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1 Publishable Summary

Project Description The design of collective adaptive systems (CAS for short) must be supported
by a powerful, well-founded framework that o!ers formal modelling and quantitative analysis. CAS
consist of a large number of spatially distributed heterogeneous entities with decentralised control
and varying degrees of complex autonomous behaviour. These entities or agents may be competing
for shared resources even when collaborating to reach common goals. Often humans are both agents
within such systems and end-users standing outside them. As end-users, they may be completely
unaware of the sophisticated underlying technology needed to fulÞl critical socio-technical goals such
as e!ective transportation, communication, and work. The pervasive but transparent nature of CAS,
together with the importance of the goals that they address, mean that it is imperative that thorough
a priori analysis of their design is carried out to investigate all aspects of their behaviour, includ-
ing quantitative and emergent aspects, before they are put into operation. We want to have high
conÞdence that, once operational, they can adapt to changing requirements autonomously without
operational disruption. Unfortunately, the deÞning characteristics of these systems mean that their
(possibly non-linear) behaviour is often highly unpredictable or counter-intuitive. Formal, scalable,
quantitative analysis, which provides multiple perspectives on system behaviour while being based on
well-established reasoning techniques, is imperative to master such complex systems.

One of the main goals of the project is the development of an innovative formal design framework
that provides a unique speciÞcation language for CAS and a large variety of tool-supported, scalable
quantitative analysis and veriÞcation techniques. This design framework will also enable and facilitate
experimentation and discovery of new design patterns for emergent behaviour and control over spatially
distributed CAS. It will support both agent-based modelling techniques and equation-based techniques
starting from system speciÞcations at the individual (micro) level.

The work in the project is driven by smart city applications which can be very large scale CAS
comprised of heterogeneous entities with spatially inhomogeneous distribution. These demand com-
putationally scalable approaches. Therefore, the primary focus of the project is on the extension and
exploitation of mean Þeld and ßuid ßow techniques rather than simulation-based approaches. How-
ever, the latter play an important role in the exploration of smaller systems and in the validation of
new techniques.
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Figure 1: Quanticol research vision

Figure 1 shows the QUANTICOL vision of the development of the research in this project. Start-
ing from the basement of the castle, the principal case studies have driven the development of theo-
retical extensions of mean Þeld and ßuid approaches tackling four distinct challenges: 1) scalability
2) (self-)adaptivity 3) spatial inhomogeneity and 4) design and control of emergent behaviour. Through
the Þrst two periods of the project we have developed a deeper understanding of these areas and es-
tablished some foundational results. Meanwhile, higher up in the castle, process algebraic veriÞcation
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techniques are being developed and integrated into a uniform design framework supported by anal-
ysis and veriÞcation tools exploiting existing results in mean Þeld and quantitative formal methods
based on process algebra and temporal logics. Subsequently, in the Þnal period of the project, the
new theoretical results will be transformed into extensions of the tools that populate the framework,
making the results available in a software engineering context. The techniques and tools will then be
tested and validated on various case studies ranging from small exemplifying systems (for the purpose
of illustration of the techniques and for tutorials), to existing benchmarks and variants of the smart
city applications that were driving the theoretical parts of the project. Furthermore, the experience
in the design and analysis of the wide range of case studies will be exploited to develop pathways for
design and analysis that will guide software engineers in the development of CAS for smart cities.

Research Objectives The structure of the project reßects the major QUANTICOL objectives.
The main objectives and the work packages, as originally deÞned, are listed below, and these remain
valid for the project.

1. Development of a rigorous mathematical framework to engineer emergent behaviour in multi-
scale systems.

2. DeÞnition of a formal framework enabling the description of systems with spatial aspects with
a process algebraic language, and supporting di!erent kinds of representation of space and
abstractions based on mean Þeld techniques in an automatic way.

3. Development of stochastic temporal logics and novel forms of scalable model-checking approaches
exploiting mean-Þeld/ßuid ßow approximations that can address the veriÞcation of properties
at the macro and micro level and their combination.

4. Development of a generic language o!ering linguistic support for high-level CAS modelling,
expressing adaptivity and spatial awareness and enabling emergent behaviour.

5. Design and implementation of a software tool suite will be pursued which will provide a uniÞed
formal framework for the speciÞcation, analysis, and veriÞcation of models of CAS.

The target outcomes of the project include a scalable, quantitative design and veriÞcation frame-
work and tools for large heterogeneous CAS to make model-based design of CAS of unprecedented size
and complexity feasible where traditional agent-based approaches, reliant on extensive simulations,
would be prohibitively costly. Potential outcomes of our case studies include enhancing the design of
urban transportation systems through formal design and veriÞcation. For example, we have already
published work detailing better predictive strategies for journeys within an urban bike sharing system,
and improved timetabling for Edinburgh buses. As the project progresses we will aim to also exploit
mean Þeld techniques, in order to demonstrate that they operate in a safe and controlled way whilst
also meeting user demand for scalable modelling and predictive tools. Similar considerations hold for
the design of smart grid applications that adaptively maintain the lowest possible peak demand while
providing clients with the best possible service in a safe and reliable way.

Major Achievements During the First and Second Reporting Periods The second period
of the QUANTICOL project built upon the foundations and exploratory work of the Þrst year. Thus
whilst the Þrst year focused on understanding of the research context both in terms of application
domain and the baseline mathematical and formal techniques, the second period has contributed to
and exploited that body of knowledge to advance our vision of support for the design of e"cient and
equitable CAS. We achieved the following major results in the Þrst year:

1. The multi-scale aspect of many CAS models was investigated through a variety of means includ-
ing reduction techniques for ßuid models, such as perturbation techniques, for stochastic models

QUANTICOL 3 5th November 2015



Periodic report (Revision: 1.0; November 8, 2015) 5th November 2015

and ßuid models with immediate transitions; techniques dealing with multiple population scales
and with multiple organisational scales such as those found in systems-of-systems. There was a
particular focus on the control of electricity networks.

2. We conducted a survey of the state-of-the-art and identiÞed key issues in Þnding suitable spatial
representations and related general mathematical methods used to construct spatial models.
This has been complemented in the second period by a survey of the available spatial analysis
techniques.

3. We investigated the foundations of scalable veriÞcation techniques and developed several innova-
tive and e"cient ßuid model-checking techniques that address local, global and mixed stochastic
properties of CAS and their individual components.

4. We initiated a study of the logical approaches to the treatment of spatial information based on
closure spaces, and this has been consolidated in the second period through further development
and implementation of a tool for spatial model checking.

5. We designed a set of linguistic primitives for the language CAS-SCEL. These primitives have
been presented in the context of a set of design principles and interaction patterns speciÞc to
CASs and they have been included in four experimental process speciÞcation languages:StocS,
PALOMA, PEPA-S and Stochastic HYPE.

6. We deÞned application requirements and system needs for three principal case studies: for bike-
sharing, public bus transportation and smart electricity grid, we identiÞed requirements and
beneÞts of modelling, sources of publicly available data and research challenges from the point
of view of CAS. Furthermore, we identiÞed the set of software tools, libraries and programming
languages that will be used across the project.

In the second period these results were complemented by the following major results:

1. We have established new mean-Þeld approximations for CAS with multiple scale behaviour
(either with respect to time or population sizes) and imprecise or uncertain behaviour. Moreover
we have also established numerical methods to analyse the class of limit models for uncertain and
imprecise population models: these are a method based on statistical emulation for the uncertain
case; and two methods, one based on di!erential hulls and one based on the Pontraygin optimal
control principle, for the imprecise case.

2. We have developed generic methods for constructing control algorithms that lead to e"cient use
of resources. These methods are applicable to a wide variety of CAS, but we have demonstrated
them on speciÞc smart-grid and electricity markets applications, sometimes with surprising re-
sults. For example, new methods based on moment closure techniques have been able to show
that some control policies for distributed systems which were previously conjectured to be opti-
mal, can, in practice, have a deleterious e!ect on overall performance.

3. During the Þrst year of the project we developed several innovative analysis techniques that
are highly scalable, based on both mean Þeld approximation techniques and statistical model
checking. During the second period we have further enhanced these techniques with additional
model reduction techniques which further improve the scalability. These new techniques include
approaches to reduce the number of ordinary di!erential equations that need to be solved, or
the number of populations that need to be considered.

4. Designers are often concerned with a set of alternative conÞgurations or systems which could
be deployed. Thus another form of scalable analysis is based on approaches to family-based
veriÞcation of many alternative but closely related models to be carried out without resorting to
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complete enumeration of the alternatives to be veriÞed individually. During the second period
we have made a thorough investigation of this area with respect to smart city planning and
established both new techniques and software tools to support them.

5. Following on from the investigation of language requirements within the Þrst period of the
project, we deÞned a language which forms the core of our modelling framework. This lan-
guage, Carma (Collective Adaptive Resource-sharing Markovian Agents), has been designed
with the speciÞc objective of supporting quantitative evaluation and veriÞcation of CAS. Its
key features include attribute-based communication, explicit representation of locations, and a
distinct representation of the environment in which agents operate. The language is equipped
with a structured operational semantics giving rise to an underlying continuous time Markov
chain, which forms the basis of quantitative analysis, and forms a stepping stone towards the
development of mean Þeld/ßuid semantics for the language.

6. We have implemented an Eclipse plug-in to support the construction and analysis ofCarma
models which is publicly available and demonstrated the use of the language on a number of
case studies, most notably a smart taxi service and a distributed protocol based on coalitional
game theory for power trading and coordination in a smart grid. We have also developed a
number of satellite tools to support various aspects of CAS modelling, from data visualisation,
to parameter Þtting, to model reduction techniques.

The QUANTICOL project has published widely and proliÞcally, with over 80 publications in
key journals and conferences in di!erent scientiÞc communities ranging from quantitative modelling,
formal methods, software engineering and collective adaptive systems. These are accessible through
the project website. Moreover we have published a number of software tools which are also available
via the project website.

Expected results and their potential impact Our long term research vision is the development
of a comprehensive software engineering environment, supporting a model-based design methodology
for the development of CAS for smart city applications taking non-functional properties into account.
The QUANTICOL project contributes to this vision by laying the basis for the development of such
a formal quantitative modelling framework. Among the main expected results we highlight:

¥ A quantitative model-based design and veriÞcation framework that provides a formal modelling
language, a temporal logic-based language for the formulation of performance related properties
of CAS, and an extensive set of scalable analysis and veriÞcation methods. These methods com-
bine and extend quantitative techniques from process algebra, performance analysis, simulation,
and mean-Þeld approaches. We are developing a software environment supporting modelling,
analysis, veriÞcation and comparison of CAS designs.

¥ The above framework will incorporate support for the analysis of CAS characterised by inho-
mogeneous spatial distribution of components. Such arrangements of components arise in the
context of smart cities, as exempliÞed by our case studies.

¥ The development of design principles and analysis pathways for the prediction and control of
emergent and (self-)adaptive behaviour and the development of support for such principles and
pathways in the context of the formal modelling and veriÞcation framework mentioned above.

Currently, work on design of CAS is spread across a number of di!erent disciplines with limited
opportunities for systematic comparison or combination of techniques. We see our formal framework
as an essential Þrst step towards addressing this problem. The project case studies are an integral
part of this. On the one hand, they provide a connection to real-world problems which set the goals
for the theoretical research of the project. On the other, they serve as applications to validate the
design framework and provide channels of communication to the wider CAS community.
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1.1 Project website

Further details of the project can be found on our websitewww.quanticol.eu . In addition software
developed during the project and suitable for use by third parties is available from download from
quanticol.sourceforge.net .

