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Abstract

In recent years data-aware systems have been proposed as a com-
prehensive framework to model complex business workflows by con-
sidering data and processes as equally relevant tenets of the system
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description [33, 45]. We claim that this setting is suited to model and
verify auctions and auction-based mechanisms in electronic commerce,
including for instance, English, Dutch, and Vickrey auctions [35].

The SVeDaS project is designed to advance the state-of-the-art
in the modelling, analysis and deployment of data-aware systems by
using a novel, compositional, agent-based approach to their specifica-
tion and verification, and to apply these results to the verification of
auctions against strategic behaviours of agents, such as collusion and
manipulation.

The main objectives of the SVeDaS project can be summarized as
follows:

1. to introduce agent-based, computationally-grounded models for
data-aware systems, that are capable of expressing rich business
workflows, including auction-based mechanisms in e-markets;

2. to explore logic-based formal languages for the specification of
strategic behaviours of autonomous agents (including robustness
against malicious behaviours in auctions) pertaining to business
processes and agents operating on them;

3. to analyse the formal properties of these data-aware models,
particularly the issues concerning formal verification by model
checking in contexts of imperfect information;

4. to find classes of data-aware systems and expressive language
fragments relevant for auction-driven applications, which have a
decidable model checking problem and possibly are also amenable
to practical verification;

5. to develop the model checker SVeDaS for the verification and
validation of data-aware systems in multi-agent scenarios;

6. to evaluate the performance of the SVeDaS tool in popular auc-
tioning mechanisms, including real-time bidding, and to release
SVeDaS as open-source software.

We anticipate that the results of the SVeDaS project will con-
tribute significantly to our understanding of data-aware systems, thus
improving the design and management of business processes by for-
mal verification through model checking, including through the model
checker SVeDaS. In turn, these contributions will help building more
secure and reliable auction-based mechanisms for e-commerce and e-
business.

Table of Partners

Partner Surname First Name Position Person.months Role

Laboratoire IBISC
UEVE Belardinelli Francesco MCF 27.0 PI

Laboratoire IBISC
UEVE suitable candidate PhD student 36.0 RA
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Changes with respect to the Pre-proposition

In editing the final version of the SVeDaSprojet we took care to address
the reviewers’ remarks on the pre-proposition, whenever possible, including
strengthening the collaborations for developing the scientific programme.
We observe that the ANR JCJC scheme envisages a contribution only for
the young researcher, collaborators will not be able to manage any funding
directly. However, Dr Belardinelli will be in a position to develop his current
collaborations further through regular meetings and shared MSc projects,
all funded by the SVeDaS project.

As regards changes to the original budget, the initial contribution of
AC160k has been raised to a total of AC173,971, within the brackets of variation
allowed by the ANR between the preliminary and finale phase of the JCJC
call. The increment is motivated by the addition of AC17,280 as décharges
d’enseignement, i.e., a contribution to relieve Dr Belardinelli from half of
his annual teaching duties during the project lifetime (96h out of 192h per
year), in order to focus on the development of the scientific programme of
the SVeDaS project, its administrative management, and on tutoring the
research assistant employed by the project. Furthermore, an extra AC5k have
been added to the project’s budget for the organisation of a workshop to
present the project’s results at the end of its lifetime. This initiative is meant
to increase the project’s impact through dissemination. The remaining dif-
ference between the preliminary and final budget is due to a more precise
calculation of the project’s administrative costs.
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1 Context, Positioning and Objectives

In this section we present the main problem tackled in the SVeDaS project,
that is, the formal verification of data-aware systems, and outline the pro-
posed solution leveraging on modelling and abstraction techniques from the
area of logics for multi-agent system. We position the research programme
within the current state-of-the-art. In particular, we discuss the novelty
of the project’s objectives in relation with the EU STREP project ACSI
[1], which represents the inspiration and original motivation for the current
submission.

1.1 The Problem and Proposed Solution

Data-aware systems (DaS) are a novel paradigm for the design, implementa-
tion and integration of business processes in service-oriented computing [61].
The originality of this approach consists in “combin[ing] data and processes
in a holistic manner as the basic building block[s]” of the system’s descrip-
tion [29]. Typically data-aware systems include a data model, to account for
the relational structure of data, as well as the business processes manipulat-
ing data. Both the data model and business processes are seen as equally
important tenets of the system description. This setting is in marked con-
trast with most of the tradition on service architectures and composition,
which usually abstracts data away to reduce the complexity of the system de-
scription and thus making the verification task amenable to standard model
checking techniques [61]. Recently, this data-driven approach has been suc-
cessfully applied to the analysis of elaborate business scenarios, including
procurement use cases by IBM [45]. However, the enhanced expressivity
provided by data-aware systems comes at a computational price. In partic-
ular, we identify two main shortcomings in the present state-of-the-art.

1. Most of the literature on DaS [33, 45, 53, 34] focuses almost exclusively
on the data model of business processes, while neglecting the software
agents implementing the service infrastructure. These software agents
might have only a partial view of the relevant data, or, in the termi-
nology of multi-agent systems, they have imperfect information of the
global state of the system [63]. This (lack of) information shapes the
capabilities of the software agents to interact and bring about change,
which in turn has an impact on the overall behaviour and performance
of the data-aware system. Thus, modelling both the information state
and the strategic abilities of agents operating on DaS are key to de-
scribe and predict the evolution of the system.

2. The actual deployment of DaS in concrete, safety- and security-critical
scenarios demands for the development of automated verification tech-
niques, including by model checking [28, 9]. However, while formal
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methods are relatively well-understood in plain process-based mod-
elling, the presence of data makes the typical verification questions
much harder to answer and only partially explored. Notably, the com-
mon assumption of a possibly infinite data domain in the underlying
system leads to an infinite state-space and undecidability of the cor-
responding model checking problem in the general case. Hence, the
verification of DaS is highly non-trivial and it cannot be immediately
handled by standard techniques for finite-state systems. Data-driven,
tailored solutions need to be developed and deployed in an up-to-date
model checking tool.

These are among the main challenges faced by the application of the
data-centric paradigm in business process modelling.

The solution we propose in the SVeDaS project consists in

(i) developing an agent-oriented approach for modelling DaS, to account
for the imperfect information in the system;

(ii) investigating verification techniques based on (bi)simulations and
abstraction for contexts of imperfect information;

(iii) implementing the relevant techniques in a model checking tool –
SVeDaS – to certify auctioning mechanisms represented as data-aware
systems.

The proposed solution is enbodied in a series of (partial) objectives that
can be summarized as follows:

1. to introduce agent-based, computationally-grounded models for data-
aware systems, that are capable of expressing rich business work-
flows, including auction-based mechanisms in e-markets (e.g., English,
Dutch, and Vickrey auctions, real-time bidding);

2. to explore logic-based formal languages for the specification of strate-
gic behaviours of autonomous agents (including robustness against ma-
licious behaviours, as well as manipulability and collusion in auctions)
pertaining to business processes and agents operating on them;

3. to analyse the formal properties of these data-aware models, particu-
larly the issues concerning formal verification by model checking in a
setting with imperfect information;

4. to find classes of data-aware systems and expressive language frag-
ments relevant for auction-driven applications, which have a decidable
model checking problem and possibly are also amenable to practical
verification;
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5. to develop the SVeDaS model checker for the verification and vali-
dation of data-aware systems in multi-agent scenarios;

6. to evaluate the performance of the SVeDaS tool in the influential
auctioning mechanisms mentioned above, and to release SVeDaS as
open-source software.

