is called the precondition of the rule, and the sequence
B is called its postcondition.

Define the set Snrule of named rules as the set of constructs in the formn =r,
where n is an identifier, composed of a sequence of lowercase letters, and r is a rule
from Srule. It is assumed throughout that the identifier n for a named rule uniquely
identifies the rule. Consequently, given an identifier n, denote Inst(n) as the set en-
compassing all instances Ai — Bi. These instances are derived by replacing the vari-
ables vy, ..., v, in the above rule with all values from Sy, ..., Sy.

Several auxiliary notations are needed to formulate the transition rules.

Definition 10. For a multiset 2 consisting of pairs pc: A representing procedure calls
and agents, we use PC(2?) to denote the multiset of procedure calls pc present in 2.
Additionally, given a multiset MPC of procedure calls, we represent 22 X MPC as the
multiset obtained by removing a pair pc:A for each pc found in MPC. Conversely,
2 LI MPC denotes the multiset obtained by adding a pair of the form pc: pc for every
occurrence of pc in MPC.

Definition 11. Given two multisets o and 1 of closed si-terms, we denote o ©1 as the
multiset obtained from o by removing an occurrence for each si-term int.

Now, let’s discuss the transition induced by the execution of a rule, formalized
by rule (R) in Figure 4.3. Considering a rule from R identified by n, we examine an
instance of that rule, denoted as (A — B), that can be applied. For this application,
the positively marked si-terms and processes of the precondition A must be present
in the current configuration, while the negatively marked si-terms and processes
are absent. Formally, regarding si-terms, this involves checking that Pterm(A) < o
for the positively marked si-terms and Nter m(A) no = @ for the negatively marked
si-terms. The handling of procedure calls is similar, using PC(2?) instead of o.

The application of such an instance A — B updates the current store o by
adding the positively marked si-terms of the postcondition B and removing an
occurrence of any negatively marked si-terms. Similarly, the current multiset of
procedure calls is updated by adding the positively marked procedure calls of B
and removing an occurrence of any negatively marked procedure call of B. This
is formalized in rule (R) by adding Pter m(B) to o and using the o-difference with
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Nterm(B). Similarly, £ is updated by adding new procedure calls for any element
of Pproc(B) and removing the procedure calls of Nproc(B).

neR,(A— B) e Inst(n),Pterm(A) co,Pproc(A) c PC(£),
Nterm(A)no=@,Nproc(A)NnPC(P) =9
IP|o|R> — < (PUPCPproc(B))) N Nproc(B) |
(cuPterm(B))e Nterm(B) | R>

R)

Figure 4.3: Transition for the application of a rule

To conclude the formalization of rules, we establish a connection between the
— and — transition relations. This connection is defined through rules (W;) and
(W>) in Figure 4.4. Additionally, we introduce a new transition relation —, which
serves as the final one. Rule (W)) asserts that a — transition step is permissible
whenever a — transition step can take place. Conversely, rule (W,) specifies that
a — transition step is only possible when a — transition step is not feasible. This
signifies that rules are applied to their fullest extent before any other transition can
occur.

<P|o|R>+— <P |0’ |R >
I4P|o|R> — <P |’ |R' >

(Wy)

<P|o|R> - <P |d'|R p,
W3) <P |o|R> v <2 |0"|R">
AP0 |R> — <P |’ |R' >

Figure 4.4: Rules for the final transition relation

4.2.5 Animations

Animations are created through a two-part process in Anemone. Firstly, by de-
scribing the scene that needs to be portrayed, and secondly, by utilizing specific
commands to position, move, make widgets appear or disappear, and modify their
characteristics. Within the framework of Anemone, it’s possible to define multiple
scenes.

Describing a scene involves specifying various elements such as the canvas’s
size, the background image to be used, a sequence of images, and an array of wid-
gets. A widget, in turn, encompasses attributes’ definitions, their visual represen-
tation, and the initial values for these attributes. In addition to the user-defined
attributes, five predefined attributes are available:

e The current coordinates (wdX and wdY) of the widget.
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e The rotation angle (wdA) of the widget.
e The scale factor (wdF) of the widget.

e The visibility (wdV) of the widget.

e The layer (wdL) of the widget.

This allows for the flexible and detailed creation of animations within the Anemone
framework.

Example 15. The provided example defines a scene named rhScene, with dimen-
sions 640 by 640 pixels and three layers: top, middle, and bottom. It utilizes
images for the background, a green car, and a red car. A widget car is defined with
a user-defined attribute color, displayed conditionally as a green or red car. Ini-
tial values for predefined attributes are specified: initial positions at (40,60), layer
as top, and color as red. Predefined attributes default to 0 or 1 if not explicitly
defined.

Note that file names are relative to the Anemone execution path, and canvas size
and coordinates are in pixels, with (0,0) as the upper-left corner.

scene rhScene =
{ size = (640,640).
layers = { top, middle, bottom }.

background = loadImage (Images/the_background_img.png) .
green_car = loadImage (Images/green_car.jpg) .

red_car = loadImage (Images/red_car.jpg) .
widget car = { attributes = { color in idColors. }
display = { color = green -> green_car.
color = red —> red_car. }
init = { wdX = 40. wdY = 60.

wdL = top. color = red. }}

Scene and widget manipulation involves two primitives:

e draw_scene (s): Draw the scene identified by s.
e att (x,w, s, v): Set the value v to the attribute x of the widget w on scene
s.

Additionally, there are primitives that provide a more declarative approach for com-
mon operations on predefined attributes:

eplace_at (w, s, x,y): Place the widget w on scene s at coordinates (x, y).

e move_to (w, s, x,vy): Move the widget w on scene s to new coordinates
(x, y).

e hide (w, s): Hide the widget w on scene s.

e show (w, s): Make the widget w appear on scene s.

e layer (w, s, 1) : Place the widget w on scene s on layer /.
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These primitives seamlessly integrate with the existingtel1, ask, get, and nask
primitives without necessitating modifications to the existing transition relations.
A formal treatment of these new primitives can be achieved through a sequence of
widget updates, but for simplicity such details are omitted here. A notable feature is
the symbolic representation of coordinates using map constructs, simplifying the
specification of image positions.

4.3 Anemone, Overview of the Coordination Workbench

In line with the principles of Linda, the MultiBach, as discussed in Section 4.2,
utilizes a shared space for coordinating processes. This shared space plays a crucial
role in achieving the separation of time and space within processes, a fundamental
concept in data-based coordination languages [95].

Consequently, following the Scan workbench, Anemone [62] is structured
around an interactive blackboard, as illustrated in Figure 4.5. This blackboard ini-
tially displays the current contents of the shared space and allows for direct inter-
action through the tell, get, and clear buttons. Two new buttons, filter and unfilter,
have been introduced to respectively filter and remove filters from the content in
the shared space. Moreover, it offers the ability to create five different types of pro-
cesses.

<] The interactive blackboard

Current store Clear
free(1,3) [1] free(3,5) [1]
Tell siterm: t multiplicity: 1 Get
Filter £(2%.3), u(9) Unfilter
No warning
[ New Interactive Agent J t New Autonomous Agent J t New Definition(s) J t New Model Checker J l New Rule Checker J

Figure 4.5: Interactive blackboard window

In this new version, we have kept a feature called the Interactive Agent,
along with the Autonomous Agent. These processes allow users to give instruc-
tions to Multi-Bach and execute them. As shown in Figure 4.6, the first type of win-
dows allows step-by-step computations, giving users the choice of which primitives
to execute. Similarly to the Scan workbench, windows of the second type conduct
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computations either in a single run or in a step-by-step fashion, with the Anemone
workbench determining the primitives to execute. It's important to highlight that
these window executions occur in parallel, hence the term agent used to signify
entities capable of concurrent activities. In both scenarios, a new option, with
the abbrev button, offers a convenient way to condense complex instructions
by concealing the non-executable components. As mentioned earlier in Chapter
3, the capabilities provided by the interactive and autonomous agents are particu-
larly useful for debugging concurrent executions that operate directly on the shared
space, including scenarios where processes may deadlock while awaiting unavail-
able data. However, these agents lack the level of abstraction required for describ-
ing and reasoning about models effectively. This leads to three types of windows:

(i) a window to declare sets, procedures, scenes, and rules. It is launched by
means of the New definition (s) button,
(ii) a window to reason on the execution of rules. It is launched by the New
rule checker button,
(iii) and a window to model check properties. It is launched by the New model
checker button.

As regards user interactions, many of Scan’s features are covered by the Anemone
workbench. Two features require additional treatments: processes perceived as ac-
tive data and rules.

The interactive and autonomous agent windows can be seen by users as rep-
resenting processes, as their function involves computing agents, including proce-
dure calls. Therefore, in the workbench, executing the tellp (P) primitive means
creating a window similar to the interactive or autonomous agent windows. Con-
sequently, executing the getp (P) primitive involves not only removing an occur-
rence of the process P from the multiset of procedure calls £ but also removing the
window associated with P. We assume that the interactivity or autonomy property
is inherited from the agent window on which the te 1 1p primitive is executed.

Moving on to rules, they necessitate a new type of window. To provide users with
a clear view of the current calculation state, the Anemone workbench displays the
current instances of rules applicable in the current application context. Users are
then responsible for selecting the rule to apply.

4.4 Implementation of Anemone

The implementation of Anemone follows the same implementation lines as Scan,
reusing its core principles while expanding functionality. Like Scan, it is developed
in Scala using the Processing library, which enables a robust integration of object-
oriented and functional paradigms. Scala’s powerful parsing capabilities facilitate
interpreting Multi-Bach language, while Processing is used for graphical output and
animation through its draw method.
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Agent to be processed ) Abbrev

tell(free(4,5)) ‘

Submit

Current agent

N

tell(free(4,5)) J | Refresh |

v

(a) Interactive agent window

o Autonomous agent number 2

Agent to be processed [J Abbrev

get(free(1,5))

Current agent

getlfree(1,5))

Run Next

(b) Autonomous agent window

Figure 4.6: Interacting with the blackboard

The internal representation relies on Scala maps and lists for storing data such
as processes and definitions, maintaining a one-to-one mapping between Multi-
Bach instructions and their abstract representations. This ensures user interfaces
and feedback remain closely tied to user input, a feature less intuitive in other tools
like mCRL2.

Anemone computations simulate Multi-Bach execution through repeated tran-
sition steps and randomization for non-deterministic behaviours, such as choice
and parallel compositions. Temporal logic verification is achieved with a custom
model-checker that employs depth-first search and recursive reasoning but faces
challenges with state-space explosion.

The Anemone workbench is accessible as a downloadable jar file through the
project’s GitHub repository at [13]. The complete source code is also available in
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@ ® @ Rules currently applicable

Apply +moveCar(red,3,4) --= +MoveCar(red,3.4)

Apply +moveTruckiyellow,1,2) -= +MoveTruck(yellow,1,2)

[F{unJ lNextJ

Figure 4.7: Window for rules

the same repository. The implementation primarily uses Scala and the Processing
library. To launch the workbench, save the Anemone jar file in a directory (e.g.,
myDir). Then, open a terminal and execute the following command:

java —jar myDir/anemone. jar

4.5 Related work

In the coordination community, much effort has gone into proposing new lan-
guages, semantics, and implementations. However, few articles address the prac-
tical construction of programs in coordination languages and the verification that
program descriptions align with intended models. Notable exceptions include the
Extensible Coordination Tools [69], ReoLive [39], and TAPAs [32].

Extensible Coordination Tools (ECT) is designed for the control-based coordi-
nation language Reo, distinct from Multi-Bach. ECT tools, as Eclipse plug-ins, offer
graphical editing of Reo connectors, animation, and model checking using con-
straint automata or translation to the mCRL2 process algebra [38]. In contrast, our
work focuses on tuple spaces instead of connectors and allows connecting Multi-
Bach agents to animations at the application level, providing a unique capability
not found in ECT. ReoLive dedicated to Reo like ECT, provides similar tools through
web-based tools using ScalaJS. The comparison with ECT is applicable to ReoLive
as well. TAPAs primarily targets CCSP with a plug-in for an extended Klaim coordi-
nation language. It allows graphical system specification and verification through
bisimulations and decorated trace equivalences, along with model checking using
p-calculus formulae. Our work differs by focusing on tuple-based coordination lan-
guages and offering animation facilities. However, our model-checking capabilities
are less advanced than those of TAPAs.
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Klaim a Linda-like coordination language for distributed systems, has its X-
Klaim variant utilizing modern IDE facilities [18]. While Anemone lacks similar
semantic analysis facilities, it compensates with animations, not provided by X-
Klaim. Declarative invariant assertions in [70] aims to detect inconsistencies in
models expressed in the Peer model, a coordination model. Unlike Multi-Bach,
assertions are runtime-verified, and the work lacks animation facilities. TUC-
SON [93], despite featuring shared space evolution viewing, lacks animation and
model-checking facilities. JavaSpaces Netbeans [48] integrates a Linda-inspired
language with Netbeans, offering tuple browsing and distributed debugging. Un-
like our work, it lacks debugging facilities but provides record facilities for tuple
space operations replay.

The work in [45] uses a process algebra for modelling systems, introducing a
language based on virtual stigmergy. Unlike Multi-Bach, it lacks a programming
environment and animation facilities. NetLogo, Jason, JaCaMo, and Repast focus
on modelling and simulating multi-agent systems but lack a real concern for coor-
dination. They emphasize system modelling and simulation, whereas Multi-Bach
aims to build confidence in models through animations. Several works, like [71,
72,86, 112, 121, 125, 60], provide animations for understanding real-life models in
various domains, such as formal specifications, goal-oriented requirements, and
reactive systems. Our work, while focusing on a coordination language, shares the
fundamental idea of illustrating models.

This effort expands on the Scan workbench [63] by improving features and in-
corporating elements such as generalized choices, primitives for managing pro-
cesses as active data, and refined scene descriptions. Notable additions include an
interactive blackboard with a filter button, windows for generating new processes
as passive data, and a novel window type for managing rules.

4.6 Closing Remarks

In summary, this chapter introduces a testing environment for analysing a Linda-
like coordination language on three levels: (i) executing instructions step-by-step
or automatically, showcasing their impact on the shared space, (ii) visually repre-
senting computations through animations, and (iii) validating property models us-
ing temporal formulas.

As written above, Multi-Bach and Anemone extends the work reported in Chap-
ter 3 on Anim-Bach and Scan. In the next chapter, we will introduce a guarded list
construct within our model Multi-Bach and demonstrate how it enhances perfor-
mance when dealing with state-space explosion.
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CHAPTER

EXPLORING THE GUARDED LIST CONCEPT:
PERFORMANCE AND CORRECTNESS

As well-known in concurrency theory, verifying logic formula is recognized to raise
performance issues due to the state space explosion problem. The temporal logic for-
mulae of Anemone are no exception to this general rule. In this chapter, we propose a
guarded list construct as a solution to address this problem. We demonstrate that the
guarded list construct increases performance of data-based coordination languages.
Furthermore, we introduce a notion of refinement to introduce the guarded list con-
struct in a correctness-preserving manner.

5.1 Opening

In Chapter 3, we have introduced a workbench Scan to reason on programs writ-
ten in Bach, a Linda-like dialect developed at the University of Namur. It has been
refined in Chapter 4 to cope with relations, processes and multiple scenes. The re-
sulting workbench has been named Anemone. In both cases, one of our goals was
to allow the user to check properties by temporal logic formulae analysis, and by
producing traces that can be replayed as evidence of the establishment of the for-
mulae. However, as well-known in formal verification, this goal raises performance
issues related to the state space explosion. In particular, letting animation-related
primitives interleave in many ways duplicates research paths during temporal logic
verification, with considerable performance problems in checking that formulae
are established. To address this problem, we introduce in this chapter a guarded
list construct, and establish that it yields an increase in performance in verifying
logic formula of Multi-Bach.
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To that end, the rest of this chapter is organized as follows. Section 5.2 explains
the creation of the guarded list and introduces the refinement relation. The effi-
ciency improvements in temporal logic verification are established in Section 5.3.
Finally, Section 5.4 compares our work with related studies, and Section 5.5 con-
cludes the chapter, outlining potential future work.

5.2 A Guarded List Construct

5.2.1 General Context

In this section, we will describe a new extension to our coordination model Multi-
Bach, the “Guarded list”. We define a guarded list of primitives to be a structure of
the form [p — p1,--+, pn]l Where p, p1, ..., p, represent primitives, and the list p1,
..., pn may be empty. In cases where the list is empty, we will simply write [p] for
simplicity.

A guarded list of primitives, basically, is a collection of primitives that must in-
clude at least one. The term “guarded” is derived from the practice of representing
these lists with an arrow, and it signifies that if the first primitive can be executed
successfully, all subsequent primitives are immediately executed without the pos-
sibility of roll-back in case of a failure. It is the responsibility of programmers to
ensure that if the first primitive can be successfully evaluated, the remaining prim-
itives can also be executed without issues. It is important to note that this condition
holds for tell primitives and graphical primitives, as they consistently succeed re-
gardless of the current store content. Additionally, we will later outline criteria for
introducing guarded lists while maintaining correctness. It is important to note
that guarded lists are atomic constructs, which sets them apart from conditional
statements.

To explain the execution of [p — py, ..., pul, the process unfolds as follows:

(i) Initially, the store is locked, and the execution of p is tested.
(ii) Ifitfails, no changes are made to the store, and it is then released.
(iii) However, if the test on p succeeds, not only is p executed, but also subse-
quently, p1,..., p, are executed in sequence. In case one of the p;’s primitives
does not succeed then the whole computation fails on that point.

After this sequence, in all the cases, the store is released. In contrast, the execution
of a conditional statement ¢ — s; ¢, involves checking the condition ¢, which does
not necessitate locking the store because conditions are based on comparing si-
terms rather than their presence or absence in the store. If the condition ¢ evaluates
to true, then s; is executed, meaning that one step of s; is performed if possible. If
c is determined to be false, then one step of s, is attempted.

The operational semantics of guarded lists is determined by the rules (GL1) to
(GL3) presented in Figure 5.1. They necessitate the following definition.
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(plo) —(E|T)

(GL1)
([pllo) —A(E|T)
(GL2) (plo)y—(E|T), (seq)|T)—"(E|¢)
([p—Lllo) —(E|¢$)
(GL3) (ploy—(El|71), (seq)|t) —"(Al¢p), AZE

(lp—=Lllo)—(Fl¢)

Figure 5.1: Transition rules for guarded lists [16, 15]

Definition 12. Let L = [py,---, pnl be a list of primitives. We denote by seq(L) the
sequential composition p1;--+; Pn-

In essence, with respect to the guarded list [p — L], the seq(L) construct cap-
tures the sequential nature of the execution of the primitives guarded by the prim-
itive p.

This notation being given, rules of Figure 5.1 are explained as follows. Rule
(GL1) states that a guarded list [p] composed of one primitive succeeds whenever
the primitive p succeeds, with an equal update of the store. Rule (GL2) establishes
that a guarded list in the form of [p — L] can perform a computation step, transi-
tioning from the store o to ¢, if the primitive p can take a step, changing the store
from o to 7, and if the list of primitives L can all be further executed, modifying 7 to
¢. Finally, rule (GL3) treats the case of failure in computing the list L. This happens
when primitive p can be successfully executed from store o yielding T and when the
list L can be partly executed but not to the end. In that case a failure is produced
and is denoted as F. It is worth noting here that to force the computation to fail as
awhole, we assume subsequently that any composition of the form F; A, F|| A, A||F
is rewritten as F, for any agent F.

5.2.2 ATheory of Refinement

Incorporating guarded lists as atomic constructs reduces the potential for interleav-
ing between parallel processes. This reduction in interleaving aligns with our ob-
jective of enhancing the efficiency of the formal verification phase. However, when
viewed from a programming perspective, it is imperative to ensure that computa-
tions are maintained in some manner. This is precisely why we introduce histories
and their contractions.

General Considerations

First, let’s introduce the concepts of histories and their contractions:
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Definition 13. We define the set of computational histories, referred to as “histories”
and denoted as Shist, as the set of two components: Sstore” U Sstore* {6*,67}, where:

(i) Sstore represents the set of stores, which are finite multisets of final si-terms.
(ii) the symbols * and w are used to indicate finite and infinite repetitions, respec-
tively.
(iii) the symbols 6% and 6~ are introduced as ending marks. With 6% denoting
successful computations, while 6~ denotes failing computations.

In summary, the set of histories Shist encompasses sequences of stores that can be
either finite or infinite, with the addition of ending markers 6+ and 6~ to signify the
outcomes of these computations.

Example 16. To illustrate computational histories, let us consider the following pro-
cedures whose code is inspired from the Vert i cal Truck procedure given in Chap-
ter 3:

proc P = tell(a); Q.
Q = get(a); move to(...); att(...); tell(b); tell(a).

Note that the parameters of move_to and att being of no interest for our illustra-
tive purposes, we have replaced them by dots.

A computational history for P is obtained by executing the different primitives
from the empty store: we thus obtain successively

i as a starting store

{a} after executing tell (a)

{ after executing get (a)

& after executingmove_to (.. .)
& after executingatt (. ..)

{b} after executingtell (b)
{a,b} after executingtell (a)

As the computation ends successfully, a computational history for P is
{t.{a}.41.0.4.1b} 1a, b}.6*
Consider now R defined by

proc R = tell(a); Q; nask(b).

Basically R is P followed by nask (b) . As b is present on the store resulting from the
computation of P, the execution of nask (b) ends in a failure state, which leads us
to the following computational history:

{{a}.(.0.0.(b}.{a, b}.6~

To get an infinite computational history, consider the following variant Qinf of O:
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proc Pinf = tell(a); Qinf.
Qinf = get(a); move to(...); att(...); tell(b); tell(a); Qinf.

Obviously a computation of Pinf starts by telling a and then repeats steps 2 to 7 of
the computational history of P by adding an occurrence of b after each repetition.
This leads to the following infinite computational history:

{t.{a}.

{1.4.0.1b} {a, b}

{b}.{b}.{b}.{b, b}.{a, b, b}.

{b, b}.1b, b}.{b, b}.ib, b, b}.{a, b, b, b}.

Definition 14. A history denoted as h, is considered a contraction of another history
denoted as h if it can be derived from the latter by eliminating a finite number of its
elements (which could be none at all), while preserving the terminating marks 6+
and 6~ . This relationship is denoted as h. < h.

Example 17. Coming back to the previous example,
he ={}.{a}.{a, b}.6~
is a contraction of
h={.4a}.4.8.8.{b}{a, b}.6~
since h. results from h by eliminating the sequence
8.4}
Note that, if we take oy and o1 as the empty sequence and if we write
oy = {.4.4.1b}
h can be expressed from h. as

h=0¢.0.0:1.{a}.02.{a,b}.6"

Definition 15. Given a contraction h; = 0¢.-+-.0,.0 (resp. h; = 0¢.-++.0p.-+*)
of an history h, there are thus sequences of stores, 0y, ..., 0, such that h =
00.00.**.0,.0,.0 (resp. h=0¢.0¢.:*.0,.0,.---). For any logic formula F, the his-
tory h is said to be F -preserving iff, for any i and for any storet ofo;, one hast |= F
iffo; |= F. This is subsequently denoted as h. < h.

Example 18. The previous example has already illustrated how an history can be
obtained from a contraction. Going back to it it is easy to see that for F = (#b = 1),
one has o; |= F iff for any store T of 0;, one has 1 |= F. In fact, this amounts to say
that executing
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get(a); move_to(...); att(...); tell(b)

in one big step or step by step does not change the fact that the number of b is greater
than one or not.

Contractions and F-preserving contractions can be lifted in an obvious way to
sets of histories.

Definition 16. A set S of histories is a contraction (resp. a F-preserving contrac-
tion) of a set S of histories if any history of S. is the contraction (resp. a F-preserving
contraction) of a history of S. By lifting notations on histories, this is subsequently
denoted by S. < S (resp. S¢ <F S).

Then, let’s define the history-based operational semantics as the one delivering all
the computational histories. To make it general, we shall define it on any contents
of the initial store.

Definition 17. Define the language £, as the Multi-Bach language with the guard
list construct.

Definition 18. Define the operational semantics Oy, : £ — 2P (Shist) as the follow-
ing function. For any agent A and any store T

Op(A)(7) =
{00.+ 0,0 1 {A|0g) — -+ — (E|op),00=T,n=0}
U{og.---.0,.0" :{Al0g) — - —{Ap|Op) A—,00=T,An # E,n=0}

Ufog.: - .0p.c- 1 (Alog) — - — (Aplop) — -+ ,00=17,YNn=0: A, #E}

Now, we are in a position to define the refinement of agents.

Definition 19. Agent A is said to refine agent B iff 0),(A)(7) < Gy, (B) (1), for any store
T.

The following proposition directly follows from the definitions provided above.
Its purpose is to establish contractions and F-preserving properties based on a
syntactic characterization. Part (i) of the proposition expresses that when py,
..., pp are tell primitives of graphical primitives, namely primitives that always
succeed, then computing p, pi, ..., pn atomically or step by step does not matter
since py, ..., pn always succeed. As a result, the same properties are reached after
both executions. However properties met at the end of the whole computation
may not be met in middle points, after the execution of some p;’s. Part (ii) of
the proposition addresses that point and states that properties do hold in middle
points in case the tell primitives in the p;’s involve si-terms that are of no concern
for the property under consideration.
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Proposition 1.