1.2 Project partners

Partner Acronym Site leader Dates

1 (Coord.) University of Edinburgh UEDIN Prof Jane Hillston
1/4/13
onwards

2

Consiglio Nazionale delle
Ricerche Ð Instituto di
Scienza e Tecnologie della
Informazione ÓA FaedoÓ

CNR Dr Mieke Massink
1/4/13
onwards

3
Ludwig-Maximilians-
Universit¬at
M¬unchen

LMU Dr Mirco Tribastone
1/4/13 Ð
31/8/13

4
Ecole Polytechnique F«ed«orale
de Lausanne

EPFL Prof Jean-Yves Le Boudec
1/4/13 Ð
31/1/14

5 IMT Lucca IMT Prof Rocco De Nicola
1/04/13
onwards

6 University of Southampton SOTON Dr Mirco Tribastone
1/9/13Ð
30/06/15

7
Institut National de
Recherche en Informatique et
en Automatique

INRIA Dr Nicolas Gast
1/2/14
onwards

2 Project Objectives for the Period

The Þrst period of the project was intended to be exploratory. The main objective for the second period
was to establish the QUANTICOL design and analysis framework. At the centre of this is the language
suitable for modelling collective adaptive systems amenable to scalable quantitative analysis. This has
been achieved as reported in deliverable D4.2. TheCarma language (previously called CAS-SCEL)
has been deÞned, equipped with a Markovian semantics and implemented in a software tool. The work
of the other work packages during this period have been complementary to this. These include model
reduction techniques which will enhance the scalability of analysis methods for CAS (D3.2); mean Þeld
approximations for models with multi-scale characteristics and/or uncertainty within their behaviour
(D1.2); family-based veriÞcation techniques to support scalable investigation of parameter space (D3.2)
and support for optimisation and control of CAS (D1.3). Carma includes representation of space as
an attribute of a component and an investigation of spatial analysis techniques has established suitable
techniques to be incorporated into support forCarma . A Þrst version of the software to support the
QUANTICOL design and analysis framework has been developed and released (D5.2). Thus signiÞcant
progress has been made towards the third milestone (MS3, scheduled for month 33).

At the Þrst review the reviewers raised a number of questions and a detailed response was produced
at the time, so only a brief summary is included here. The issues raised and our responses were as
follows:
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1. There was some concern about the di"culties for the modeller in developing a continuous model
to take advantage of the scalable mean Þeld approximation techniques.The QUANTICOL
framework retains a discrete state space model, and supports the automatic derivation of a con-
tinuous model suitable for scalable approximation. Thus this burden will not be placed on the
modeller.

2. Similarly there were concerns about the usability of the language and logic and a request for
clarity about who the intended users will be. Whilst the Carma language, a process-algebra
based language, is at the core of the QUANTICOL framework, through the software tool we
o!er the user a more programming language-style model speciÞcation option. Nevertheless the
framework is not intended for general users or software engineers. The users we have in mind
are numerate analysts with oversight of operations and services.

3. Whilst many ideas for the language CAS-SCEL were presented there was not a concrete proposal
for the syntax and semantics of the language. We felt that a thorough investigation of the
strengths and weaknesses of existing languages was needed before we propose the language which
forms such a key part of the project framework. However, resolving the uncertainties in the
language design was the main priority in the second period and the deÞnition of the language
(syntax and semantics) was completed in November 2014 (see QAPL paper from April 2015).

4. The ÔetherÕ in the PALOMA language seemed to introduce an element of centralised control and
complete global knowledge, at odds with the CAS objectives.Whilst PALOMA has been super-
seded byCarma , it remains a useful vehicle for exploring research ideas particularly with respect
to spatial representations and analysis. The semantics of the language have been substantially
revised.

5. It was pointed out that it would be desirable to have plans to develop case studies for the
evaluation of the developed methods and demonstration of their beneÞts in comparison to others.
In QUANTICOL we aim for a symbiotic relationship between methods and case studies, realities
of the case studies exposing practical limitations of the research ideas and the research ideas
inspiring new ways to look at the problems at the core of the case studies.

6. It was also suggested that it would be useful to have a list of sophisticated and interesting
problems that QUANTICOL will be able to solve. As originally envisaged, the case studies
considered during the second period have grown in sophistication and we anticipate that this will
continue to be the case through the Þnal period of the project.
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3 Work Progress and Achievements during the Period

3.1 Work Package 1

The work of Work Package 1 during the second period has been developed in three distinct tasks.
Within Task 1.1 the investigation of multi-scale modelling, which was initiated during the Þrst period
has been consolidated with several novel results related to the analysis of systems which exhibit multi-
scale behaviour in a number of ways. In particular new results have been obtained for mean Þeld
limits of systems with heterogeneous population sizes. This enlarges the class of models amenable to
this scalable approximation technique because previous results relied on all populations scaling in the
same way. These results are detailed in a substantial journal paper which is currently in press.

Other signiÞcant results have been obtained for mean Þeld limits in the presence of uncertainty
and when there are multiple time scales in operation in the system. Here the type of uncertainty
considered is related to the rates at which the events in the system occur and encompasses both
the case that the rate is constant but unknown (termed uncertain) and the case that the rate may
ßuctuate during the operation of the system (termedimprecise). We have been able to demonstrate
how the mean Þeld limits can greatly simplify the study of uncertain and imprecise population models,
and Markov Decision Processes. Moreover we express the limit in terms of di!erential inclusions and
develop numerical methods to analyse such models. For models with multiple time scales we establish
conditions which guarantee the correctness of exchanging the order in which time scale reduction and
mean Þeld limits are taken.

All these results represent a substantial enlargement of the class of CAS models which are amenable
to scalable analysis based on mean Þeld approximation. In Task 1.3 Þrst steps have been taken to
identify how these results can be incorporated in the analysis techniques associated withCarma mod-
els. SpeciÞcally in internal report IR1.1 we have shown how to map aCarma model to an appropriate
Markov population process and taken initial steps towards determining syntactic conditions inCarma
to identify which mean Þeld approximation approach is suitable for a given model. This work will
inform and be incorporated into the ongoing work of Work Package 4.

Work Package 1 also encompasses the work on Task 1.2, which was initiated at the start of the
second period. The focus of this task is on control and adaptivity within CAS. Both centralised and
distributed control algorithms have been investigated with the objective of Þnding policies which will
lead to e"cient use of resources. Whilst generic methods are being developed, with wide applicability
for CAS, speciÞc examples related to smart grids and electricity markets are taken as motivating
examples and demonstrations. A number of signiÞcant results have been achieved in this task in this
period. SpeciÞcally:

¥ Considering adaptivity in terms of solving an optimisation problem, using a decentralised algo-
rithm, we have developed a general framework based on the use of mean-Þeld game theory and
Lagrangian decomposition and shown how, given a centralised optimisation problem, we can
deÞne a mean-Þeld game whose equilibrium is an optimal allocation. We have also developed a
distributed algorithm that is proven to converge to this equilibrium and therefore to a globally
optimal allocation of resources. This work has been reported in a number of publications.

¥ We have also devised a method to start from an optimisation problem and derive a distributed
algorithm that solves it. This approach is well-suited to systems where a single organisational
entity controls a whole system (for instance in electricity distribution networks) and can modify
the behaviour of each agent. We adopt a bottom-up approach and study how adaptivity can
be obtained by using market mechanisms and study two approaches to modifying these markets
to incorporate more renewable energy. These are to incentivise the creation of coalitions of
micro-producers that exchange energy locally and to make people accountable for short-term
variability.
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¥ We have investigated two new methods based on moment closure to study how reasonable
control policies can improve or deteriorate the performance of a CAS. We obtained approximate
models for two speciÞc features: having many heterogeneous objects and a space-constrained
load balancing policy. These works show that some policies that were previously conjectured to
be optimal in practice reduce the overall performance.

Work package 1 has progressed well during this reporting period. The work concerning Task 1.1
and Task 1.3 is proceeding according to the plan with the development of the frameworks for multi-
scale and heterogeneous modelling and their applications to the case studies. Task 1.2 is progressing
well but the progress is not in the same order as what was originally planned in the description of
work. In the description of work, we planned to Þrst develop control algorithms for electric distribution
networks and then lift these results to make them broadly applicable. During this reporting period, we
spent more time than planned developing the theory and are now starting to work on the application
to smart grids. Deliverable 1.3 reßects this fact. The main reason for this change is that EPFL left
the project and was replaced by INRIA. EPFL had a lot of expertise on smart grids and INRIA had
more on the theoretical foundations. It took time to rebuild the smart-grid expertise and INRIA is
now starting to work on smart grid applications. The results on smart grids planned for this reporting
period will be reported in the last deliverable of the project.

3.2 Work Package 2

During the second year of the project the primary focus of Work Package 2 has been on surveying
the existing approaches to analyse models incorporating spatial information, particularly those with
heterogeneous spatial characteristics. The result of this survey was presented in internal report IR2.1.
The objective was to identify what are the most promising techniques for the systems considered in
the QUANTICOL case studies and particularly that are complementary to Carma modelling. To
this end, some exploratory models were developed to investigate the extent to which techniques like
spatial moment closures can usefully be deployed in QUANTICOL. The results were mixed with good
approximations obtained in some cases but less good results in other cases, suggesting that further
work is needed to characterise those models in which techniques such as spatial moment closures and
pair approximation can be safely applied. This work was carried out under the auspices of Task 2.1
which has a focus on scalable representations of space.

In addition in Task 2.2, and supporting the design of Carma , we have surveyed the existing
language structures to capture spatial aspects of behaviour in process algebras and related formalisms.
This work was reported in internal report IR2.2. This work is intended to inform the deÞnition and
subsequent development ofCarma . The basic representation of location in components inCarma is
as an attribute but we have explored the use of abstract data types to encompass richer representations
of space (see technical report TR-QC-01-2015 and deliverable D4.2).

The Þnal task of Work Package 2, Task 2.3, is concerned with parameter and model Þtting from
spatial data. Work has continued within this task on a number of di!erent techniques for Þtting the
parameters governing the time to move from one location to another in models of both bus operations
and bike sharing systems, working with real data available from system operators. These models have
been used to solve speciÞc planning problems, as discussed in WP5.

Broadly the work within the Work Package is progressing according to plan. Both Task 2.1 and
2.2 had internal reports due for month 30 and these deadlines were met. Task 2.3 has a deliverable
due at month 36 about the parameter estimation for spatial data and the work towards this deadline
is progressing well.

There is some overlap between Task 2.2, which focuses on language features for spatial representa-
tion, and Task 4.1. The next phase of this work considers the use of space withinCarma and involves
linking spatial aspects of language and spatial analysis techniques, as well as spatial abstraction at
the language level. Discrete space has been identiÞed as the most appropriate for quantitative CAS
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modelling and this is easily expressible inCarma using attributes. Hence, the ongoing focus will be
on language features for discrete space representation, related analysis techniques and possible exten-
sions toCarma to support spatial analysis techniques, which relates to the spatial abstract data type
proposed in Deliverable 4.2.

The research in Task 2.1 into spatial analysis techniques has proved to be more challenging than
originally envisaged because the spatial issues in CAS we wish to analyse have a high level of mathemat-
ical complexity and additionally because existing techniques focus on assessing spatial heterogeneity
at the global level rather than locally, which is more important for CAS modelling. To date, two
explicitly spatial techniques that involve transformation between continuous and discrete space have
been developed within the project and they are described in Internal Report 2.1. The ongoing research
in this task is to investigate the development of other techniques and a number of possibilities have
been identiÞed, as described in Internal Report 2.1. These include discrete space moment closure,
aggregation of discrete space, and spatial mean-Þeld approaches where the behaviour of an individual
is considered within a discrete space population model.

3.3 Work Package 3

Work Package 3 is focused on the development of the theoretical foundations of novel, scalable and
spatial formal analysis techniques and the underlying theories to support the design of large scale CAS.
The work is organised into three tasks, considering Spatial Stochastic Logics and Scalable VeriÞcation
(Task 3.1), Abstraction Techniques for Scalability beyond Population Size (Task 3.2) and Relating
Local and Global System Views with Variability Analysis (Task 3.3). Work has progressed well in all
three tasks during the second period.