We anticipate that the research envisaged in the SVeDaS project will
impact on the application of formal methods to data-aware systems in gen-
eral, and auction-based mechanisms in particular. The certification against
deviant behaviours guaranteed by formal verification will contribute to de-
sign more robust and reliable auctions in e-commerce. Society as a whole
will benefit from the findings of the SVeDaS project.

1.2 The State-of-the-Art

The scientific programme envisaged by the SVeDaS project draws inspira-
tion from and is situated at the intersection of three research areas:

1. Data-aware systems, including auctioning mechanisms;

2. Multi-agent systems (MAS) and logics for strategic abilities;

3. Formal methods and verification by model checking;

In order to position the project’s objectives with respect to the state-
of-the-art and to illustrate the comparative advancement, here we discuss
significant, recent contributions in these three areas. Given the vastity of
the subject matters, the discussion will necessarily be partial and oriented
towards the verification of data-aware systems by means of agent-based tech-
niques.

1.2.1 Data-aware Systems

Data-aware systems have emerged in the last decade as the leading paradigm
to analyse use cases in which data play an essential role in the system’s exe-
cution [21, 33, 45]. As an example of DaS, here we briefly describe a business
process inspired by a concrete IBM use case [46]: the order-to-cash scenario
details the interactions of manufacturers, customers, and suppliers in an
e-commerce situation involving the purchase and delivery of goods and ser-
vices. At the start of the business process, a customer prepares and submits
to some manufacturer a purchase order (PO), i.e., a list of products the
customer requires, together with information about these products such as
quantity, price, expected-by date, etc. Upon receiving a PO , the manu-
facturer prepares a material order (MO), i.e., a list of components needed
to assemble the requested products, based on the information provided by
the customer herself. The manufacturer then selects some suppliers and
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forwards them the appropriate material orders. Upon receiving an MO , a
supplier evaluates the information provided therein and either accepts or
rejects the order. In the former case she then proceeds to deliver the re-
quested components to the manufacturer, according to the relevant specs.
In the latter she notifies the manufacturer of her rejection. Finally, when
the manufacturer receives the components, she assembles the product and,
provided that the order has been paid for, she delivers it to the customer.

Observe that, even in such a plain scenario, all key components of data-
aware systems are clearly represented. The data model includes the pur-
chase and material orders, which can be encoded in some sort of data struc-
ture, typically a relation databases; while the business processes detailing
the evolution of orders from creation, through validation/rejection, to ful-
filment, can be described by an appropriate set of operations on relational
structures. Most importantly, the system’s execution depends crucially on
the data content of purchase and material orders: the supplier might chose
to accept or reject a material order depending on whether she has enough
resources for the requested quantity, whether the price is within a certain
range of profitability, or whether she can meet the deadline for delivery.
Thus, the agents’ available actions and behaviour essentially depend on the
information registered in the data model.

The SVeDaS project is designed to contribute to the verification and
validation of data-aware systems against specifications describing the strate-
gic behaviour of agents operating on the system. A significant contribution
in this direction has come from the EU STREP project ACSI [1], to which
I contributed in 2011-12. The ACSI project focused on artifact-centric sys-
tems, a particular data-driven approach to modeling and deploying business
processes, and produced a stream of fundamental contributions on their ver-
ification [19, 32, 8, 38]. Among the results of the ACSI project, a key finding
is represented by the notion of uniformity, which has been used in [18, 19] to
obtain a decidable model checking problem. Intuitively, a data-aware sys-
tem is uniform whenever its evolution is determined only by data values that
are named explicitly in the system’s description. Conversely, all data that
are not exhibited can be deemed equivalent, as far as the system’s execution
is concerned. This allows to apply abstraction-based techniques to reduce
the model checking problem to the finite case, provided that some additional
constraints are met. Interestingly, the uniformity condition, which is related
to the notion of genericity in database theory [2], is satisfied by a vast class
of interesting systems, including some types of auctions.

The SVeDaS project is intended to build on these results, which are
applicable to a specific class of DaS, while extending the boundaries of ver-
ification. In fact, albeit extremely relevant, we identify several criticalities
regarding the methods made available by the ACSI project, as well as the
current literature on DaS in general.
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1. Although uniformity defines an important class of DaS, many systems
of interest are not uniform. Indeed, most manipulations of data bring
us outside the realm of uniformity. Even simple operations, such as
increments on natural numbers, are sufficient to break uniformity [12].
Hence, a first challenge for SVeDaS is to find conditions more robust
than uniformity, which still imply a decidable model checking problem.

2. According to the results of ACSI, a further assumption required to
obtain decidability, besides uniformity, is boundedness, that is, the ex-
istence of an upper bound on the number of active elements in a data-
aware system at any time in the execution [32]. However, in several
scenarios assuming the existence of such a bound may appear arbitrary
and artificial: databases can be expanded beyond any given size, by
simply keeping on adding new entries (without removing any of the old
ones). Thus, a further challenge with respect to the state-of-the-art is
to identify classes of models, still general enough for representing most
DaS of significance, but which can also be bounded in a natural way.

3. Related to the previous point, a third challenge is represented by un-
bounded systems (such as the expanding databases above). Again,
in this case the decidability results of the ACSI project do not apply
uncondintionally, so novel techniques need to be explored.

Thus, the SVeDaS project is solidly set within the most recent advances
on the verification of data-aware systems. Yet, it is meant to question the
constraints imposed on DaS, namely uniformity and boundedness, in order
to develop novel verification methods suitable for a wider class of DaS.

Another element of originality of the SVeDaS project is the focus on
auctioning mechanisms. Indeed, auctions can be seen as data-aware sys-
tems: the outcome depends essentially on the values of bids, base prices,
and true values. As a proof of concept, in [11] a basic version of parallel
and iterated English (ascending bid) auctions are formalised as DaS, then
they are successfully verified against safety and liveness properties. This
kind of results validates the approach proposed in the SVeDaS project.
However, more elaborate cases, including real-time bidding, in which agents
can modify their behaviour according to the numerical outcome of previ-
ous auctions, are not covered by ACSI, since they suffer from limitation (1)
detailed above. To overcome this issue, proposals have been put forward
[12] that also support arithmetic operations [34]. Yet, these contributions
neglect the imperfect knowledge that agents typically have of the system’s
global state, which limits the applicability of these results to auctions. These
considerations motivate the second tenet of the SVeDaS project.
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1.2.2 Logics for Multi-agent Systems

Multi-agent systems are open, distributed systems where the processes in-
volved, or agents, show highly flexible and autonomous behaviour [63].
Agents in MAS are assumed to be proactive, endowed with beliefs about
the surrounding environment, as well as their own private goals and plans
to achieve them [57]. Researchers in artificial intelligence have adopted
multi-agent systems to model and solve problems in several areas, including
economics, game theory, planning, and robotics, that are difficult, viz. im-
possible, for a monolithic system to tackle [60]. Most importantly for the
SVeDaS project, the agent paradigm allows for a modular approach to sys-
tem modelling, in which the interactions between agents are not hard-coded
in the systems description, but emerge at run-time according to the agents’
specification. Moreover, the description of agents in terms of intentional
attitudes allows us to abstract from actual implementation details. Here
the emphasis is on the local, information state of agents, as well as concepts
such as knowledge and belief, that are used to describe agents. These fea-
tures of MAS have been deemed extremely valuable in designing complex
distributed applications, at least in the modelling stage.