@) If p1,--, pn are tell primitives or graphical primitives then for any primitive
p, the guarded list GL = [p — p1,---, pnl refines the sequential composition
SC = p;p1;-++; Pn- As a result, any reachable property proved on the stores
generated by the execution of GL from a given store T is also established on the
stores generated by the execution of SC from t.

(ii) Assuming additionally that the arguments of the tell primitives of p1,---, pn
are distinct from the si-terms appearing in the reachable formulae F, then GL
is also a F-preserving contraction of SC. It results that F is established on the
stores resulting from the execution of SC from any storet iff it is established on
the stores resulting from the execution of GL from 7.

Introducing Guarded Lists

As previously explained, the rush hour puzzle can be framed as a coordina-
tion problem by treating cars and trucks as autonomous agents that must co-
ordinate based on available spaces. This leads us to the generic procedure
VerticalTruck from Section 3.3.3. The problem is considered solved when the
out si-term is placed on the store, which ensures that the property #out =1 can be
achieved. Now, let’s focus on the following snippet from the first alternative pro-
vided by VerticalTruck:

get(free (pred(r),c));
move_to(truck_img(c) ,pred(r),c);
tell (free (succ(succ(r)),c))

As easily checked, the hypotheses of Proposition 1 are verified so that we can re-
place the above code snippet by the following one:

[ get(free(pred(r),c)) —> move_to(truck_img(c),pred(r),c),
tell (free (succ(succ(r)),c)) 1

Indeed, this code is an F-preserving contraction for the formulae F = (#out =1).

The same applies for the second alternative, which allows us to refine the pro-
cedure VerticalTruck as follows:

proc VerticalTruck(r: RCInt, c: RCInt, p: Colors) =
( (r>1 & r<5) = ( [ get(free(pred(r),c)) —>
move_to(truck_img(p) ,pred(r) ,c),
tell (free (succ(succ(r)),c)) 1;
VerticalTruck (pred(r) ,c,p) ))

( (r<4) -> ([ get(free(cbelow_truck(r),c)) —>
move_to (truck_img(p) ,succ(r) ,c),
tell (free(r,c)) 1;
VerticalTruck (succ(r),c,p) )).
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By applying this transformation, one gains the computation of two stores out of
four per vehicle, which leads to the expectation of a performance gain of 2" when
n represents the number of vehicles in parallel. This will be verified in Section 5.3.

5.2.3 Transforming Programs

Although simple, the refinement from the previous subsection enables further
transformations of the program, resulting in an additional improvement dur-
ing the formal verification phase. The key point is that after refinement, the
VerticalTruck procedure takes the following form:

P=(cl —> al; P) + (c2 —> a2; P)

where with c1 and c2 are conditions and where a1l and a2 are atomic actions.

Consider another one Q defined similarly as

Q= (dl = bl; Q) + (d2 —> b2; Q)

and consider the parallel composition

Syst =P || Q
One has
Syst = P || Q

(c1 —> al; (P]|Q) + (c2 —> a2; (P||Q))
+ (dl - bl; (P||Q) + (d2 —> b2; (P||Q))
(cl —> al; Syst) + (c2 —> a2; Syst)
+ (dl -> bl; Syst) + (d2 —> b2; Syst)

To be more specific, consider an instance of rush-hour composed of one vertical
purple truck, located in coordinates (2,1), and the red car, located at coordinates
(3,2). The solution to this problem may be given by attempting to reach formulae
(#out =1) for the following agent:

VPurpleTruck(2,1) || RedCar(3,2)

or, rephrased in more generic terms’

VerticalTruck(r,c,purple) || HorizontalCar(r,c,red)

To be even more general consider

Syst(tr,tc,tco,1r,rc,rco) =
VerticalTruck(tr,tc,tco) || HorizontalCar(rr,rc,rco)

1The red car is a horizontal car.
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For the ease of writing, let us use the following abbreviations:

Al = [ get(free(pred(tr),tc)) —> move_to(truck_img(tco) ,pred(tr),tc),
tell ( free(succ(succ(tr)),tc )) |
A2 = [ get(free(cbelow_truck(tr),tc)) —>

move_to (truck_img(tco) ,succ(tr),tc),
tell (free(tr,tc)) |

The (refined) VerticalTruck can then be coded as

VerticalTruck (tr,tc,tco) =
( (tr>1 & tr<5) —> ( Al; VerticalTruck(pred(tr),tc,tco) ) )
+ ( (tr<4) —> ( A2; VerticalTruck(succ(tr),tc,tco) ) )

Similarly, by defining

Bl = [ get(free(rr,pred(rc))) —> move_to(car_img(rco),rr,pred(rc)),
tell (free(rr,succ(rc))) |

B2 = [ get(free(rr,succ(rc))) —> move_to(car_img(rco),rr,succ(rc)),
tell (free (rr,rc)) ]

B3 = [ tell(out) -> move_to(car_img(rco),rr,succ(rc)) 1]

the refined HorizontalCar procedure can be coded as

HorizontalCar (rr,rc,rco) =
( (re>1 & rc<6) —> ( Bl; HorizontalCar(rr,pred(rc),rco)))
+ ( (rc<b) —> ( B2; HorizontalCar(rr,succ(rc),rco)))
+ ( (rr=3 & rc=5 & rco=red) -> ( B3; HorizontalCar (rr,succ(rc),rco)))

By slightly generalizing the transformation in the beginning of this section, one gets
Syst(tr,tc,tco,1r,1c,rco) =
VerticalTruck(tr,tc,tco) || HorizontalCar(rr,rc,rco) =

( (tr>1 & tr<5) —>
(Al; (VerticalTruck(pred(tr),tc,tco) || HorizontalCar(rr,rc,rco)))

+ ( (tr<4) —>
(A2; (VerticalTruck(succ(tr),tc,tco) || HorizontalCar(rr,rc,rco)))

+ ( (rc>1 & rc<6) —>
(B1; (VerticalTruck(tr,tc,tco) || HorizontalCar(rr,pred(rc),rco)))

+ ( (rc<b) —>
(B2; (VerticalTruck(tr,tc,tco) || HorizontalCar(rr,succ(rc),rco)))

+ ( (rr=3 & rc=5 & rco=red) —>
(B3; (VerticalTruck(tr,tc,tco) || HorizontalCar(rr,succ(rc),rco))))
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As we are only interested by the red car going out, we can even skip the last parallel
composition and rewrite:

Syst(tr,tc,tco,1r,rc,rco) =
VerticalTruck(tr,tc,tco) || HorizontalCar(rr,rc,rco) =

( (tr>1 & tr<5) —>
( Al; ( VerticalTruck(pred(tr),tc,tco) || HorizontalCar(rr,rc,rco)))

+ ( (tr<4) —>
( A2; ( VerticalTruck(succ(tr),tc,tco) || HorizontalCar(rr,rc,rco)))

+ ( (rc>1 & rc<6) —>
( Bl; ( VerticalTruck(tr,tc,tco) || HorizontalCar(rr,pred(rc),rco)))

+ ( (rc<b5) —>
( B2; ( VerticalTruck(tr,tc,tco) || HorizontalCar(rr,succ(rc),rco)))

+ ( (rr=3 & rc=5 & rco=red) —> ( B3 ) )
and, by the definition of Sy st,
Syst(tr,tc,tco,rr,rc,rco) =

( (tr>1 & tr<5) —> ( Al; Syst(pred(tr),tc,tco,rr,rc,rco) ) )

+ ( (tr<4) —> ( A2; Syst(succ(tr),tc,tco,rr,rc,rco) ) )
+ ( (rc>1 & rc<6) —> ( Bl; Syst(tr,tc,tco,rr,pred(rc),rco) ) )
+ ( (rc<b5) —> ( B2; Syst(tr,tc,tco,rr,succ(rc),rco) ) )

+ ( (rr=3 & rc=5 & rco=red) —> ( B3 ) )

In terms of the parallel composition of the initial agent, the performance gain arises
from the fact that the search is directly represented by a recursive procedure, where
the arguments correspond to a state in the search space to be explored.

Note that the above code is equivalent to what would be obtained by applying
the state-space approach commonly found in classical Al textbooks (e.g., chapter
3 of [108]). In this approach, the rush hour problem would be defined in terms of
states representing the various positions of the vehicles, with transitions between
them based on vehicle movements. Interestingly, we have arrived at the same code
by applying program transformations to a version where vehicles compete for free
cells.
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5.3 Performance

Now, let’s illustrate the efficiency gains achieved during temporal logic verification
with the utilization of the guarded list construct. For this purpose, we will com-
pare the performance of the Scan and Anemone breadth-first search model checker
on various instances of the rush hour puzzle. These instances will be coded both
without the guarded list construct and with the guarded list construct.

As explained in earlier sections, the rush hour puzzle can be represented as a co-
ordination problem, where cars and trucks are treated as autonomous agents that
must coordinate based on available spaces. The complete code for this is accessi-
ble in Appendix C.The code for cars and trucks adheres to a pattern similar to the
code presented in Section 5.2.2. We shall subsequently compare the performance
of the Scan and Anemone breath-first search model checker on various examples of
the rush hour puzzle coded in three ways:

e with procedures written without the guarded list construct,

o with procedures written with the guarded list construct, as they result from
the refinement of Subsection 5.2.2,

e with the Syst procedures written with the guarded list construct and global
search, as they result from the transformations exposed in Subsection 5.2.3.

These three kinds of procedures will subsequently be referred to by the labels
“Without GL, “With GL” and “GL with Syst”.

Case Nb's Game
cars/trucks
1 2 VPurpleTruck(2,1), HRedCar(3,2)
9 3 VPurpleTruck(2,1), HRedCar(3,2),
HGreenCar(1,1)

3 4 VPurpleTruck(2,1), HRedCar(3,2),
HGreenCar(1,1), VOrangeCar(5,1)
VPurpleTruck(2,1), HRedCar(3,2),

4 5 HGreenCar(1,1), VOrangeCar(5,1),

VBlueTruck(2,4)

VPurpleTruck(2,1), HRedCar(3,2),
5 6 HGreenCar(1,1), VOrangeCar(5,1),
VBlueTruck(2,4), HGreenTruck(6,3)

VPurpleTruck(2,1), HRedCar(3,2),
HGreenCar(1,1), VOrangeCar(5,1),
VBlueTruck(2,4), HGreenTruck(6,3),
VYellowTruck(1,6)

Table 5.1: Test cases [17]
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We base our comparison on the examples of Table 5.1. They are inspired by
cards of the real game and are taken by progressively adding vehicles. The last col-
umn in Table 5.1 gives a brief description of the considered game. The V and H
prefixes refer to a vehicle put vertically or horizontally, while the coordinates are
those of the rows (counted from top to bottom) and columns (counted from left
to right). Table 5.2 reports the data obtained on an x64-bit Lenovo laptop, run-
ning Windows 10 with 16GB of memory. The first column refers to the test case
described in Table 5.1. The second, third and fifth columns show the time in mil-
liseconds taken to run the model checker on the considered cases. The fourth and
sixth columns present the gain obtained between the models, respectively, on the
one hand, between the “Without GL” and “With GL’ procedures, and, on the other
hand, between the “With GL” and “GL with Syst” procedures.

As we can see from this table, the introduction of guarded lists leads to a real
gain of performance as so does the global transformation of Subsection 5.2.3. For
cases 1, 2 and 4, the gain in the third column is close to the expected gain of 2"
announced at the end of Section 5.2.2, with n the number of vehicles. Indeed, we
get a gain of 2.7, 6 and 13.9, for an expected gain of 4, 8 and 16, respectively. It
is worth observing that a deviation with respect to the theoretical gain is to be ex-
pected since we stop the computations once we have found a solution and thus
only compute the necessary states (and not all of them). This also explains why
case 3 is an exception to the increase of time with the addition of vehicles. In
fact, because of their positions, the purple truck and the green car cannot move
much whereas the red car is completely unconstrained. In these conditions, the
breath-first search algorithm of the Anemone model checker discovers a solution
very rapidly and thus computes less states. It is also worth observing that from case
4, the gain is higher than the one delivered by formula 2”. Again this is due to the
fact that the GL variants find solutions in a quite fast way. For case 6, we were not
able to find a solution after computing 10 hours and generating more than 200 000
states. We thus stopped the computations at this point. Interestingly a result is
found after 7 562 ms (namely about 7 seconds) with the guarded list construct. Fi-
nally it is worth observing that the “GL with Syst” transformation allows a further
increase of performance and a much more reasonable computation time for the
more complicated cases.

Case | Without GL | WithGL | Gain | GL with Syst | Gain
1 175 63 2.7 63 1
2 815 136 6 102 1.3
3 285 90 3.2 72 1.2
4 3401 245 13.9 118 2
5 1258577 801 1571 174 4.6
6 =10h 7562 / 654 11.6

Table 5.2: Performance results wrt execution time (in ms) [17]
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Case | Without GL | With GL | Gain | GLwith Syst | Gain
1 208 30 7 20 1.5
2 832 86 9.7 52 1.6
3 270 42 6.4 25 1.7
4 1822 157 11.6 56 2.8
5 28812 449 64.2 80 5.6
6 =200000 2534 / 280 9

Table 5.3: Performance results wrt number of states generated [17]

Table 5.3 provides another look at the computations by comparing the number
of states computed during the executions. It fully meets the conclusions drawn for
Table 5.2.

5.4 Related Work

As far as we know, the idea of forcing statements to be executed without interrup-
tion is not new, nor has it been exploited by coordination languages. In [47] Dijkstra
has introduced guarded commands, which are statements of the form of G — S that
atomically executes statement S provided the condition G is evaluated to true. They
are mostly combined in repetitive constructs of the form

do GOHSO
O G — 8
O G,— S,
od

which repetitively selects one of the executable guarded commands until none of
them are executable. A non-deterministic choice is operated in the selection of
the guarded commands in case several of them can be executed. Later, Abrial has
used guarded commands in the Event-B method [1]. Such a construct is also at the
core of the guarded Horn clause framework proposed by Ueda in [119] to introduce
parallelism in logic programming. There Horn clauses are rewritten in the following
form

HHGI)'”)GmlBl)”'an

with H, Gy, ..., Gy, By, ..., B, being atoms. The classical SLD-resolution used to
reduce an atom is modified as follows. Assume A is the atom to be reduced. All
the clauses whose head H is unifiable with A have their guard G,---, Gy, evalu-
ated. The first one that succeeds determines the clause that is used, and the other
is simply discarded. To avoid mismatching instantiations of variables, the evalu-
ation of any G; is suspended if it can only succeed by binding variables. Finally,
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several pieces of work have tried to incorporate transactions and atomic constructs
in “classical” process algebras, like CCS. For instance, A2CCS [57] proposes to re-
fine complex actions into sequences of elementary ones by modelling atomic be-
haviours at two levels, with so-called high-level actions being decomposed into
atomic sequences of low-level actions. To enforce isolation, atomic sequences are
required to go into a special invisible state during all their execution. In fact, se-
quences of elementary actions are executed sequentially, without interleaving with
other actions, as though in a critical Section. RCCS [40] is another process alge-
bra incorporating distributed backtracking to handle transactions inside CCS. The
main idea is that, in RCCS, each process has access to a log of its synchronization
history and may always wind back to a previous state. A similar idea oflog is used in
AtCCS [2]. There, during the evaluation of an atomic block, actions are recorded in
a private log and have no effects outside the scope of the transaction until it is com-
mitted. An explicit termination action “end” is used to signal that a transaction is
finished and should be committed. States are used in addition to model the evalua-
tion of expressions and can be viewed as tuples put or retrieved from shared spaces
in coordination languages. When a transaction has reached commitment and if the
local state meets the global one, then all actions present in the log are performed at
the same time and the transaction is closed. Otherwise the transaction is aborted.

Our guarded list constructs [16] shares similarities with these pieces of work.
A major difference is however that we restrict the guard to a single primitive to
be evaluated. This eases the implementation since, once the primitive has been
successfully evaluated, the remaining primitives can be executed in a row without
using distributed backtracking as in RCCS, private spaces as in AtCCS for specula-
tive computations and checks for compatibility between local and global environ-
ments. Intricate suspensions inherent in guarded Horn clauses are also avoided.
Nevertheless, under this restriction, the combination with the non-deterministic
choice operator allows for achieving computations similar to the repetitive state-
ments of guarded commands. In relation to these studies, our contribution lies in
emphasizing model checking and presenting a refinement strategy that facilitates
the transformation of programs through the incorporation of the guarded list con-
struct.

Limiting the state explosion problem in model checking by limiting interleaving
is similar in spirit to the partial-order reduction introduced in [55, 84, 97, 120]. Re-
alizing that n independent parallel transitions result in 7! different orderings and
2" different states, the idea is to select a representative composed of n + 1 states.
Indeed, as the transitions are independent, properties need only to be verified on a
possible ordering. This technique has been employed in many research efforts for
model-checking asynchronous systems. However, these efforts aim at designing
more efficient algorithms on optimized automata. The approach taken here is dif-
ferent. We do not change our algorithm for model checking, but rather introduce a
new construct as well as considerations on refinements to transform programs into
more efficient programs.
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5.5 Closing Remarks

With the goal of enhancing the performance of formulae verification in the
Scan [63] and Anemone [62] workbenchs, this chapter introduced a new construct
called the guarded list. This construction improved efficiency in the verification
phase for Linda-like languages. Additionally, to facilitate the safe introduction of
the guarded list into programs, we proposed a notion of refinement and identified
situations in which a sequence of primitives can be safely replaced by a guarded list
of primitives.

In the next chapter, we shall turn to expressiveness issues and establish that
introducing guarded lists also results in an increase of expressiveness.
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CHAPTER

GUARDED LIST CONCEPT: EXPRESSIVENESS
EVALUATION

This chapter explores how guarded lists enhance the expressiveness of the Multi-Bach

coordination model. More precisely using modular embedding proposed by De Boer
and Palamidessi, we shall relate the £ family of languages embodying guarded lists
with the &, family of languages that do not contain guarded Lists. We shall establish
that the &£, languages can be embedded in their £, counterpart but not vice-versa.

Moreover we shall prove that £, languages obey to the expressiveness hierarchy of
traditional coordination languages. These results illustrate that guarded lists not
only bring an increase of performance to verify formulae but also an increase of ex-

pressiveness.

6.1 Opening

In the previous chapter, we introduced the concept of guarded lists, emphasizing
their value in improving performance for formulae verification by mitigating the
state-space explosion. However, the benefits of guarded lists extend beyond effi-
ciency. This chapter delves into another crucial advantage: the increased expres-
siveness they bring to the Multi-Bach coordination model.

Expressiveness in programming languages often reflects the ability to represent
constructs from one language within another without requiring significant reorga-
nization of the program, presented in Section 6.2. For sequential languages, this
typically involves preserving termination. For concurrent languages, expressive-
ness must also account for system behaviours, such as different computational evo-
lutions and deadlocks.
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In this chapter, we explore how guarded lists enhance the expressive power of
the Multi-Bach language family, in Section 6.3. By leveraging the concept of mod-
ular embedding, we compare the expressiveness of languages with and without
guarded lists. We show that languages with guarded lists can embed their counter-
parts without them, demonstrating their increased versatility. Conversely, we high-
light constructs enabled by guarded lists that cannot be replicated by languages
lacking this feature. The discussion will include operational semantics for concur-
rent languages, embedding hierarchies, and detailed comparisons between the £,
and £, families of languages, in Section 6.4. Next, in Section 6.5, we summarize
the results to clarify the fundamental advantages guarded lists bring to Multi-Bach’s
language ecosystem. Finally, Section 6.6 concludes this chapter.

6.2 Expressiveness

The introduction of guarded lists has been motivated by a gain of efficiency during
verification. It is interesting to observe that the guarded list construct also brings
an increase of expressiveness. This is evidenced in this section by using the no-
tion of modular embedding introduced in [21]. As pointed out there, from a com-
putational point of view, all “reasonable” sequential programming languages are
equivalent, as they express the same class of functions. Still, it is common prac-
tice to speak about the “power” of a language on the basis of the expressibility or
non-expressibility of programming constructs. In general, a sequential language
L is considered to be more expressive than another sequential language L' if the
constructs of L' can be translated in L without requiring a “global reorganization of
the program” [50], that is, in a compositional way. Of course, the translation must
preserve the meaning, at least in the weak sense of preserving termination.

When considering concurrent languages, the notion of termination must be re-
considered, as each possible computation represents a possible different evolution
of a system of interacting processes. Moreover, deadlock represents an additional
case of termination. Following previous work [29, 28, 43, 74, 75, 76], we shall conse-
quently rely on the following operational semantics & provided by Definition 20,
which focuses on the final store of finite computations together with the termina-
tion mark.

Definition 20. Define the operational semantics O : £y — 2 (Sstorex {6*,67}) as
the following function: for any agent A€ £,

Op(A) = {0,867 :(Al@) —"(E|0o)}
U
{(0,67): (Al @) =" (Blo) /4, B#E}

Note that (as it is immediately verified), for any agent A, the semantics G¢(A) is
obtained by considering the final stores of the finite histories of G}, (A) (®).

104



6.2. Expressiveness

@I
L Obs'
€ 9
Obs
(0}

Figure 6.1: Basic embedding

The basic definition of embedding, given by Shapiro [113] is the following. Con-
sider two languages L and L. Moreover assume we are given the semantics map-
pings @ : L — Obs and @' : L' — Obs/, where Obs and Obs’ are some suitable do-
mains. Then L can embed L’ if there exists a mapping € (coder) from the state-
ments of L' to the statements of L, and a mapping 2 (decoder) from Obs to Obs/,
such that the diagram of Figure 6.1 commutes, namely such that for every state-
ment A€ L': 2(0(€(A) =0'(A).

The basic notion of embedding is too weak since, for instance, the above equa-
tion is satisfied by any pair of Turing-complete languages. De Boer and Palamidessi
hence proposed in [21] to add three constraints on the coder ¥ and on the decoder
2 in order to obtain a notion of modular embedding usable for concurrent lan-
guages:

(i) 2 should be defined in an element-wise way with respect to &':
VXeObs: 2(X)={D,(x)| xe X} (Py)

for some appropriate mapping 2,;;
(ii) the coder ¥ should be defined in a compositional way with respect to the
sequential, parallel and choice operators':

C(A; B)=€(A); €(B)
C(AllB)=€ (Al €(B) (P2)
€(A+ B)=%€¢(A) + €(B)

(iii) the embedding should preserve the behavior of the original processes with
respect to deadlock, failure and success (termination invariance):

VX eObs,VxeX: tm' (@, (x) = tm(x) (P3)

where tm and tm' extract the information on termination from the observ-
ables of L and L/, respectively.

1 Actually, this is not required for the sequential operator in [21] since it does not occur in that work.
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An embedding is then called modular if it satisfies properties P;, P, and Ps.

The existence of a modular embedding from L’ into L is denoted as L' < L. It is
easy to see that < is a pre-order relation. Moreover if L' € L then L' < L that is, any
language embeds all its sublanguages. This property descends immediately from
the definition of embedding, by setting ¢ and 2 equal to the identity function.

This background being provided, let us now compare the Anim-Bach language
with guarded lists with the Anim-Bach language without guarded lists. As intro-
duced before, the former is denoted by £,. The latter will be denoted by Z. Fol-
lowing [28], we shall also test three sublanguages composed (i) of the ask, tell prim-
itives, (ii) of the ask, tell, get primitives and (iii) of the ask, tell, get, nask primitives.
These sublanguages will be denoted by specifying the primitives between paren-
theses, as in £ (ask, tell). Moreover, to focus on the core features, we shall discard
conditional statements and procedures, which are essentially introduced for the
ease of coding applications.

The article [29] has established that
Zr(ask, tell) < £, (get, tell) = £, (ask, get, tell) < £y (ask, nask, get, tell).

It is to be expected, but to be verified, that similar relations hold for guarded lists.
The intuition behind these relations is first that %, (ask, tell) has a monotonic be-
havior : once a piece of information has been told, it cannot be removed later in the
computations. This property obviously does not hold for languages involving the
get primitive. Hence %, (ask, tell) appears to be the weakest language. However,
for any si-term ¢, the ask(¢) primitive can be coded by a get(t) followed by tell(t).
Strictly speaking there is a difference since, in contrast to ask(t) which does mod-
ify the store, get followed by tell does modify it. However one needs the nask
primitive to evince that property. As a result, in absence of nask, £, (get, tell) and
%, (ask, get, tell) have the same expressive power but both of them are less expres-
sive than the full language %, (ask, nask, get, tell).

Moreover, by language inclusion, it is obvious that the Multi-Bach sublanguages
with guarded lists embed their counterparts without guarded lists. We announced
before that the converse does not hold. Intuitively, the key ingredient for these
properties is that, thanks to the guarded list construct which provide atomic com-
putations, languages of the £, family have the possibility to atomically check the
presence or absence of two or more pieces of information. This does not hold for
%, family as there is no atomic construct. One may however argue that using a spe-
cial token, say s for semaphore, one may simulate atomic behaviors by first putting
t on the store and then encapsulating between get(s) and tell(s) primitives critical
code to be executed in isolation. However, this tends to forget the compositionality
requirement imposed to the coder (see property P, above) which leads to mess up
the execution, for instance when agents are executed in parallel.