As planned in the Description of Work, the deliverable D3.2 focusses on the work of Tasks 3.2 and
3.3, whereas progress on Task 3.1 will be described in the forthcoming Internal Report 3.1 to appear
in month 36. The latter will focus on ÒScalable VeriÞcation for Spatial Stochastic LogicsÓ building on
and extending or combining the scalable veriÞcation techniques developed during the Þrst reporting
period with spatial analysis techniques. One of the ideas that has been pursued is to develop a spatial
logic with basic spatial operators that is general enough to be applied in the diverse spatial settings
that were identiÞed in the context of Work Package 2. To this purpose the theoretical framework of
Closure Spaces (a generalisation of Topological Spaces) has been explored. This framework provides
a set of useful basic abstract spatial operators (closure, interior, boundary and many derived ones)
that provide a structured way to deÞne higher level spatial logical operators. Moreover, we found that
they are also suitable for the development of e"cient spatial and (branching time) spatio-temporal
model-checking algorithms in which these same closure space based operators play a role as well.
Furthermore, metrics and distance functions can be added in an orthogonal way providing further
spatial richness. The initially theoretical approach is starting to show useful applications such as the
combination of the closure space-based model checking algorithms with metric interval temporal logic
and monitoring algorithms for a linear time spatio-temporal logic to verify interesting spatial-temporal
properties of reaction-di!usion models, such as their robustness to perturbations (see Figs. 2 and 3).
The logic has qualitative and quantitative semantics, and monitoring algorithms have been designed
and implemented. Other ongoing applications of spatio-temporal model checking are the analysis
of emergent spatio-temporal phenomena, such as the formation of spatial clusters of full stations in
bike sharing systems and the phenomenon of clumping in public urban bus transportation systems.
Prototypes of both the linear time and branching time versions of spatio-temporal model checkers are
under development. Furthermore, during the second period, we improved and extended the techniques
for scalable veriÞcation of temporal properties exploiting stochastic approximation, particularly for
a class of global properties and for timed properties of individual agents expressed by deterministic
timed automata, with a single clock. We also continued the investigation of e"cient statistical model
checking approaches for systems with uncertainty of parameters, leveraging machine learning ideas. In
particular, we extended these approaches to spatio-temporal properties. These techniques have been
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Figure 2: Simulation of a Turing reaction-di!usion system modelling a process of morphogenesis
underlying pattern formation in animal fur as a result of two interacting chemical substances A and
B. The initial condition has been set randomly. The colour map for the concentration of the substances
is speciÞed in the legend on the right.
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Figure 3: Automatic identiÞcation of spatial patterns using spatio-temporal logics. Areas with a
high level of substance A surrounded by those with a low level of A and of a certain diameter, that
persist over a certain time interval. Snapshot of a simulation (a), related spatial analysis result of the
property (red points are those that satisfy the property) (b), robustness of the validity of the property
(c), similar property identifying smaller and more round spots.

implemented and tested on a number of case studies.
During the Þrst year of the project we have developed several innovative analysis techniques that

are highly scalable. Some of these are based on mean Þeld approximation techniques, others involve
statistical model checking. Whilst these o!er the possibility of analysing systems which were previously
beyond the scope of classical analysis techniques, they still pose signiÞcant computational challenge.
The focus of Task 3.2 during the second period has been to further improve scalability of analysis, for
example by reducing the number of ordinary di!erential equations (ODEs) that need to be solved in
mean Þeld approximations or the number of populations that need to be considered in statistical model
checking. During this period signiÞcant results have been obtained on the reduction and comparison
of systems of ODEs based on novel behavioural equivalence relations. A number of such relations
have been designed and demonstrated to achieve signiÞcant reductions on some models. We have
also established a method to identify and remove populations that have no signiÞcant impact on a
measure of interest during simulation-based analysis and a method which automatically derives ODEs
to capture the moments of population CTMCs and carries out moment-closure analysis to reduce the
number of ODEs which must be considered.

Work in Task 3.3 represents signiÞcant achievements during period 2 of the project. We have
developed a number of extensions to software product line engineering (SPLE) approaches to make
them suitable for CAS. In particular, family-based veriÞcation of behavioural aspects of CAS has
been pursued. In family-based analysis, the system model covers both behaviour that is common
to all products of the family as well as variation points used to di!erentiate among the individual
products that can be derived from the family. This way, logical properties can be analysed at the
family level using variability knowledge to deduce results for products, rather than having to generate
and analyse each single product, which is often very costly and does not scale well. Some of the
techniques have been applied to the projectÕs bike sharing case study. Fig. 4 illustrates the Pareto
front for variants of a bike sharing system taking also quantitative aspects into consideration. Within
Task 3.3 an SPLE modelling and analysis framework has been further developed and implemented in
the Variability Model Checker VMC that provides family-based veriÞcation of qualitative state and
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Figure 4: Bubble graphs of Pareto fronts for a Bike Sharing System showing the costs of variants
involving a range of bikes between 235 and 320 taking other (not visualised) aspects into consideration
such as expected customer satisfaction based on model based performance measures.

action based properties in an on-the-ßy fashion. Furthermore, an alternative approach is presented to
reason about software product lines focussing on behavioural relations. For this purpose, the Variant
Process Algebra VPA that has a family-based semantics in which variants can be explicitly labelled
has been developed. Several quantitative extensions of variability analysis have been developed to
handle variability in software performance models. Finally, a Þrst proof-of-concept for feature-oriented
modular veriÞcation has been developed and, for a restricted notion of coherent branching feature
bisimulation, a minimisation algorithm has been developed and its correctness has been shown.

The work on Work Package 3, Logic and Scalable VeriÞcation combining Micro and Macro Per-
spectives, is mostly proceeding in line with the original work plan. The only exception concerns a
minor part of Task 3.3 on Relating Local and Global System Views with Variability Analysis. This
work was originally planned to start in the Þnal reporting period, but that has been anticipated in the
second reporting period. This work concerns the full formal underpinnings of a behavioural modelling
and analysis framework for the speciÞcation and veriÞcation of variability in product families based
on modal transition systems with variability constraints. Moreover, a number of results regarding
the preservation of logical properties from family (macro) to product (micro) behaviour have been
obtained, formally proved, and implemented in VMC (the Variability Model Checker). This work
will be continued during the last reporting period. The work on variability analysis has so far mostly
focussed on the smart city application of bike-sharing rather than the smart grid. This is because the
developed concepts were easier to convey using the bike-sharing study for which information on an
actual system was readily available through collaboration with an interested stakeholder, the operator
of the bike sharing system in Pisa.

3.4 Work Package 4

The main aim of Work Package 4 is to support the development of CAS in a speciÞcally designed
language, supporting large numbers of spatially distributed components, capturing and manipulating
knowledge and amenable to scalable quantitative analysis. The work is divided into three tasks, Task
4.1 focusses on modelling language design, Task 4.2 which started in the second period is concerned
with providing a programming environment for CAS based on the designed language, and Task 4.3
aims to enhance the usability of the developed techniques through establishing a design workßow and
analysis pathway to guide the modeller. This task started in month 19.

In the second period the focus of Work Package 4 has been to build upon the exploratory work
carried out in the Þrst period, learning from the lessons learned with other languages, progressing
Tasks 4.1 and 4.2, and initiating Task 4.3. The result has been the deÞnition ofCarma , a rich process
algebra-based modelling language which is highly expressive and yet also takes into consideration the
requirements to support scalable analysis techniques.Carma has a number of novel features which
we believe will assist in the design of CAS for a variety of applications. SpeciÞcally communication
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is attribute-based to avoid any assumption that components must know who their communication
partners will be. Thus each component is equipped with a store that captures its knowledge or data
in a minimal form. In stochastic process algebras such as PEPA, MTIPP and EMPA, data is typically
abstracted away, and the inßuence of data on behaviour is captured only stochastically. When data is
important to di!erentiate behaviours, they must be implicitly encoded in the state of the components.
In the context of CAS we want to support attribute-based communication to reßect the ßexible and
dynamic interactions that occur in such systems. Thus we cannot entirely abstract from data. For
this reasonCarma o!ers a reasonable compromise between expressiveness and tractability. We o!er
an asynchronous broadcast, and a synchronous unicast, o!ering locally synchronous and globally
asynchronous communication.

Another key feature of Carma is the inclusion of an explicit environment in which components
interact. In PALOMA there was a simple form of environment, called the perception function, but
this proved to be cumbersome to use and there was no way of modelling the inßuence of di!erent
components on it. In Carma , in contrast, the environment not only modulates the rate and the
probabilities related to interactions between components, but can evolve at runtime, by taking into
account feedbacks from the collective. This supports adaptivity within the modelling language.

Carma is currently equipped with a structured operational semantics in the FUTS style, which
allows compact representation of the complex rules needed to fully specify the behaviour of aCarma
model. This semantics gives rise to an underlying continuous time Markov chain (CTMC) and evalua-
tion of models can be carried out by stochastic simulation. Work is ongoing on developing a population
level semantics and mean Þeld approximation based on ordinary di!erential equations.

There have been two publications onCarma so far, demonstrating the language to distinct commu-
nities, the formal methods and quantitative analysis community at QAPL 2015, and the agent-based
systems community in E4MAS 2015.

Work has progressed well in this Work Package during this period. Task 4.1 is fully on track with
the work plan. The language CAS-SCEL (now calledCarma ) is now stable. Some Þne tuning will
be performed as we learn from the experience of usingCarma to model and analyse speciÞc case
studies. Also the work on the logic for specifying system properties is well on track. We currently
have two di!erent proposals that will be better assessed, again via case studies, in the Þnal period of
the project. Task 4.2, concerned with the software support, is also progressing according to plan. The
Þrst version of the software tools necessary to support programming of collective adaptive systems
has been released. Activities are proceeding as scheduled; further work is planned for the Þnal period
of the project and the overall achievements will be described in the Þnal deliverable (4.3) of the work
package. Task 4.3 is less fully developed but it is also the one which has started later and broadly
speaking progress is as anticipated. We have been usingCarma and the developed support tools
to tackle a number of case studies. In the coming period we will produce a number of best practice
examples and successful stories that will highlight the approach to be followed, as well as the tools
to use, when modelling and analysing systems. This set of examples will be used to identify typical
analysis workßows. To help Þnal users to apply and use theseworkßows, appropriate wizards will be
developed and integrated in the tools developed in the project.

3.5 Work Package 5

Work Package 5 is focused on the development of case studies of smart cities in public transportation
and smart grid, assisted by a development environment that hosts the implementation ofCarma , our
reference modelling language, as well as ÒsatelliteÓ software tools that support further research results
developed in the project. This Work Package is divided into three main tasks: Task 5.1 is concerned
with smart public transportation systems; Task 5.2 deals with smart grids; Task 5.3 is concerned with
tools integration. Tasks 5.1 and 5.2 are divided into two subtasks,a and b, which focus on problem
scoping/data gathering and model building and method validation, respectively.
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Figure 5: A screen-shot of theCarma Eclipse plug-in.

These tasks have been active during the second reporting period of the project. Work has pro-
gressed well in all of them.

For Task 5.1.a, problem scoping and data gathering activities have already been reported in the
Þrst period (cf. D5.1). In addition to what was originally planned, we further evaluated other sources
of public-transport data, most notably those of the bike sharing system of London. The use of ParisÕ
bike sharing system data, to which we committed in Task 5.1.b, has been instrumental for starting a
promising line of research on predictive models of availability in bike sharing systems, fully in line with
the planned Description of Work. This shall be reported in the last reporting period. Instead, we have
already published 5 research papers that have tackled some of the questions for bus transportation
systems identiÞed in Task 5.1.b. Further research in this direction is ongoing currently.