We argue that data-aware systems can benefit hugely from the adoption
of a multi-agent perspective. Indeed, in the other-to-cash scenario above, the
clients, manufacturers, and suppliers all have their private information, that
they might want to share only partially or in a controlled way. They also
have different goals (e.g., profit maximisation, timeliness), and they might
have various plans available to achieve them. In auction-based mechanisms
bidders normally keep their true values private, as well as their bids in
sealed auctions. This agent-based perspective on DaS has been explored
only preliminarily [18, 19], while most of current approaches still regard
DaS as monolithic systems [33, 34, 32, 8]. Moreover, the agent approach
allows for the application of modular abstraction techniques to tackle the
model checking problem [40].

Related to the verification of multi-agent stystems, agent-oriented spec-
ification languages have been a thriving area of research in recent years
[23, 22, 39]. A diverse family of multi-modal logics has been introduced for
representing and reasoning about complex strategic abilities, both individual
and coalitional, including alternating-time temporal logic (ATL), strategy
logic, coalition logic just to name a few [5, 26, 55]. In parallel with these de-
velopments, a well-established tradition in knowledge representation focuses
on extending formalisms for reactive systems with epistemic operators, so as
to reason about the systems’ evolution, as well as the knowledge agents have
thereof [36]. Seminal contributions on extensions of linear- and branching-
time temporal logics with agent-indexed epistemic modalities date back to
the ’80s [42, 43]. Since then, these investigations have matured into a solid
body of works, which is nowadays rightly regarded as a key contribution of
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formal methods to computer science [50], particularly when combined with
verification techniques [37, 48, 49].

If agent-based logics are to be applied to the specification of data-aware
systems, they need to be extended with relational and first-order features
to account for the role played by data. As an example, in auctions the be-
haviour of agents has to be checked against all admissible values for bids,
asking prices, and true values, thus calling for (universal) quantification in
the specification language for such properties. However, it is well-known that
assuming naively unrestricted first-order quantification quickly leads to the
undecidability of a number of problems, including satisfiability and model
checking. Hence, more sophisticated methodologies have to be adopted to
lift logics for agents to the first order. In fact, first-order logic includes some
interesting fragments with nice computational properties (e.g., the monadic,
guarded, and two-variable fragments [24]), which can be used to express spe-
cific behaviours of data-aware systems. For instance, quantification in DaS
can be guarded by assuming that values range on appropriate subsets, suit-
ably specified by predicates in the language. Also, whenever we want to
compare two values that appear at different times of the system’s execution,
two variables are sufficient. The applicant Dr Belardinelli has contributed to
these investigations, by proving that some sound and complete axiomatisa-
tions for multi-agent temporal epistemic logics can be lifted to the monodic
fragment of first-order logic, i.e., a controlled form of quantification [15].
These results constitute a solid starting point for the research programme
envisaged by the SVeDaS project.

1.2.3 Verification by Model Checking

Formal methods are widely used to represent and analyse distributed and re-
active systems. In combination with verification techniques by model check-
ing, they have become one of the success stories in computer science [9, 28].
In the model checking approach, to verify whether a system S satisfies a
property P (such as a safety, liveness, or secrecy requirement), first S is
modelled as (some kind of) transition system MS , while property P is re-
cast as a formula ϕP in some logical language of choice. Finally, verification
is reduced to check whether the formula ϕP is true in the model MS , or
MS |= ϕP formally. Nowadays, model checking is being successfully applied
to the automated verification of real-life scenarios in safety critical systems,
avionics, AUVs, robotics, and security protocols [49, 56].

Similarly, the actual deployment of data-aware systems calls for the de-
velopment of verification techniques. As an example, in designing auction-
based mechanisms we might require that bidders for a particular resource bid
consistently with the true value they assign to the resource (i.e., they do not
exceed it), without revealing this true value publicly (∗). Such requirements
specify the behaviour of agents with respect to a possible infinite number
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of values for their bids and true values. However, verification techniques
such as model checking are “mainly appropriate to control-intensive appli-
cations and less suited for data-intensive applications” [9]. Irrespectively
of these difficulties, the model checking problem for auctions has received
considerable attention recently [7, 41, 65, 64, 62]. Indeed, it is hard to over-
estimate the relevance of auctions and auction-based mechanisms in a wide
range of distributed systems (e.g., task scheduling, power grid management,
and resource allocation [58, 30]). However, with some notable exceptions,
most of the research on this topic has focus on the design of auctioning
mechanisms and the analysis of their formal properties, while the auto-
mated verification of these designs has only partially been addressed. To
our knowledge [7, 41, 65, 64, 62] are among the first contributions to con-
sider the formal verification of auctions. In [62] the authors implement a
simple auction model in a BDI-based programming language, to which they
apply agent verification techniques. In [41] the problem of model checking
strategy-proofness of Vickrey auctions is investigated; while [65, 64] propose
a formal approach to check for shilling behaviours in auctions. This list is
by no means exhaustive, but it is representative of some current trends in
the formal verification of auction (see also [52] for instance). Overall, [7]
is among the contributions most closely related to the present proposal in
spirit, but a key difference is that their models abstract from the actual
data content of auctions, in order to make the problema amenable to stan-
dard model checking techniques. Moreover, these references discuss limited
classes of auctions, and the solutions proposed are tailored to the cases of
interest; while we advocate a general, principled account for the verification
of data-aware systems that it is also capable of dealing with auction-based
mechanisms. We reckon that, given the relevance that data representation
and reasoning have gained in recent years, it is key for the deployment of
business processes to provide data-aware systems with sound verification
methodologies. In turn, this endeavour raises a number of challenges rang-
ing from (i) the logic-based languages for specifying DaS behaviours, to (ii)
the data structures to represent DaS symbolically, as well as (iii) efficient
model checking algorithms to deal with relational and first-order features.
The SVeDaS project is designed to fill this gap by developing a princi-
pled approach to DaS verification, with a specific focus on those particular
business processes that are auctions.

1.3 Outline of the Methodology

Differently from traditional approaches to business process modelling, we
envisage to adopt an agent-based, compositional perspective in the analy-
sis and verification of data-aware systems. Previous work by the applicant
Dr Belardinelli among others, has proved that the agent paradigm can be
successfully integrated in the representation of DaS [12, 13, 14, 18, 19], in-
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cluding English auctions [11], thus validating the feasibility of the project.
Indeed, notions of individual knowledge, strategies and goals from artificial
intelligence have already been applied to modelling and verifying distributed
systems [36]. We claim that also our understanding of business processes
can benefit from an analogous representation in terms of intentional atti-
tudes of the composing services, seen as agents. Specifically, the proposed
methodology can be spelled out in three directions, which correspond to the
three workpackages of the SVeDaS project. Here we briefly outline them
and refer to the relevant WP for further details on methodology.