All these explanations rely on intuition but call for formal proofs. They are pro-
vided in the following two sections. A final section sums up the results and put
them in perspective.

106



6.3. Embedding Hierarchy in the £Lg family

6.3 Embedding Hierarchy in the £, family

Let us start the comparison of languages of the £, family of languages by
comparing Zg(ask, tell) and Zg(get, tell). Intuitively, all the computations of
Zg(ask, rell) are monotonic in the sense that once told an si-term cannot be re-
moved. This is not the case for £, (get, rell) which can remove told si-terms by
employing the get primitive. This result is formally established as follows.

Proposition 2. One has £g(ask, tell) < £ (get, tell)

Proof. On the one hand, by coding each ask(f) primitive as get(¢) followed
by tell(t), one immediately establish that Zg(ask,tell) < Lg(get,tell). Let us
now establish that the converse does not hold. Assume by contradiction that
L (get, tell) < L (ask, tell) hold and thus that there exists a coder from £, (get, tell)
to Zg(ask, tell). Let us consider [rell(a)] ; [get(a)]. Since € is compositional and
since Oy ([tell(a)] ; [get(a)]) = {(@,0")}, the termination mark of any element of
Or(€((tell(@)]); €((get(a)]) is successful. As € ([ger(a)]) is composed of ask and
tell primitives only and since ask and tell primitives do not destroy elements, it fol-
lows that any element of O (€ ([tell(a)]) ; € ([get(a)]) ; € ([get(a)])) has a success-
ful termination mark. However, @’f([tell(a)] ; [get(a)]; [get(a)]) = {(®,67)} which
contradicts property Ps. O

In the presence of the tell primitive, the get primitive does bring expressiveness
with respect to the ask primitive. As a result, it is expected that it is redundant when
the language contains both the tell and get primitives. This is indeed the case, as
established by the following proposition.

Proposition 3. One has £ (get, tell) = £, (ask, get, tell).

Proof. Indeed, £ (get, tell) < ZLg(ask, get, tell) holds by language inclusion. More-
over, translating each get and tell primitive to itself and each ask(¢) primitive in
get (1) followed by tell(z), establishes that £ (ask, get, tell) < L (get, tell). O

In contrast, it worth observing that nask strictly enhances the expressivity when
combined with tell and get primitives.

Proposition 4. One has £g(get, tell) < £Lg(nask, get, tell).

Proof. Indeed, by language inclusion, one has £, (get, tell) = ZL¢(nask, get, tell).
Moreover, it is possible to establish by contradiction that Zg(get,rell) <
L (nask, get, tell) does not hold. Indeed otherwise it is possible to prove that any
computation of € ([tell(1)]) ; € ([nask(1)]) starting in the empty store is success-
ful, which contradicts by Ps the fact that @f([tell(t)] s [mask(®))) = {({t},67)}. In
fact, any computation of € ([tell(t)]) starting on the empty store succeeds since
O¢([tell(n]) = {({t},6")}. Similarly, any computation of € ([nask(t)]) starting on
the empty store succeeds and consequently so does any general computation start-
ing on any store since € ([nask(t)]) is composed of get and tell primitives only. It
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follows that any computation of € ([tell(?)]) starting on the empty store can be con-
tinued by (successful) computations of € ([nask(t)]). O

Finally, in the presence of the other primitives, the ask primitive does not bring
any additional expressiveness.

Proposition 5. One has £g(nask, get, tell) = £ (ask, nask, get, tell).

Proof. By language inclusion, one has £, (nask, get, tell) = £, (ask, nask, get, tell).
Moreover, given the atomicity of the guarded list construct, it is possible to rewrite
any ask(t) primitive as get(t) followed by ask(?). O

Propositions 2 to 5 can be summarized in the following theorem, which depicts
the hierarchy inside the £ family of languages.

Theorem 1. One has

ZLelask, tell) < Lg(get, tell) = Lq(ask, get, tell)
<  Zg(nask, get, tell) = Lq(ask, nask, get, tell).

Proof. The theorem directly results from Propositions 2 to 5. O

6.4 Comparing the £, and £, Families of Languages

Let us now turn to the relations between the £, and £, families of languages. By
language inclusion, a first obvious result is that the Multi-Bach sublanguages with
guarded lists embed their counterparts without guarded lists.

Theorem 2. For any subset & of primitives, one has £, (X) < Lg(X).

The converse relations do not hold. Intuitively, this is due to the fact that, in
contrast to £, the languages £, have the possibility of atomically testing the si-
multaneous presence of two si-terms on the store. The formal proofs require of
course deeper treatments. It turns out however that the techniques employed in
[28] can be adapted to guarded lists. One of them, which results from classical con-
currency theory, is that any agent can be reformulated in a so-called normal form.

Definition 21. Agents (of £g) in normal forms are agents of £¢ which obey the fol-
lowing grammar, where N is an agent in normal form, p is a primitive (either graph-
ical or store-related) or a guarded list of primitives and A denotes an arbitrary (non
restricted) agent

N == plp;AIN+ N.

The following lemma is reproduced from [28].

Lemma 1. For any agent A of £g, there is an agent N of £, in normal form which
has the same derivation sequences as A.
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Proof. The proof is reproduced from [28] to provide the reader with the construc-
tion of an agent in normal form associated to an unrestricted agent. It consists of
associating to any agent A an agent 7(A) (in normal form) by using the following
translation defined inductively on the structure of A:

(p) = p
7(X;Y) = 1(X);Y
1(X+Y) = 1(X)+7(Y)
XY) = tOLY+r(MILX
bz = pz
p;ALZ = p;Al2)
Ni+N)Llz = NlzZ+NlLZ

It is easy to verify that, for any agent A, the agent 7(A) is in normal form. Moreover,
it is straightforward to verify that A and 7(A) share the same derivation sequences.
O

We are now in a position to establish that £ (ask, tell) cannot be embedded in
£ (ask, tell).

Proposition 6. One has ZLg(ask, tell) £ £, (ask, tell)

Proof. Let us proceed by contradiction and assume the existence of a coder ¢ and
a decoder 2. The proofis composed of three main steps.

STEP 1: on the coding of tell(a) and tell(b). Let a, b be two distinct si-terms. Since
@f([tell(a)]) ={({a},6™)}, any computation of € ([tell(a)]) starting in the empty store
succeeds by property Ps. Let

(€(tell @) | @) — -+~ —(E{a, -, am})

be one computation of € ([tell(a)]). Similarly, any computation of € ([tell(b)]) start-
ing on the empty store succeeds. Let

(€ ([tellD))) | @) — -+ —(E[{b1,---, Dp})

be one computation of € ([zell(b)]). Note that, as we only consider ask and tell prim-
itives, this computation can be reproduced on any store 7. We thus have also that

(el | T) — - —=(E|TU{b1,-*-,bp})
In particular, as 6 ([tell(a)]; [tell(b)]) = € ([tell(a)]); € ([tell(b)]), we have that

(€ ([tell(a)]; [tellD)) | @) — -
—(E(rellib)]) [{ay, -+, am}) — -~
*)(El{aly’“ramrblr'”)bn}>
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STEP 2: coding of an auxiliary statement AB. Consider now AB = [ask(a) — ask(D)].
Obviously, as it requires a to be present, the execution of AB on the empty store
cannot do any step and thus @f(AB) = {(,67)}. Let us now turn to its cod-
ing € (AB). By Proposition 1, it can be regarded in its normal form. As it is in
% (tell, ask), its more general form is as follows

tell(f); Ay +---+ te”(tp) ; Ap
+ask(u1); By +---+ask(ug) ; By
+8p1; Gt +gpr; G

where gp, ..., gp, are graphical primitives. Let us first establish that there is no
alternative guarded by a tell(¢;) operation. Indeed, if this was the case, then

D =(€(AB)| @) — (A; [ {t;})

would be a valid computation prefix of € (AB). As @f(AB) = {(®,07)}, this prefix
should deadlock afterwards. However, as € (AB + [tell(a)]) = € (AB) + € ([tell(a)]),
the computation step D is also a valid computation prefix of € (AB + [tell(a)]).
Hence, € (AB + [tell(a)]) admits a failing computation which, by property P3, con-
tradicts the fact that G (AB + [tell(a)]) = {({a},67)}. The proof of the absence of an
alternative guarded by a graphical primitive g p; proceeds similarly.

Let us now establish that none of the u;’s belong to {ay,-:-,an,} U{by, -, by}
Indeed, if u; € {ay, -, a;;} for some j € {1,---,q}, then, as €([tell(a)] ; AB) =
€ ([tell(a)]) ; € (AB), the derivation

D' =(€([tell@]; AB)| @) — ---— (€ (AB) | {a1,", am})

—(BjH{ay, -, am})
is a valid computation prefix of € ([tell(a)] ; AB). However, by applying rule (T),
([telll@]; AB| @) — (AB|{a}) /—

By Property Ps3, it follows that D’ can only be continued by failing suffixes. How-
ever, thanks to the fact that € ([tell(a)] ; (AB + [ask(a)])) = € ([tell(@)]) ; (€(AB) +
€ (lask(a@)])) the prefix D' induces the following computation prefix D” for
6 ([tell(a)] ; (AB + [ask(a)]))

D" = (€ ([tell(a)]; (AB+ lask(@)) | @) — ---
— (€ (AB) + € (lask(@)) [ {a1,---, am})

— (B} a1, am)).

which can only be continued by failing suffixes whereas [tell(a)] ; (AB + [ask(a)])
only admits a successful computation.

The proof proceeds similarly in the case u; € {by,--, by} for some j € {1,---, g}
by then considering [fell(b)] ; AB and [tell(b)]; (AB + [ask(D)]).
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STEP 3: combining the first two steps to produce a contradiction. The u;’s are thus
forced not to belong to {ay,---,am} U{b1,---,b,}. However, this induces a contra-
diction. To that end, let us first observe that ¢ (AB) cannot do any step on the store
{ay, -+, am, b1, , by} since none of the ask(u;) primitives can do a step. As aresult,

<AB|{al,"’,am,bl,“',bn}>7;>

Now, by compositionality of the coder with respect to the sequential composition
(property P»), € ([tell(a)] ; [tell(b)] ; AB) = €([tell(@)]) ; € ([tell(b)]) ; €(AB), and
consequently the following derivation is valid:

(€([tell(a)]; [telliD)]; AB) | @) — --- — (AB|{a1, -, am, b1, -, bn})

and yields a failing computation for € ([tell(a)] ; [tell(b)] ; AB). However, as easily
checked, [tell(a)]; [tell(b)] ; AB has only one successful computation. O

Using similar arguments as in the previous proof it is possible to establish that
the same result holds when the ask primitive is replaced by the get primitive.

Proposition 7. One has ZLg(get, tell) £ £,(get, tell).

Proof. The proof proceeds similarly, the only difference being that ask(u;) primi-
tives need to be replaced by get(u;) primitives. O

As the ask primitive does not bring additional expressive power in the presence
of the tell and get primitives, one then gets the following result.

Proposition 8. One has £Lg(ask, get, tell) £ £, (ask, get, tell).

Proof. This is a direct consequence of the previous proposition since
ZLg(get, tell) = Lg(ask, get, tell) and £, (get, tell) = £y (ask, get, tell). O

To introduce the nask primitive in the languages, one may hope of transpos-
ing once more the proof of proposition 8. However, since %, (ask, nask, get, tell)
can perform negative tests, € ([tell(b)]) could in principle check whether the
%6 ([tell(a)]) has taken place before and then place or remove suitable tokens
thereby making clear to € (AB) that both a and b have been told or not. The same
reasoning would hold for telling the same token several times. However, as all the
agents of the languages are finitely branching and contain a finite number of com-
munication primitives, this is not possible for ever, as stated in the following lem-
mas. They have been first published in [28] to which we refer the reader for the
proofs.

Lemma 2. For any agent A € %, (tell, ask, get, nask), if (0,6") € O¢(A) then the par-
allel composition B = A|| --- || A of n copies of A has a successful computation re-
sulting in the store 1 = o0 U --- U 0 consisting of the multi-set union of n copies of o:
(1,6%) €64 (B).

Proof. See[28]. O
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Lemma 3. Let A € %, (tell, get,ask, nask) be such that (0,6%) € Of(A). Let B
be an agent of £, (tell, get, nask, ask) composed of n ask, nask and get primitives
and such that (B | U?:IIU) —* (E | 7). Then, for any p >0 ((Uleo) ur,6t) €
o117 A); B).

Proof. See[28]. O

Lemma 4. Ler S be a finite set of si-terms and [ : & — P5;(F) be a function as-
sociating to each si-term a finite set of si-terms. Assume there is a si-term a such
that for any other si-term b either f(a) N f(b) # @ or f(b)NS # @. Then thereis a
denumerable series of si-terms (x;); and an integer N such that ﬂf.\il f(x;) # @ and

ﬂfilf(xi) =ﬂf.\i1f(xi)nf(xn),foranyn>N.

Proof. See[28]. O

We are now in a position to establish our final proposition.

Proposition 9. One has £g(ask, nask, get, tell) £ £ (ask, nask, get, tell).

Proof. The proof is conducted by contradiction by assuming a coder € from
ZLeask, nask, get, tell) to £y (ask, nask, get, tell). Tt is structured according to two
cases following a set of notations that we first introduce.

NOTATIONS. Fix a si-term a and let n be the number of get and nask primitives
in 6 ([tell(a)]). Moreover, for any primitive ¢ and any integer p, let c” denote the
parallel composition of p copies of ¢: ¢” = || lec.

As the computation of [tell(b)]"*? ; [tell(a)] succeeds, for any si-term b # a, let
S’b be one store of one successful derivation of € ([tell(b)])"? ; € ([tell(a)]). More-
over, take as Sy the store resulting from one successful derivation of € ([fell(x)]).
Note that, thanks to Lemma 3, one may assume that S, < S;C, for any token x.

Two cases need to be considered.

CASE 1. Assume first there is a si-term b such that S, N S;} = ¢. Then con-
sider ABs consisting of removing a together with n + 3 copies of b: ABs =
[get(a) — get(b),---,get(b)]. The normal form of € (ABs) can be rewritten in
% (ask, nask, get, tell) as:

tell(f); Ay +---+tell(ty); Ap
+ask(u); By +---+ask(ug) ; By
+get(vy); C1+---+get(v,); C;
+nask(wn); Dy +---+nask(ws) ; Ds

+8p1; E1+---+8pg; Eg

The proof proceeds in this case in three steps, with the first two reducing the alter-
natives and the last one bringing a contradiction in this context.
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Step 1.a: no alternative with a tell primitive or a graphical primitive. Using argu-
ments analogous to those of Proposition 6, it is possible to prove that there are no
alternatives guarded by a tell(t;) primitive as well as by a gp; graphical primitive.

Step 1.b: no alternative with a nask primitive.  Let us now establish that
{wi, -, ws} S SanN SZ which, in view of the hypothesis of this first case (S, N S;} =)
amounts to expressing that there are no alternatives guarded by a nask(w;) primi-
tive. Indeed, assume that w; ¢ S,, for some j € {1,---,s}. Then

Ep =(€(ltell(@)]; ABS) | @) — -+ — (€ (ABS) | Sq) — (Dj | Sa)

is a valid computation prefix for € ([tell(a)] ; ABs) which can only be continued
by failing suffixes since @f([tell(a)] ; ABs) = {({a},67)}. However, this computation
prefix induces the following computation prefix E’ for the coder of [tell(a)] ; (ABs+
[tell(D)])) which only admits successful computations:

E' = (€ ([tell(a)] ; (ABs+ [tell(D)]) | ®)
.
— (G (ABs) + €€ ([tell(b)]) | S,)
— (D 1Sa).

The proof proceeds similarly for w; ¢ SZ since then w; ¢ Sp.

Step 1.c: contradiction. Using the same reasoning as in Proposition 6, it is pos-
sible to establish that {uy, -, ug, v, -+, v} N (SpU S;}) = @. As a result (6 (ABs) |
Spu SZ) #—. The contradiction then comes from Lemma 3 which validates the fol-
lowing derivation:

(G ([tellb))"; 6 ((tell(@)) ; ABs| @) —* (€(ABs) | SpUS)).

The agent € ([tell(b)])"*3 ; € (tell(a) ; €(ABs) then admits a failing computation
whereas [tell(b)]"*3; [tell(a)] ; ABs only has one successful computation.

CaAsE II. A key ingredient in the first case is the fact that there exist b such that
San S;} # ¢. Imagine that such a b does not exist and thus that S, N S;g # ¢ for any
si-term b distinct from a. Then, thanks to Lemma 4, there is a denumerable set
of distinct si-terms x;, also distinct from a and an integer m, such that mlf’:l(Sa n
S;i) # ¢ and [N} (S, nS;i)] NSy N S;j) # @, for j > m. Consider, in this case,
NT = [nask(a) — nask(xy),---,nask(x,)] and €(NT) in the following normal
form.

tell(ty); Ay +---+ tell(ty); Ap
+ask(u1); By +---+ask(ug); By
+get(v1); C1 +---+ get(vy); Cr

+ nask(w); D1 +---+nask(ws); Ds

+8p1; E1+---+8pg; Eg.

The proof proceeds in this case in three steps.
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Step 2.a : no alternative with a tell primitive or a graphical primitive. Let us first
establish that there is no alternative guarded by a tell(¢;) primitive. Indeed, if this
was not the case then

F' = (€ ([tellx)]); €(NT) | @) — - — (€(NT) | Sy,)
— (A} Sy UL

would be, by properties (P2), a valid computation prefix for € ([tell(x;) ; NT)
which, by (P3), can only be continued by failing suffixes since @f([tellxl] ; NT) =
{({x1},67)}. However F' induces the following computation prefix F” for
6 ([tell(x1)] ; (NT + [ask(x1)])) and thus a failing computation for it, which, by Ps
is absurd since the computation of [tell(x1)]; (NT + [ask(x;)]) succeeds:

F' = [(€(ltell(x)]); (€(NT + lask(x1)])) | @) — -+
— (C(NT +[ask(x1)]) | Sx,) — (Aj | Sx, U{L;DH

The absence of alternatives involving graphical primitives is established simi-
larly.

Step 2.b: auxiliary technical result. Let us now note prove that
{wi, -, ws} (S, N---NSy,)

Indeed, if there was some wy ¢ Sy;, then using similar reasonings for [zell(x;)]; NT
and [tell(x;)] ; (NT + [ask(x;)]) and employing the nask(wy) ; Dy alternative of
% (NT) would lead to a contradiction.

Step 2.c: contradiction. To establish the final contradiction, consider
[tell(xm+1)]; NT. A possible computation prefix for € ([tell(x,,+1)]; NT) is, by P,
as follows:

(€ ([tell(xm+1))); €(NT) | @) —"(E(NT) | Sx,p,,)-

Since [tell(x;,+1)] ; NT has a successful computation, and since {wy, -+, ws} € Sz N
Sx; N+ Sx,, € Sx,p,, there should exist j such that u; € Sy,,,, or vj € Sy,,,,. Let us
assume the first case hold, the other being treated similarly. In these conditions, as
Sxms1 € Sk,,.,» the following derivation is valid:

H = (6 ([tell(x,y+1))™? ; € ((tell(@) ; 6(NT) | @)
— T (GINT)[S, ) — (Bj1S,  \uj)

Xm+1 Xm+1

Moreover, as [tell(merl)]"Jr2 ; [tell(@)] ; NT has only one failing computation, H

should be continued by failing suffixes only. It follows that H introduces a failing
computations for [tell(Xme1)]2; [tell(a)] ; (NT + [get(a)]) which is impossible in
view of (P3) since the latter agent has only one successful computation. O

The following theorem sums up the non embedding relations established in
Propositions 6 to 9, which state the non-embedding of the languages £, into their
%, counterparts.
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2 (ask, tell) L (ask, tell)
%, (get, tell) L (get, tell)
% (ask, get, tell) Zgask, get, tell)
%, (ask, nask, get, tell) Zgask, nask, get, tell)

Figure 6.2: Relations between languages

Theorem 3. For any subset & of primitives taken from
{{ask, tell}, {get, tell}, {ask, get, tell}, {ask, nask, get, tell} }

one has Lg(X) £ £ (X).

Proof. The theorem follows directly from Propositions 6 to 9. O

6.5 Summary of the Relations Between the Languages

The set of separation and equivalence results are summarised in Figure 6.2. They
follow directly from the results obtained in [29] for the £, family of languages and
from the results established in this paper in Theorems 1, 2 and 3.

In this figure, an arrow from a language %) to a language %, means that %,
embeds £, that is &) < %,. Notice that, thanks to the transitivity of embedding,
the figure contains only a minimal amount of arrows. However, apart from these
induced relations, no other relation holds. In particular, when there is one arrow
from %) to %, but there is no arrow from %, to &), then % is strictly less expres-
sive than %, thatis £} < %».

6.6 Closing Remarks

To improve the performance of the verification tools introduced in the Scan [63]
and Anemone [62] workbenches, the previous chapter presented a new construct
called the guarded list, designed to enhance the efficiency of the verification of tem-
poral logic formulae. In this chapter, we demonstrated that this construct not only
improves efficiency but also increases the expressiveness of Linda-like languages.

Our work paves the way for several avenues of future research. As far as expres-
siveness studies are concerned which will be presented in the next chapter, our
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current approach applied to a few sub-languages, calls for more in-depth research
encompassing all sub-languages and their comparison with the Ly;gr and L¢s
language families studied in [29]. Although our approach is valid, other methods
such as the absolute approach advocated by Zavattaro et al in [30] could offer
different perspectives on the expressiveness hierarchy of languages. In addition, it
would be interesting to explore expressiveness studies based on bisimulations and
fully abstract semantics, as indicated in [98].

In the following part, we present our methodology for applying Anemone to
socio-technical systems in Chapter 7, using a detailed theoretical example of emer-
gency system management in an intelligent city. Then, in Chapter 8, we showcase
several examples of Anemone’s implementation and application in IoT projects
conducted with Master’s students from our faculty. These chapters highlight not
only the flexibility and efficiency of Anemone in diverse contexts but also its po-
tential to address real-world coordination challenges in complex and dynamic en-
vironments.
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CHAPTER

TOWARDS A METHODOLOGY FOR CODING STS

This chapter presents a methodology for coding socio-technical systems by using the
Multi-Bach coordination language and the Anemone workbench presented in the
previous chapters. As we tried to convince the reader previously, Multi-Bach and
Anemone facilitate the modelling and the simulation by enabling agent-based coor-
dination and visualizing interactions through animations. Still it is of importance
to help the user of Multi-Bach and Anemone with guidelines that enable him to
produce code from an informal specification of the problem at hand. To that end,
our methodology involves five key steps which are addressed in subsequent sections.
First, we analyse the scenario, in Section 7.2, and convert key data and behaviours
in Multi-Bach. Then, we simulate the processes with visual feedback in Section 7.3.
A case study demonstrates the application of our methodology in optimizing ambu-
lance and traffic coordination during emergencies, highlighting improved response
times and resource allocation.

7.1 Opening

Urbanization is currently remodelling our way of life, with cities becoming denser
and more complex every year. By 2050, according to a report by the United Nation
[129], nearly 68% of the global population (approximately 6.7 billion people) are
expected to live in urban areas, compared to 54% in 2015. This rapid growth puts
immense pressure on essential services like healthcare, transportation, and emer-
gency response systems.

Consider emergency medical services (EMS), where every second counts. Re-
search shows that reducing ambulance response times by even one minute can
save up to 10,000 lives annually in large cities like New York [20]. Yet, in cities such
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as Brussels, ranked 10th globally for traffic congestion in 2024, the combination of
dense populations and clogged roads creates significant barriers to delivering crit-
ical care on time [117]. With the number of vehicles and city populations set to
rise significantly by 2050, the question becomes urgent: How can we ensure cities
remain accessible for life-saving interventions when it matters most?

Smart cities offer a hopeful future. Defined as urban environments that use
technology to enhance efficiency, sustainability, and quality of life, smart cities in-
tegrate IoT, artificial intelligence (AI), and real-time data analysis to solve urban
challenges [129]. For example, IoT enabled traffic systems can dynamically adjust
signals to prioritize emergency vehicles, while drones can deliver medical supplies
directly to the scene of an emergency. According to the Global McKinsey Institute
[61], these technologies have the potential to reduce emergency response times by
up to 35%, saving thousands of lives annually. This is where our research comes
in. We shall use our coordination language Multi-Bach and its associated work-
bench Anemone to code the interactions between human and technical agents in
the socio-technical system offered by emergency response networks. By modelling
how agents like paramedics, hospitals, and traffic systems interact, they will be able
to address challenges like traffic delays, communication breakdowns, and resource
allocation. With this tool, we aim to demonstrate how cities can become smarter,
more efficient, and better prepared to save lives as urbanization continues to grow.

To be more concrete, image the following scenario, which we shall refer to as
Nurse Geek and Ambulance Chic: Smart Cities to the Rescue

It is Thursday evening. After a long day of lectures, a nursing student
heads home, only to suddenly find herself face-to-face with a man col-
lapsing in the street. He is unresponsive. She performs first aid, but
there is no reaction. He needs to be taken to the hospital immediately.
However, it is 5 p.m., rush hour, the worst possible time for navigating
the city streets. The ambulance may not arrive in time.