The work on smart grids in Tasks 5.2.a and 5.2.b has progressed well although there has been
a deviation in its implementation with respect to the Description of Work. This has been due to
a partnerÕs change of a"liation by which EPFL, where signiÞcant smart-grid expertise resided, no
longer plays an active role in QUANTICOL (see also Section 3.1). This has been counterbalanced
by e!ort by other partners tackling smart-grid challenges. These e!orts have been already reported
recently, with unplanned contributions from the Þeld of dynamic learning and coalitional game theory
for power trading and coordination in smart grids.

A signiÞcant amount of work has been devoted to Task 5.3 on tools integration, which has been
centered on establishing software support for theCarma process algebra and speciÞcation language
that have been developed in Work Package 4. This has resulted in a major outcome, theCarma
Eclipse plug-in, which is discussed in detail in D5.2 (Figure 5 shows a screenshot). In line with the
Description of Work, it has been implemented on the Eclipse framework. This has been motivated by
the possibility o!ered by its plug-in system to maintain loose coupling between components, easing
the development and maintenance by di!erent partners, and to reuse powerful available plug-ins. In
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this respect we report on a slight technical deviation concerning the choice of libraries used. Currently,
the plug-in uses a custom-made simulator for the stochastic analysis ofCarma models, as opposed to
the libraries envisaged in the Description of Work. However, given the ongoing nature of this tasks,
we have not committed to this choice and further options will be explored in the coming months.

In addition, all project partners have been very active in developing software tools of di!erent
degree of maturity in order to support further research related to the project, but not directly (at
least in the original intentions) to Carma . As such they are currently standalone, either due to their
exploratory nature or because they are linked to other software. However, we have started the process
of investigating which ones have the potential to be integrated with theCarma Eclipse plug-in in order
to provide Carma modellers with a straightforward modelling and analysis workßow, which will feed
the analysis pathway to be developed in Work Package 4 (also mentioned in Section 3.4). A partial
outcome of this investigation is reported in D5.2. These tools, including theCarma plug-in, have
been collected and made available via the websitehttp://quanticol.sourceforge.net . They may
o!er support for model-order reduction of di!erential equations and moment-closure approximation
(targeting the upcoming ßuid semantics of Carma ), scalable model-checking algorithms, and data
visualisation and model building of bus transportation systems.

3.6 Work Package 6

Work Package 6 of QUANTICOL is concerned with the dissemination activities of the project. In line
with the dissemination plan, D6.1, the focus of dissemination during the second period of the project
has continued to be predominantly through academic channels but with a growing scope to increasingly
target the larger FoCAS community and broader stakeholder communities in addition to the scientiÞc
communities who are interested in formal methods and quantitative modelling and analysis. This is
witnessed by the diverse venues and conferences in which project partners have published in the second
period. Over 80 papers have been published in journals and conferences over the period, and venues
have included those directed to agent-based systems, knowledge representation and self-adaptive and
self-organising systems. This represents a diversiÞcation of our academic audience. In addition a
number of print articles about QUANTICOL aimed at a wider readership, including industrial and
governmental stakeholders, have also appeared.

During the Þrst period Task 6.2 established the project website and internal communication plat-
form. These have been maintained through the second period. As previously, our published work has
been made available through the project website,www.quanticol.eu , which also serves as a gateway
to our publicly available software. Technical reports are also made available on the website.

The key focus of Task 6.3 is the summer school to be held in June 2016 to disseminate the results
of the project to researchers, especially PhD students and postdoctoral researchers. As planned this
event is being organised with Professor Marco Bernardo, as part of the series of workshops on ÒFormal
Methods for...Ó which Professor Bernardo has been organising at the Centro Universario Residenziale
di Bertinoro for more than Þfteen years. The summer school on Formal Methods for the Design of
Computer, Communication and Software Systems: Quantitative Evaluation of Collective Adaptive
Systems, will take place 20th - 24th June 2016. Further details can be found at the webpagehttp:
//www.sti.uniurb.it/events/sfm16quanticol/ . There will also be a Springer volume associated
with the summer school.

Task 6.4 is concerned with the dissemination of project results to potential user communities
and this has progressed through this period through continued meetings with stakeholders such as
the Lothian Bus company in Edinburgh and the Pisa Bicycle sharing operators. In addition some
publications, both technical and non-technical have been directed to this wider community. Under
the auspices of Task 6.5, joint collaborative FET activities, we have continued to interact with the
FoCAS coordinating action and other projects in the programme, particularly the CASSTING project.
We will be taking part in the video sprint being organised by the FoCAS coordinating action in January
2016.
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There has been a temporary change to the leadership of this work package with Jane Hillston
covering the work whilst Stephen Gilmore has been unwell. Nevertheless Work Package 6 is progressing
according to the plan set out in the description of work.

4 Project Management

4.1 Management and Communication

The management of the project has been achieved through the work of the coordinator, in conjunction
with the Management Board, which consists of site leaders and work package leaders. This group
meets monthly by teleconference to monitor progress and discuss future plans. The management of
the project during the second period has continued broadly according to plan but there have been two
speciÞc di"culties:

¥ One of the investigators of the partner UEDIN, Stephen Gilmore, has had severe health problems
since early 2015 and has not been able to work since April. This problem is ongoing. Prof
Gilmore had two primary responsibilities: leading the Edinburgh work related to WP5 and Task
4.3 of WP4, and leading WP6 on dissemination. In order to address the problem created by
Prof GilmoreÕs absence the Edinburgh site leader, Prof Hillston has taken two actions. Firstly,
she employed a temporary replacement, Adam Duguid, to cover Prof GilmoreÕs contributions
to WP4 and WP5. Mr Duguid is employed 4 hours a week, a rate commensurate with Prof
GilmoreÕs contracted hours for QUANTICOL. Secondly, Prof Hillston has temporarily taken
over leadership of WP6, contributing additional hours to the project at no extra cost.

¥ The principal investigator for the partner SOTON, Mirco Tribastone, has changed his job, taking
up a position at IMT Lucca, another partner in the project. This necessitated an amendment
which is discussed in more detail below.

The project wiki and mailing lists have continued to be used very e!ectively for internal commu-
nication within the project. In particular we have had a number of highly focused project workshops
tackling particular topics and the wiki has been used extensively to share preliminary investigations
carried out by partners in preparation for these meetings. Moreover for all meetings the slides and
an account of the meeting are posted on the wiki rapidly after the meeting, allowing those that were
not able to participate to keep up with developments in the project. The wiki is also used as an early
dissemination platform within the project where work in progress, technical reports and submitted
papers can be shared with project partners for information and feedback. In addition meeting reports
and minutes, for example of the monthly teleconference, are also made available via the wiki. We
have continued to develop the project websitewww.quanticol.eu , regarding this as the main inter-
face between the project and our scientiÞc peers. A signiÞcant new development is the addition of a
sourceforge sitehttp://quanticol.sourceforge.net/ which makes the software tools developed in
the project available to users. From this site the software implemented in the project (as detailed in
the recent deliverable D5.2 (A CAS-SCEL implementation for smart-city modelling) and associated
manuals and examples can be downloaded.

The management of the project has continued to run smoothly during the second period with no
signiÞcant di"culties.

4.2 Amendment

There has been one amendment to the project during the current period. This was due to one of the
principal investigators in the project, Dr Mirco Tribastone, changing institution. Dr Tribastone had
held a senior lectureship at the University of Southampton from 1st September 2013. However in spring
2015 Dr Tribastone was o!ered and accepted a position of Associate Professor at IMT Lucca, another
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project partner. Dr Tribastone took up the position in Lucca on 1st July 2015, and the University
of Southampton withdrew from the project from 30th June 2015. Since IMT Lucca were already a
project partner no additional partners were added to the consortium, which now has four partners.
An amended Description of Work was submitted to the Commission, through the NEF tool, on 26th
June. Unfortunately it proved more di"cult to obtain the Þnal version of the Þnancial statement and
letter of withdrawal from the University of Southampton, but these remaining documents were sent
to the Commission in early October 2015.

4.3 Project meetings

There have been a number of project meetings during the second period of the project, two plenary
meetings, and several with more focussed topics of discussion. Although the non-plenary meetings
had speciÞc agendas all partners were invited and in many cases all partners were represented at these
meetings.

24th June 2014, Lucca Ñ Plenary Project Meeting This meeting was held immediately after
the Þrst review to discuss the outcomes of the review and plan research, collaborations and
further meetings for the following months. There was a meeting of the Management Board as
part of this meeting.

5thÐ6th February 2015, Grenoble Ñ Plenary Project Meeting This meeting was used to re-
view progress since the last plenary meeting, and begin planning for the deliverables to be
completed by the end of the second period. This meeting also gave the team who had been
working on the language deÞnition ofCarma an opportunity to present the language and initial
work on the tool support to the rest of the project. There was a meeting of the Management
Board as part of this meeting.

5thÐ6th November 2014, Southampton Ñ Case Studies Meeting The focus of this meeting
was to review progress and to gain a better understanding of the representational and analysis
needs of the di!erent case study scenarios being considered in the project. One of the key
outcomes of the meeting was a requirements document which was presented at the Language
Meeting which took place in Edinburgh shortly afterwards.

19thÐ20th November 2014, Edinburgh Ñ Language Meeting Since the time of the summer
of 2014, a number of project partners had been exploring di!erent approaches to the CAS-SCEL
language, taking into consideration the points raised at the Þrst review, the experiences gained
during the investigations of the Þrst period and requirements of the case studies. This meeting
gave an opportunity for the involved researchers to present the results of their explorations and
work together on a new deÞnition of CAS-SCEL, which we termedCarma .

4th February 2015, Grenoble Ñ Scalable VeriÞcation Meeting The purpose of this meeting
was to explore possible integration and synergy of ongoing work on scalable ßuid/mean Þeld
model checking and spatial extension, spatial logics, abstraction techniques and local/global
systems views and variability analysis in the context of WP3

17thÐ18th March 2015, Edinburgh Ñ Spatial Analysis Techniques Meeting The goal of this
meeting was to understand and develop spatial analysis techniques to be used in the project.
Some partners had been carrying out preliminary investigations prior to the meeting and these
were reported.

17th June 2015, Lucca Ñ CARMA Workshop This workshop brought together researchers who
had been working on the implementation of a software tool forCarma and those who had initial
experiences of developing case studies with the new language, and those interested in doing so
in the future.
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Additionally there have been regular monthly teleconferences for the Management Board, com-
prised of representatives of all sites and work packages, to monitor the scientiÞc progress of the project.
These are documented and minuted on the project wiki.

4.4 Project planning and status

The project has continued to proceed smoothly during the second period. As described in the account
of the work packages, all work packages are broadly progressing in line with the plan originally set out
in Annex I, with only minor variations. We do not anticipate any major deviations in the Þnal period
of the project.

4.5 List of ScientiÞc Publications in Months 13Ð30

1. E. Bartocci, L. Bortolussi, L. Nenzi, and G. Sanguinetti. On the robustness of temporal proper-
ties for stochastic models. In Thao Dang and Carla Piazza, editors,HSB, volume 125 ofEPTCS,
pages 3Ð19, 2013.doi:10.4204/EPTCS.125.1 (! CNR/IMT collaboration ! )

2. D. Latella, M. Loreti, M. Massink and V. Senni. Stochastically timed predicate-based commu-
nication primitives for autonomic computing. QAPL 2014. in EPTCS 154:1-16, Proceedings of
QAPL 2014. doi:10.4204/EPTCS.154.1 (! CNR/IMT collaboration ! )

3. D. Reijsbergen, P-T. de Boer, W. Scheinhardt and B.R. Haverkort. On Hypothesis Testing for
Statistical Model Checking. International Journal on Software Tools for Technology Transfer,
August 2015, 17(4), pp. 377Ð395.doi:10.1007/s10009-014-0350-1 .