WP1 We plan to explore agent-based, computationally-grounded models for
data-aware systems in a context of imperfect information, and to ap-
ply the logical machinery to the formalisation of popular auctioning
mechanisms.

WP2 We will investigate the formal properties of these DaS models, partic-
ularly in relation with the model checking problem. We anticipate to
tackle verification by using truth-preserving (finite) abstractions that
(bi)simulate the concrete, infinite-state DaS.

WP3 We will implement the verification methods developed in WP2 in the
model checking tool SVeDaS for the certification of DaS. We will eval-
uate the performace of SVeDaS against the auction scenarios analysed
in WP1, and release the tool as open-source software.

We plan to develop the three workpackages rather sequentially, by ap-
plying methods and techniques from the three areas of data-aware systems,
logics for multi-agent system, and formal verification. The specific logical
tools adopted are detailed in the following scientific programme.
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2 Scientific Programme and Techniques, Project
Organisation

The research programme is structured in three main workpackages, ranging
from the more theoretical to the more applied aspect to the project, each
corrisponding approximately to one year in the project lifetime. The WP
are meant to be executed rather lineraly in the temporal dimension, while
still allowing for feedback and adjustment according to the project objec-
tives. The research programme will be developed in close collaboration by
the Principal Investigator, Dr Belardinelli, and the PhD student who will
act as Research Assistant. The commitment for PI and RA in terms of per-
son.months will be equally distributed across the 3 years: 12 person.months
per year for the RA and 9 person.months per year for the PI. This repar-
tition is subject to change if need be. In particular, we anticipate that the
commitment of the PI will be greater at the very beginning of the SVeDaS
project, and in WP1 and WP2; while the RA will acquire more indepen-
dence and autonomy along the project lifetime, and will be in charge for the
actual coding of the SVeDaS model checker.

2.1 WP0 – Review of Background Literature (2 months)

This WP comprise a unique task and is devoted to reviewing and analy-
sising the most recent literature on the fundamental tenets of the project,
as described in the state-of-the-art: data-aware systems, logics for agents
in multi-agent systems, formal verification by model checking. This task is
intended to assess current methodologies in the verification of data-aware
systems, with a particular focus on the application of modular, agent-based
modelisation of DaS. In Section 1.2.1 we observed that current approaches
typically model DaS as monolithic systems, where the components have per-
fect information of the system’s global states. In reviewing the literature we
will pay particular attention to methodologies that relax such an assumption
and adopt an agent-oriented perspective.

The PI and RA will also survey the state-of-the-art in the formal verifi-
cation of auctions. Specifically, we are interested in their analysis from the
perspective of partecipating agents, including the agents’ information state
and how this changes along the auction.

This WP will be developed by the RA under the guidance of Dr Belar-
dinelli, whose expertise lies at the intersection of the three areas mentioned
above. Also, Dr Belardinelli will help the RA to become familiar with the
project’s background, as well as with the model checker MCMAS [49], upon
which we plan to develop the SVeDaS model checker in WP3.

Outcome: At the end of the WP Dr Belardinelli and the RA will have a
clear picture of the state-of-the-art in the formal verification of DaS, as
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well as of the agent-oriented approaches to this problem. The RA will
also become familiar with the main trends in formal verification by model
checking and proficient in the use of the MCMAS model checker for multi-
agent systems. This background knowledge is key for the development of
subsequent work-packages.

Deliverables:

• A survey on the state-of-the-art on the verification of data-aware sys-
tems, including current approaches to formal methods for the repre-
sentation of auctions and auction-based mechanisms.

2.2 WP1 – Agent-based Models for Data-aware Systems (12
months)

This workpackage is designed to lay the theoretical foundations that will
be developed and applied in WP2 and WP3. The objective is to define
computational models for data-aware systems based on autonomous agents.
The workpackage is structured in 3 main tasks: relational structures for DaS,
agents with imperfect information, and a formal framework for auctions. In
particular, the first two tasks will develop the formal framework applied in
the third, which in turn will shape and provide guidance in the developement
of logical tools. These tasks will be undertake by the PI and RA in close
collaboration, as the PI will be able to build upon his previous works.

2.2.1 T1.1 – Relational Structures for DaS (5 months)

In this task we develop models for representing data-aware systems statically
and dynamically, also by building on previous results of the ACSI projet.
The first challenge is the explicit representation of data in models: classical
approaches to model checking multi-agent systems typically assumes that
the local states of agents is encoded in some propositional language [36],
which are indeed expressive enough for a wide range of applications [9, 49].
But, as remarked above, propositional languages are often not sufficient
for expressing properties such as manipulation, collusion, and secrecy in
auctions, including example (∗) above. Hence, more expressive formalisms,
notably first-order extensions of multi-agent logics, will be explored in WP1.

The ACSI project put forward various computational models inspired to
first-order formalisms: artifact-centric multi-agent systems [18], relational
data-centric dynamic systems [8], models for the situation calculus [32]. The
common feature of all these formalisms is the representation of the system’s
global state as some sort of relational, first-order structure, grounded in the
theory of databases [2]. On the other hand, the update mechanisms applied
on these relational structures to describe their temporal evolution shows
varied characteristics: in [18] agents’ actions are completely abstract and
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system’s executions are simply viewed as successions of relational structures;
the research line represented by [8] make use of the well-studied formal
machinery of descriptions logics to describe an update mechanisms in which
T -boxes evolve according to the results of conjunctive queries; while [32]
applies the update axioms of the situation calculus.

Even though these formalisms are a valuable source of inspiration, we
identify two major shortcomings.

• While [18] introduces a multi-agent setting for DaS, it does not de-
velop a computational model for partecipating agents, as protocols
and actions are completely abstract. An attempt to ground artifact-
centric multi-agent systems on actual computation is provided through
artifact-centric programs, by means of actions guarded by first-order
formulas, whose satisfaction entails an update on the relational, lo-
cal state of the agent. Such an account, whilst of interest, assumes
that each agent is working on her local copy of the system’s global
database, without providing guarantees on consistency. Moreover, the
complexity of updates thus given is not investigated.

• In the line of relational data-centric dynamic systems and situation
calculus [8, 32], systems are given monolithically, the relational struc-
ture representing the system’s global state is unique, and transitions
are modelled as updates on such structures. As a consequence, no
notion of strategic or game-theoretic interaction is analysed in these
frameworks. This feature is witnessed by the fact that the typical log-
ics used to specify properties for these systems are LTL, CTL, and the
µ-calculus, which are mostly apt at expressing temporal notions.

Furthermore, the complexity of verification in most of these settings is
exponential in the size of data. So, well beyond what it is amenable in terms
of practical model checking tools.

In this task we will attempt to overcome the issues outlined above
by developing models for data-aware systems with an update mechanisms
grounded in (possibly efficient) computations. Several directions are worth
pursuing, starting with the literatures discussed in Section 1.2.1. A promis-
ing computational model is represented by reactive modules [4], also in the
form of the simple reactive modules in [44]. This framework has a clear com-
putational content as it is the basis of the programming language for the
MOCHA model checker [3]. Reactive modules are basic system components,
who control a number of variables whose value they can modify, but who
also have access to other read-only variables controlled by other modules. To
account for secrecy and privacy, a certain number of controlled variables are
assumed to be not visible by other modules. Modules act on the variables
they own by performing various operations, thus determining the system’s
transitions. The framework of reactive modules is extremely flexible and
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the proponents claim that it can model pure asynchronicity (interleaving),
observable asynchronicity, atomic and non-atomic synchronicity.