Now envision urban roads in 2050, with a significant population in-
crease expected in the next 25 years. Traffic delays could become crit-
ical, turning emergencies like this into life-or-death situations. What
can we do today to ensure our cities remain accessible and responsive
in the future? This brings us to the concept of “smart cities”. These
cities leverage technology to enhance urban life, making it more effi-
cient, sustainable, and liveable. Examples include smart systems that
estimate traffic delays or measure air quality. But smart cities are about
more than just monitoring, they drive proactive solutions. They aim
to improve access to services. If so, the question is here how can we
prepare cities to handle the predicted surge in vehicles by 2050 while
maintaining efficiency and accessibility?
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Figure 7.1: Nurse Geek and Ambulance Chic: Smart Cities to the Rescue in 2050

The image above has been created using the “Microsoft Bing” artifi-
cial intelligence tool to illustrate our “Nurse Geek and Ambulance Chic:
Smart Cities to the Rescue in 2050” case study. This case study has been
previously presented at the University of Namur’s 180 Second Thesis Pre-
sentation competition, on April 11, 2024.

7.2 Modelling “Nurse Geek and Ambulance Chic”

7.2.1 Data Definition and Elementary Operations
To start with one needs to make precise which information is used in our modelling

and how elementary synchronization points are obtained. This leads to the follow-
ing two subsections.
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Data Representation

The Nurse Geek and Ambulance Chic case study involves three types of data that
need to be suitably represented to enable efficient collection, processing, and anal-
ysis in decision-making:

(i) Citizen Data: Data related to citizens is crucial for personalized and collec-
tive services in a Smart City, such as healthcare and navigation assistance.
Examples include:

e Elementary pieces of information, which will be represented as tokens.
For example, Manel as a citizen will be represented by the token manel.

e Structured pieces of information, which will be represented by complex
si-terms. For example, a report of an emergency by Manel at location
45 will be represented by the si-term reportEmergency (manel,
emergency, location_45).

(ii) IoT Integration: IoT devices provide real-time monitoring and reporting on
various aspects of the city’s ecosystem. Examples include:

e the declaration of web cams, which will be represented by tokens, as in
camTraffic_23.

e the relation between data, which will be represented by complex si-
terms, as in trafficStatus (camTraffic_23, congestion)
to indicate the detection traffic congestion near the webcam 23.

(iii) Urban Resource Allocation: Urban data encompasses information about the
city’s infrastructure and environment, essential for optimizing resources and
enhancing city operations. Examples include:

e the identification of objects, which will be represented by tokens, as
ambulance_09 for ambulance 9.

e the expression of properties, which will be represented by complex
si-terms. For instance, dispatchAmbulance (ambulance_09,
location_45) expresses that ambulance 9 is dispatched to location
45.

It is worth noting that the above examples constitute only a few illustrations of what
need to be coded. Modelling completely the Nurse Geek and Ambulance Chic ex-
ample will require to introduce other similar data. However, with what has been
introduced above, one may already easily handle the following sentence.

Let’s imagine that manel is a citizen and a nursing student. After her
classes, she strolls around the smart city in the year 2050. At one point,
while at 1ocat ion_45 in this intelligent city, she encounters an emer-
gency situation that she cannot handle alone.
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Elementary Points of Synchronization

Coding the Nurse Geek and Ambulance Chic case study involves four main opera-
tions of synchronization, which can be nicely coded by the Bach primitives acting
on stores:

®

(i)

(iif)

(iv)

reporting information, which can be coded by the tell primitive.
For instance, tell (reportEmergency (manel, emergency,
location_45)) may be used to logs an emergency report by Manel
atlocation 45.

checking whether an event occur, which can be coded by the ask primitive.
For instance, ask (status (manel, emergency, treated)) maybe
employed to check if Manel’s emergency report has been addressed.
removing obsolete information, which can be coded by the get prim-
itive. For instance, get (reportEmergency (manel, emergency,
location_45) ) may be used to remove a resolved report.

verifying the absence of problems, which can be coded by the nask prim-
itive. For instance nask (reportEmergency (manel, emergency,
location_45) ) may be used to verify the absence of an emergency report
atlocation 45.

7.2.2 Complex Behaviours

Procedures allow to code complex behaviours. To start with, let us describe each
actor type of the Nurse Geek and Ambulance Chic case study by a procedure and
each concrete actor by a procedure call. The Nurse Geek and Ambulance Chic case
study obviously features five type of actors: citizens, ambulances, hospitals, traffic
systems and grid systems. Each type will be depicted by a procedure with the same
name to which we add an argument to identify particular instances. As a result,

e theCitizen (id) procedure is used to describe citizens

e the Ambulance (id) procedure is used to describe ambulances

e the Hospital (id) procedure is used to describe hospitals

e the TrafficSystem (id) procedure is used to describe traffic systems
e the SmartGrid (smartGrid) procedure is used to describe grids.

By putting in parallel calls to these procedures one may simulate the smart city
system at end. For instance,

Citizen (manel) ||  Citizen (fatma) [
Ambulance(1) ||  Ambulance(2) [
Hospital (chu) ||  Hospital (bouge) [
TrafficSystem (parc) || TrafficSystem(gare) ||
GridSystem (ville)
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model a smart city involving two citizens, Manel and Fatma, two ambulances, iden-
tified as 1 and 2, two hospitals, named after the CHU UCL Namur hospital and the
Saint-Luc Bouge hospital, two traffic lights, located near the park Marie-Louise and
the Namur station as well as a grid system operated by the city of Namur.

It is worth observing how easy it is to add new actor types and new actors. One
has just to define new procedures and include new procedure calls in the parallel
composition.

Let us now describe in turn the actor types or, restated in programming terms, let
us now code the associated procedures.

Modelling a Citizen

The behaviour of a citizen identified by id in the city’s emergency response system
consists of login, using smart devices, reporting emergency situations and finally
login out. This is reflected in the following piece of code.

proc Citizen(id:1ds) = LogIn(id);
UseSmartDevices(id) ;
ReportEmergency (id) ;
ask (emergencyProcessed (id) ) ;
LogOut(id);
Citizen (id) .

Doing a log in or a log out is of no great interest for our modelling. They are re-
spectively modelled through the telling and getting of the presence of the citizen,
as follows:

proc  LogIn(id:Ids) = tell(logged(id)).
proc  LogOut(id:Ids) = get(logged(id)).

The goal of the procedure UseSmartDevices is to share real-time data by analysing
health monitor data and processing traffic camera feeds. Dually, the ReportEmer-
gency procedure aims at reporting emergency with details (ID, location, sensor
data) and confirms its processing. In both cases, this is modelled by telling suit-
able si-terms, as follows.

proc UseSmartDevices(id:1ds) =
tell (analyzeHealthData (healthMonitor) ) ;
tell (processTrafficData (trafficCamera)) .

proc ReportEmergency(id:Ids) =
tell (reportEmergency(id, location, sensorData));
ask (emergencyProcessed (id) ) ;
nask (reportEmergency(id, location, sensorData)).
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Modelling an Emergency System

The behaviour of an emergency dispatch system consists in retrieving the emer-
gency report, evaluating it, notifying an hospital and traffic system, and confirming
the emergency has been processed.

proc EmergencyDispatch(id:Ids) =
get(reportEmergency(id, location, sensorData));
EvaluateEmergency (id) ;
NotifyHospital (id) ;
NotifyTrafficSystem (id) ;
ask (emergencyProcessed (id)) .
nask (reportEmergency(id, location, sensorData)).

The auxiliary EvaluateEmergency, NotifyHospital and
NotifyTrafficSystem procedures are coded in a similar way as the above
auxiliary procedures, by using tell, ask, nask and get primitives. For instance,
EvaluateEmergency is coded as follows:

proc EvaluateEmergency(id:Ids) = tell (emergencyProcessed(id)) .

Modelling a Traffic System

The behaviour of a traffic system involves retrieving ambulance route data, adjust-
ing traffic lights dynamically using traffic camera input, and prioritizing the am-
bulance route. A message confirms the adjustments. This leads to the following
code.

proc TrafficSystem (id:1ds) = get(adjustTraffic (id, ambulanceRoute));
AdjustTrafficLights (id) .
AdjustTrafficLights (id:1ds) = tell (processTrafficData (trafficCamera));
nask(trafficJam (id)) .

Modelling an Hospital System

The behaviour of an hospital involves retrieving dispatched information, preparing
the ambulance with optimized resources, dispatching it to the location, and send-
ing notifications upon its arrival and the start of patient treatment.

proc Hospital(id:Ids) = get(dispatchAmbulance(id, location));
PrepareAmbulance (id) ;
ask (ambulanceArrives (id, location));
DispatchAmbulance (id) .
DispatchAmbulance (id:Ids) = tell (ambulanceArrives(id, location));
tell (treatPatient(id, location)).
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Modelling an Ambulance System

The behaviour of an ambulance involves receiving arrival information, optimizing
its route with GPS and traffic data, treating the patient using connected devices,
and returning to the hospital. This is coded as follows.

proc Ambulance(id:Ids) = get(ambulanceArrives(id, location));
ArriveAtEmergency (id) ;
ask (patientReady (id)) ;
TreatPatient (id);
nask (ambulanceBlocked (id, location));
ReturnToHospital (id) .

Modelling a Smart City System

The behaviour of a smart grid involves processing live traffic data, monitoring en-
ergy consumption, and dynamically prioritizing the power supply for emergency
systems.

proc SmartGrid(id:Ids) = ask(emergencyDetected(id));
tell (processTrafficData (trafficCamera)) ;
MonitorEnergyConsumption (id) ;
nask (powerFailure (id) ) ;
ask (emergencyResolved (id) ) ;
AdjustPowerAllocation (id) .

7.3 Simulation

By its graphical capabilities and the code inspection it offers, Anemone allows to
simulate and debug the code just sketched. To that end, the following steps have to
be undertaken:

(i) identify a background drawing for rendering graphically the application
(ii) identify objects to be draw and associate them to images, possibly varying
according to the object state
(iii) associate a widget to each object and use attributes to display the image ac-
cording to the object state
(iv) identify points in the program in which objects have to move or attributes
have to be changed
(v) introduce the corresponding move and att primitives at these points.
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Example 19. As an illustration, consider the following code snippet:

eset RCInt {1, 2, 3, 4,5 6 }.
Colors { trafficLightRed, trafficLightGreen }.
RCPlaces = { in_grid, out_grid }.
Orientation = { v_orientation, h_orientation}.

scene ngScene = {
size = (562,618).
layers = { top }.
background = loadlmage (Images/city_map.png) .

ambulanceldle = loadImage (Images/ambulance_idle.png) .
ambulanceMoving v = loadImage (Images/ambulance_moving v.png) .
ambulanceMoving h = loadImage (Images/ambulance_moving h.png) .
trafficLightRed = loadImage(Images/ traffic_light_red.png).

trafficLightGreen = loadlmage(Images/traffic_light_green.png).

widget ambulance =
{ attributes= { sens in Orientation. }

display = { sens = v_orientation -> ambulance_moving v.
sens = h_orientation -> ambulance_moving h.}
init = { wdL = top.

sens = h_orientation. }

widget trafficLight =
{ attributes= { situation in Colors. }
display = { situation = trafficLightRed —> traffic_light_red.
situation = trafficLightGreen —> traffic_light_green.}
init = { wdL = top.
situation = trafficLightRed. }

}.

proc Ambulance(id:1ds) = get(ambulanceArrives(id, location));
move_to (ambulance, ngScene, x_coord (location) ,y_coord (location)) ;
ArriveAtEmergency (id) ;
ask (patientReady (id) ) ;
TreatPatient (id);
nask (ambulanceBlocked (id, location));
ReturnToHospital(id) .

Here are how the different steps have been taken into account:

(i) identify a background drawing for rendering graphically the application

— the image city_mpa.png has been selected for the background draw-
ing and has been associated to the background of the scene through the
background declaration of ngScene
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(ii) identify objects to be drawn and associate them to images, possibly varying
according to the object state
— as examples, the objects ambulance and trafficLight have
been identified (among others) and are associated to the images
ambulance_idle.png,...,traffic _light_green.png
(iii) associate a widget to each object and use attributes to display the image ac-
cording to the object state
— these two objects are associated with the widgets ambulance and
trafficLight
(iv) identify points in the program in which objects have to move or attributes have
to be changed and introduce the corresponding move and att primitives at
these points

— to illustrate this point, a move_to primitive has been inserted in the
code of the Ambulance procedure.

7.4 Advanced Topics

In this section, we highlight advanced features of the Multi-Bach language that sup-
port dynamic and reactive coordination. Using emergency management as a case
study, we show how processes can be treated as active data, how rule-based infer-
ence enables automatic reactions, and how self-organization allows decentralized
system behaviour. These mechanisms illustrate the language’s potential in han-
dling complex, real-world socio-technical scenarios.

7.4.1 Processes as Active Data

In the Multi-Bach coordination language, procedures can be treated as active
data, allowing processes to be manipulated in the same way as passive informa-
tion. This capability is particularly useful for modelling dynamic and reactive
behaviours in socio-technical systems. For instance, we can define a procedure
HandleEmergency that reacts to a reported emergency and updates its status
accordingly:

proc HandleEmergency =
ask(reportEmergency (manel, emergency, location_45));
tell (status (manel, emergency, treated)).

Thanks to the concept of process as active data, proposed in Subsection 4.2.3,
we can dynamically create or manipulate processes as active elements in the shared
space: using the tellp (HandleEmergency) primitive, a new thread is cre-
ated to manage the emergency of Manel. This thread runs at the same time as
other activities in the system. The presence of such a thread can be checked
using askp (HandleEmergency), and it can be terminated if necessary using
getp (HandleEmergency). In addition, the naskp (HandleEmergency)
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primitive allows the system to confirm that no emergency processing threads are
currently active.

This mechanism illustrates how procedures can be dynamically launched, ob-
served and controlled at runtime, offering a useful abstraction for capturing re-
active and autonomous behaviour. It extends the coordination language to treat
computation itself as shareable, observable data, bridging the gap between process
execution and coordination logic in socio-technical contexts.

7.4.2 Rule-Based Inference

In Multi-Bach, rules make it possible to specify how the system should react auto-
matically to certain situations, something particularly useful in scenarios like emer-
gency response. Imagine a system where the appearance of an emergency si-term
on the store should immediately trigger a set of actions: dispatching medical teams,
alerting authorities, and updating the system status. Instead of manually coordi-
nating all these effects, we can define a rule like:

+emergency — +dispatch,+alert,+status(updated)

to express that as soon as an emergency is declared, the corresponding conse-
quences should follow. This style of reactive programming, supported by Multi-
Bach’s rule mechanism, allows us to declaratively capture the implicit conse-
quences of explicit data. In a general form, a rule can take the following of the
structure:

+t,—U— +0,-Ww

which means: if term t is present and u is absent, then v should be added and w
removed. Rules can refer not only to data (si-terms) but also to behaviours (pro-
cedures), enabling sophisticated cause and effect chains. This means, for example,
that the presence of a given term could trigger the activation of a new procedure, or
the absence of one could cancel an ongoing action. Such dynamic rule-based reac-
tivity brings a powerful layer of control, allowing systems to autonomously adjust
their behaviour in real time based on changing conditions. They are declared with
a name and can be activated, queried, or removed dynamically using commands
like tellr, askr, naskr,and getr.

By supporting this clean separation between what needs to be detected and
what should happen in response, rules bring flexibility to the coordination lan-
guage. Whether for managing emergency protocols, solving puzzles like Rush Hour,
or modelling social interactions, they offer a concise way to encode reactions to
evolving conditions in the system.

7.4.3 Self-Organisation in Emergency Management Systems

In many real-world situations, like emergency management, it is crucial for systems
to react quickly and adapt on their own, without relying on a central controller.
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This is where self-organization becomes powerful: each part of the system can
detect what’s happening around it and respond accordingly. The example below
shows how this kind of decentralized reaction can be modelled using rules that co-
ordinate agents through their shared environment. For instance, a rule like:

rule emergency_trigger = +alarm_on(zone) ——> +evacuate (zone) ,
+alert_rescue_team (zone) , —alarm_on(zone) .

This rule ensures that as soon as an alarm is detected in a given zone, the system
automatically triggers evacuation and alerts the rescue team. Each zone acts as
an independent space, enabling agents to respond to local conditions without the
need for global synchronization. This decentralized, rule-driven behaviour exem-
plifies self-organization: the system reconfigures itself in response to environmen-
tal changes using only locally available information, while maintaining overall co-
herence through logically harmonized reactions. In this way, coordination emerges
from the distributed interactions of components, enhancing the system’s resilience
and responsiveness in urgent, dynamic situations.

7.5 Summary

Assuming a description of the application to be developed, the methodology we
have proposed can be summarized as consisting of the following steps:

(i) identify key data and represent it as tokens or si-terms (see Subsection 7.2.1)

(i) identify primitive behaviours and translate them in terms of the tell, ask,
nask, and get primitives (see Subsection 7.2.1)

(iii) associate complex behaviours to procedures (see Subsection 7.2.2)

(iv) define these procedures by using simple behaviours or recursively identify-
ing sub-procedures associated with simpler but yet complex behaviours (see
Subsection 7.2.2)

(v) define systems under study as the parallel composition of procedure calls
(see Subsection 7.3)

(vi) perform simulations by introducing widgets and graphical primitives at cru-

cial points (see Subsection 7.3)

It is worth observing that the simplicity of the code obtained and the high ab-
straction provided by the Multi-Bach language allows to easily developed programs
through refinements. Indeed, as synchronization is achieved through information
being available or not, it is very easy to progressively refine procedures or to add
new components.
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7.6 Closing Remarks

This chapter has aimed at introducing a methodology to guide the developer trans-
form a description of an application expressed in natural language to a program
written in the coordination language Multi-Bach with simulation and property ver-
ification being performed in the Anemone workbench. Our main goal has been to
identify key steps in this process.

In the next chapter, we shall explore several case studies developed by Master
students at the University of Namur in the context of the course INFO M451 “Con-
ception d’applications réactives”, which aim at modelling real world IoT projects
they developed in the course INFO M453 “Projet en informatique ambiante et mo-
bile”.
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CHAPTER

CASE STUDIES

As a complement to the previous chapter, this chapter aims to further evidence the
interest of Multi-Bach and Anemone to develop models of practical applications. We
shall subsequently tackle IoT software, for which reliability and security are crucial
properties to obtain. More concretely, three innovative projects are tackled in the field
of ambient and mobile computing. They have been carried out as part of master
courses at the Faculty of Computer Science at the University of Namur. All of them
aim to illustrate the practical application of IoT technologies in order to improve
users’ quality of life by offering intelligent, personalized solutions tailored to a variety
of needs.

In our coordination context, the objective has been to test how easily Multi-Bach
and Anemone can be used to develop models on which the students reason before
developing concrete applications. Lessons learned by these experiences are reported
after the presentation of each project. They will be used to develop new versions of
Multi-Bach and Anemone.

8.1 Opening

The landscape of software engineering has seen considerable advancements in
recent years, particularly in the realm of data-based coordination languages [27].
While significant research efforts have been dedicated to refining the theory and
implementation of these languages, there remains a notable gap in the develop-
ment of programming environments tailored to analysing and reasoning about
programs written in such languages. This oversight limits our ability to fully
harness the potential of these languages in practical applications.
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In this chapter, we embark on a journey to explore the practical application
of IoT modelling within the context of software reliability engineering. Our ap-
proach centres on utilizing a workbench Anemone, equipped with the Multi-Bach
language. These tools provide a comprehensive framework for describing concur-
rent systems, animating them, and reasoning about their behaviour a crucial as-
pect often overlooked in other programming environments. Through the lens of
three innovative projects, we delve into the practical implications of IoT modelling
facilitated by Multi-Bach and Anemone. These projects span diverse domains, in-
cluding the simulation of dynamic sports competitions, the optimization of home
automation systems for energy efficiency, and the creation of immersive interactive
role-playing games. Each project serves as a unique case study, offering valuable in-
sights into the challenges, solutions, and lessons learned in the realm of software
reliability engineering within the Internet of Things (IoT) landscape.

8.2 Smart RPG: Smart Role-Playing Game

The creation of an intelligent role-playing game, "Smart RPG," is designed to help
a very busy person with a passion for role-playing games. A group of three stu-
dents, named Marie Carbonnelle, Simon Polet and David Tang, created the game
to address this need. Due to time constraints, the user finds it difficult to engage
in prolonged gaming sessions. The goal is to make the gaming experience more
efficient in order to reduce the time investment. To achieve this, a number of fea-
tures are implemented, including the facilitation of role-playing environments with
lights, sounds, and projected interactive maps. In addition, a connected dice is in-
troduced to adjust the atmosphere based on critical dice rolls, and a connected
treasure chest is incorporated, opening with a motor when discovered.

In the revised flow of play, players take turns rolling the connected dice, influ-
encing the lights in the room, before moving horizontally or vertically across the
board. To find the treasure, they navigate to its location, and the treasure chest
opens on arrival. Players also have the option of changing the decor of the environ-
ment at any time during the game.

Key Data Identification and Translation into Si-Terms

To introduce the "Smart RPG" intelligent role-playing game and its underlying data
sets, the students begin with the following components: Positions, Decors, Nu-
meroDe, ColoursLeds, EtatCoffre, and Sensjoueur, which are shown in Figure 8.1.

eset Positions = { hautl, haut2, haut3, haut4, haut5,
mihautl, mihaut2, mihaut3, mihaut4, mihaut5,
mibasl, mibas2, mibas3, mibas4, mibas5,
basl, bas2, bas3, bas4, bas5 }.
Decors = { foret, montagne, volcan, desert }.
NumeroDe = { del, de2, de3, de4, de5, de6 }.
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CouleursLeds = { rouge, blanc, jaune }.

EtatCoffre = { ouvert, ferme }.
SensJoueur = { droit, reverse }.
Positions

NumeroDe -MM.M Sensjoueur

DEge @%
ﬁﬁ

CouleursLeds

)00

Figure 8.1: Representation of the different sets defined Smart RPG game

Decors

Within the game environment, which is represented as a game board, pawns
are positioned on distinct squares. Leveraging the Multi-Bach equations, students
began by defining the x and y coordinates for each square in the Positions dataset,
as shown below:

eqn x_coord(hautl) = 150. y_coord(hautl) = 50.
x_coord (haut2) = 514. y_coord(haut2) = 50.
x_coord (mihautl) = 150. y_coord(mihautl) = 295.
x_coord (mihaut2) = 514. y_coord (mihaut2) = 295.
x_coord(mibasl) = 150. y_coord(mibasl) = 540.
x_coord(mibas2) = 514. y_coord(mibas2) = 540.
x_coord (basl) = 150. y_coord(basl) = 785.
x_coord (bas2) = 514. y_coord(bas2) = 785.

The students define the successors and predecessors for each square, essential
for enabling movement across the board. Horizontal (succ and pred) and vertical
(succv and predv) successors and predecessors are specified to allow both horizon-
tal and vertical movement, as illustrated in Figure 8.2.

Before exploring the game processes, it is important to describe the configu-
ration of the Bach system widgets. Specifically, for this application, the students
define the widgets decors, pionl, pion2, pion3, coffre, de, and leds. Using attribute
definition capabilities, they condition the display of each widget to show different

135



CHAPTER 8. CASE STUDIES

images based on specific attributes. Moreover, the Init function is used to establish
default image configurations and their respective positions.

succ (hautl) = haut2. succ(haut2) = haut3. succ(haut3) = haut4.
succ (haut4) = haut5. succ(haut5) = haut5.

pred (hautl) = hautl. pred(haut2) = hautl. pred(haut3) = haut2.
pred (haut4) = haut3. pred(haut5) = haut4.

succv(hautl) = mihautl. succv(haut2) = mihaut2. succv(haut3) = mihaut3.
succv(haut4) = mihaut4. succv(haut5) = mihaut5.

predv(hautl) = hautl. predv(haut2) = haut2. predv(haut3) = haut3.
predv(haut4) = haut4. predv(haut5) = haut5.

succ (mihautl)= mihaut2. succ(mihaut2) = mihaut3. succ(mihaut3)= mihaut4.
succ (mihaut4)= mihaut5. succ(mihaut5) = mihaut5.

Ln

B

Bas 1

Sr3ti-haut STMishaut $T3i-haut S5Mi

Figure 8.2: Game board illustration, and the possible movements of the checkers

Key Processes Identification and Translation into Multi-Bach Procedures

This section details the conversion of crucial processes into procedures vital for
orchestrating the game simulation.