4. M. Bernardo, R. De Nicola and M. Loreti. Revisiting Trace and Testing Equivalences for
Nondeterministic and Probabilistic Processes In Logical Methods in Computer Science, 10(1),
doi:10.2168/LMCS-10(1:16)2014 .

5. L. Luisa Vissat, A. Clark and S. Gilmore. Finding optimal timetables for Edinburgh bus routes.
Seventh International Workshop on Practical Applications of Stochastic Modelling (PASM 2014),
Newcastle, England, May 2014. ENTCS, Vol. 310, pp. 179Ð199.doi:10.1016/j.entcs.2014.
12.018

6. D. Reijsbergen, S. Gilmore, and J. Hillston. Patch-based modelling of city-centre bus movement
with phase-type distributions. Seventh International Workshop on Practical Applications of
Stochastic Modelling (PASM 2014), Newcastle, England, May 2014. ENTCS, Vol. 310, pp.
157Ð177.doi:10.1016/j.entcs.2014.12.017 .

7. L. Bortolussi, J. Hillston and M. Tribastone. Fluid Performability Analysis of Nested Automata
Models. Seventh International Workshop on Practical Applications of Stochastic Modelling
(PASM 2014), Newcastle, England, May 2014. ENTCS, Vol. 310, pp. 27Ð47.doi:10.1016/j.
entcs.2014.12.011 . (! UEDIN/CNR/SOTON collaboration ! )

8. S. Gilmore, M. Tribastone, and A. Vandin. An Analysis Pathway for the Quantitative Evaluation
of Public Transport Systems. 11th International Conference on Integrated Formal Methods
(iFM 2014), LNCS 8739, pp. 71Ð86.doi:10.1007/978-3-319-10181-1_5 . (! UEDIN/SOTON
collaboration ! )

9. C. Feng and J. Hillston. PALOMA: A Process Algebra for Located Markovian Agents. 11th
International Conference on Quantitative Evaluation of Systems (QEST 2014), Florence, Italy,
8-10th September 2014. LNCS 8657, pp. 265Ð280.doi:10.1007/978-3-319-10696-0_22 .
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10. A. Georgoulas, J. Hillston, D. Milios and G. Sanguinetti. Probabilistic Programming Pro-
cess Algebra. 11th International Conference on Quantitative Evaluation of Systems (QEST
2014), Florence, Italy, 8-10th September 2014. LNCS 8657, pp. 249Ð264.doi:10.1007/
978-3-319-10696-0_21 .

11. D. Pianini, S. Sebastio, and A. Vandin. Distributed Statistical Analysis of Complex Systems
Modeled Through a Chemical Metaphor. 5th International Workshop on Modeling and Simu-
lation of Peer-to-Peer and Autonomic Systems (MOSPAS 2014).doi:10.1109/HPCSim.2014.
6903715.

12. D. Reijsbergen and S. Gilmore. Formal Punctuality Analysis of Frequent Bus Services Using
Headway Data. 11th European Workshop on Performance Engineering (EPEW 2014). Florence,
Italy, 11-12 September, 2014. LNCS 8721, pp. 164Ð178.doi:10.1007/978-3-319-10885-8_12 .

13. C.D. Williams and J. Hillston Automated Capacity Planning for PEPA Models. 11th European
Performance Engineering Workshop (EPEW 2014). Florence, Italy, 11-12th September, 2014.
LNCS 8721, pp. 209Ð223.doi:10.1007/978-3-319-10885-8_15 .

14. C. Feng, M. Gribaudo and J. Hillston. Performance Analysis of Collective Adaptive Behaviour
in Time and Space. 30th annual UK Performance Engineering Workshop (UKPEW 2014).

15. V. Galpin. Modelling residential smart energy schemes, 2nd FoCAS Workshop on Fundamentals
of Collective Systems, 2014 IEEE Eight International Conference on Self-Adaptive and Self-
Organizing Systems Workshops,doi:10.1109/SASOW.2014.19.

16. V. Ciancia, S. Gilmore, D. Latella, M. Loreti and M. Massink. Data veriÞcation for collective
adaptive systems: spatial model-checking of vehicle location data, 2nd FoCAS Workshop on
Fundamentals of Collective Systems, 2014 IEEE Eight International Conference on Self-Adaptive
and Self-Organizing Systems Workshops,doi:10.1109/SASOW.2014.16. (! UEDIN/CNR/IMT
collaboration ! )

17. L. Bortolussi and L. Nenzi. Specifying and Monitoring Properties of Stochastic Spatio-Temporal
Systems in Signal Temporal Logic. 8th International Conference on Performance Evalua-
tion Methodologies and Tools (VALUETOOLS 2014). doi:10.4108/icst.valuetools.2014.
258183. (! CNR/IMT collaboration ! )

18. M. Tschaikowski and M. Tribastone. A partial-di!erential approximation for spatial stochastic
process algebra. 8th International Conference on Performance Evaluation Methodologies and
Tools (VALUETOOLS 2014). doi:10.4108/icst.Valuetools.2014.258170 .

19. M.H. ter Beek, A. Fantechi, and S. Gnesi, Challenges in Modelling and Analyzing Quantitative
Aspects of Bike-Sharing Systems. In Proceedings of the 6th International Symposium on Lever-
aging Applications of Formal Methods, VeriÞcation and Validation (ISoLAÕ14), Corfu, Greece
(T. Margaria and B. Ste!en, eds.), Lecture Notes in Computer Science 8802, Springer, Berlin,
2014, 351Ð367.doi:10.1007/978-3-662-45234-9_25 .

20. M.H. ter Beek and E.P. de Vink, Towards Modular VeriÞcation of Software Product Lines
with mCRL2. In Proceedings of the 6th International Symposium on Leveraging Applications
of Formal Methods, VeriÞcation and Validation (ISoLAÕ14), Corfu, Greece (T. Margaria and
B. Ste!en, eds.), Lecture Notes in Computer Science 8802, Springer, Berlin, 2014, 368 - 385.
doi:10.1007/978-3-662-45234-9_26 .

21. D. Latella, M. Loreti and M. Massink, On-the-ßy Probabilistic Model Checking. ICE 2014.
EPTCS 166: 45 - 59. (! CNR/IMT collaboration ! )
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22. R. De Nicola, D. Latella, M. Loreti, and M. Massink. Two Possibly Alternative Approaches
to the Semantics of Stochastic Process Calculi. In M. Abadi, P. Gardner, A.D. Gordon and
R. Mardare (Eds) Essays for Luca Cardelli Fest. Microsoft Research Technical Report MSR-
TR-2014-104. 2014. (! CNR/IMT collaboration ! )

23. D. Reijsbergen, W. Scheinhardt and P-T. de Boer. A sequential hypothesis test based on a
generalized Azuma inequality. Statistics and Probability Letters, Vol. 97, February 2015, pp.
192Ð196.doi:10.1016/j.spl.2014.11.018 .

24. D. Latella, M. Loreti, M. Massink and V. Senni. On StocS: A Stochastic Extension of SCEL.
In R. De Nicola and R. Hennicker (Eds.) Software, Services, and Systems. Essays Dedicated
to Martin Wirsing on the Occasion of His Retirement from the Chair of Programming and
Software Engineering. LNCS 8950. Springer, 2015.doi:10.1007/978-3-319-15545-6_35 .
(! CNR/IMT collaboration ! )

25. S. Gilmore, J. Hillston and M. Tribastone. Service Composition for Collective Adaptive Systems.
In R. De Nicola and R. Hennicker (Eds.) Software, Services, and Systems. Essays Dedicated
to Martin Wirsing on the Occasion of His Retirement from the Chair of Programming and
Software Engineering. LNCS 8950. Springer, 2015.doi:10.1007/978-3-319-15545-6_28 .
(! UEDIN/SOTON collaboration ! )

26. D. Latella, M. Loreti and M. Massink. Investigating Fluid-Flow Semantics of Asynchronous
Tuple-Based Process Languages for Collective Adaptive Systems. COORDINATION 2015.
LNCS 9037 19 - 34.doi:10.1007/978-3-319-19282-6_2 . (! CNR/IMT collaboration ! )

27. A. Pourranjbar. Performance Analysis of Large-Scale Resource-Bound Computer Systems. PhD
thesis, University of Edinburgh, graduated June 2015.

28. G. Iacobelli, M. Tribastone and A. Vandin. Di!erential Bisimulation for a Markovian Process
Algebra. Mathematical Foundations of Computer Science 2015 - 40th International Symposium,
MFCS 2015, Milan, Italy, August 24-28, 2015. doi:10.1007/978-3-662-48057-1_23 .

29. L. Cardelli, M. Tribastone, M. Tschaikowski and A. Vandin. Forward and Backward Bisimula-
tions for Chemical Reaction Networks. 26th International Conference on Concurrency Theory,
CONCUR 2015, Madrid, Spain, September 1.4, 2015. Ed. by L. Aceto and D. de Frutos-
Escrig. Vol. 42. LIPIcs. Schloss Dagstuhl - Leibniz-Zentrum fuer Informatik, 2015, pp. 226239.
doi:10.4230/LIPIcs.CONCUR.2015.226.

30. M.H. ter Beek, A. Legay, A. Lluch Lafuente, and A. Vandin. Statistical Analysis of Probabilistic
Models of Sofware Product Lines with Quantitative Constraints. In Proceedings of the 19th
International Software Product Line Conference (SPLCÕ15), Nashville, TN, USA, ACM, New
York, 2015, 11-15.doi:10.1145/2791060.2791087 . (! CNR/IMT/SOTON collaboration ! )

31. M.H. ter Beek and E.P. de Vink. Using mCRL2 for the Analysis of Software Product Lines.
In Proceedings of the 2nd FME Workshop on Formal Methods in Software Engineering (For-
maliSE14), Hyderabad, India, IEEE Computer Society, Los Alamitos, CA, 2014, 31-37.doi:
10.1145/2593489.2593493

32. M.H. ter Beek and F. Mazzanti. VMC: Recent Advances and Challenges Ahead. In Proceedings
of the First Workshop on Software Product Line Analysis Tools (SPLat14), Volume 2 of the
Proceedings of the 18th International Software Product Line Conference (SPLC14), Florence,
Italy, ACM, New York, 2014, 70-77. http://dx.doi.org/10.1145/2647908.2655969 .

33. M.H. ter Beek and E.P. de Vink. Software Product Line Analysis with mCRL2. In Proceedings
of the First Workshop on Software Product Line Analysis Tools (SPLat14), Volume 2 of the
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Proceedings of the 18th International Software Product Line Conference (SPLC14), Florence,
Italy, ACM, New York, 2014, 78-85. http://dx.doi.org/10.1145/2647908.2655970

34. M.H. ter Beek, S. Gnesi and F. Mazzanti. Model Checking Value-Passing Modal SpeciÞca-
tions. In Perspectives of System Informatics - Revised selected papers of the 9th Interna-
tional Ershov Informatics Conference (PSIÕ14), St. Petersburg, Russia (A. Voronkov and I.
Virbitskaite, eds.), Lecture Notes in Computer Science 8974, Springer, Berlin, 2015, 304-319.
doi:10.1007/978-3-662-46823-4_25

35. L. Bortolussi and R. Lanciani. Stochastic Approximation of Global Reachability Probabilities
of Markov Population Models. EPEW 2014: 224-239.doi:10.1007/978-3-319-10885-8_16
(! CNR/IMT collaboration ! )

36. E. Bartocci, L. Bortolussi and G. Sanguinetti Data-Driven Statistical Learning of Temporal
Logic Properties. FORMATS 2014: 23-37.doi:10.1007/978-3-319-10512-3_3 .

37. L. Bortolussi and G. Sanguinetti. A Statistical Approach for Computing Reachability of Non-
linear and Stochastic Dynamical Systems. QEST 2014: 41-56.doi:10.1007/978-3-319-10696-0_
5.