Our starting point will be the definition of reactive modules with infinite
data types, e.g., the natural, rational, and real numbers, and operations
defined thereon, which are normally considered in the literature on DaS
and appears as values for auctions. To illustrate this idea, we present the
definition of a bidder module in English auctions.

Bidder The bidder module mi controls the variables in ctri, initialises its
local state according to the guarded actions in initi, and updates it following
guarded actions in updatei, which are defined as

• set ctri includes variable tvaluei, registering module m’s true value as
a real number, and bidi to represent m’s current bid, also as a real.
The value of bidi is public, while tvaluei is kept private;

• initi contains guarded actions:

>  bidi := uu; tvaluei := x3

in this case the guard > is true, hence the true value is initialised
with a random value x3, while the bid is left undefined uu for the time
being.

• updatei contains guarded actions skip and

(t out = ⊥) ∧
∧

j∈M

(bidj = uu) ∧ (x4 ≤ tvaluei)  bidi := x4

(t out = ⊥) ∧
∨
j 6=i

(bidi < bidj) ∧
∧
j 6=i

(bidj 6= uu→ bidj < x5) ∧ (x5 ≤ tvaluei)  bidi := x5

t out = >  bidi := uu;

tvaluei := x6

The update actions allow the bidder to bid for the item auctioned by
the auctioneer module (not specified), and to raise her bid according
to her true value and bid by other bidders, as long as the auctioneer
does not time out.

We remark that the applicability of actions in the bidder module depends
essentially on the actual values of bids and true values. Also, these variables
take values from real numbers. Hence, reactive modules define data-aware
systems that are infinite state in general.

Outcome: A notion of reactive module with infinite data types, including
a computational update mechanism based on guarded actions. A speci-
fication language for guards in actions. A formal semantics in terms of
infinite-state concurrent game structures.
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2.2.2 T1.2 – Agents with Imperfect Information (5 months)

The reactive modules adopted in T1.1 partition the set of variables owned by
a module into private and public, where public variables are visible (but not
modificable) by any other module. Hence, we need languages and method-
ologies to account for the imperfect information of modules, that is, the fact
that agents have access only to a partial description of the global state of the
system, determined by the variables they own and can see, which may be a
proper subset of all the variables appearing in the system. This modelling
constraint is common in auction-based mechanisms, for instance in English
auctions, where the true value of each bidder is private at the beginning
of the auction, and each bidder wants to keep this piece of information se-
cret to other bidders and the auctioneer throughout the auction. Hence, we
need to model these secrecy features in our framework, particularly in the
specification language.

Our starting point to specify properties of interest, including (∗), is a
family of logics designed to express strategic properties of agents in multi-
agent systems, notably alternating-time temporal logic [5] and strategy logic
[26, 51], considered in their imperfect information incarnations [47]. We
envisage to extend these formalism in two directions.

• We first aim at introducing first-order features, including predicates,
relations and quantification, on top of these logics for strategies. To
our knowledge, this step has been taken in the literature on DaS only
with respect to purely temporal logics such as CTL, LTL, and the
µ-calculus [34, 33]. On the other hand, first-order ATL has not been
considered yet. Nonetheless, such an extension is key to express, as an
example, that a bidder b can (has a strategy) to raise her bid, unless
she has already hit her true value:

∀x(x = bidb ∧ x 6= tvalueb → 〈〈b〉〉F∃y(x < y ≤ tvalueb ∧ y = bidb))) (1)

In (1) we make use of quantification and equality, along with ATL op-
erator 〈〈b〉〉F . By using similar combinations of operators for strategies,
we are able to express important auction-theoretic concepts, including
manipulability and collusion (i.e., an agent or group of agents has a
strategy to achieve a certain result in the auction).

From a theoretical viewpoint, we aim at assessing precisely the expres-
sive and computational power of several fragments of these first-order
extensions. For instance, when specifying properties of reactive mod-
ules comparing two different values of a variable at different moments
of the system’s execution, including (1), it is sufficient the two-variable
fragment with equality and no relation symbol, which might have bet-
ter complexity [24]. Other relational features we will explore in this
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task include (partial, total) orders, as well as operations on natural
and real numbers (e.g., successor, min, max, etc.)

• The second extension we envisage regards epistemic logic to allow for
the explicit representation of agents’ information and knowledge in
data-aware systems. Epistemic extensions of temporal logics have
been explored since the 80’s [36, 50]. Nonetheless, epistemic exten-
sions of logics for strategies are much less investigated and a topic
worth pursuing in itself. In this task we focus on the lesser endeavour
of extending the first-order strategy logics developed at the previous
point with epistemic operators for individual and group knowledge
to express how the information agents possess affects the evolution of
DaS, as well as how the information agents have about the global state
of the system changes according to their actions.

For illustrative purposes, consider the following specification stating
that the true value of each bidder b is secret to all other bidders, and
they cannot (have no strategy) to discover it:

¬∃x
∨
j 6=b

Kj (x = tvalueb)∧¬∃x〈〈Ag \ {b}〉〉
∨
j 6=b

Kj (x = tvalueb) (2)

where Kj is the knowledge operator for bidder j.

Outcome: A family of first-order logics for agents in data-aware systems,
capable of expressing their strategic bahviour as well as their individual
and group knowledge of agents. These formal languages will be interpreted
on the reactive modules in T1.1, then evaluated according their expressive
power and their computational properties.

2.2.3 T1.3 – A Formal Framework for Auctions (2 months)

This task will be developed in parallel with T1.1 and T1.2, and it is de-
signed to keep the formal framework in line with the intended application to
auction-based mechanisms. Specifically, this task is devoted to the formal
analysis of popular models of auctions, starting with simple scenarios such
has ascending bid (English) auctions, sealed auctions, Dutch and Vickrey
auctions. We will assess the requirements in terms of abilities of agents and
how to model them within the framework of reactive modules. For instance,
we saw that in English auctions agents compare values of bids, base values,
and true values. So, a notion of (partial, total) order on values is required.
From these relatively simple examples we will move on to more elaborate
scenarios. The aim of the task is to model real-life auctioning mechanisms
such as the real-time bidding adopted in online advertisement [52]. Since
real-time bidding leverages on complex machine learning algorithms, it is yet
to be checked to what extent it can be captured in the framework described
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in T1.1 and T1.2. It might well be that only particular cases of real-time
bidding are amenable to formal verification. Hence, in this task we will also
validate the effectiveness of the approach, by identifying classes of auctions
that can be captured in our agent-based logical framework.

Outcome: An assessment of the proposed approach based on data-aware
systems with respect to the modelling of popular auctioning mechanisms.
Feedback on the formal accounts in T1.1 and T1.2

Deliverables: At the end of WP1 we will produce a technical report with
the results in T1.1, T1.2, and T1.3. In particular, we aim at editing three
papers with the results of WP1, to be submitted to major conferences in
multi-agent systems, knowledge representation, and formal verification (e.g.,
AAMAS, IJCAI, AAAI, ECAI, KR,. . . ), structured as follows:

• Infinite-state reactive modules for modelling auction-based mechanism,
including use cases for the evaluation of the model checking tool SVeDaS
to be developed in WP3;

• First-order extensions of logics for strategies to express manipulability
and collusion in auctions;

• An epistemic extension of first-order strategy logics to express knowl-
edge and secrecy in auctions.