Init The Init process initiates all necessary components before the beginning of
the role-playing game. It initiates draw_scene to set up the background, load re-
quired images with loadImage, and create widgets. Subsequently, place_at and
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show are employed to position initial elements like the scene, LEDs, die, chest, and
counters on the map. Following this setup, Init utilizes the fell function to mark
occupied places indicated by players and designate player 1 to start. The process
concludes by invoking the Main process to execute a typical turn.

proc Init = draw_scene(smartrpgScene) ;
place_at(decors, smartrpgScene,0,0);
show(decors, smartrpgScene) ;

place_at(led, smartrpgScene,0,0);
show(led, smartrpgScene) ;

place_at(de, smartrpgScene, 1675, 900);

place_at(coffre, smartrpgScene, x_coord(mibas3), y_coord(mibas3));
show(coffre, smartrpgScene);

place_at(pionl, smartrpgScene, x_coord(hautl), y_coord (hautl));
show(pionl, smartrpgScene);

place_at(pion2, smartrpgScene, x_coord(basl), y_coord(basl));
show(pion2, smartrpgScene) ;

place_at(pion3, smartrpgScene, x_coord(haut5), y_coord (haut5));
show(pion3, smartrpgScene) ;

tell (hautl); tell(basl); tell (haut5); tell(Pionl);

Main The Main process handles the execution of a turn, coordinating various
sub-processes for each pawn’s turn: pionl, pion2, pion3, or the scenery change
process. After verifying the current player’s turn, Main initiates a dice roll through
the RollDice process. The pawn then chooses one of five movement options: right,
left, down, up, or staying stationary. Using nask, the program checks the occupancy
of the chosen square before signalling the pawn’s move with tell. The move_to
function subsequently relocates the pawn to the new square and frees the previ-
ously occupied one. The turn concludes with a choice: either opening the chest via
OpenCaoffre or signalling the next player’s turn, thereby preparing the pawn for the
following turn.

proc Main(pl: Positions, p2: Positions, p3: Positions) =
( (Pionl(pl) || Pion2(p2)) || Pion3(p3) ) || ChangeDecor.

ChangeDecor This process facilitates changing the game background at any
point by altering the decor attribute in the decors widget. The choice operator al-
lows selecting between mountain, forest, desert, or volcano scenery.

137



CHAPTER 8. CASE STUDIES

proc ChangeDecor = ((att(decor, decors, smartrpgScene, foret)) +
(att(decor, decors, smartrpgScene, montagne)) +
(att(decor, decors, smartrpgScene, volcan)) +
(att(decor, decors, smartrpgScene, desert)));
ChangeDecor.

RollDice Enabling players to roll the die, the RollDice process generates a single
dice roll value through choice operators. It updates the number attribute in the
widget and displays the corresponding image. Additionally, it adjusts the LEDs’
color based on the roll outcome: red for 1, yellow for 6, and white for other num-

bers.

proc RollDice =

(
(((att (numero, de, smartrpgScene, del)); show(de, smartrpgScene);

(att(couleur, led, smartrpgScene, rouge))) +
((att (numero, de, smartrpgScene, de6)); show(de, smartrpgScene);
(att(couleur, led, smartrpgScene, jaune)))

)

+
(((att (numero, de, smartrpgScene, de2)); show(de, smartrpgScene);
(att(couleur, led, smartrpgScene, blanc))) +
((att (numero, de, smartrpgScene, de3)); show(de, smartrpgScene) ;
(att(couleur, led, smartrpgScene, blanc)))
)
+

(((att (numero, de, smartrpgScene, de4)); show(de, smartrpgScene) ;
(att (couleur, led, smartrpgScene, blanc))) +

((att (numero, de, smartrpgScene, de5)); show(de, smartrpgScene) ;
(att(couleur, led, smartrpgScene, blanc)))

)
); hide(de, smartrpgScene) .

OpenCoffre Executed when a player lands on the chest square, OpenCoffre
checks the chest’s occupancy status and updates the chest widget'’s status attribute
to display an open chest image, effectively concluding the game.

proc OpenCoffre = ask(mibas3) ;
(att(statut, coffre, smartrpgScene, ouvert));

tell (open) .
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Key Animations Identification

The implementation of the game in the Anemone workbench was characterised by
several strong points:

(i) Firstly, the integration of the formulae verification has created a fluid mech-
anism for determining the end of the game, stopping the simulation when
a player opens the treasure chest. This functionality, achieved using the
tell(open) function and the Reach(#open=1) formula, ensures a consistent
and immersive game experience.

(i) Inaddition, the strategic implementation choices were decisive, in particular
by allowing the pawns to move freely rather than following a predetermined
path, and by allowing players to remain motionless during their turns to
avoid stalemate situations. The management of probabilities for dice throws
has also been carefully thought out to avoid any bias and provide a balanced
experience.

(iii) Finally, the resolution of difficulties encountered, such as the rearrangement
of widgets to maintain visual consistency, demonstrated a methodical and
creative approach to overcoming obstacles. These strengths contributed to
the successful implementation of the game, offering players an immersive
and dynamic experience.

Reflection on Anemone in SmartRPG Scenarios

In reflecting on the application of Anemone in IoT scenarios, particularly in the con-
text of the described SmartRPG project, several insights emerge. Anemone’s ver-
satility and capability to model complex interactions between actors in a shared
environment proved invaluable in simulating the dynamics of the RPG gameplay.

By leveraging Anemone’s features, such as defining data sets, orchestrating pro-
cesses, and integrating formulae verification, the project team successfully stream-
lined RPG sessions, reducing the time investment required for setup and game-
play. Furthermore, Anemone’s flexibility facilitated the implementation of addi-
tional features like the connected die and treasure chest, enhancing the immer-
sive experience for players. However, challenges such as widget organization and
implementation choices required careful consideration, highlighting areas for po-
tential refinement and improvement in future iterations. Overall, the experience
with Anemone underscored its utility in modelling and simulating IoT scenarios,
offering valuable insights into actor coordination and system behaviour that are
applicable across various industrial contexts.

8.3 Smart Garden
The primary objective of the “Smart Garden” project is to develop connected wa-
tering cans and plants managed through an API and a mobile application. Users

can retrieve information about the plants and watering cans via the API, which also
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oversees the filling of the watering cans by communicating with the base where
they are situated. Our emphasis was on facilitating the exchange of information
among the API, the plants, the watering cans, and a weather API, which provides
real-time data on the plants’ environmental conditions.

In this modelling, the students, Lucas Berg and Johan Rochet, assume the plant
to be an outdoor species. Its movement simulates user intervention to adjust its
position for optimal sunlight exposure. The watering can simulation involves four
stages: placement on its base, PLC-controlled filling, user watering, and return to
the initial position. Regarding weather simulation, day-night cycles are depicted
with representations of the sun or moon, and plants’ water requirements are ran-
domized daily. Cloud presence signifies insufficient sunlight for a plant, streamlin-
ing the IoT system compared to more intricate modelling approaches.

Key Data Identification and Translation into Si-Terms

To achieve smoother animations, in this project, the students Lucas Berg and Johan
Rochet created multiple widgets representing the scene, allowing for more flexible
movement. Each widget represents an element of the animation, with attributes
that modify its state and displayed image. For instance, a plant widget has an at-
tribute “watered” that determines if it needs water, changing the displayed image
accordingly. Other widgets, like a phone, use several attributes to infer the dis-
played image based on their combined values.

eset Environment = {day, night}.
PlantState = {isWatered, notWatered}.
WateringCanState = {empty, full, watering}.

scene ppScene = { size = (1280, 720). layers = { top }.
background = loadImage(Images/white_background.png) .
widget sun = { display = {sun_img} init = { wdl = top. }}
widget moon = { display = {moon img} init = { wdl = top. }}
widget cloud= { display = {cloud_img} init = { wdl = top. }}
widget wateringCan =
{ attributes = {state in WateringCanState.}
display = {state = empty —> wateringCan_empty_img.
state = full —> wateringCan_full_img.
state = watering —> wateringCan_watering_img.}
init = { wdl = top. state = empty.}
}
widget plant
{ attributes = {state in PlantState.}
display = {state = isWatered —> plant_img.
state = notWatered —> dry_plant_img.}
init = { wdl = top. state = notWatered. }
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Key Processes Identification and Translation into Multi-Bach Procedures

Processes within the application are built around the shared space and the tell, ask,
nask, and get primitives. This allows processes to interact, sometimes preventing
one process from executing while allowing another. The “Smart Garden” project
leverages the parallel execution property of these processes, or agents. The anima-
tion comprises three main agents that run in parallel:

® Day: Manages transitions between day and night, and moves the moon and
sun, shown in 8.3.

e Cloud: Moves a cloud across the scene, shown 8.4.

o PlantWateringManagement: Manages watering a plant or moving it.

These agents run concurrently throughout the program using the parallel compo-
sition operator. They employ recursion to run indefinitely and use equations to
determine image positioning in the animation. Each position is recorded as coor-
dinates in the code, with some locations automatically linked to the next position
for the image’s subsequent move. This link, expressed by the next(x) operation, fa-
cilitates easy setup of movement cycles within the animation.

proc Init = draw_scene(ppScene) ;
(Day || Cloud || PlantWateringManagement) .

Day = DayLight; Night; UpdatePlantStatus; Day.
DayLight = show(sun, ppScene); MoveSun(sunLeftOut) .
Night = show(moon, ppScene) ; Movemoon(moonLeftOut) .
UpdatePlantStatus =
( nask (isWatered) +
( (get(isWatered); att(state, plant, ppScene, notWatered) ;
att(plantState, smartphone, ppScene, notWatered))
+
ask (isWatered)

).
Cloud = ask(cloudOut) ; MoveCloud(cloudOut); Cloud.

PlantWateringManagement = (WateringCan + Plant);
PlantWateringManagement.

Key Animations Identification

The PlantWateringManagement agent is the most intricate element implemented
in the application. This agent can either launch a plant-moving agent (similar to
Day and Cloud) or, more importantly, manage the watering process. Notably, these
two agents cannot run in parallel because the watering can must move towards the
plant to water it, which would be complicated if the plant also moved simultane-
ously. Let’s delve into the WateringCan agent in more detail:
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proc WateringCan = nask(isWatered) ;
get (empty) ;
MoveWateringCan (wateringCanNotOnBase, empty) .

Plant situation:

- Sunny
- Short of water

Plant situation:

- Out of the sun
- Short of water

Figure 8.4: Representation of the situation in the Smart Garden, in Daylight

Initially, the nask primitive is used to check the plant state (whether it needs wa-
ter) to determine if watering is required. If the watering can is empty, it performs a
series of movements and actions to refill from the valve. Once filled, the can moves
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towards the plant, waters it, and then returns to its initial position. What stands
out is that all these actions are handled by a single agent, MoveWateringCan, which
uses the non-deterministic choice operator + combined with conditional instruc-
tions to create a sequence of possible movements based on the data in the shared
space. The limitation here is that conditional instructions cannot access shared
space data directly within the condition, as they are not executable instructions. To
address this, parametrized agents are used, allowing parameters to be directly ac-
cessed and checked within the program conditions. The parameters are updated
in the recursive call after completing an action, ensuring smooth and logical exe-
cution of the watering sequence.

Reflection on Anemone in Smart Garden Scenarios

In the Smart Garden simulation, agents like PlantWateringManagement demon-
strate the effective management of tasks through parallel execution. This agent can
either move the plant or manage its watering, ensuring actions are executed in a
synchronized manner to prevent conflicts, such as attempting to water a moving
plant. The use of recursive processes and deterministic choice operators allows for
dynamic and adaptive responses to changing conditions, mimicking the real-time
decision-making required in actual IoT applications.

However, while Anemone excels in creating detailed and flexible simulations,
transitioning these models to practical, real-world IoT implementations can pose
challenges. Ensuring real-time data synchronization and integration with physical
devices requires additional layers of complexity not fully addressed within the sim-
ulation environment. These challenges highlight the need for further development
and adaptation when moving from theoretical models to practical applications.

8.4 Anemove: Women’s Sports Competition

In gymnastics, the students, Claudia Carbonara, Ludovic Evrard and Matthys Gail-
lard, modelled the competition as follows:

In team competitions, gymnasts follow a structured rotation through the differ-
ent apparatus. A team typically consists of 4 to 6 gymnasts, with different formats
determining how many compete per event and how many scores count toward the
team total (e.g., 4-4-3 or 5-4-3). Teams follow a set event rotation: Women’s Artistic
Gymnastics (WAG) includes Vault, Uneven Bars, Balance Beam, and Floor Exer-
cise, while Men’s Artistic Gymnastics (MAG) features six events, starting with Floor
Exercise and ending with Horizontal Bar. Each team moves together between ap-
paratuses according to a schedule, ensuring fairness. Major competitions, like the
Olympics, use a qualification round to determine finalists, with scores from dif-
ferent events combined to rank teams. The team final follows a stricter format,
where every score counts, making consistency crucial for victory. For this model,
the students chose to simulate 8 teams (Belgium, France, Italia, Holland, Germany,
Romania, Austria and Ireland).
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Key Data Identification and Translation into Si-Terms

Localizations Defining specific locations within the simulated environment, fa-
cilitating the placement of teams “Place_teams”, competitors “Place_Competitor”,

flags “Place_flags”, and scores “Place_scores”.

eset Localisations = {al,a2,a3,a4,a5,out,

out_belgium,
out_italia,

out_germany,
out_austria,

Teams and Competitors Separate representations for teams Teams and individ-
ual competitors Competitors, with additional structures mapping teams to specific

localizations, with TeamsCompetitors.

out_france,
out_holland,
out_romania,
out_ireland}.

eset Teams = {at, be, de, fr, ie, it, nl, ro}.
Competitors = {one, two, three, four}.

TeamsCompetitors = {atone,
beone,
deone,
frone,
ieone,
itone,
nlone,
roone,

Scores and CompetitorsScore Managing the scoring system by associating

scores with individual competitors.

attwo,
betwo,
detwo,
frtwo,
ietwo,
ittwo,
nltwo,
rotwo,

atthree,
bethree,
dethree,
frthree,
iethree,
itthree,
nlthree,
rothree,

atfour,
befour,
defour,
frfour,
iefour,
itfour,
nlfour,
rofour}.

eset Scores = {s0,sl,s2,s3,s4,s5,s6,s7,s8,s9,s10,
s11,s12,s13,s14,s15,s16,s17,s18,s19,s20}.

CompetitorsScore = {

onesO, onesl, ones2, ones3, ones4, ones5, ones6, ones7, ones8,
ones9, onesl0, onesll, onesl2, onesl3, onesl4, onesl5, onesl6,

onesl7, onesl8, onesl9, ones20,

twos0, twosl, twos2, twos3, twos4, twos5, twos6, twos7, twos8,
twos9, twosl0, twosll, twosl2, twosl3, twosl4, twosl5, twosl6,

twosl7, twosl8, twosl9, twos20,

threesO, threesl, threes2, threes3, threes4, threes5, threes6,
threes7, threes8, threes9, threesl0, threesll, threesl2, threesl3,
threesl4, threesl5, threesl6, threesl7, threesl8, threesl9,

threes20,

144



8.4. Anemove: Women's Sports Competition

fours0, foursl, fours2, fours3, fours4, fours5, fours6, fours7,
fours8, fours9, foursl0, foursll, foursl2, foursl3, foursl4,
foursl5, foursl6, foursl?7, foursl8, foursl9, fours20 }.

Matches Matchs defining individual matches (e.g., m1, m2, m3, m4) that con-
tribute to the overall competition.

eset Matchs = {ml, m2, m3, md}.

Directions Establishing possible movement directions within the simulation en-
vironment.

eset Directions = {left,right}.

F2 - '
Current store | Clear
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Figure 8.5: Initial representation of a running competition in Anemove

These data structures offer a comprehensive representation of the simulated
environment and serve as the backbone for implementing various procedures and
rules governing the sports simulation within the program.
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Key Processes Identification and Translation into Multi-Bach Procedures

This section of the program outlines the translation of key processes into proce-
dures essential for orchestrating the sports competition simulation. These proce-
dures encompass tasks such as initialization, competitor movement, scoring, and
competition management, providing a comprehensive framework for executing
the simulation. Let’s delve into the key procedures that drive the functionality of
the program:

Initialization The Init and Start procedures kickstart the program by initializing
the competition’s initial context, with draw_scene(stage). This involves setting up
the scene, placing flags, scores, and teams.

proc Init = draw_scene(stage); Place_flags; Place_scores; Place_teams.
Start = Place_Competitor; Start_Competition.

During the Competition Once the competition is under way, teams move to suc-
cessive positions, guided by strategic tactics.

proc Place_Competitor(c: Competitor) =
( nask(nation);
tell (nation) ;
tell (team_competitor (nation, c));
tell (team_localisation (nation, get_position_by_competitor(c)));
Set_Flag(c, nation);
place_at( nation, stage,
x_coord (get_position_by_competitor(c)),
y_coord (get_position_by_competitor(c)));
Orientate_Team (get_position_by_competitor(c) ,nation)

The Place_Competitor procedure is employed to position the initial competitors
and their flags, while the Start_Competition procedure begins the competition by
overseeing scoring judgements between competitors. In this context, each block
starts with the instructions of Multi-Bach nask(nation), tell(nation), specifying the
nation associated with the current block. Several tools are employed within these
blocks to manage competition elements effectively:

e nask(nation): This function verifies if the token is not already present on the
"table". If it's not initially in the table, it's chosen. If the initial attempt fails,
another block is randomly executed.

e fell(nation): This function informs the procedure about the current nation in
the competition, adding the nation to the table, ensuring it cannot be chosen
again.

e fell(team_competitor(nation, c)): It indicates that competitor 'c’ belongs to
the team of the current nation.
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o tell(team_localisation(nation, position)): This function informs about the po-
sition of the current nation’s team based on the position of the competitor.

e Set_Flag(c, nation): Sets a flag associated with the nation for competitor 'c’.

® place_at(nation_team, stage, x, y): Places the current nation’s team on the
stage at the specified coordinates.

e Orientate_Team(position, nation): Orients the current nation’s team accord-
ing to the position of the competitor.
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Figure 8.6: Representation of a running competition in Anemove during the execu-
tion phase, where Romane’s team is leading by 8 points

Competitor Movement Competitor movement is facilitated by procedures such
as ClockWiseCompetitorMove and ClockWiseCompetitorMove_L. These procedures
manage the clockwise movement of competitors within the competition context,
ensuring smooth transitions between positions. To manage ClockWiseCompetitor-
Move, the following tools are used:

® ask(team_localisation(nation, position)): asks the current team position of
the current nation.

o Orientate_Team(position, nation): orients the current nation’s team based on
the position obtained.

® ClockWiseCompetitorMove_L(nation, position): called to handle the actual
clockwise movement of the competitors for the specific nation. To manage
this procedure, where the specified nation(t) or team(t) in the specified loca-
tion(D), the students use the followings primitives:
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- get(team_localisation(t, 1)): gets the current location of the team associ-
ated with the specified nation in the specified location.

- move_to(team, stage, x, y): it moves the team to the new location speci-
fied by the coordinates (x, ).

— tell(team_localisation(t, next(l))). informs about the new location of the
team.

End of Competition After four rounds, the competition concludes, with the win-
ning team determined by the highest score. The Re_Start procedure offers the op-
tion to either conclude or restart the competition for subsequent rounds. Each
procedure is meticulously structured to handle specific tasks, utilizing conditional
blocks and various tools such as functions and operators to ensure seamless execu-
tion. These procedures collectively form the backbone of the program, driving the
simulation forward and providing users with a dynamic sports competition experi-
ence.
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Figure 8.7: Representation of a running competition in Anemove at the end of the
event, where France won with a 15 points lead

Key Animations Identification

In this process, to configure a new interactive agent within the Anemone board, the
students begin by initializing the Init procedure. This action loads the competition
setup into the current agent, where the user can sequentially activate procedures
until an “empty agent” state is reached. This progression is essential for setting up
the competition environment, including the placement of competitors, designing
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flags, and setting initial scores (default score = s0). Upon completion of these initial
setups, the students proceed by creating a “New Autonomous Agent” on the same
board. Here, the students copy and activate the Start procedure to officially begin
the competition. This competition is structured into four matches, with the first
match primarily focused on score updates. The subsequent matches facilitate a
full rotation of athletes enhancing the dynamism of the competition and generate
updated scores continuously.

Each team’s participation chance in the competition is equitably distributed,
with a selection probability of approximately 12.5%. The procedure allows for a
fair representation and participation of teams from various nations like Belgium,
France, Italy, and the Netherlands. Throughout the competition, the tokens on the
table provide valuable insights:

e fr: France’s presence in the competition.

e frone: France’s first competitor.

e detwo: Germany’s second competitor.

e it: Italy’s participation.

o threes8: The third competitor’s score of 8 points.

e ro: Romania’s involvement in the competition.

e roa4: Romania’s competitor stationed at a4 in the Gymnastics Vault.
e And additional tokens providing further insights.

Following the conclusion of all matches, the Re_Start procedure is utilized to reset
the competition environment. This involves clearing the existing tokens, reposi-
tioning teams to their original locations, and resetting the flags and scores to their
initial state (s0). This setup prepares the stage for a fresh start of the competition,
ensuring that all conditions are reset appropriately for a new round.

Reflection on Anemone in Anemove Scenarios

To conclude, the Anemove project offers, according to the students, a valuable per-
spective on how practical research can enrich academic learning, underlining the
importance of practical experimentation in higher education. As a result, Anemove
contributes to the discussion on the need to integrate rigorous research method-
ologies into academic curricula to prepare students for future professional applica-
tions, even in the absence of direct collaboration with industry.

8.5 Educational Impact

The three projects offer significant learning opportunities in various domains, with
a focus on industrial applicability:

e “SmartRPG" (see Section 8.2) explore additional game mechanics, like us-
ing keys to unlock treasure chests, enriches players’ experiences and fosters
strategic thinking and decision-making skills transferable to industrial con-
texts.
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e “Smart Garden" (see Section 8.3) enables students to grasp time management
and automation of actions in a simulation environment, reinforcing their un-
derstanding of system dynamics and programming logic essential skills for
developing industrial IoT solutions. Moreover, modelling communication
between IoT devices provides hands-on experience with network protocols
and data exchange in interconnected systems, crucial for designing and im-
plementing industrial solutions.

e “Anemove" (see Section 8.4) helps students to grasp structured scheduling,
resource management, and synchronized task execution. Modelling team ro-
tations enhances their skills in process optimization and multi-agent system
design, key concepts in automation and IoT applications.

These projects collectively offer a diverse learning experience covering technical
and transferable skills, underlining their relevance to industrial settings.

8.6 Lessons Learned

The workbench of Anemone in IoT scenarios, particularly in the SmartRPG and
Smart Garden projects, highlighted its versatility in modelling complex interac-
tions and processes. Anemone proved invaluable in simulating RPG game-play dy-
namics and managing parallel execution in smart environments, demonstrating
its potential for actor coordination and system behaviour modelling. Features like
dataset definition and process orchestration enhanced automation, while flexibil-
ity allowed for immersive additions such as connected devices.

However, challenges arose in widget organization, implementation choices,
and real-time data synchronization with physical devices, emphasizing areas for
refinement. Despite these hurdles, Anemone provided valuable insights into IoT
system development, underscoring the importance of bridging simulation capa-
bilities with real-world integration.

8.7 Closing Remarks

In conclusion, the “SmartRPG”, “Smart Garden” and “Anemove” projects explored
different facets of modelling and simulation in IoT environments. Despite encoun-
tered challenges, particularly in time management, widget organization, and pro-
gramming complexity, these projects demonstrated the usefulness of the Multi-
Bach language and the Anemone workbench in modelling concrete applications.
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CHAPTER

CONCLUSION AND FUTURE RESEARCH
DIRECTIONS

Throughout this thesis, we have explored how coordination languages and models
can be extended not only to encode the behaviour of socio-technical systems, but also
to reason about them. The reasoning developed here is not meant to serve as a generic
inference engine or artificial intelligence system. Instead, it aims to provide a clearer
understanding of programs through visual tools and accessible verification logic for-
mula.

In this chapter, we begin by summarizing and concluding the main contributions
of this thesis in Section 9.1. Then, in Section 9.2, we present our concluding remarks.
Finally, in Section 9.3, we outline possible directions for future work.

9.1 Summary of Contributions

In Part I, Chapter 1, we introduced distributed systems and coordination mod-
els, and showed that Bach is a particularly suitable choice. Compared to other
languages, Bach offers key advantages: it remains simple and intuitive like Linda
and Gamma, while strengthening term management for distributed and mobile
environments. Unlike more complex frameworks such as LINC or Klaim, Bach
focuses on straightforward agent coordination, enabling faster development. Its
asynchronous communication and data-driven approach makes it flexible. We also
emphasized the importance of considering both technical and social aspects when
designing distributed systems, as coordination languages help align technical
actions with social goals.
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In Chapter 2, we explored the concepts and principles of Bach through a con-
crete case study: Altar, a tablet-based restaurant. We described the scenario where
clients use tablets to order, track, and pay for meals, while cooks and waiters co-
ordinate service. We presented Bach core elements: data, primitives, and agents.
To improve usability, we discussed the implementation and embedding of Bach in
Scala. This case study illustrates how Bach enables transparent coordination within
socio-technical systems.

In Part II, Chapter 3, we addressed the first main goal of this thesis: extending
the Bach coordination language to animate execution scenarios. The resulting lan-
guage is called Anim-Bach. This extension comes with a dedicated workbench Scan
designed to help users better understand and reason about Bach programs. The
workbench serves three main purposes: to offer step-by-step execution with visual
modifications on the shared space, to connect agents to animations that reflect sys-
tem behaviour, and to support property checking via the verification of temporal
logic formulae and associated trace generation. It is built around two core prin-
ciples: ease of use (through a standalone, command-line tool with minimal com-
plexity), and a clear link between user input and internal representation. Then,
in Chapter 4, we extended the developments introduced in the previous chap-
ter, building upon Anim-Bach with a more advanced version called Multi-Bach.
While the overall research direction remains the same, several key improvements
have been made at the process algebra level, such as the proposal of generalized
choices, active data manipulation, blackboard rule handling, and support for mul-
tiple scenes with widgets as main elements. The corresponding workbench, named
Anemone, integrates these enhancements and offers new features, including a fil-
ter for shared space elements, new windows for agent-driven process creation, and
rule management. These refinements aim to improve modelling flexibility and us-
ability. The tool, along with tutorials and examples, is available online, as indicated
in reference [13].