38. L. Bortolussi and R. Paskauskas. Mean-Field Approximation and Quasi-Equilibrium Reduction
of Markov Population Models. QEST 2014: 106-121.doi:10.1007/978-3-319-10696-0_9 .

39. T. Belder, M.H. ter Beek, and E.P. de Vink. Coherent branching feature bisimulation. In
Proceedings of the 6th International Workshop on Formal Methods for Software Product Line
Engineering (FMSPLEÕ15), London, UK (J. M. Atlee and S. Gnesi, eds.), Electronic Proceedings
in Theoretical Computer Science 182, arXiv:1504.03474v1 [cs.LO], 2015, 14-30.doi:10.4204/
EPTCS.182.2.

40. M.H. ter Beek, A. Legay, A. Lluch Lafuente and A. Vandin. Quantitative Analysis of Probabilis-
tic Models of Software Product Lines with Statistical Model Checking. In Proceedings of the
6th International Workshop on Formal Methods for Software Product Line Engineering (FM-
SPLEÕ15), London, UK (J. M. Atlee and S. Gnesi, eds.), Electronic Proceedings in Theoretical
Computer Science 182, arXiv:1504.03476v1 [cs.LO], 2015, 56-70.doi:10.4204/EPTCS.182.5 .
(! CNR/IMT/SOTON collaboration ! )

41. M.H. ter Beek, A. Fantechi, and S. Gnesi. Applying the Product Lines Paradigm to the
Quantitative Analysis of Collective Adaptive Systems. In Proceedings of the 19th International
Software Product Line Conference (SPLCÕ15), Nashville, TT, USA, ACM, New York, 2015,
321-326.doi:10.1145/2791060.2791100 .

42. M.H. ter Beek, A. Fantechi, S. Gnesi and F. Mazzanti. Using FMC for Family-Based Analysis
of Software Product Lines. In Proceedings of the 19th International Software Product Line
Conference (SPLCÕ15), Nashville, TN, USA, ACM, New York, 2015, 432-436.doi:10.1145/
2791060.2791118.

43. M.H. ter Beek, F. Damiani, S. Gnesi, F. Mazzanti and L. Paolini. From Featured Transition
Systems to Modal Transition Systems with Variability Constraints. In Proceedings of the 13th
International Conference on Software Engineering and Formal Methods (SEFMÕ15), York, UK
(R. Calinescu and B. Rumpe, eds.), Lecture Notes in Computer Science 9276, Springer, Berlin,
2015, 344-359.doi:10.1007/978-3-319-22969-0_24 .

44. L. Bortolussi and J. Hillston. Model checking single agent behaviours by ßuid approxima-
tion. Inf. Comput. 242: 183-226 (2015). doi:10.1016/j.ic.2015.03.002 . (! UEDIN/CNR
collaboration ! )
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45. E. Bartocci, L. Bortolussi, L. Nenzi and G. Sanguinetti. System design of stochastic models
using robustness of temporal properties. Theor. Comput. Sci. 587: 3-25 (2015).doi:
10.1016/j.tcs.2015.02.046 (! CNR/IMT collaboration ! )

46. D. Latella, M. Loreti and M. Massink. On-the-ßy PCTL Fast Mean-Field Approximated Model-
Checking for Self-organising Coordination. Science of Computer Programming. Elsevier, 110:23Ð
50, 2015.doi:10.1016/j.scico.2015.06.009 . (! CNR/IMT collaboration ! )

47. N. Gast and B. Van Houdt. Transient and Steady-state Regime of a Family of List-based
Cache Replacement Algorithms. Proceedings of the 2015 ACM SIGMETRICS.doi:10.1145/
2796314.2745850.

48. N. Gast. The Power of Two Choices on Graphs: the Pair-Approximation is Accurate. ACM
MAMA Workshop. Perf. Eval. Review. 43(2), 2015.

49. M.H. ter Beek, L. Bortolussi, V. Ciancia, S. Gnesi, J. Hillston, D. Latella and M. Massink. A
quantitative approach to the design and analysis of collective adaptive systems for smart cities.
ERCIM news 98 - special theme: Smart Cities. July 2014.http://ercim-news.ercim.eu/
en98/special/a-quantitative-approach-to-the-design-and-analysis-of-collective
-adaptive-systems-for-smart-cities . (! UEDIN/CNR collaboration ! )

50. V. Ciancia, D. Latella, M. Loreti and M. Massink. Specifying and verifying properties of
space. 8th IFIP TC 1/WG 2.2 International Conference, TCS 2014, Rome, Italy, September
1-3, 2014. Pages 222-235. Volume 8705. Lecture Notes in Computer Science. Springer.doi:
10.1007%2F978-3-662-44602-7_18. (! CNR/IMT collaboration ! )

51. C. Fricker and N. Gast. Incentives and redistribution in homogeneous bike-sharing systems with
stations of Þnite capacity. EURO Journal on Transportation and Logistics. Springer. 2014.
doi:10.1007/s13676-014-0053-5 .

52. N. Gast, J-Y. Le Boudec and D-C. Tomozei. Impact of demand-response on the e"ciency
and prices in real-time electricity markets. 2014. In Proceedings of the 5th international
conference on Future energy systems (e-Energy Õ14). ACM, New York, NY, USA, 171-182.
doi:10.1145/2602044.2602052 .

53. G. Iacobelli, R. De Nicola and M. Tribastone. Dimming relations for the e"cient analysis of
concurrent systems via action abstraction. International Conference on Formal Techniques for
Distributed Objects, Components, and Systems (FORTE14). Springer LNCS 8641, pp.216231.
2014. doi:10.1007/978-3-662-43613-4_14 .

54. M. Kowal, I. Schaefer and M. Tribastone. Family-based performance analysis of variant-rich
software systems. Fundamental Approaches to Software Engineering (FASE14), Lecture Notes
in Computer Science 8411, 2014, 94108.doi:10.1007/978-3-642-54804-8_7 .

55. M. Tschaikowski and M. Tribastone. Extended di!erential aggregations in process algebra for
performance and biology. Proceedings Twelfth International Workshop on Quantitative Aspects
of Programming Languages and Systems (QAPL 2014), EPTCS 154, pp.34-47, Grenoble, France,
12-13 April 2014. doi:10.4204/EPTCS.154.3 .

56. M. Tribastone. Behavioural relations in a process algebra with variants. Proceedings of the
18th International Software Product Line Conference Volume 1 (ACM SPLC14). ACM. New
York, NY, USA. pp.8291. doi:10.1145/2648511.2648520 .

57. N. Gast, D-C. Tomozei and J-Y. Le Boudec, Optimal Generation and Storage Scheduling in the
Presence of Renewable Forecast Uncertainties Smart Grid, IEEE Transactions on , vol.5, no.3,
pp. 1328Ð1339, May 2014.doi:10.1109/TSG.2013.2285395
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58. M. Massink and R. Paskauskas. Model-based Assessment of Aspects of User-satisfaction in
Bicycle Sharing Systems. IEEE International Conference on Intelligent Transportation Systems
(ITSC15), September 2015.

59. D. Latella, M. Loreti and M. Massink. On-the-ßy Fluid Model Checking via Discrete Time
Population Models. EPEW 2015. LNCS 9272, pp. 193Ð207. Springer, 2015.doi:10.1007/
978-3-319-23267-6_13 . (! CNR/IMT collaboration ! )

60. C. Feng and J. Hillston Speed-up of Stochastic Simulation of PCTMC Models by Statistical
Model Reduction. EPEW 15. Vol. 9272. LNCS. Springer, 2015, pp. 291305.doi:10.1007/
978-3-319-23267-6_19 .

61. V. Ciancia, D. Latella, M. Massink and R. Paskauskas. Exploring Spatio-Temporal Properties
of Bike-sharing Systems. First International Workshop on Spatial and COllective PErvasive
Computing Systems (SCOPES). Workshop at IEEE SASO 2015, located at MIT, Cambridge,
USA; September 21, 2015.

62. D. Bacciu, S. Gnesi and L. Semini. Using a Machine Learning Approach to Implement and
Evaluate Product Line Features. In Proceedings 11th International Workshop on Automated
SpeciÞcation and VeriÞcation of Web Systems (WWVÕ15), Oslo, Norway (M.H. ter Beek and A.
Lluch Lafuente, eds.), Electronic Proceedings in Theoretical Computer Science 188, 2015, 75-83.
doi:10.4204/EPTCS.188.8

63. M. Tschaikowski and M. Tribastone. A uniÞed framework for di!erential aggregations in Marko-
vian process algebra. In: J. Logic Algebra. Methods Program. 84.2 (2015), pp. 238258. ISSN:
2352- 2208.doi:10.1016/j.jlamp.2014.10.004.

64. M. Tschaikowski and M. Tribastone. Approximate reduction of heterogenous nonlinear models
with di!erential hulls. In: IEEE Transactions on Automatic Control (2015). doi:10.1109/
TAC.2015.2457172

65. Y. Abd Alrahman, R. De Nicola, M. Loreti, F. Tiezzi and R. Vigo. A calculus for attribute-based
communication. Proceedings of of the 30th Annual ACM Symposium on Applied Computing,
(SAC 2015), pp. 1840Ð1845.doi:10.1145/2695664.2695668 .

66. A. Lluch-Lafuente, M. Loreti and U. Montanari. A Þxpoint-based calculus for graph-shaped
computational Þelds. Coordination 2015, LNCS 9037, pp. 101Ð116. (Best paper award)doi:
10.1007/978-3-319-19282-6_7 .

67. L. Nenzi, L. Bortolussi, V. Ciancia, M. Loreti and M. Massink. Qualitative and Quantitative
Monitoring of Spatio-Temporal Properties. Runtime VeriÞcation (RV 2015), LNCS 9333, pp.
21Ð37.doi:10.1007/978-3-319-23820-3_2 .

4.6 QUANTICOL technical reports in months 13Ð30

1. V. Ciancia, D. Latella, M. Loreti and M. Massink. Specifying and Verifying Properties of Space.
Extended version. QUANTICOL TR-QC-06-2014, May 16, 2014.

2. M.H. ter Beek, A. Fantechi, S. Gnesi and F. Mazzanti. A collection of models of a bike-sharing
case study.QUANTICOL TR-QC-07-2014. May 28, 2014.

3. D. Latella, M. Loreti and M. Massink. On-the-ßy Fluid Model Checking via Discrete Time
Population Models. Extended Version. QUANTICOL TR-QC-08-2014. September 10, 2014.

4. D. Latella, M. Loreti and M. Massink. On-the-ßy Probabilistic Model Checking. Extended
version. QUANTICOL TR-QC-09-2014. December 8, 2014.
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5. V. Ciancia, G. Grilletti, D. Latella, M. Loreti and M. Massink. A spatio-temporal model-checker.
QUANTICOL TR-QC-10-2014. December 15, 2014.

6. V. Ciancia, D. Latella and M. Massink. On Space in CARMA. QUANTICOL TR-QC-01-2015.
Revision 1.2 of June 17, 2015.

7. L. Luisa Vissat and C.D. Williams. Modelling disease spread in CARMA.QUANTICOL TR-
QC-02-2015.

8. M. Massink and R. Paskauskas. Model-based Assessment of Aspects of User-satisfaction in
Bicycle Sharing Systems. Extended Version. QUANTICOL TR-QC-03-2015. May 27, 2015.

9. G. Iacobelli, M. Tribastone and A. Vandin. Di!erential Bisimulation for a Markovian Process
Algebra. Extended Version. QUANTICOL TR-QC-04-2015. June 8, 2015.

10. M.H. ter Beek, A. Legay, A. Lluch Lafuente and A. Vandin. Statistical Analysis of Probabilistic
Models of Software Product Lines with Quantitative Constraints. Extended Version. QUANTI-
COL TR-QC-05-2015. June 16, 2015.