2.3 WP2 – Model Checking Data-aware Systems (12 months)

This workpackage is devoted to the analysis of the structural, formal prop-
erties of the agent-based models for data-aware systems developed in WP1,
particularly in relation to verificational issues and the model checking prob-
lem, in order to provide sound theoretical underpinnings to WP3. WP2 is
structured in three main tasks, whose common objective is to explore ways
to make the model checking problem for data-aware systems amenable to
practical verification. We begin by checking to what extent the results of the
ACSI project apply to infinite-state reactive modules. We anticipate that
essential features of auctions call for novel methodologies and techniques,
that will be developed within WP2. Results along this line will have an
impact on the development of the model checker SVeDaS in WP3. Also
this workpackage will be developed by the joint effort of the PI and RA;
the RA is expected to work more independently in WP2 and to make per-
sonal contributions to the analysis of the model checking problem within
this context.
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2.3.1 T2.1 – Model Checking Reactive Modules (4 months)

In the state-of-the-art we remarked that two key assumptions underlying the
results of the ACSI project are uniformity and boundedness. These features
are shared by reactive modules. Indeed, in systems of reactive modules the
global state is completely described by assignments of values to all agents’
variables. Since agents are assumed to be in finite number and each of
them controls a finite number of variables, the overall number of variables,
and therefore the total number of active elements providing values to these
variables, is not only finite and bounded, but actually fixed at design time.
Furthermore, in many cases of interest, including English auctions, a rela-
tional language supporting only comparison ≤ between values, is sufficient
to describe protocols and actions of the agents taking part in the auction as
well as the evolution of the system (compare the specification of a bidder
in T1.1). A formalism so defined satisfies the uniformity constraint as well,
and therefore the ACSI results are applicable in principle, even though not
naively: the specification languages in [18, 8, 32] are temporal logics ranging
from CTL to the µ-calculus, where no explicit account of the agents’ strate-
gic abilities is provided. We anticipate that the model checking problem for
infinite-state reactive modules against specifications in first-order ATL can
be proved decidable by definining suitable alternating bisimulations [6] in a
quantified context. Such preliminary results, while of interest in themselves,
will help to assess to what extent these methodologies and techniques applies
to the setting of the SVeDaS project.

Outcome: Alternating bisimulation relations in a quantified setting that
preserve the interpretation of formulas in first-order ATL. A decidability
result for particular classes of reactive module obtained by finite abstraction.

2.3.2 T2.2 – Arithmetic Operations (4 months)

A key feature to describe data-aware systems in general and auctions in par-
ticular, is the support of arithmetic operations in the language [34]: these
are necessary, for instance, to describe the complex mechanisms to update
prices and bids in real-time bidding, depending on previous registered values.
However, by extending the logical framework with this extra expressiveness
the uniformity condition fails. Specifically, it is possible to prove that model
checking non-uniform systems is indeed undecidable in the general case [17].
Hence, arithmetic operations in the description and specification languages
for elaborate auctions raise a number of questions as regards formal veri-
fication, particularly in relation to the existence of finite abstractions for
infinite-state reactive modules. In this direction, [34] presents some valu-
able results. However, the specification language considered, LTL-FO, is
not suitable to express subtle strategic interactions.
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In this task we explore possible solutions to the issue above, to allow for
arithmentic operations in DaS. Specifically, an approach based on the coun-
terpart semantics for modal logic [31] has proved to give some interesting,
preliminary results on the existence of finite simulations of data-aware sys-
tems [12]. The intuition behind counterpart semantics for first-order modal
logics is that the accessibility relation between possible worlds goes together
with a counterpart relation between elements in the interpretation domain
that belong to different possible worlds. For our purposes, this idea allows to
define finite abstractions that simulate the behaviour of the concrete, infinite
state DaS, by collapsing different elements in possibly different states into a
unique abstract individual, together with a counterpart relation. Notice that
simulations preserve only a fragment of the specification language, typically
the universal fragment. Nonetheless, since we plan to investigate various
notions of simulation and abstraction (T2.3), in selected cases counterpart
semantics might allow to preserve the whole of our specification language.

Outcome: An extension of the specification language for reactive modules
with arithmetic operations. A diagnosis on the failure of uniformity in this
setting. A counterpart semantics for reactive modules. A notion of simu-
lation and finite abstractions for counterpart semantics. An application to
the modelling of (a suitable restriction of) real-time bidding.

2.3.3 T2.3 – Bisimulations and Abstractions (4 months)

In previous works by the applicant Dr Belardinelli, among others [11, 12,
13, 14, 18, 19] the model checking problem for infinite-state DaS is proved
decidable via reduction to the finite case by means of truth preserving bisim-
ulations. More specifically, given a concrete, infinite-state DaS that satisfies
the boundedness and uniformity contraints, we are able to show the ex-
istence of a finite-state abstraction that is bisimilar to the concrete DaS.
Further, the bisimulation relation preserves formulas written in first-order
extensions of temporal logics, such as CTL and the µ-calculus. As a result,
we can verify a specification on the infinite-state DaS by model checking
the same formula in the finite abstraction, by using standard techniques for
finite-state systems.

In this task we aim at exploring abstraction methodologies for cases
not covered by standard techniques. We remarked above that for language
with arithmetic operation, the uniformity condition no longer holds. So,
we plan to define more robust notions of (bi)simulation and abstraction
that also work for non-uniform systems. In this direction we have some
promising preliminary results [17] that yet need to be developed further
into a proper methodology. Moreover, modular techniques, including agent-
based simulations and data symmetry reduction, can also find application
in this setting to tackle the model checking problem.
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A further notion of (bi)simulation and abstraction we intend to explore is
represented by many-valued simulations [10]. Also in this line the intuition
is to trade precision of the verification result with efficiency. Specifically,
the model checking procedure for a given specification with respect to a
multi-valued simulation of a concrete system is supposed to terminate and
to return an answer that applies to the concrete system as well. However,
the value of this answer might be undefined, other than simply true or false.
Then, we anticipate to investigate refinement techniques [27] to make the
abstraction more precise and possibly obtain a definite answer.

Outcome: Result on the decidability and complexity of the model check-
ing problems for data-aware systems based on reactive modules. General
abstraction techniques for DaS, including multi-valued simulations and ab-
straction. Abstraction refinement techniques.

Deliverables: Also for WP2, we plan to collect the main findings in a
technical report, to be made publicly available. Moreover, we aim at sub-
mitting three more papers at top conferences on MAS, KR, and formal
methods. Specifically, the three contributions will deal with

• Model checking infinite-state reactive modules against specifications
in first-order logics for strategies and first-order epistemic ATL, with
complexity results. Applications to simple auctioning mechanisms.

• The model checking problem for first-order strategy logics support-
ing (fragments of) arithmetic. (Un)decidability results, (bi)simulation
relations, and (possibly finite) abstractions.

• Many-valued simulations and abstractions, counterexample-guided re-
finement techniques.