As the work progressed, our models and tools evolved to tackle practical is-
sues such as complexity, scalability, and expressiveness. One key innovation was
the introduction of the Guarded List, in Part III, Chapter 5, a construct that im-
proved verification performance and expanded the expressive power of the Multi-
Bach language. In Chapter 6, we also proposed a refinement method to ensure
that such optimizations can be introduced by safely, preserving the meaning of the
original coordination programs and the verification of logic formulae. This chap-
ter has studied Expressiveness Issues and, among other results, has established that
guarded list preserves the expressiveness of the family of languages derived from
Bach, by progressively taking primitives into consideration, while offering a strict
increase in expressiveness compared to Bach counterparts.

Beyond the technical advances, this thesis also outlines a practical methodol-
ogy to guide users in translating informal, often natural-language system descrip-
tions into executable coordination models. This has been addressed in Part IV. In
Chapter 7, we present the methodology for applying our coordination language,
Multi-Bach, and the Anemone workbench to socio-technical systems. Then, in
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Chapter 8, we tested this approach through a series of case studies, including IoT
projects developed by Master’s students. These examples demonstrate not only the
flexibility of our tools, but also their ability to support real-world applications where
systems are dynamic, interactive, and multi-layered. In short, this work shows that
coordination languages, when thoughtfully designed and supported by the right
tools, offer a powerful and intuitive way to code socio-technical systems and rea-
son about the resulting programs. The combination of expressive modelling, visual
simulation, and formal verification opens up new possibilities for system design
that is both rigorous and accessible.

9.2 Closing Remarks

Coming back to the thesis itself, the goal as stated in the future is to demonstrate
that coordination languages can be effectively use to code and reason about socio-
technical systems. It highlights the growing importance of seamlessly integrating
technical and social dimensions in contemporary distributed systems. Our work
has made significant contributions to the modelling, understanding, and verifica-
tion of ensuring from coordination activities.

(i) First, we enriched the Bach coordination language, creating Anim-Bach and
Multi-Bach, which extend the language capabilities to encode both dis-
tributed and socio-technical systems. Our main contribution in this respect
is to introduce these extensions emphasizing the importance of separating
interactional and computational aspects, offering tools that are both expres-
sive and intuitive for addressing real-world challenges.

(ii) Second, we developed the workbenches Scan and Anemone. These tools em-
power users to animate, analyse, and verify system behaviours step by step,
making the often abstract nature of coordination more tangible. By enabling
reasoning through formulae verification and interactive visualizations, these
workbenches also serve as powerful allies in understanding the dynamics of
socio-technical systems.

Our findings confirm that coordination languages, when thoughtfully extended,
can act as a robust foundation for designing and reasoning about socio-technical
systems. Applications across diverse domains from IoT to cybersecurity demon-
strate the broad relevance and potential of this approach. In doing so, we hope to
have convinced the reader of the two claims stated in the preface:

Claim 1. Enriching the Bach coordination language with primitives for dealing with
processes as active data, for relating data and for animating computations creates a
model suitable to code socio-technical systems.

Claim 2. A workbench that allows (i) to execute coordination programs step by step,
(i) to animate computations by graphical means and (iii) to check properties by ver-

ifying formulae is a good tool to reason about socio-technical systems.
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CHAPTER 9. CONCLUSION AND FUTURE RESEARCH DIRECTIONS

9.3 Future Work Directions

Looking forward, there are many exciting directions for future research: refining
verification techniques, bridging with mainstream programming ecosystems, and
exploring new applications in areas like smart cities, collaborative Artificial Intelli-
gence, and adaptive systems.

As socio-technical systems become increasingly central to our digital world, we
believe that coordination-based thinking will play a key role in shaping systems that
are not just functional, but also responsive to human and organizational needs.

Optimization of Model Checking

The current state-space explosion problem in model checking for coordination lan-
guages like Multi-Bach could be further addressed by exploring advanced tech-
niques, such as symbolic model checking or SAT/SMT solvers [19]. These ap-
proaches can significantly enhance the scalability of verification, enabling the anal-
ysis of larger and more complex socio-technical systems. Applying these tech-
niques to Multi-Bach could help optimize performance and make it suitable for
real-time systems in critical domains like healthcare or autonomous vehicles.

Integration with Machine Learning

Combining coordination languages with machine learning models opens new pos-
sibilities for adaptive socio-technical systems. For instance, reinforcement learning
techniques could be used to optimize coordination policies in Multi-Bach based
systems [115]. Such integration could enable systems that learn and evolve dynam-
ically based on social and technical feedback, especially in environments like smart
cities or intelligent transportation systems.

Trust and Explainability in Socio-Technical Systems

With the rise of trusted Al and ethical considerations, extending coordination mod-
els to incorporate explainability mechanisms is a promising direction. Inspired by
works like [105], adding primitives for logging and tracing decisions in Multi-Bach
could enhance user trust and accountability. This could be particularly valuable
in domains like Al-driven decision-making or collaborative robotics, where under-
standing the "why" behind decisions is crucial.

Cross-Domain Applications

While Multi-Bach has demonstrated utility in IoT and cybersecurity, its application
to emerging areas like blockchain based systems [128] or edge computing [114]
could be explored. Extending the Anemone workbench to simulate distributed
ledger interactions or edge nodes coordination could provide valuable insights into
these fast-evolving fields.
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Hybrid Socio-Technical Systems

As socio-technical systems become increasingly hybrid, incorporating both phys-
ical and virtual components, coordination languages could be adapted to model
cyber-physical systems [73]. Extending Multi-Bach with primitives for physical
processes, such as sensors and actuators, would enable its application in robotics,
manufacturing, and smart grids.

Formal Verification for Security Protocols

The verification of security protocols using coordination languages, as illustrated
by the analysis of the Needham-Schroeder protocol, can be expanded to include
more modern protocols [102]. Enhancing Multi-Bach to incorporate primitives for
cryptographic operations or adapting existing tools like [100] could bolster its utility
in cybersecurity. In this context, we have contributed to the article B2Scala tool:
Integrating Bach in Scala with Security in Mind [94], which proposes an alternative
approach to verifying security protocols using asynchronous communication via
a shared space. This work illustrates the interest of integrating a Domain Specific
Language (DSL) like Bach in Scala to facilitate program verification while leverage
the Scala ecosystem.
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APPENDIX

BACH TO ALTAR RESTAURANT

The upcoming sections showcases the "Scala" code depicting our intelligent restau-
rant, named "Altar," which has been modelled using the Bach coordination lan-
guage. In the initial part, we introduce the data code, followed by the customer code,
and subsequently the waiter code, which is then succeeded by the kitchen code. Fi-
nally, we present the execution code for our restaurant, following the code related to
individuals.
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Data Code

object BSC_modelling extends App {
val manel = Token("Manel")
val alice = Token("Alice")
val emma = Token("Emma")
val john = Token("John")

val tom = Token("Tom")

val tl = Token("table 1")
val t2 = Token("table 2")
val t3 = Token("table 3")
val t4 = Token("table 4")

val nigiri = Token("Nigiri")
val maki = Token("Maki")
val temaki = Token("Temaki")
val beer = Token("Beer")

case class logged(id:SI_Term) extends SI_Term
case class client_sitting_at_table (id:SI_Term, t:SI_ Term) extends SI Term
case class order(id:SI_Term, table:SI_Term, dish:SI_Term) extends SI_Term
case class t_order(id:SI_Term) extends SI_Term
case class t_check(id:SI_Term) extends SI_Term
case class order_prepared(id:SI_Term, table:SI_Term, dish:SI_Term)
extends SI_Term
case class order_served (id:SI_Term, table:SI_Term, dish:SI_Term)
extends SI_Term
case class last_order(id:SI_Term, table:SI_Term, dish:SI_Term)
extends SI_Term

Client Code

def Client( id:SI_Term) = Agent {
LogIn(id) * EnjoyAltar(id) * LogOut(id) }

def LogIn(id:SI_Term) = Agent {
tell (logged(id)) = tell(t_order(id)) = tell(t_order(id)) =
tell (t_check(id)) = tell(t_check(id)) }

def LogOut(id:SI_Term) = Agent { get(logged(id)) }

def EnjoyAltar(id:SI_Term) = Agent {
( SitAtTable(id,tl) * EnjoyAtTable(id,tl) )
( SitAtTable(id,t2) * EnjoyAtTable(id,t2) )
( SitAtTable(id,t3) = EnjoyAtTable(id,t3) )
( SitAtTable(id,t4) = EnjoyAtTable(id,t4) )

-+ + +
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def SitAtTable (id:SI_Term, t:SI_Term) = Gamm {
"Client " + id.bsc_toString + " is sitting at table

"

+ t.bsc_toString}

def EnjoyAtTable(id:SI_Term, t:SI_Term) = Agent {
MakeFirstOrder (id, t) * HandleOrders(id,t) * PayOrders(id,t) }

def PayOrders(id:SI_Term, t:SI_Term) = Canm {
id.bsc_toString + " at " + t.bsc_toString + " just paid " }

def HandleOrders(id:SI_Term, t:SI_Term): BSC_Agent = {
Agent { ( get(t_order(id)) * MakeOrder(id,t) =+ HandleOrders(id,t))
+ ( get(t_check(id)) * CheckOrder(id,t) * HandleOrders(id,t))
+ ( nask(t_order(id))) 1} }

def MakeFirstOrder (id:SI_Term, t:SI_Term) = Agent {
get(t_order(id)) * MakeOrder(id,t) }

def MakeOrder(id:SI_Term, t:SI_Term) = Agent {

( tell (order(id,t,nigiri)) * tell(last_order(id,t,nigiri)) )
+ ( tell(order(id,t,maki)) « tell (last_order(id,t,maki)) )
+ ( tell(order(id,t,temaki)) = tell(last_order(id,t,temaki)))
+ ( tell(order(id,t,beer)) « tell (last_order(id,t,beer)) )}

def CheckOrder(id:SI_Term, t:SI_Term) = Agent {
CheckOrderDish (id, t, nigiri) + CheckOrderDish(id,t,maki) +
CheckOrderDish (id, t,temaki) + CheckOrderDish(id,t,beer) }

def CheckOrderDish (id:SI_Term, t:SI_Term,d:SI_Term) = Agent
{ wval in_prepa = d.bsc_toString + " for "
preparation "
val prepared = d.bsc_toString + " for
prepared but not served "
val served = d.bsc_toString + " for
( ask(order(id,t,d)) * Ganm{ in_prepa } )
+ ( ask(last_order(id,t,d)) = (( ask(order_prepared(id,t,d))
* Comm{ prepared } )
+ ( ask(order_served(id,t,d)) * Gaom{ served } ) ) )

"

+ id.bsc_toString + " in

" "

+ id.bsc_toString +

" "

+ id.bsc_toString + " served

Kitchen Code

def Cook(id:SI_Term): BSC_Agent = Agent {
( CookForCustomer(id ,manel) = Cook(id) ) +
( CookForCustomer(id, alice) = Cook(id) ) +
( CookForCustomer (id ,emma) = Cook(id) ) }
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def CookForCustomer (id_cook:SI_Term, id_client:SI_Term) = Agent{
CookForCustomerAtTable (id_cook, id_client,t1) +
CookForCustomerAtTable (id_cook, id_client,t2) +
CookForCustomerAtTable (id_cook, id_client,t3) +
CookForCustomerAtTable (id_cook, id_client,t4) }

def CookForCustomerAtTable (id_cook:SI_Term,
id_client:SI_Term, id_table:SI_Term) = Agent {
( get(order(id_client,id_table, nigiri)) =
tell (order_prepared(id_client,id_table, nigiri))) +
( get(order(id_client,id_table ,maki)) =
tell (order_prepared(id_client,id_table ,maki))) +
( get(order(id_client,id_table,temaki)) =
tell (order_prepared(id_client,id_table,temaki))) +
( get(order(id_client,id_table,beer)) =
tell (order_prepared(id_client,id_table,beer))) }

Waiter Code

def Waiter (id_waiter:SI_Term): BSC_Agent = Agent {
( WaiterForCustomer (id_waiter ,manel) = Waiter (id_waiter) ) +
( WaiterForCustomer (id_waiter, alice) * Waiter (id_waiter) ) +
( WaiterForCustomer (id_waiter ,anima) = Cook(id_waiter) ) }

def WaiterForCustomer (id_waiter:SI_Term, id_client:SI Term) = Agent {
WaiterForCustomerAtTable (id_waiter,id_client,t1) +
WaiterForCustomerAtTable (id_waiter,id_client,t2) +
WaiterForCustomerAtTable (id_waiter,id_client,t3) +
WaiterForCustomerAtTable (id_waiter,id_client,t4) }

def WaiterForCustomerAtTable (id_waiter:SI_Term,

id_client:SI_Term, id_table:SI_Term) = Agent {

( get(order_prepared(id_client,id_table, nigiri))=
tell (order_served (id_client,id_table,nigiri))) +

( get(order_prepared(id_client,id_table ,maki)) =
tell (order_served (id_client,id_table,maki)) ) +

( get(order_prepared(id_client,id_table,temaki)) *
tell (order_served(id_client,id_table,temaki)) ) +

( get(order_prepared(id_client,id_table,beer)) =
tell (order_served (id_client,id_table,beer)) ) }
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People Code
val Manel = Agent { Client(manel) }
val Alice = Agent { Client(alice) }
val Foma = Agent { Client(emma) }
val John = Agent { Cook(john) }
val Tom = Agent { Waiter (tom) }

val Restaurant = Agent { Manel || Alice || Emma || John || Tom }

Execution Code

val real_ag = Restaurant
val bsc_executor = new BSC_Runner
bsc_executor. execute (real_ag)
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APPENDIX

RUSH HOUR GAME CODE

In this chapter, we present the complete code of our "Rush Hour" game example, ini-
tially implemented in Scala and featured in our article [63]. This presentation aims
to provide a comprehensive understanding of the game’s implementation, offering a
detailed insight into the mechanisms employed in our approach.
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Data Code

eqn down_car(1) = 3. down_car(2) = 4. down_car(3) = 5. down_car(4) = 6.
down_truck(1l) = 4. down_truck(2) = 5. down_truck(3) = 6.

right_car (1) =3. right_car(2) =4. right_car(3) =5. right_car(4) =6.
right_truck (1) = 4. right_truck(2) = 5. right_truck(3) = 6.

pred(2)
succ(1l)

1. pred(3)
2. succ(2)

2. pred(4) = 3. pred(5)
3. succ(3) = 4. succ(4)

4. pred(6)
5. succ(5)

1
1
1
1
1
)]

1]
]

img_truck(yellow) = yellow_truck. img_truck(green)
img_truck(blue)

green_truck.

blue_truck. img truck(purple) = purple_truck.

img car(red) = red_car. img_car(green) = green_car.
img car(orange) = orange_car.

x_vehicle (1) 55. x_vehicle(2) 130. x_vehicle(3) 210.
x_vehicle (4) = 285. x_vehicle(5) = 360. x_vehicle(6) = 435.

y_vehicle(1) = 80. y_vehicle(2) = 155. y_vehicle(3) = 230.
y_vehicle(4) = 310. y_vehicle(5) = 385. y_vehicle(6) = 460.

scene (562,618).

background = loadImage (Images/rh_empty.png) .
yellow_truck = loadImage (Images/yellow_truck.png) .
green_truck = loadImage (Images/green_truck.png) .
blue_truck = loadImage (Images/blue_truck.png) .
purple_truck = loadImage(Images/purple_truck.png) .
red_car = loadImage (Images/red_car.png) .

green_car = loadImage (Images/green_car.png) .
orange_car = loadlmage (Images/orange_car.png) .

Procedures Code

proc VerticalCar(r: Rows, c: Cols, p: Colors) =
((r>1 & r<6) —> ( get(free(pred(r),c));

MoveCar (p, pred (1) ,c);

tell (free (succ(r),c));

VerticalCar (pred(r) ,c,p) ))

get(free (down_car(r),c));

MoveCar (p, succ(r) ,c);

tell (free(r,c));

VerticalCar (succ(r) ,c,p) )).

+ ((r<b) -

—
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VerticalTruck(r: Rows, c: Cols, p: Colors) =
((r>1 & r<5) —> ( get(free(pred(r),c));

MoveTruck(p, pred(r) ,c);
tell (free (succ(succ(r)),c));
VerticalTruck (pred(r),c,p)))

+ ((r<5) —> ( get(free(down_truck(r),c));
MoveTruck(p, succ(r),c);
tell (free(r,c));
VerticalTruck (succ(r) ,c,p) )).

HorizontalCar(r: Rows, c: Cols, p: Colors) =
((c>1 & c<6) —> ( get(free(r,pred(c)));

MoveCar (p, r,pred(c));
tell (free (r,succ(c)));
HorizontalCar (r,pred(c) ,p) ))

+ ((c<5) — ( get(free(r,right _car(c)));
MoveCar (p, r,succ(c));
tell (free(r,c));
HorizontalCar (r,succ(c) ,p) ))

+ ((r=3 & c=5 & p=red) —> ( tell(out); MoveCar(p,r,succ(c)) )).

HorizontalTruck(r: Rows, c: Cols, p: Colors) =
((c>1 & c<5) —> ( get(free(r,pred(c)));
MoveTruck(p, r,pred(c));
tell (free (r,succ(succ(c))));
HorizontalTruck (r,pred(c) ,p)))
+ ((c<b) —> ( get(free(r,right_truck(c)));
MoveTruck(p, r,succ(c));
tell (free(r,c));
HorizontalTruck(r,succ(c) ,p))).

MoveCar (p: Colors, r:Rows, c: Cols) =

(p = red —-> move_to(red_car,x_vehicle(c) ,y_vehicle(r)) )
+ ( p = green —> move_to(green_car,x_vehicle(c),y_vehicle(r)) )
+ ( p = organge —> move_to(orange_car,x_vehicle(c),y_vehicle(r))).

MoveTruck(p: Colors, r:Rows, c: Cols) =

( p = yellow —> move_to(yellow_truck,x_vehicle(c) ,y_vehicle(r)))
+ ( p = green —> move_to(green_truck,x_vehicle(c),y_vehicle(r)) )
+ ( p = blue —> move_to(blue_truck,x_vehicle(c),y_vehicle(r)) )
+ ( p = purple —> move_to(purple_truck, x_vehicle(c),y_vehicle(r))).

YellowTruck = VerticalTruck(1,1,yellow).
GreenTruck = HorizontalTruck(6,3,green).
BlueTruck = HorizontalTruck(4,4,blue).
PurpleTruck = VerticalTruck(1,4,purple).

RedCar = HorizontalCar(3,2,red) .
GreenCar = VerticalCar(4,3,green).
OrangeCar = VerticalCar(5,6,orange) .
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PlaceVehiclesOnScene =
draw_scene;
place_at(yellow_truck,56,78); place_at(green_truck,208,457);
place_at(blue_truck,280,310);  place_at(purple_truck,282,77);
place_at(red_car,130,230); place_at(green_car,207,307);
place_at(orange_car,437,385);

show(yellow_truck) ;
show(green_truck) ;
show(blue_truck) ;
show(purple_truck) ;
show(red_car);
show(green_car) ;
show(orange_car) .

InitEmptyPlaces =
tell (free(1,2)); tell(free(1,3)); tell(free(1,5)); tell(free(1,6));
tell (free(2,2)); tell(free(2,3)); tell(free(2,5)); tell(free(2,6));
tell (free(3,5)); tell(free(3,6)); tell(free(4,1)); tell(free(4,2));
tell (free(5,1)); tell(free(5,2)); tell(free(5,4)); tell(free(5,5));
tell (free(6,1)); tell(free(6,2)).

LaunchVehicles =

((YellowTruck || GreenTruck) || (BlueTruck || PurpleTruck)) ||
(RedCar || GreenCar || OrangeCar).

170



APPENDIX

RUSH HOUR CODE WITH GUARDED LIST AND
GLOBAL SEARCH

In this chapter, we present the complete code of our "Rush Hour" game example with
the Guarded List construct and Global Search, initially implemented in Scala and
featured in our article [15]. This presentation aims to provide a comprehensive un-
derstanding of the game’s implementation, offering a detailed insight into the mech-
anisms employed in our approach.
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Data Code
eset RCInt ={1, 2,3, 4,5, 61}.
Colors = { yellow, green, blue, purple, red, orange, pink,
dark_green, black, brown }.
RCPlaces = { in_grid, out_grid }.
Orientation = { v_orientation, h_orientation}.

eqn down_car(1)= 3. down_car(2) = 4. down_car(3) = 5. down_car(4) = 6.
down_truck(l) = 4. down_truck(2) = 5. down_truck(3) = 6.

right_car(1)= 3. right_car(2)= 4. right_car(3)= 5. right_car(4)= 6.
right_truck(1)= 4. right_truck(2)= 5. right_truck(3)= 6.

1
4]

pred(2) = 1. pred(3) = 2. pred(4) = 3. pred(5) = 4. pred(6)
succ(l) = 2. succ(2) = 3. succ(3) = 4. succ(4) = 5. succ(b)

I
®

img_truck(yellow)= yellow_truck. img truck(green)= green_truck.
img_truck(blue)= blue_truck. img_truck(purple)= purple_truck.
img_truck(orange)= orange_truck. img truck(pink)= pink_truck.
img_truck (brown)= brown_truck. img_truck(black)= black_truck.
img_ truck(dark_green)= dark_green_truck.

img car(red) = red_car. img car(green) = green_car.

img car(orange) = orange_car. img car(blue) = blue_car.

img car(yellow) = yellow_car. img car(purple) = purple_car.

img car(pink) = pink_car. img car(black) = black_car.
img_car(brown) = brown_car. img car(dark_green) = dark_green_car.

55. x_vehicle(2)
285. x_vehicle(5)

130. x_vehicle(3)
360. x_vehicle (6)

210.
435.

x_vehicle (1)
x_vehicle (4)

y_vehicle(1) = 80. y_vehicle(2) = 155. y_vehicle(3) = 230.
y_vehicle(4) = 310. y_vehicle(5) = 385. y_vehicle(6) = 460.

scene rhScene = {
size = (562,618). layers = { top }.
background = loadImage (Images/rh_empty.png) .
red_car_img in = loadImage (Images/red_car_in.png) .
red_car_img out = loadImage (Images/red_car_out.png) .

yellow_truck_img v = loadImage (Images/v_yellow_truck.png) .
yellow_truck_img h = loadImage (Images/h_yellow_truck.png) .
yellow_car_img v = loadImage (Images/v_yellow_car.png) .
yellow_car_img h = loadImage (Images/h_yellow_car.png) .

green_truck_img v = loadImage (Images/v_green_truck.png) .
green_truck_img h = loadImage (Images/h_green_truck.png) .
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green_car_img v = loadImage (Images/v_green_car.png) .
green_car_img h = loadImage (Images/h_green_car.png) .

blue_truck_img v = loadlmage (Images/v_blue_truck.png) .
blue_truck_img h = loadImage (Images/h_blue_truck.png) .
blue_car_img v = loadImage (Images/v_blue_car.png) .
blue_car_img h = loadImage (Images/h_blue_car.png) .

purple_truck_img v = loadImage (Images/v_purple_truck.png) .
purple_truck_img h = loadImage (Images/h_purple_truck.png) .
purple_car_img v = loadImage (Images/v_purple_car.png) .
purple_car_img h = loadImage (Images/h_purple_car.png) .

orange_truck_img v = loadImage (Images/v_orange_truck.png) .
orange_truck_img h = loadImage (Images/h_orange_truck.png) .
orange_car_img v = loadlmage (Images/v_orange_car.png) .
orange_car_img h = loadImage (Images/h_orange_car.png) .

pink_truck_img v = loadImage (Images/v_pink_truck.png) .
pink_truck_img h = loadImage (Images/h_pink_truck.png) .
pink_car_img v = loadlmage (Images/v_pink_car.png) .
pink_car_img h = loadImage (Images/h_pink_car.png) .

dark_green_truck_img v = loadImage (Images/v_dark_green_truck.png) .
dark_green_truck_img h = loadImage (Images/h_dark_green_truck.png) .
dark_green_car_img_v = loadImage (Images/v_dark_green_car.png) .
dark_green_car_img h = loadImage (Images/h_dark_green_car.png) .

black_truck_img v = loadImage (Images/v_black_truck.png) .
black_truck_img h = loadImage (Images/h_black_truck.png) .
black_car_img v = loadImage (Images/v_black_car.png) .
black _car_img h = loadImage (Images/h_black_car.png) .

brown_truck_img v = loadImage (Images/v_brown_truck.png) .
brown_truck_img h = loadImage (Images/h_brown_truck.png) .
brown_car_img v = loadImage (Images/v_brown_car.png) .
brown_car_img h = loadImage (Images/h_brown_car.png) .

widget yellow_truck = {

attributes = { sens in Orientation. }

display = { sens = v_orientation —> yellow_truck_img_v.
sens = h_orientation —> yellow_truck_img h.}
wdL = top. sens = h_orientation. } }

—~

Il
—_~

init

widget yellow_car = {

attributes = { sens in Orientation.}

display = { sens = v_orientation —> yellow_car_img v.
sens = h_orientation —> yellow_car_img h.}
wdL = top. sens= h_orientation. }}

—_~

1
—_~

init

173



APPENDIX C. RusH HOUR CODE WITH GUARDED LIST AND GLOBAL SEARCH

widget green_truck = {
attributes = { sens in Orientation.}
display = { sens = v_orientation —> green_truck_img v.
sens = h_orientation -> green_truck_img h.}

init { wdL. = top. sens = h_orientation. } }

widget green_car = {
attributes = { sens in Orientation.}
display = { sens = v_orientation —> green_car_img v.
sens = h_orientation —> green_car_img h. }
init

{ wdL = top. sens = h_orientation. } }

widget blue_truck = {
attributes = { sens in Orientation.}

display = { sens = v_orientation —> blue_truck_img v.
sens = h_orientation —> blue_truck_img h. }
init = { wdL = top. sens = h_orientation. } }

widget blue_car = {
attributes = { sens in Orientation.}

display = { sens = v_orientation -> blue_car_img v.
sens = h_orientation -> blue_car_img h. }
init = { wdL = top. sens = h_orientation. } }

widget purple_truck = {
attributes = { sens in Orientation.}
display = { sens = v_orientation —> purple_truck _img v.
sens = h_orientation -> purple_truck_img h. }
init = { wdL = top. sens = h_orientation. } }

widget purple_car = {
attributes = { sens in Orientation.}

display = { sens = v_orientation —> purple_car_img v.
sens = h_orientation —> purple_car_img h. }
init = { wdL = top. sens = h_orientation. } }

widget orange_truck= {
attributes = { sens in Orientation.}

display = { sens = v_orientation —> orange_truck_img v.
sens = h_orientation -> orange_truck_img h. }
init = { wdL = top. sens = h_orientation. } }

widget orange_car = {
attributes = { sens in Orientation.}
display = { sens = v_orientation —-> orange_car_img v.
sens = h_orientation —> orange_car_img h. }
init = { wdL = top. sens = h_orientation. } }
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widget red_car =

{

attributes = { position in RCPlaces. }
{ position = in_grid -> red_car_img in.
position = out_grid —> red_car_img out. }

display =

init

widget pink_car
attributes =
display =

init =
widget pink_truc
attributes =
display =
init =
widget dark_gree
attributes =

display =

init =

{ wdL =

k = {

{ sens

{ sens
sens

{ wdL =

n_car =
{ sens
{ sens

sens

{ wdL =

top. position = in_grid. } }

in Orientation.}

= v_orientation —> pink_car_img v.