11. L. Nenzi, L. Bortolussi, V. Ciancia, M. Loreti and M. Massink, Qualitative and Quantitative
Monitoring of Spatio-Temporal Properties. Extended Version. QUANTICOL TR-QC-06-2015.
Jun 25, 2015.

12. L. Bortolussi and N. Gast. Mean Field Approximation of Imprecise Population Processes.
QUANTICOL TC-QC-07-2015. Sept 25, 2015.

4.7 List of Dissemination Activities

4.7.1 Presentation of research results

As the list of publications indicates, a substantial number of results from QUANTICOL were presented
at conferences and workshops throughout the second period of the project. Here we record the
additional presentations of QUANTICOL research that took place.

¥ Invited talks at international conferences and workshops:

Ð 2/9/2014: Jane Hillston gave an invited presentation at CONCUR 2014 and IFIP TCS
2014 in Rome. The title of the talk was The BeneÞts of Sometimes Not Being Discrete.
There were over 100 people in the international audience of theoretical computer scientists.

Ð 4/11/2014: Nicolas Gast gave an invited presentation onAsymptotic properties of object-
sharing systems, at the international workshop YEQT, Eindhoven

Ð 25/8/2015, Jane Hillston gave a keynote presentation at the Ershov Informatics Conference
(PSIÕ15) in Kazan, Russia, entitled ÒQuantitative Analysis of Collective Adaptive SystemsÓ.
After a general introduction to the area this talk introduced the CARMA modelling lan-
guage. There were about 50 people present, PhD students and sta! from Universities
around the world.

¥ Invited seminars in academic departments:

Ð 23/7/2014: Jane Hillston gave a PUMA (Program and Model Analysis) seminar at TUM
in Munich. The title of the seminar was Fluid Approximation for the Analysis of Collective
Systems. There were approximately 20 people in audience, a mix of PhD students and
faculty from TUM and LMU.
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Ð 9/12/2014: Nicolas Gast gave a presentationVolatility in Real-Time Electricity Markets:
e"ciency or manipulation , at the Grenoble Laboratory of Electrical Engineering, G2ELab,
France.

Ð 16/1/2015: Dani¬el Reijsbergen gave a presentation about the QUANTICOL research in-
volving Edinburgh buses at a SICSA workshop in Stirling about modelling and optimisation
of real-world transportation problems. The presentation was attended by about 30 peo-
ple from universities across Scotland, including Emma Hart from the FoCAS coordination
team. The presentation focussed on the PASM and EPEW papers from 2014.

Ð 28/1/2015: Jane Hillston gave an invited seminar to the Stochastic Modelling group of
the School of Mathematics at the University of Edinburgh, on A Fluid Approach to Model
Checking. There were approximately 15 researchers in the audience, sta! and PhD students
from the School of Mathematics and the Business School of the University of Edinburgh.

Ð 24/2/2015: Dani¬el Reijsbergen gave a presentation about the QUANTICOL research in-
volving Edinburgh buses (similar to the one given in Stirling) at the FATA Seminar at the
University of Glasgow. About 20 researchers were present.

Ð 11/3/2015: Jane Hillston gave an invited seminar to the Computer Science Department
at the University of York, on Fluid Approximation for the Analysis of Collective Systems.
There were about 25 people in the audience, a mix of PhD students and faculty, including
some members of YCCSA (York Centre for Complex Systems Analysis).

Ð 22/4/2015, Jane Hillston gave an invited seminar to the Department of Electronics and
Computer Science at the University of Southampton, onFluid Approximation for the Anal-
ysis of Collective Systems. There were about 20 people in the audience, a mix of PhD
students and faculty.

Ð 11/6/2015: Dani¬el Reijsbergen gave a presentation about the QUANTICOL research in-
volving Edinburgh buses at the DACS colloquium at the University of Twente. About 15
researchers from the DACS and SOR groups were present.

¥ Dissemination activities outside Europe:

Ð 03/06/2014: Maurice ter Beek gave a presentation, consisting in part of an introduction to
QUANTICOL for the purpose of dissemination, at FormaliSE 2014, the 2nd FME Work-
shop on Formal Methods in Software Engineering, a"liated with ICSE 2014, the 36th
International Conference on Software Engineering, held in Hyderabad, India. The audi-
ence consisted of 30 computer scientists (including some from industry) with a"nity to
formal methods and software engineering. The Þrst part of the presentation consisted of a
general introduction to the QUANTICOL project and on Task 3.3 of Work Package 3 in
particular, concerning bike sharing systems seen from a product line and variability point of
view, before turning to the contents of the workshop contribution in the second part. This
presentation forms part of CNRÕs commitment to disseminate results of the QUANTICOL
project to the formal methods community, as planned in the Description of Work.

Ð 25/06/2014: Maurice ter Beek gave a presentation at PSI 2014, the 9th International Con-
ference on Perspectives of System Informatics, held in St. Petersburg, Russia, on computer
science research and applications. The audience consisted of almost 100 computer scien-
tists, including a reasonable number of them from industry and two Turing award winners
(C.A.R. Hoare and E.M. Clarke) who are renowned experts in process algebra and model
checking, respectively. The Þrst part of the presentation consisted of a general information
about the QUANTICOL project and on Task 3.3 of Work Package 3 in particular, before
turning to the contents of the conference contribution in the second part. This presentation
forms part of CNRÕs commitment to disseminate results of the QUANTICOL project to
the formal methods community, as planned in the Description of Work.
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Ð 21/09/2015: Rytis Paÿskauskas gave a presentation entitled Exploring Spatio-temporal Prop-
erties of Bike-sharing Systems at the SCOPES 2015 workshop of the SASO 2015 conference
at MIT, Cambridge, MA, USA. This presentation was in part meant as an occasion for dis-
semination of the QUANTICOL project in the United States as it was held at the renowned
Massachusetts Institute of Technology, attracting researchers from the US and MIT poten-
tially interested in the projectÕs results. The presentation was attended by about 30 people.
Recent results were illustrated on combining spatial and spatio-temporal model-checking
techniques with analysis of simulation traces containing spatial information in the context
of the bike-sharing case study. This presentation forms part of CNRÕs commitment to dis-
seminate results of the QUANTICOL project to the formal methods community, as planned
in the Description of Work.

¥ In print:

Ð 10/7/2014: Maurice ter Beek, Luca Bortolussi Vincenzo Ciancia, Stefania Gnesi, Jane
Hillston, Diego Latella and Mieke Massink published a brief article on page 32 in the ERCIM
News No. 85 in the context of the Special Theme of ÒSmart CitiesÓ. The title of the article
is ÒA Quantiative Approach to the Design and Analysis of Collective Adaptive Systems
for Smart CitiesÓ and presents the Quanticol project and some of the work performed at
the CNR-ISTI partner during the Þrst year of the project. ERCIM News reaches a broad
audience in the European Community in Information Technology and Applied Mathematics
with more than 7,000 readers subscribed to the online edition and about 6,000 printed
copies. The online edition has excellent visibility with a Google ranking of PR8.

Ð 5/9/2014: Stephen Gilmore, Diego Latella, Michele Loreti and Mieke Massink published
a brief article (in italian) in ScienzainRete (ScienceontheNet1), the Òportal dedicated to
Italian research in Europe and in the worldÓ. The website is congenial to researchers,
politicians, journalists, teachers and all those curious about science and technology. On
Scienceonthenet it is possible to Þnd news and information about the many Italian research
centres and their international collaborations, together with articles, video, infographics,
features, comments and debates about research policies in Italy and abroad. Scienceon-
thenet also provides information about European announcements and funds available, an
updated database of research-related jobs, press reviews, documents and much more.

Ð 15/9/2015: an article describing the objectives and work of the QUANTICOL project ap-
peared in the EU Research magazine, Volume 1, 2015. This magazine has a wide circulation
including industrial and governmental stakeholders.

¥ On the web:

Ð 6/11/2014: the QUANTICOL Project has been nominated, on proposal by M. Massink
and D. Latella, ÒFocusÓ of CNR-ISTI and a short description of the project activities so
far has been inserted in the o"cial CNR web site, in the CNR FOCUS section: ÒThe Focus
page shows the most important researches made by CNR Institutes, told by the researchers
themselves. This way, CNR gives its public the chance of knowing deeply the research
activity carried out by the Body and of verifying directly the work carried out.Ó FOCUSes
are shown in the home page of CNR, on a one per day basis.

¥ The general public:

1Scienceonthenet is a project supported by a grant from the Italian Minister for University and Research (MIUR),
in a partnership with the National Council of Research (CNR) and the Gruppo 2003Ó. [Facciamo in modo ÒsmartÓ le
smart city (ÓMaking Smart Cities SmartÓ)].
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Ð 27/4/2015: Jane Hillston gave an invited distinguished lecture to the Department of Infor-
matics at Kings College, London, entitled Choosing not to be discrete Ñ The beneÞts of
ßuid approximations in dynamic modelling. This was a public lecture with an audience of
approximately 35-40 people made up of students and sta! from KCL and other institutions,
and members of the general public.

Ð 25/09/2015: Vincenzo Ciancia gave a presentation entitled ÒLa bici condivisa (The shared
bike)Ó for a general public audience in the context of the European ÒNight of ResearchersÓ
event called BRIGHT at the Area della Ricerca of CNR in Pisa. The event attracted
hundreds of visitors of all ages from Pisa and the surroundings, including many children.
The presentation was one of the many interdisciplinary activities illustrating research at
CNR as shown by the rich programme. The topic of the presentation was the bike sharing
case study that is part of the QUANTICOL project and was used to illustrate some of the
recent results obtained.

4.7.2 Participation in FoCAS community events

¥ On 27th August 2014 Stephen Gilmore (UEDIN) and Jane Hillston (UEDIN) had a meeting
with members of the SmartSociety project (Michael Rovatsos and Stuart Anderson Ð University
of Edinburgh) and the FoCAS coordination action team (Jennifer Willies and Callum Egar Ð
Napier University, and Jeremy Pitt Ð Imperial College) in Edinburgh. The objective of the
meeting was to discuss possible future activities for the coordination action, particularly related
to dissemination.

¥ On Dec 18th 2014, Jane Hillston did a video interview about CAS and QUANTICOL for Giacomo
Cabri of the FoCAS Coordinating Action for inclusion on the FoCAS website.

¥ On May 1st 2015, an article about QUANTICOL was published in the FoCAS reading room.

4.8 Engagement with other projects in FoCAS

¥ On 12th of April 2014, Nicolas Gast gave an invited talk at the CASSTING workshop, organised
by the CASSTING project from FoCAS, on ÓE"ciency and Prices in Real-Time Electricity Mar-
ketÓ. The audience was composed of 20 persons; most of them were members of the CASSTING
project.

4.8.1 Engagement with other projects and communities beyond FoCAS

¥ On Dec 15th 2014, Nicolas Gast gave a presentationImpact of Demand-Response on the E"-
ciency and Prices in Real-Time Electricity Markets, at the University Paris 6, during a CNRS
workshop ÒCOSÓ (contröole optimal stochastique).

¥ Jane Hillston was one of the organisers of Dagstuhl seminar 145122, Collective Adaptive Sys-
tems: Qualitative and Quantitative Modelling and Analysis. Other organisers were Jeremy Pitt,
Imperial College, Martin Wirsing, LMU and Franco Zambonelli, University of Modena. The
seminar attracted approximately 30 international researchers. There were several QUANTICOL
related presentations:

Ð Jane Hillston gave a presentationChallenges for Quantitative Analysis of Collective Adap-
tive Systems.

Ð Mirco Tribastone gave a presentationThree Behavioural Equivalences for Chemical Reaction
Networks.

2http://www.dagstuhl.de/de/programm/kalender/semhp/?semnr=14512
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Ð Mieke Massink gave a presentationOn-the-ßy Fast Mean Field Model Checking for Collec-
tive Adaptive Systems.