2.4 WP3 – Tools and Techniques for DaS Verification (10
months)

In this workpackage we intend to develop practical and efficient verification
techniques to model check the DaS models introduced in WP1, by making
use of the theoretical results in WP2. Further, we will implement these
methods and procedures into a novel verification tool – SVeDaS. Lever-
aging on structural properties of DaS to obtain a decidable model checking
problem has been preliminarily explored by the applicant Dr Belardinelli
[19]; these early results look promising. Unfortunately, mere decidability is
not sufficent for real-life application, particularly complex real-time bidding
scenarios. Hence, we will exploit the agent-based model checking techniques
developed in WP2 in order to alleviate the state explosion problem, i.e., the
exponential blow-up of the state space in relation to the number of modules.
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In this respect, the compositional, agent-based approach to DaS modelling
and verification put forward in WP1 and WP2 will contribute to obtain effi-
cient model checking algorithms, and to scale these up to the large number
of processes usually found in business use cases, including auctions. It is en-
visaged that the verification tool SVeDaS will be built upon the MCMAS
model checker that Dr Belardinelli contributed to develop while working at
Imperial College London [49]. The RA will be in charge for the actual cod-
ing, always under the guidance of the PI. The tool will be evaluated against
the auction-based mechanisms analysed in WP1 and distributed as open
source.

2.4.1 T3.1 – Extended ISPL and Symbolic Data Structures (3
months)

The interpreted system programming language (ISPL) is the specification
language of the MCMAS model checker [49]. The first task to build our
verification tool SVeDaS will be to extend ISPL to support the relational
and first-order features described in WP1 and WP2.

Further, as it is customary in symbolic model checking, including MC-
MAS, the system’s components are not represented and manipulated ex-
plicitly by the model checker; rather these are encoded symbolically. In this
task we also investigate data structures to represent data-aware systems.
Our starting point will be ordered binary decision diagrams (OBDDs), as
this representation is used in the MCMAS model checker, as well as a num-
ber of other efficient model checking tools. OBDDs are widely used to
encode finite data structures, such as the components of the ISPL modelling
language. We will evaluate how OBDDs scale up in the representation of
data-aware systems, including their interpretation domain. In particular,
since data are exhibited explicitly in the system’s description, we plan to
explore other promising symbolic data structures, specifically, sentential de-
cision diagrams (SDD) and decomposable negation normal form (DNNF)
[54].

Outcome: An extended version of the ISPL programming language suit-
able to specify data-aware structures, including auction-based mechanisms.
Compact and efficient symbolic data structures for the representation of
DaS, including their data content.

2.4.2 T3.2 – Efficient Model Checking Algorithms (4 months)

In this task we will investigate efficient model checking algorithms for data-
aware systems. This task is actually composed of two distinct subtasks.
On one hand, we anticipate that WP2 will provide us with decidability and
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complexity results on the verification of DaS. However, previous contribu-
tions in the literature seem to point to EXPSPACE-completeness in the size
of data for the complexity of the model checking problem [19]. This is nor-
mally considered well beyond what is acceptable for efficient model checking.
Hence, a first task is to identify relevant cases in which the complexity can be
lower than the general case. For instance, in many relevant cases (including
English auctions among them), agents share the same protocol and actions
(e.g., all bidders share a common agent type, with a unique protocol and
actions as described in T1.1). As a consequence, we plan to leverage on sym-
metries in data-aware systems, including simmetries on agents, to abstract
even further concrete DaS, thus reducing the complexity of verification, if
not in principle, at least for practical model checking.

On the other hand, we will develop the symbolic model checking al-
gorithms to be implemented in the SVeDaS model checker. We anticipate
that these will be based on the algorithms for symbolic model checking logics
for strategies with imperfect information [5, 49, 25]. However, the relational
and first-order features of the extended ISPL programming language for DaS
call for suitable extensions capable of dealing with data. These algorithms
will then be implemented in the SVeDaS model checker.

Outcome: Efficient model checking algorithms for data-aware systems.
The SVeDaS model checker for the automated verification of DaS, including
aution-based mechanisms.

2.4.3 T3.3 – Evaluation (3 months)

This task is dedicated to an evalution of the SVeDaS model checker against
the auctioning scenarios developed in WP1. We will compare the performace
of the tool against other model checkers for multi-agent systems, including
MCMAS, MCK [37], and VerICS [48]. It is not yet clear whether this com-
parison can be extended to full data-aware systems, as these tools do not
explictly support DaS either in the modelling or in the specification lan-
guage. Nonetheless, we aim at using SVeDaS to certify popular auctioning
mechanisms, including English, Dutch, and Vickrey auctions, real-time bid-
ding, against malicious behaviours, such as collusion and manipulability of
partecipating agents. We anticipate that in the most complex cases (e.g.,
real-time bidding) only partial certification is achievable, either for specific
subclasses of auctions or for selected properties.

Outcome: An evaluation of the performance of the SVeDaS model checker.
(Partial) certification of popular auction-based mechanisms against mali-
cious behaviours.
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Deliverables: The findings of WP3 will find their way in a technical
report, and the SVeDaS model checker will be made publicly available
under the GNU licence for open-source software.

Also, we plan to submit two conference papers on the results of WP3:

• a first contribution presenting the tool and its theoretical underpin-
nings for model checking general data-aware systems, including eval-
uation;

• a targeted contribution on the certification of auctioning mechanisms.

Finally, we will submit a paper reporting on the results of the SVeDaS
project to a top journal in artificial intelligence and multi-agent system
(AIJ, JAIR). The results of the whole project will also be presented at the
workshop planned for its conclusion.

2.5 The Principal Investigator – Collaborations

The SVeDaS project originates from the research interests of the appli-
cant, Dr Francesco Belardinelli, and benefits from his ongoing collabora-
tions with the project partners: Prof Catalin Dima, Dr Umberto Grandi,
Dr Davide Grossi, Prof Wojtek Jamroga, Prof Alessio Lomuscio, and Prof
Wiebe van der Hoek, who are well-known scholars working in research insti-
tution in France, the UK, and Poland. While the project partners will not
directly receive fundings from the SVeDaS project, they will collaborate
with Dr Belardinelli on themes pertaining to the project’s objectives and
might be available to provide guidance to the RA involved in the project.
The project partners have complementary expertises, given by their differ-
ent approaches to formal methods in computer science. This mix is key
for the success of the SVeDaS project. The personal relationship between
Dr Belardinelli and the project partners is excellent, thus no issue is likely
to arise during the project’s lifetime.

Dr Belardinelli (Principal Investigator) is mâıtre de conférences in com-
puter science at the Université d’Evry. He received his diploma di licenza
and PhD from Scuola Normale Superiore in Pisa, where he was awarded
the highly selective SNS scholarship (AC60k over four years). He has pub-
lished extensively on the formal properties of modal logics (e.g., epistemic,
temporal, strategy, etc.) and their applications to the specification and veri-
fication of multi-agent systems [14, 16, 18, 19, 20]. Among his achievements,
in 2009-11 Dr Belardinelli was recipient of an IEF Marie Curie fellowship
for the FoMMAS project (First-order Modal Logics for the Specification and
Verification of Multi-Agent Systems), that he personally developed at the
Department of Computing, Imperial College London (£160k over 2 years).
In addition to FoMMAS, Dr Belardinelli worked on the EU STREP projects
ACSI (Artifact-centric System Interoperation), for which he was responsi-
ble for multiple tasks including managing the project budget and liaising
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with the project partners. Indeed, the ACSI project, which partly inspires
the present proposal, hinged on a specific class of data-aware systems –
the artifact-centric systems – and sanctioned the validity of the approach.
The project results have been presented in major international conferences
(IJCAI, ICSOC, KR) and top journals (JAIR); the project itself has been
reviewed as excellent on completion. More recently, in 2015 the applicant
has received a PEDR grant by the French Ministry of Education (4000 eu-
ros/year over 4 years), in recognition of my scientific achievements over the
past 4 years. Given his track record, Dr Belardinelli has the capability to
successfully develop and correctly manage the SVeDaS project.