= h_orientation —> pink car_img h. }
top. sens = h_orientation. } }

in Orientation.}

= v_orientation —> pink_truck_img v.

= h_orientation —> pink_truck img h. }
top. sens = h_orientation. } }

{

in Orientation.}
= v_orientation —> dark_green_car_img v.
= h_orientation —> dark_green_car_img h.
top. sens = h_orientation. } }

widget dark_green_truck = {

attributes =
display =

init =
widget black_car
attributes =
display =
init =
widget black_tru
attributes =

display =

init =

{ sens

{ sens
sens

{ wdL =

={

{ sens

{ sens
sens

{ wdL =

ck = {
{ sens
{ sens

sens

in Orientation.}

= v_orientation —> dark_green_truck_img v.
= h_orientation —> dark_green_truck_img h.
top. sens = h_orientation. } }

in Orientation.}

= v_orientation —> black _car_img v.

= h_orientation —> black_car_img h. }
top. sens = h_orientation. } }

in Orientation.}
= v_orientation —> black_truck_img v.
= h_orientation —> black_truck_img h. }

{ wdL = top. sens = h_orientation. } }

widget brown_car = {

attributes =
display =

init =

{ sens
{ sens
sens

in Orientation.}
= v_orientation —-> brown_car_img v.
= h_orientation -> brown_car img h. }

{ wdL = top. sens = h_orientation. } }

}

}
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widget brown_truck = {
attributes = { sens in Orientation.}
display = { sens = v_orientation -> brown_truck_img v.
sens = h_orientation -> brown_truck_img h. }

init { wdL. = top. sens = h_orientation. } }

Procedures Code

proc VerticalCar (r: RCInt, c: RCInt, p: Colors) =
((r>1 & r<6) —> ([ get(free(pred(r),c)) —>
move_to(img car(p),
rhScene, x_vehicle (c¢) ,y_vehicle (pred(r))),
tell (free (succ(r),c)) 1;
VerticalCar (pred(r) ,c,p)))

+ ((r>=1 & r<5) —>([ get(free(down_car(r),c)) —>
move_to(img_car(p),
rhScene, x_vehicle(c) ,y_vehicle (succ(r))),
tell (free(r,c)) 1;
VerticalCar (succ(r) ,c,p))) .

VerticalTruck(r: RCInt, c: RCInt, p: Colors) =
((r>1 & r<5) —> ( [ get(free(pred(r),c)) —>

move_to(img_truck(p) ,rhScene,x_vehicle (c) ,y_vehicle (pred(r))),
tell ( free( succ(succ(r)), c)) 1;
VerticalTruck (pred(r) ,c,p)))

+ ((r>=1 & r<4) —> ( [ get(free(down_truck(r),c)) —>
move_to(img_truck(p) ,rhScene, x_vehicle (¢) ,y_vehicle (succ(r))),
tell (free(r,c)) 1;
VerticalTruck (succ(r) ,c,p) )).

HorizontalCar(r: RCInt, c: RCInt, p: Colors) =
((c>1 & c<6) —> ( [ get(free(r,pred(c))) —>

move_to(img_car(p) ,rhScene, x_vehicle (pred(c)) ,y_vehicle(r)),
tell (free(r,succ(c))) 1;
HorizontalCar (r,pred(c) ,p) ))

+ ((c>=1 & c<5) —> ( [ get(free(r,right_car(c))) —>
move_to (img_car (p) ,rhScene, x_vehicle (succ(c)),y_vehicle(r)),
tell (free(r,c)) 1;
HorizontalCar (r,succ(c) ,p) ))

+ ((r=3 & c=5 & p=red) —> ( tell(out);
move_to(img_car(p) ,rthScene, x_vehicle (succ(c)),y_vehicle(r)))).

HorizontalTruck(r: RCInt, c: RCInt, p: Colors) =

((c>1 & ¢<5) —> ( [ get(free(r,pred(c))) —>
move_to (img_truck(p) ,rhScene,x_vehicle (pred(c)),y_vehicle(r)),
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tell (free(r,succ(succ(c)))) 1;
HorizontalTruck(r,pred(c) ,p) ))

+ ((c>=1 & c<4) —> ( [ get(free(r,right_truck(c))) —>
move_to(img_truck(p) ,rhScene, x_vehicle (succ(c)),y_vehicle(r)),
tell (free(r,c)) 1;
HorizontalTruck (r,succ(c) ,p) )).

MoveCar(r:RCInt, c: RCInt, p: Colors) =
move_to(img_car(p) ,rhScene, x_vehicle(c) ,y_vehicle(r)).

MoveTruck(r:RCInt, c: RCInt, p: Colors) =
move_to(img_truck(p) ,rhScene,x_vehicle (c) ,y_vehicle(r)).

PlaceTruck(r: RCInt, c: RCInt, p: Colors) =
place_at(img_truck(p) ,rhScene,x_vehicle(c) ,y_vehicle(r)).

PlaceCar(r: RCInt, c: RCInt, p: Colors) =
place_at(img car(p) ,rhScene,x_vehicle(c),y_vehicle(r)).

ShowTruck(p: Colors) = show(img_ truck(p) ,rhScene) .
ShowCar(p: Colors) = show(img car(p),rhScene).

InitFreePlaces = FreeRows(1).

FreeRows(r: RCInt) =
((r<6) —> ( FreePlacesForRow(r,1) || FreeRows(succ(r)) ) )
+ ((r=6) —> ( FreePlacesForRow(r,1) ) ).

FreePlacesForRow (r: RCInt,c: RCInt) =
((c<6) —> ( tell(free(r,c)); FreePlacesForRow(r,succ(c)) ) )
+ ((c=6) — ( tell(free(r,c)) ) ).

VTruckPlaces (r: RCInt, c: RCInt) =
(r<5) —> get(free(r,c));
get(free (succ(r),c));
get(free (succ(succ(r)),c)).

VCarPlaces(r: RCInt, c: RCInt) =
(r<6) —> get(free(r,c));
get(free (succ(r),c)).

HTruckPlaces(r: RCInt, c: RCInt) =
(c<5) —> get(free(r,c));
get(free (r,succ(c)));
get(free(r,succ(succ(c)))).

HCarPlaces(r: RCInt, c: RCInt) =

(c<6) —> get(free(r,c));
get(free(r,succ(c))).
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RedCar(r: RCInt, c: RCInt) = HorizontalCar(r,c,red).

HGreenCar(r: RCInt, c: RCInt) = HorizontalCar(r,c,green).
VGreenCar(r: RCInt, c: RCInt) = VerticalCar(r,c,green).
VGreenTruck(r: RCInt, c: RCInt) = VerticalTruck(r,c,green).
HGreenTruck(r: RCInt, c: RCInt) = HorizontalTruck(r,c,green).

HBlueCar(r: RCInt, c: RCInt) = HorizontalCar(r,c,blue).
VBlueCar(r: RCInt, c: RCInt) = VerticalCar(r,c,blue).
VBlueTruck(r: RCInt, c: RCInt) VerticalTruck(r,c,blue) .
HBlueTruck(r: RCInt, c: RCInt) HorizontalTruck(r, c, blue) .

HPurpleCar(r: RCInt, c: RCInt) = HorizontalCar(r,c,purple).
VPurpleCar(r: RCInt, c: RCInt) = VerticalCar(r,c,purple).
VPurpleTruck(r: RCInt, c: RCInt) = VerticalTruck(r,c,purple).
HPurpleTruck(r: RCInt, c: RCInt) = HorizontalTruck(r,c,purple).

HOrangeCar(r: RCInt, c: RCInt) = HorizantalCar (1, c,orange) .
VOrangeCar(r: RCInt, c: RCInt) = VerticalCar(r,c,orange).
HBlackCar(r: RCInt, c: RCInt) = HorizontalCar (r,c,black).
VBlackCar(r: RCInt, c: RCInt) = VerticalCar (r,c,black).

HBrownCar(r: RCInt, c: RCInt) = HorizontalCar(r,c,brown) .
VBrownCar(r: RCInt, c: RCInt) = VerticalCar(r,c,brown) .

VPinkCar(r: RCInt, c: RCInt) = VerticalCar(r,c,pink).
HPinkCar(r: RCInt, c: RCInt) = HorizontalCar(r,c,pink) .

HDarkGreenCar(r: RCInt, c: RCInt) = HorizontalCar(r,c,dark_green).
VDarkGreenCar(r: RCInt, c: RCInt) = VerticalCar (r,c,dark_green) .

HYellowTruck(r: RCInt, c: RCInt) = HorizontalTruck(r,c,yellow) .
VYellowTruck(r: RCInt, c: RCInt) = VerticalTruck(r,c,yellow).

VYellowTruckAt(r: RCInt, c: RCInt) =
att(sens, yellow_truck, rhScene, v_orientation);
VTruckPlaces(r,c); PlaceTruck(r,c,yellow); ShowTruck(yellow) .

HYellowTruckAt(r: RCInt, c: RCInt) =
att(sens, yellow_truck, rhScene, h_orientation);
HTruckPlaces(r,c); PlaceTruck(r,c,yellow); ShowTruck(yellow) .

VGreenTruckAt(r: RCInt, c: RCInt) =
att(sens, green_truck, rhScene, v_orientation);
VTruckPlaces(r,c); PlaceTruck(r,c,green); ShowTruck(green).

HGreenTruckAt(r: RCInt, c: RCInt) =

att(sens, green_truck, rhScene, h_orientation);
HTruckPlaces(r,c); PlaceTruck(r,c,green); ShowTruck(green) .
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VBlueTruckAt(r: RCInt, c: RCInt) =
att(sens, blue_truck, rhScene, v_orientation);
VTruckPlaces(r,c); PlaceTruck(r,c,blue); ShowTruck(blue).

HBlueTruckAt(r: RCInt, c: RCInt) =
att(sens, blue_truck, rhScene, h_orientation);
HTruckPlaces(r,c); PlaceTruck(r,c,blue); ShowTruck(blue).

VPurpleTruckAt(r: RCInt, c¢: RCInt ) =
att(sens, purple_truck, rhScene, v_orientation);
VTruckPlaces(r,c); PlaceTruck(r,c,purple); ShowTruck(purple).

HPurpleTruckAt(r: RCInt, c: RCInt ) =
att(sens, purple_truck, rhScene, h_orientation);
HTruckPlaces(r,c); PlaceTruck(r,c,purple); ShowTruck(purple).

RedCarAt(r: RCInt, c: RCInt) =
HCarPlaces(r,c); PlaceCar(r,c,red); ShowCar(red) .

VGreenCarAt(r: RCInt, c: RCInt) =
att(sens, green_car, rhScene, v_orientation);
VCarPlaces(r,c); PlaceCar(r,c,green); ShowCar(green) .

HGreenCarAt(r: RCInt, c: RCInt) =
att(sens, green_car, rhScene, h_orientation);
HCarPlaces(r,c); PlaceCar(r,c,green); ShowCar(green) .

VOrangeCarAt(r: RCInt, c: RCInt) =
att(sens, orange_car, rhScene, v_orientation);
VCarPlaces(r,c); PlaceCar(r,c,orange); ShowCar(orange) .

HOrangeCarAt(r: RCInt, c: RCInt) =
att(sens,orange_car, rhScene,h_orientation);
HCarPlaces(r,c); PlaceCar(r,c,orange); ShowCar(orange) .

VBlueCarAt(r: RCInt, c: RCInt) =
att(sens, blue_car, rhScene, v_orientation);
VCarPlaces(r,c); PlaceCar(r,c,blue); ShowCar(blue).

HBIlueCarAt(r: RCInt, c: RCInt) =
att(sens, blue_car, rhScene, h_orientation); HCarPlaces(r,c);
PlaceCar(r, c,blue); ShowCar(blue) .

VBlackCarAt(r: RCInt, c: RCInt) =
att (sens, black_car, rhScene, v_orientation);
VCarPlaces(r,c); PlaceCar(r,c,black); ShowCar(black).
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HBlackCarAt(r: RCInt, c: RCInt) =
att(sens, black_car, rhScene, h_orientation);
HCarPlaces(r,c); PlaceCar(r,c,black); ShowCar(black).

VPurpleCarAt(r: RCInt, c: RCInt) =
att(sens, purple_car, rhScene, v_orientation);
VCarPlaces(r,c); PlaceCar(r,c,purple); ShowCar(purple) .
HPurpleCarAt(r: RCInt, c: RCInt) =
att(sens, purple_car, rhScene, h_orientation);
HCarPlaces(r,c); PlaceCar(r,c,purple); ShowCar(purple) .

VBrownCarAt(r: RCInt, c: RCInt) =
att(sens, brown, rhScene, v_orientation);
VCarPlaces(r,c); PlaceCar(r,c,brown); ShowCar(brown) .

HBrownCarAt(r: RCInt, c: RCInt) =
att(sens, brown, rhScene, h_orientation);
HCarPlaces(r,c); PlaceCar(r,c,brown); ShowCar(brown) .

VPinkCarAt(r: RCInt, c¢: RCInt) =
att(sens, pink_car, rhScene, v_orientation);
VCarPlaces(r,c); PlaceCar(r,c,pink); ShowCar(pink) .

HPinkCarAt(r: RCInt, c: RCInt) =
att(sens, pink car, rhScene, h_orientation);
HCarPlaces(r,c); PlaceCar(r,c,pink); ShowCar(pink).

VDarkGreenCarAt(r: RCInt, c: RCInt) =
att(sens, dark_green, rhScene, v_orientation);
VCarPlaces(r,c); PlaceCar(r,c,dark_green); ShowCar(dark green).

HDarkGreenCarAt(r: RCInt, c: RCInt) =
att(sens, dark green, rhScene, h_orientation);
HCarPlaces(r,c); PlaceCar(r,c,dark green); ShowCar(dark_green) .

VYellowTruckResetAt(r: RCInt, c: RCInt)= PlaceTruck(r,c,yellow).
HYellowTruckResetAt(r: RCInt, c: RCInt)= PlaceTruck(r,c,yellow).
VGreenTruckResetAt(r: RCInt, c: RCInt) = PlaceTruck(r,c,green).
HGreenTruckResetAt(r: RCInt, c: RCInt) = PlaceTruck(r,c,green).
VBlueTruckResetAt(r: RCInt, c: RCInt) = PlaceTruck(r,c,blue).
HBlueTruckResetAt(r: RCInt, c¢: RCInt) = PlaceTruck(r,c,blue).
VPurpleTruckResetAt(r: RCInt, c: RCInt ) = PlaceTruck(r,c,purple).
HPurpleTruckResetAt(r: RCInt, c: RCInt ) = PlaceTruck(r,c,purple).

RedCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,red).

VGreenCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,green).
HGreenCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,green).
VOrangeCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,orange).
HOrangeCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,orange) .
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VBlueCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,blue).
HBlueCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,blue).
VBlackCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,black).
HBlackCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,black).
VPurpleCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,purple).
HPurpleCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,purple).
VBrownCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c,brown).
HBrownCarResetAt(r: RCInt, c¢: RCInt) = PlaceCar(r,c,brown).
VPinkCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c, pink) .
HPinkCarResetAt(r: RCInt, c: RCInt) = PlaceCar(r,c, pink) .
VDarkGreenCarResetAt(r: RCInt, c¢: RCInt) = PlaceCar(r,c,dark_green).
HDarkGreenCarResetAt (r: RCInt, c: RCInt) = PlaceCar(r,c,dark_green) .

RedCarOut = att(position, red_car, rhscene, out_grid).

MoveTruckUp(tr: RCInt, tc:RCInt, tco: Colors) =
(tr>1 & tr<5) —> ( [ get(free(pred(tr),tc)) —>
move_to(img_truck(tco) ,rhScene,x_vehicle(tc) ,y_vehicle (pred(tr))),
tell ( free( succ(succ(tr)), tc )) ] ).

MoveTruckDown(tr: RCInt, tc:RCInt, tco: Colors) =

(tr<4) —> ([ get(free(down_truck(tr),tc)) —>
move_to(img_truck(tco) ,rhScene,x_vehicle(tc) ,y_vehicle (succ(tr))),
tell (free(tr,tc)) 1 ).

MoveTruckLeft(tr: RCInt, tc:RCInt, tco: Colors) =

(tc>1 & tc<6) —> ( [ get(free(tr,pred(tc))) —>
move_to (img_truck(tco) ,rhScene, x_vehicle (succ(tc)),y_vehicle(tr)),
tell (free (tr,succ(tc))) 1 ).

MoveTruckRight(tr: RCInt, tc:RCInt, tco: Colors) =
(tc<5) -> ([ get(free(tr,right _car(tc))) —>
move_to(img_truck(tco) ,rhScene,x_vehicle (succ(tc)),y_vehicle(tr)),
tell (free(tr,tc)) 1 ).

MoveCarLeft(cr: RCInt, cc: RCInt, cco: Colors) =

(cc>1 & cc<6) —> ([ get(free(cr,pred(cc))) —>
move_to(img car(cco) ,rhScene, x_vehicle (succ(cc)) ,y_vehicle(cr)),
tell (free(cr,succ(cc))) 1 ).

MoveCarRight(cr: RCInt, cc: RCInt, cco: Colors) =

(cc<5) -> ([ get(free(cr,right_car(cc))) —>
move_to(img_car(cco) ,rhScene,x_vehicle (succ(cc)),y_vehicle(cr)),
tell (free(cr,cc)) 1 ).

MoveCarOut(cr: RCInt, cc: RCInt, cco: Colors) =

(cr=3 & cc=5 & cco=red) —> ( tell(out);
move_to(img car(cco) ,rhScene,x_vehicle (succ(cc)),y_vehicle(cr)) ).
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MoveCarUp(cr: RCInt, cc: RCInt, cco: Colors) =

(cr>1 & cr<5) —> ( [ get(free(pred(cr),cc)) —>
move_to(img_car(cco) ,rhScene,x_vehicle (cc) ,y_vehicle (pred(cr))),
tell ( free( succ(succ(cr)), cc )) ] ).

MoveCarDown(cr: RCInt, cc: RCInt, cco: Colors) =

(cr<4) —> ( [ get(free(down_car(cr),cc)) —>
move_to(img_car(cco) ,rhScene, x_vehicle (cc) ,y_vehicle (succ(cr))),
tell (free(cr,cc)) ] ).

Game Scene Code

182

InitScene = draw_scene (rhScene) .

Init_game_1 = InitFreePlaces; VPurpleTruckAt(2,1); RedCarAt(3,2).
Real_game_1 = ( VPurpleTruck(2,1) || RedCar(3,2) ).

Reset_game_1 = VPurpleTruckResetAt(2,1); RedCarResetAt(3,2).
Syst_game 1 = Systl( 2,1,purple, 3,2,red ).

Systl( tr: RCInt,tc:RCInt,tco: Colors, rr: RCInt,rc:RCInt,rco:Colors) =

MoveTruckUp(tr, tc,tco); Systl( pred(tr),tc,tco, rr,rc,rco )
MoveTruckDown(tr , tc,tco); Systl( succ(tr),tc,tco, rr,rc,rco )
MoveCarLeft(rr,rc,rco); Systl( tr,tc,tco, rr,pred(rc),rco )
MoveCarRight(rr,rc,rco); Systl( tr,tc,tco, rr,succ(rc),rco )
MoveCarOut(rr,rc,rco) .

+ o+ o+ o+

Init_ game 2 = InitFreePlaces; VPurpleTruckAt(2,1); RedCarAt(3,2);
HGreenCarAt(1,1) .

Real game_2 = VPurpleTruck(2,1) || RedCar(3,2) || HGreenCar(1,1).

Reset_game_2 = VPurpleTruckResetAt(2,1); RedCarResetAt(3,2);
HGreenCarResetAt(1,1) .

Syst_game 2 = Syst2( 2,1,purple, 3,2,red, 1,1,green).

Syst2(tr: RCInt, tc:RCInt,tco: Colors, rr: RCInt,rc:RCInt,rco:Colors,
hr:RCInt, hc:RCInt, hco: Colors) =

MoveTruckUp(tr , tc,tco); Syst2(pred(tr),tc,tco, rr,rc,rco, hr,hc,hco)
MoveTruckDown(tr , tc,tco); Syst2(succ(tr),tc,tco, rr,rc,rco,hr,hc,hco)
MoveCarLeft(rr,rc,rco); Syst2(tr,tc,tco, rr,pred(rc),rco, hr,hc,hco)
MoveCarRight(rr,rc,rco); Syst2(tr,tc,tco, rr,succ(rc),rco, hr,hc,hco)
MoveCarLeft (hr,hc,hco); Syst2(tr,tc,tco, rr,rc,rco, hr,pred(hc),hco)
MoveCarRight (hr,hc,hco) ; Syst2(tr,tc,tco, rr,rc,rco, hr,succ(hc),hco)
MoveCarOut(rr,rc,rco) .

+ o+ o+ o+ o+ o+
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Init_game_3 = InitFreePlaces; VPurpleTruckAt(2,1); RedCarAt(3,2);
HGreenCarAt(1,1); VOrangeCarAt(5,1) .

Real_game_3 = VPurpleTruck(2,1) || RedCar(3,2) || HGreenCar(1,1) ||
VOrangeCar(5,1) .

Reset_game_3 = VPurpleTruckResetAt(2,1); RedCarResetAt(3,2);
HGreenCarResetAt(1,1) ; VOrangeCarResetAt(5,1) .

Syst_game 3 = Syst3( 2,1,purple, 3,2,red, 1,1,green, 5,1,orange).

Syst3(tr: RCInt, tc:RCInt,tco: Colors, rr: RCInt,rc:RCInt,rco:Colors,
hr:RCInt, hc:RCInt, hco: Colors, vor:RCInt,voc:RCInt,voco: Colors) =

MoveTruckUp(tr , tc,tco);

Syst3( pred(tr),tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco)
+ MoveTruckDown(tr, tc,tco);

Syst3( succ(tr),tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco)
+ MoveCarlLeft(rr,rc,rco);

Syst3( tr,tc,tco, rr,pred(rc),rco, hr,hc,hco, vor,voc,voco)
+ MoveCarRight(rr,rc,rco);

Syst3( tr,tc,tco, rr,succ(rc),rco, hr,hc,hco, vor,voc,voco)
+ MoveCarLeft(hr,hc,hco) ;

Syst3( tr,tc,tco, rr,rc,rco, hr,pred(hc),hco , vor,voc,voco)
+ MoveCarRight (hr, hc,hco) ;

Syst3( tr,tc,tco, rr,rc,rco, hr,succ(hc),hco , vor,voc,voco)
+ MoveCarUp(vor,voc,voco) ;

Syst3(tr,tc,tco , rr,rc,rco, hr,hc,hco , pred(vor),voc,voco)
+ MoveCarDown(vor, voc,voco) ;
Syst3(tr,tc,tco , rr,rc,rco, hr,hc,hco , succ(vor),voc,voco)

+ MoveCarOut(rr,rc,rco).