Ð Michele Loreti gave a presentation Modelling Collective Adaptive Systems in CASPA
(CARMA) .

Other members of the QUANTICOL team attended the meeting, participating fully in the
working groups: Luca Bortolussi, Rocco De Nicola, Vashti Galpin, Roberta Lanciani, Laura
Nenzi, Mirco Tribastone. The meeting, and in particular the discussions in the working groups
is reported in the Dagstuhl report available at http://dx.doi.org/10.4230/DagRep.4.12.68 .
Interactions at the Dagstuhl seminar also led to the creation of a new workshop, the First
International Workshop on Spatial and COllective PErvasive Computing Systems (SCOPES),
which took place at SASO 2015 on 21st September in conjunction with the FoCAS workshop.
There are currently plans being drawn for taking the two workshops together as a single event
in the future.

4.8.2 Working meetings with owner and user communities

¥ On 10th November 2014, Allan Clark, Dani¬el Reijsbergen, Jane Hillston, Ludovica Luisa Vissat
and Stephen Gilmore (UEDIN) had a meeting with Bill Johnston and Phil Lock from Lothian
Buses in order to discuss modelling progress and ongoing data issues. The main topics addressed
during the meeting were:

Ð an overview of scientiÞc work carried out using the bus data, and of our work removing
data errors,

Ð a discussion of government regulations on punctuality, timetable construction, and the
impact of factors such as the weather and school holidays on punctuality and the timetable,

Ð a discussion of the response of drivers to being late or early, and to the behaviour of other
buses, ongoing data issues, such as the time granularity of WiFi datasets, open access to
AVL datasets, the mapping of bus ßeet numbers to their routes, and live access to the
raw AVL data, and issues that are of interest to Lothian Buses, such as the introduction
of a 20mph speed limit, the performance of a single service throughout the year, and the
interaction between trams and buses.

¥ On 19th August 2015, Dani¬el Reijsbergen, Jane Hillston and MSc student Rajeev Ratan (UEDIN)
had a meeting with Bill Johnston and Phil Lock from Lothian Buses in order to present RajeevÕs
MSc project work on the impact of the 20 mph speed limit on timetable adherence, and discuss
other issues related to the buses in Edinburgh.

¥ On 5th October 2015, Jane Hillston, Dani¬el Reijsbergen and undergraduate student Marton
Szeles (UEDIN) met with Phil Lock and John MacEvoy of Lothian Buses to elicit requirements
and ideas for the citizen science project being developed by Marton to collect user-centric data
related to the buses in Edinburgh. This project will develop a mobile phone app enabling users
to report their experience of using the bus service and this will feed into a better workload model
for the bus system.

4.9 Exploitable knowledge items

We have used the end of the second period as an opportunity to carry out an audit of the exploitable
knowledge items which have been created in the project so far. These innovations will mostly likely not
lead to commercialisation activities within the project but we see opportunities for indirect exploita-
tion by third parties, including commercialisation in some cases, and we would envisage consulting
with developers in these cases. We believe that these knowledge items represent genuine innovation
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and enhancements for their potential beneÞciaries. The list below represents the major exploitable
knowledge items that our audit has identiÞed at this stage of the project. The expectation is that
further exploitable knowledge items will emerge in the Þnal period of the project.

1. Distributed algorithm for optimising the use of electric resources

We have developed a distributed algorithm for optimising the use of electric resources in [GLBPT13,
GLBT14, DGG15]. The primary targets are the distribution network operators or the compa-
nies who build control systems for such networks (such as Schneider Electric, Siemens, ABB).
Project partner INRIA is currently involved in a project with Schneider Electric to build an
optimisation tool to manage photo voltaic cells and possibly also the consumption of users (such
as electric cars) at the scale of a neighbourhood.

Innovation: Distributed algorithm for optimising the use of electric resources.

Target group: Distribution network operators or the companies who build control systems for
such networks

Exploitation: Indirect

Contact person: Nicolas Gast, INRIA

2. A generic framework for the continuous approximation of stochastic systems

We developed a generic framework that enables the approximation of discrete stochastic systems
by a (partially) deterministic continuous system, and characterised the conditions under which
this approximation is sound [Borss, BG15, BP14]. Our approach can deal with hybrid, multi-
scale, uncertain and imprecise models, and produces continuous approximations in terms of
di!erential equations, hybrid systems, or di!erential inclusions, depending on the features of the
original system. This framework is supported by numerical methods to e"ciently simulate and
solve the approximate models. In particular we have studied algorithms to e"ciently simulate
systems with (time-varying) uncertainty in parameters [BS14, BG15] and heterogeneous systems.
This approach allows an e"cient analysis of complex models that can be exploited in system
design.

These will beneÞt researchers in many application areas where such models can be applied and
will also be of interest to researchers who study numerical methods and developers of scientiÞc
modelling software.

Innovation: Framework for the continuous approximation of stochastic systems

Target group: Researchers and modelling tool developers

Exploitation: Indirect

Contact person: Luca Bortolussi, CNR

3. Model transformation from continuous space to discrete space for scalability

The paper [Fen14] shows how it is possible to take a speciÞc continuous space model with indi-
vidual agents and transform it to a discrete space model with populations. A general approach
for one-dimensional space has been proposed [GBC+ 15].

Innovation: The basis of a new technique for model transformation

Target group: Researchers

Exploitation: Direct or indirect

Contact person: Cheng Feng, UEDIN
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4. Model transformation from discrete space to continuous space for e!ciency

A population grid-based discrete-space model can be transformed to a continuous space model,
and analysed using partial di!erential equation techniques [TT14, TT15]. These techniques in-
volve a transformation back to a grid-based discrete-space model but the grid interval is under
the control of the algorithm and results in an e"cient choice of interval. Additionally, conver-
gence results have been proved.

Innovation: An e"cient approach to analysing population grid-based discrete-space models

Target group: Researchers

Exploitation: Direct or indirect

Contact person: Mirco Tribastone, IMT

5. A process algebra for population discrete-space modelling

PALOMA (process algebra for located Markovian agents) is a process algebra that provides a
language suitable for modelling populations in discrete space [FH14] and has semantics based on
Markovian agents [CGB14] thus providing a formal language for describing Markovian agents.
Furthermore, analysis techniques based on moment-closure have been developed for PALOMA
models that take in account the relative independence of populations in determining when to
replace an expectation of a product of populations with the product of expectations of those
populations [FHG15]. An Eclipse Plug-in is available for model building and analysis.

Innovation: A modelling language and associated moment-closure techniques with freely avail-
able software

Target group: Researchers and modellers

Exploitation: Direct or indirect

Contact person: Cheng Feng, UEDIN

6. Spatio-Temporal Model Checking

In order to verify properties of collective systems, the physical or logical space in which the
system operates needs to be taken into account, as the collective behaviour emerges from local
interactions, that may be driven by the spatial distribution of agents. In the context of the
QUANTICOL project, methods have been investigated to extend the model checking approach
to collective systems [CLLM14, CGL+ 15, CLMP15, NBC+ 15]. Spatio-temporal model checking
has been developed as a method to verify properties of a system whose components are dis-
tributed in physical space. In particular, spatio-temporal model-checking allows one to verify
requirements about the state of di!erent, spatially related, individuals, at di!erent instances of
time. Such requirements cannot be veriÞed with tradtional model checking methods. We de-
veloped prototypes of this model checking technique (http://fmt.isti.cnr.it/topochecker) and we
are testing the feasibility and usefulness of the approach in the QUANTICOL smart transport
case studies [CLMP15, CGL+ 14] .

We envisage adoption by developers of industry-strength model checking tools with an estimated
development time after the end of the QUANTICOL project of 2-3 years for exploitation in
collaboration with developers of industry-strength tools, if aimed at integrating the developed
process into existing products. Alternatively, 3-5 years for technology transfer in speciÞc tools
tailored to owners and operators, e.g., systems for the real-time or o#ine monitoring and analysis
of smart transport systems or smart power grids.

Innovation: Software tool for spatio-temporal model checking
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Target group: Developers of industry-strength model checking tools and their users.

Exploitation: Direct and indirect

Contact person: Vincenzo Ciancia, CNR

7. Bisimulation-based model order reduction

In the context of the QUANTICOL project (speciÞcally in WP3 for the theory and WP5 for the
implementation), we have developed techniques for the automatic exact reduction of systems of
ordinary di!erential equations (ODEs). The approach in [ITV15] deals with ODEs generated
from a process algebra, targeting models of computer performance. In [CTTV15] we deal with
ODEs induced by elementary chemical reaction networks, corresponding to a class of ODEs with
degree-two polynomial derivatives, for which a partition reÞnement algorithm is provided (avail-
able at http://sysma.imtlucca.it/tools/crnreducer/ ). In [CTTV16] (yet to be delivered)
we extend this approach to a more general framework of nonlinear ODE systems, where the
reduction is performed using state of-the-art solvers for satisÞability modulo theories, with a
prototype available at http://sysma.imtlucca.it/tools/erode/ .

Innovation: Software tools implementing algorithms for the reduction of dynamical systems,
based on bisimulation minimisation and program veriÞcation techniques.

Target group: Companies involved with large-scale simulations of dynamical systems.

Exploitation: Indirect

Contact person: Mirco Tribastone, IMT

8. A language for modelling and programming collective adaptive systems

CARMA (Collective Adaptive Resource-sharing Markovian Agents) [BDNG+ 15, HL15] is a lan-
guage developed for supporting speciÞcation and analysis of CAS with the speciÞc objective to
support quantitive evaluation and veriÞcation. The language o!ers a rich set of communication
primitives that enable attribute-basedcommunication; the latter models the ßexible and dynamic
interactions that occur in CAS. The interactions occurring in a CARMA system are regulated
by an environment that, while modelling the context where a system operates, modulates the
interactions between components and evolves at runtime by taking into account feedback from
the system. An Eclipse plug-in3 has been also developed to support analysis of CARMA sys-
tems. CARMA tools can be used to analyse system behaviour and allow decision makers, who
can predict possible critical aspects of the considered system, to improve the experience of the
end users of CAS.

Innovation: A new language for modelling, analysing and programming collective adaptive
systems

Target group: System designers, decision makers, end users

Exploitation: Direct or indirect

Contact person: Michele Loreti, IMT

9. Techniques for bus route modelling

Various papers [RGH14, LCG14, RG14, GTV14, RR15] consider aspects of constructing models
of bus routes including parameter Þtting techniques, and a journal paper is in preparation
describing an automatic procedure for building bus route models from AVL data provided by
a bus company. Routes are segmented into patches and these patches form the basis of a
model that is parameterised using the data. It may be necessary to Þrst complete automatic

3The plug-in is available at quanticol.sourceforge.net .
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map generation from the data to be able to determine a route completion Þgure for each data
measurement. The algorithm could be used by city planners and transport operators to evaluate
bus system performance and perform what-if scenario analysis, e.g., to quantify the impact of a
new speed limit.

Innovation: A procedure for using existing AVL bus data to build and parameterise models

Target group: Researchers, city planners, transport operators

Exploitation: Direct or indirect

Contact person: Dani¬el Reijsbergen, UEDIN

10. A prediction algorithm for bike-sharing systems

We have developed an algorithm for predicting the feasibility of trips in bike-sharing systems
[GMRT15]. Compared to previous approaches, our algorithm produces probabilistic forecasts
and hence provides a way to quantify the accuracy of the prediction. There are two main
potential application areas for this result. The Þrst is a recommendation app for users. Secondly,
the company that runs the system could use the algorithm to identify critical stations and time
windows, with the aim of improving system performance.

Innovation: A stochastic prediction algorithm for bike-sharing systems.

Target group: Third party app developers or bike-sharing system operators

Exploitation: Indirect

Contact person: Dani¬el Reijsbergen, UEDIN
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