Among the collaborators, Prof van der Hoek and Dr Grossi from the Uni-
versity of Liverpool both share an interest in knowledge representation and
reasoning, specifically epistemic logics. Their experties will be particularly
valuable in T1.2. In 2013 and 2015, Dr Belardinelli has received support
from the Université d’Evry in form of Fonds pour le Rayonnement de la
Recherche for collaborative projects with Prof van der Hoek and Dr Grossi,
that contributed to the development of the SVeDaS project.

Further, Prof Dima and Prof Jamroga are both well-known for their
work in the area of multi-agent systems, including logics for the strategic
behaviour of agents and their formal verification. This collaboration will be
key for both WP1 and WP2.

Dr Grandi is mâıtre de conférences at IRIT and Université Toulouse 1
Capitole. His domain of expertise is related to computational social choice,
including auctions and auction-based mechanisms analysed through game
theory. So, he will be able to contribute to T1.3 among others.

Finally, Dr Belardinelli has a long established collaboration with Prof
Lomuscio, Imperial College London, on themes pertaining to the MAS ver-
ification by model checking. Prof Lomuscio was also one of the principal
investigators for the ACSI project, so his expertise will be valuable both in
connection with data-aware systems and the development of WP3.

By building on his previous works related to the SVeDaS project, and
by combining the complementary expertises of the project partners, Dr Be-
lardinelli is well-positioned to develop successfully the proposed research
programme. In particular, the justification of the required resources of
AC173,971k over 3 years is as follows: AC110k for a PhD scholarship over
3 years; AC20k to cover travel costs and fees to attend conferences and dis-
seminate the project’s results; AC9k to fund 3 MSc projects on topics related
to the SVeDaS project; AC6k for equipment for the applicant and PhD stu-
dent; AC5k to organise a one-day workshop at the conclusion of the projet
to disseminate the project’s results. To the partial total of AC167,280k it
must be added 4% of overheads for project management required by the
Université d’Evry.
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3 Project Impact

The formal analysis and verification of data-aware systems is ever more rel-
evant to ensure the efficient and reliable composition and interoperation of
business processes. Current approaches to business process management are
primarily centered around activity flows and often neglect the role played by
data in the system’s execution. In contrast, data-aware systems are focused
on the combined perspective of data models and business processes. Data are
visible and accessible to agents, possibly in a controlled way through some
permission restrictions; they directly account for the system’s evolution and
can be exhibited explicitly in the system’s specification. These considera-
tions apply to auctioning processes as well: one original tenet of the SVeDaS
project is to model auction-based mechanisms as data-aware systems. For
the effective deployment of DaS, including auction in e-markets, verification
and validation methodologies are essential. The SVeDaS project takes in-
spiration from the state-of-the-art in the application of formal methods to
data-aware systems, and aims at developing a tailored methodology for their
modelling, analysis and verification, then to apply these techniques to the
formal certification of auctions.

The relevance of the SVeDaS research programme with respect to the
strategic character of the ANR call cannot be overestimated. The SVeDaS
project is designed to contribute to the ANR challenge Société de l’Information
et de la Communication in the designated areas. The first objective of
SVeDaS is to provide novel agent-based models for the analysis of data-
aware systems, in order to improve the understanding of mechanisms related
to service composition and interoperability. The proposed framework will
be inspired to the state-of-the-art in multi-agent systems, and it will be eval-
uated against capturing complex auctioning scenarios and their dynamics in
e-markets. Although preliminary results in this direction have already ap-
peared, including some by the applicant [11, 12, 13, 14, 18, 19], an in-depth
formal analysis of data-aware systems composed of agents that operate in
a strategic way has not been tackled yet to our knowledge, nor efficient
model checking tools have been developed. Fundamental results along this
line will contribute to the topic Fondaments du Numérique. Moreover, the
model checking tool and techniques developed in WP3 will be applied to
the verification of multi-party auction-based use cases, including (possibly
restricted versions of) real-time bidding. To achieve such a result, one of
the typical obstacles to the large-scale deployment of automated verifica-
tion techniques is the state explosion problem, i.e., the exponential blow-up
of the state space. By adopting an agent-based, modular approach to the
representation and analysis of data-aware systems we anticipate to be able
to alleviate the state explosion problem considerably. Thus, the SVeDaS
project will also contribute incidentally to the topic Sciences et Technologies
Logicielles.
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The dissemination strategy is designed to output two-three papers for
each year of the project lifetime. These contributions will be submitted to
major conferences in multi-agent systems (AAMAS, PRIMA), artificial in-
telligence (IJCAI, ECAI, AAAI), knowledge representation (KR, TARK),
and formal verification (CAV, ATVA, CONCUR). Given the applicant’s
track record in publications, we deem this dissemination programme fea-
sible. Further, the SVeDaS model checker will be made publicly available
under the GNU licence for open-source software. Finally, to present the
project’s findings, a one-day workshop will be held at the conclusion of the
project’s lifetime.

The timing of the SVeDaS project is excellent for the career develop-
ment of the applicant, Dr Francesco Belardinelli, as well as for Laboratoire
IBISC of the Université d’Evry. The research programme originates from
Dr Belardinelli’s expertise on the specification and verification of multi-agent
systems [16, 19, 20]. The Jeunes Chercheuses/Jeunes Chercheurs ANR Pro-
gramme constitutes an unparalleled opportunity for the applicant to develop
his academic profile and to strengthen the reputation of Laboratoire IBISC
as a research institution. The budget of the SVeDaS project will be used
mainly to fund a PhD position during the three years of the project’s life-
time. This position will be available for a graduate student with a suitable
profile to contribute to the main project objectives from the beginning of
the studentship. He/she will work in close collaboration with Dr Belar-
dinelli to jointly develop the research programme as outlined in Section 2.
The PhD student will also contribute to strengthen the long-term, strategic
positioning of Laboratoire IBISC in the area of formal methods.

The SVeDaS project will allow Dr Belardinelli and Laboratoire IBISC
to acquire greater visibility within the French and international community
in formal methods. The applicant already benefits from several ongoing
collaborations with renown scholars, both in French research institutions
and abroad (IRISA Rennes, LIP6 Paris, LACL Paris, IRIT Toulouse, Im-
perial College London, University of Liverpool, Università di Roma). The
SVeDaS project will provide the financial support to strengthen these col-
laborations and to develop further research projects on related themes. In
particular, by the end of the SVeDaS project Dr Belardinelli will be in a
position to submit a project proposal to an appropriate scheme of the Eu-
ropean Research Council on a topic related to the more general subject of
the modelling and analysis of open dynamic systems.
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