Init_game_4 = InitFreePlaces; VPurpleTruckAt(2,1); RedCarAt(3,2);
HGreenCarAt(1,1); VOrangeCarAt(5,1); VBlueTruckAt(2,4).

Real_game_4 = VPurpleTruck(2,1) || RedCar(3,2) || HGreenCar(1,1) ||
VOrangeCar(5,1) || VBlueTruck(2,4).

Reset_game_4 = VPurpleTruckResetAt(2,4); RedCarResetAt(3,2);
HGreenCarResetAt(1,1) ; VOrangeCarResetAt(5,1);
VBlueTruckResetAt(2,4) .

Syst_game 4 = Syst4( 2,1,purple, 3,2,red, 1,1,green, 5,1,orange,

2,4,blue) .

Syst4 (tr: RCInt, tc:RCInt,tco: Colors, rr: RCInt,rc:RCInt,rco:Colors,
hr:RCInt, hc:RCInt,hco: Colors, vor:RCInt,voc:RCInt,voco: Colors,
vbtr:RCInt, vbtc:RCInt, vbtco: Colors) =

MoveTruckUp(tr , tc,tco) ;
Syst4 (pred(tr) ,tc,tco,rr,rc,rco,hr,hc,hco, vor,voc,voco, vbtr, vbtc, vbtco)

+ MoveTruckDown(tr , tc,tco);
Syst4 (succ(tr) ,tc,tco, rr,rc,rco,hr,hc,hco,vor,voc,voco, vbtr,vbtc, vbtco)
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+ MoveCarLeft(rr,rc,rco);
Syst4 (tr,tc,tco,rr,pred(rc),rco,hr,hc,hco,vor,voc,voco, vbtr, vbtc, vbtco)

+ MoveCarRight(rr,rc,rco);
Syst4(tr,tc,tco,rr,succ(rc),rco,hr,hc,hco,vor,voc,voco, vbtr, vbtc, vbtco)

+ MoveCarLeft (hr,hc,hco) ;
Syst4 (tr,tc,tco,rr,rc,rco,hr,pred(hc) ,hco, vor,voc,voco, vbtr, vbtc, vbtco)

+ MoveCarRight (hr, hc,hco) ;
Syst4 (tr,tc,tco,rr,rc,rco,hr,succ(hc) ,hco,vor,voc,voco, vbtr, vbtc, vbtco)

+ MoveCarUp(vor,voc,voco) ;
Syst4 (tr,tc,tco,rr,rc,rco,hr,hc,hco, pred(vor) ,voc,voco, vbtr, vbtc, vbtco)

+ MoveCarDown(vor, voc,voco) ;
Syst4 (tr,tc,tco,rr,rc,rco,hr,hc,hco, succ(vor) ,voc,voco, vbtr, vbtc, vbtco)

+ MoveTruckUp(vbtr, vbtc, vbtco) ;
Syst4(tr,tc,tco,rr,rc,rco,hr,hc,hco, vor,voc,voco,pred(vbtr) ,vbtc, vbtco)

+ MoveTruckDown (vbtr, vbtc, vbtco) ;
Syst4(tr,tc,tco,rr,rc,rco,hr,hc,hco,vor,voc,voco,succ(vbtr) ,vbtc, vbtco)
+ MoveCarOut(rr,rc,1co).

Init_game_5 = InitFreePlaces; VPurpleTruckAt(2,1); RedCarAt(3,2);
HGreenCarAt(1,1); VOrangeCarAt(5,1); VBlueTruckAt(2,4);
HGreenTruckAt(6,3) .

Real_game_5 = VPurpleTruck(2,1) || RedCar(3,2) || HGreenCar(1,1) ||
VOrangeCar(5,1) || VBlueTruck(2,4) || HGreenTruck(6,3).

Reset_game_ 5 = VPurpleTruckResetAt(2,4); RedCarResetAt(3,2);
HGreenCarResetAt(1,1); VOrangeCarResetAt(5,1);
VBlueTruckResetAt(2,4) ; HGreenTruckResetAt(6,3) .

Syst_game 5 = Syst5( 2,1,purple, 3,2,red, 1,1,green, 5,1,orange,

2,4,blue, 6,3, green).

Syst5(tr: RCInt, tc:RCInt,tco: Colors, rr: RCInt,rc:RCInt,rco:Colors,
hr:RCInt, hc:RCInt, hco: Colors, vor:RCInt,voc:RCInt,voco: Colors,
vbtr:RCInt, vbtc:RCInt, vbtco: Colors, hgtr: RCInt, hgtc:RCInt,
hgtco:Colors) =

MoveTruckUp(tr , tc,tco);
Syst5 (pred(tr) ,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco)

+ MoveTruckDown(tr , tc,tco) ;
Syst5 (succ(tr) ,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco)
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+ MoveCarLeft(1r,rc,rco);
Syst5(tr,tc,tco, rr,pred(rc),rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco)

+ MoveCarRight(rr,rc,rco);
Syst5(tr,tc,tco, rr,succ(rc),rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco)

+ MoveCarLeft(hr,hc,hco) ;
Syst5(tr,tc,tco, rr,rc,rco, hr,pred(hc),hco , vor,voc,voco , vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco)

+ MoveCarRight(hr, hc,hco) ;
Syst5(tr,tc,tco, rr,rc,rco, hr,succ(hc),hco , vor,voc,voco , vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco)

+ MoveCarUp(vor, voc,voco) ;
Syst5(tr,tc,tco, rr,rc,rco, hr,hc,hco , pred(vor),voc,voco, vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco)

+ MoveCarDown(vor,voc,voco) ;
Syst5(tr,tc,tco, rr,rc,rco, hr,hc,hco , succ(vor),voc,voco, vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco)

+ MoveTruckUp(vbtr, vbtc, vbtco) ;
Syst5(tr,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, pred(vbtr),vbtc,
vbtco, hgtr,hgtc,hgtco)

+ MoveTruckDown (vbtr, vbtc, vbtco) ;
Syst5(tr ,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, succ(vbtr),vbtc,
vbtco, hgtr,hgtc,hgtco)

+ MoveTruckLeft (hgtr, hgtc, hgtco) ;
Syst5(tr,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,vbtco,
hgtr, pred (hgtc) ,hgtco)

+ MoveTruckRight(hgtr, hgtc, hgtco) ;

Syst5(tr,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,vbtco,
hgtr,succ(hgtc) ,hgtco)

+ MoveCarOut(rr,rc,1c0).
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Init_game_6 = InitFreePlaces; VPurpleTruckAt(2,1); RedCarAt(3,2);
HGreenCarAt(1,1); VOrangeCarAt(5,1); VBlueTruckAt(2,4);
HGreenTruckAt(6,3); VYellowTruckAt(1,6).

Real game_6 = VPurpleTruck(2,1) || RedCar(3,2) || HGreenCar(1,1) ||
VOrangeCar(5,1) || VBlueTruck(2,4) || HGreenTruck(6,3) ||
VYellowTruck(1,6) .

Reset_game_6 = VPurpleTruckResetAt(2,4); RedCarResetAt(3,2);
HGreenCarResetAt(1,1) ; VOrangeCarResetAt(5,1);
VBlueTruckResetAt(2,4) ; HGreenTruckResetAt(6,3) ;
VYellowTruckResetAt(1,6) .

Syst_game 6 = Syst6( 2,1,purple, 3,2,red, 1,1,green, 5,1,orange,

2,4,blue, 6,3,green, 1,6,yellow).

Syst6 (tr :RCInt, tc:RCInt, tco: Colors, rr: RCInt,rc:RCInt,rco:Colors,
hr:RCInt, hc:RCInt, hco: Colors, vor:RCInt,voc:RCInt,voco: Colors,
vbtr:RCInt, vbtc:RCInt, vbtco: Colors, hgtr:RCInt, hgtc:RCInt,
hgtco: Colors, vytr : RCInt, vytc : RCInt, vytco: Colors) =

MoveTruckUp(tr , tc,tco);
Syst6( pred(tr),tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,
vbtc,vbtco, hgtr, hgtc,hgtco, vytr,vytc,vytco)

+ MoveTruckDown(tr , tc,tco);
Syst6( succ(tr),tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco, vytr,vytc,vytco)

+ MoveCarLeft(rr,rc,rco);
Syst6( tr,tc,tco, rr,pred(rc),rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco, vytr,vytc,vytco)

+ MoveCarRight(rr,rc,rco);
Syst6( tr,tc,tco, rr,succ(rc),rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,
vbtco, hgtr,hgtc,hgtco, vytr,vytc,vytco)

+ MoveCarLeft (hr,hc,hco) ;
Syst6( tr,tc,tco, rr,rc,rco, hr,pred(hc),hco , vor,voc,voco , vbtr,
vbtc,vbtco, hgtr,hgtc,hgtco, vytr,vytc,vytco)

+ MoveCarRight (hr, hc,hco) ;
Syst6( tr,tc,tco, rr,rc,rco, hr,succ(hc),hco , vor,voc,voco , vbtr,
vbtc,vbtco, hgtr,hgtc,hgtco, vytr,vytc,vytco)

+ MoveCarUp(vor, voc,voco) ;
Syst6(tr,tc,tco , rr,rc,rco, hr,hc,hco , pred(vor),voc,voco, vbtr,vbtc
,vbtco, hgtr,hgtc,hgtco, vytr,vytc,vytco)
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+ MoveCarDown(vor, voc,voco) ;
Syst6(tr,tc,tco , rr,rc,rco, hr,hc,hco , succ(vor),voc,voco, vbtr,vbtc
,vbtco, hgtr,hgtc,hgtco, vytr,vytc,vytco)

+ MoveTruckUp(vbtr, vbtc, vbtco) ;
Syst6(tr,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, pred(vbtr),vbtc,
vbtco, hgtr,hgtc,hgtco, vytr,vytc,vytco)

+ MoveTruckDown(vbtr, vbtc, vbtco) ;
Syst6(tr,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, succ(vbtr),vbtc,
vbtco, hgtr,hgtc,hgtco, vytr,vytc,vytco)

+ MoveTruckLeft (hgtr, hgtc, hgtco) ;
Syst6(tr,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,vbtco,
hgtr,pred (hgtc) ,hgtco, vytr,vytc,vytco)

+ MoveTruckRight(hgtr, hgtc, hgtco) ;
Syst6( tr,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,vbtco,
hgtr,succ(hgtc) ,hgtco, vytr,vytc,vytco)

+ MoveTruckUp(vytr, vytc, vytco) ;
Syst6( tr,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,vbtco,
hgtr,hgtc,hgtco, pred(vytr),vytc,vytco)

+ MoveTruckDown(vytr, vytc, vytco) ;

Syst6( tr,tc,tco, rr,rc,rco, hr,hc,hco, vor,voc,voco, vbtr,vbtc,vbtco,
hgtr, hgtc,hgtco, succ(vytr),vytc,vytco)

+ MoveCarQOut(rr,rc,rco).
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APPENDIX

SMART ROLE-PLAYING GAME

In this chapter, we present the complete code for our “Smart Role-Playing Game” IoT
application in socio-technical systems, introduced in the chapter 8. This presenta-
tion aims to provide a complete understanding of the game implementation, offering
a detailed overview of the mechanisms employed in our approach.

189



APPENDIX D. SMART ROLE-PLAYING GAME

Data Code

eset Positions = { hautl, haut2, haut3, haut4, haut5, mihaut5, mihaut4,

mihaut3, mihaut2, mihautl, mibasl, mibas2, mibas3,
mibas4, mibas5, bas5, bas4, bas3, bas2, basl }.

Decors = { foret, montagne, volcan, desert }.

NumeroDe = { del, de2, de3, de4, de5, de6 }.

CouleursLeds = { rouge, blanc, jaune }.

EtatCoffre = { ouvert, ferme }.

SensJoueur = { droit, reverse }.

eqn x_coord (hautl) = 150. y_coord (hautl) 50.
x_coord (haut2) = 514. y_coord (haut2) = 50.
x_coord (haut3) = 878. y_coord (haut3) = 50.
x_coord (haut4) = 1242. y_coord(haut4) = 50.
x_coord (haut5) = 1606. y_coord(haut5) = 50.
x_coord (mihautl) = 150. y_coord (mihautl) = 295.
x_coord (mihaut2) = 514. y_coord (mihaut2) = 295.
x_coord (mihaut3) = 878. y_coord (mihaut3) = 295.
x_coord (mihaut4) = 1242. y_coord (mihaut4) = 295.
x_coord (mihaut5) = 1606. y_coord(mihaut5) = 295.
x_coord (mibasl) = 150. y_coord(mibasl) = 540.
x_coord (mibas2) = 514. y_coord(mibas2) = 540.
x_coord (mibas3) = 878. y_coord(mibas3) = 540.
x_coord (mibas4) = 1242. y_coord (mibas4) = 540.
x_coord (mibas5) = 1606. y_coord(mibas5) = 540.

x_coord(basl) = 150. y_coord(basl) = 785.
x_coord(bas2) = 514. y_coord(bas2) = 785.
x_coord (bas3) = 878. y_coord(bas3) = 785.
x_coord (bas4) = 1242. y_coord(bas4) = 785.
x_coord (bas5) = 1606. y_coord(bas5) = 785.

succ (hautl) = haut2. succ (haut2) = haut3.
succ (haut3) = haut4. succ (haut4) = haut5.
succ (haut5) = haut5. succ (mihautl) = mihaut2.
succ (mihaut2)= mihaut3. succ(mihaut3) = mihaut4.
succ (mihaut4)= mihaut5. succ(mihaut5) = mihaut5.
succ (mibasl) = mibas2. succ(mibas2) = mibas3.
succ (mibas3) = mibas4. succ(mibas4) = mibas5.
succ (mibas5) = mibas5. succ(basl) = bas2.
succ(bas2) = bas3. succ (bas3) = bas4.
succ(bas4) = bas5. succ (bas5) = bas5.

pred(hautl) = hautl. pred(haut2) = hautl.
pred(haut3) = haut2. pred(haut4) = haut3.
pred(haut5) = haut4. pred(mihautl) = mihautl.
pred (mihaut2) = mihautl. pred(mihaut3) = mihaut2.
pred (mihaut4) = mihaut3. pred(mihaut5) = mihaut4.
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pred(mibasl) = mibasl. pred(mibas2) = mibasl.
pred (mibas3) = mibas2. pred(mibas4) = mibas3.
pred (mibas5) = mibas4. pred(basl) = basl.
pred(bas2) = basl. pred(bas3) = bas2.
pred(bas4) = bas3. pred(bas5) = bas4.

succv(hautl) = mihautl. succv(haut2) = mihaut2.
succv (haut3) = mihaut3. succv(haut4) = mihaut4.
succv(haut5) = mihaut5. succv(mihautl) = mibasl.
succv (mihaut2) = mibas2. succv(mihaut3) = mibas3.
succv (mihaut4) = mibas4. succv(mihaut5) = mibas5.

succv (mibasl) = basl. succv (mibas2) = bas2.
succv(mibas3) = bas3. succv(mibas4) = bas4.
succv(mibas5) = bas5. succv(basl) = basl.
succv(bas2) = bas2. succv(bas3) = bas3.
succv(bas4) = bas4. succv(bas5) = bas5.

predv(hautl) = hautl. predv(haut2) = haut2.
predv(haut3) = haut3. predv(haut4) = haut4.
predv(haut5) = haut5. predv(mihautl) = hautl.
predv(mihaut2) = haut2. predv(mihaut3) = haut3.
predv(mihaut4) = haut4. predv(mihaut5) = haut5.
predv(mibasl) = mihautl. predv(mibas2) = mihaut2.
predv(mibas3) = mihaut3. predv(mibas4) = mihaut4.
predv(mibas5) = mihaut5. predv(basl) = mibasl.
predv(bas2) = mibas2. predv(bas3) = mibas3.
predv(bas4) = mibas4. predv(bas5) = mibas5.

Scene Code

scene smartrpgScene = {
size = (1920, 1080).
layers = { top }.

background = loadImage (Images/table.jpg) .
pionl_img = loadImage (Images/pionl.png) .
pion2_img = loadImage (Images/pion2.png) .
pion3_img = loadImage (Images/pion3.png) .

pionllnverse_img = loadImage (Images/pionlreverse.png) .
pion2Inverse_img = loadImage (Images/pion2reverse.png) .
pion3Inverse_img = loadImage (Images/pion3reverse.png) .
desert_img = loadImage (Images/desert.png) .

foret_img = loadImage (Images/foret.png) .

montagne_img = loadImage (Images/montagne.png) .
volcan_img = loadImage (Images/volcan.png) .
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del_img = loadImage (Images/d1.PNG) .
de2_img = loadImage (Images/d2.PNG) .
de3_img = loadImage (Images/d3.PNG) .
de4_img = loadImage (Images/d4.PNG) .
de5_img = loadImage (Images/d5.PNG) .
de6_img = loadImage (Images/d6.PNG) .

rouge_img = loadImage (Images/led_purple.png) .
blanc_img = loadImage (Images/led_white.png) .
jaune_img = loadImage (Images/led_orange.png) .
coffreOuvert_img = loadImage (Images/ coffreOuvert.png) .
coffreFerme_img = loadImage (Images/coffreFerme.png) .

widget decors = {
attributes = { decor in Decors. }
display = { decor = foret —> foret_img.
decor = montagne —> montagne_img.
decor = desert —> desert_img.
decor = volcan -> volcan_img. }

init wdL = top. decor = foret.}

1
~

widget pionl =

~—

attributes = { sens in SensJoueur. }
display = { sens = droit —> pionl_img.

sens = reverse —> pionllnverse_img. }
init = { wdL = top. sens = reverse. }

—_

widget pion2 =

attributes = { sens in SensJoueur. }
display = { sens = droit —> pion2_img.

sens = reverse —> pion2Inverse_img. }
init = { wdL = top. sens = reverse. }

—~—

widget pion3 =

attributes = { sens in SensJoueur. }
display = { sens = droit —> pion3_img.

sens = reverse —> pion3Inverse_img. }
init = { wdL = top. sens = droit. }

widget coffre = {

attributes = { statut in EtatCoffre. }

display = { statut = ouvert —> coffreOuvert_img.
statut = ferme —> coffreFerme_img.

init = { wdL = top. statut = ferme. }

}
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widget de = {

attributes = { numero in NumeroDe. }

display = { numero = del —> del_img.
numero = de2 —> de2_img.
numero = de3 —> de3_img.
numero = de4 —> de4_img.
numero = de5 —> de5_img.
numero = de6 —> de6_img. }
wdL = top. numero = del. }

Il
—~

init

widget led = {

attributes = { couleur in CouleursLeds. }

display = { couleur = rouge -> rouge_img.
couleur = blanc -> blanc_img.
couleur = jaune -> jaune_img. }

init = { wdL = top. couleur = blanc. }

}
}.
Agents Code

proc Pionl(p: Positions) = get(Pionl); RollDice;
((( nask(succ(p)); tell(succ(p));
( att(sens, pionl, smartrpgScene, reverse));
move_to(pionl, smartrpgScene, x_coord(succ(p)), y_coord(succ(p)));
get(p);
(((succ(p) = mibas3) —-> OpenCoffre) + (tell (Pion2); Pionl (succ(p)))))
+
(( nask(pred(p));
tell (pred(p));
(att(sens, pionl, smartrpgScene, droit));
move_to(pionl, smartrpgScene, x_coord(pred(p)), y_coord(pred(p)));
get(p);
(((pred(p) = mibas3) —-> OpenCoffre) + (tell (Pion2); Pionl(pred(p))))))
+
(( nask(succv(p));
tell (succv(p));
move_to(pionl, smartrpgScene,x_coord (succv(p)), y_coord(succv(p)));
get(p);
(((succv(p) = mibas3) —> OpenCoffre) + (tell (Pion2); Pionl(succv(p)))))
+
( nask(predv(p));
tell (predv(p));
move_to(pionl, smartrpgScene, x_coord(predv(p)), y_coord(predv(p)));
get(p);
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(((predv(p) = mibas3) —> OpenCoffre) + (tell(Pion2); Pionl (predv(p))))))
+
( move_to(pionl, smartrpgScene, x_coord(p), y_coord(p));

tell (Pion2);

Pionl(p)) ).

Pion2 (p: Positions) = get(Pion2); RollDice;
((( nask(succ(p));
tell (succ(p));
(att(sens, pion2, smartrpgScene, reverse));
move_to(pion2, smartrpgScene, x_coord(succ(p)), y_coord(succ(p)));
get(p);
(((succ(p) = mibas3) —> OpenCoffre) + (tell (Pion3); Pion2(succ(p)))))
+
( nask(pred(p));
tell (pred(p));
(att(sens, pion2, smartrpgScene, droit));
move_to(pion2, smartrpgScene, x_coord(pred(p)), y_coord(pred(p)));
get(p);
(((pred(p) = mibas3) —> OpenCoffre) + (tell (Pion3); Pion2(pred(p))))))
+
(( nask(succv(p));
tell (succv(p));
move_to(pion2, smartrpgScene, x_coord(succv(p)), y_coord(succv(p)));
get(p);
(((succv(p) = mibas3) —-> OpenCoffre) + (tell (Pion3); Pion2(succv(p)))))
+
( nask(predv(p));
tell (predv(p));
move_to(pion2, smartrpgScene, x_coord(predv(p)), y_coord(predv(p)));
get(p);
(((predv(p)= mibas3) -> OpenCoffre) + (tell (Pion3); Pion2(predv(p))))))
+
( move_to(pion2, smartrpgScene, x_coord(p), y_coord(p));
tell (Pion3) ;
Pion2(p) )).

Pion3 (p: Positions) = get(Pion3); RollDice;
((( nask(succ(p));

tell (succ(p));

(att(sens, pion3, smartrpgScene, reverse));

move_to(pion3, smartrpgScene, x_coord(succ(p)), y_coord(succ(p)));

get(p);
(((succ(p) = mibas3) —> OpenCoffre) + (tell (Pionl); Pion3(succ(p)))) )
+
( nask(pred(p));

tell (pred(p));

(att(sens, pion3, smartrpgScene, droit));

move_to(pion3, smartrpgScene, x_coord(pred(p)), y_coord(pred(p)));
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get(p);
(((pred(p) = mibas3) —> OpenCoffre) + (tell (Pionl); Pion3(pred(p))))))
+
(( nask(succv(p));
tell (succv(p));
move_to(pion3, smartrpgScene, x_coord(succv(p)), y_coord(succv(p)));
get(p);
(((succv(p) = mibas3) —> OpenCoffre) + (tell (Pionl); Pion3(succv(p)))))
+
( nask(predv(p));
tell (predv(p));
move_to(pion3, smartrpgScene, x_coord(predv(p)), y_coord(predv(p)));
get(p);
(((predv(p) = mibas3) —> OpenCoffre) + (tell(Pionl); Pion3(predv(p))))))
+
( move_to(pion3, smartrpgScene, x_coord(p), y_coord(p));
tell (Pionl) ;
Pion3(p) )).

ChangeDecor = ((att(decor, decors, smartrpgScene, foret))
+ (att(decor, decors, smartrpgScene, montagne))
+ (att(decor, decors, smartrpgScene, volcan))
+ (att(decor, decors, smartrpgScene, desert)));
ChangeDecor.

OpenCoffre = ask(mibas3) ;
(att(statut, coffre, smartrpgScene, ouvert));
tell (open) .

RollDice = (
( ((att (numero, de, smartrpgScene, del)) ;
show(de, smartrpgScene); (att(couleur, led, smartrpgScene, rouge)))
+ ((att(numero, de, smartrpgScene, de6));
show(de, smartrpgScene); (att(couleur, led, smartrpgScene, jaune))

— 4 —

(((att (numero, de, smartrpgScene, de2)) ;

show(de, smartrpgScene); (att(couleur, led, smartrpgScene, blanc)))
+ ((att(numero, de, smartrpgScene, de3)) ;

show(de, smartrpgScene); (att(couleur, led, smartrpgScene, blanc)))

((att (numero, de, smartrpgScene, de4)) ;
show(de, smartrpgScene); (att(couleur, led, smartrpgScene, blanc)))

+ ((att(numero, de, smartrpgScene, de5)) ;
show(de, smartrpgScene); (att(couleur, led, smartrpgScene, blanc))))

));

hide(de, smartrpgScene) .
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Init = draw_scene(smartrpgScene) ;

place_at(decors, smartrpgScene, 0, 0);
show(decors, smartrpgScene) ;

place_at(led, smartrpgScene, 0, 0);
show(led, smartrpgScene);

place_at(de, smartrpgScene, 1675, 900);

place_at(coffre, smartrpgScene, x_coord(mibas3),y_coord (mibas3));
show(coffre, smartrpgScene);

place_at(pionl, smartrpgScene, x_coord(hautl), y_coord(hautl));
place_at(pion2, smartrpgScene, x_coord(basl), y_coord(basl));
place_at(pion3, smartrpgScene, x_coord(haut5), y_coord(haut5));

show(pionl, smartrpgScene);
show(pion2, smartrpgScene);
show(pion3, smartrpgScene);

tell (hautl) ;

tell (basl);

tell (haut5) ;

tell (Pionl);

Main (hautl, basl, haut5).

Main(pl: Positions, p2: Positions, p3: Positions) =
(( Pionl(pl) || Pion2(p2) ) || Pion3(p3) ) || ChangeDecor.
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