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S O M M A R I O

La proliferazione di ambienti intelligenti nella società contemporanea
ha fatto sorgere l’esigenza di strumenti di analisi che ne supportino
un’ingegnerizzazione sistematica. Il progresso tecnologico che ha dato
forma a questa realtà ha creato un mondo in cui elementi fisici e
computazionali interagiscono e possono esibire comportamenti com-
plessi, come quelli di smart city e smart building. Le tecniche basate su
modelli si sono affermate come un metodo per facilitarne lo svilup-
po e l’analisi. Nello spirito di tali approcci, il modello dello spazio
fisico ereditato dall’architettura e dall’ingegneria civile è trasformato
in un modello analizzabile, all’interno del quale vengono innestate
funzionalità intelligenti. Tali modelli possono allora essere analizzati
formalmente per valutare il design di un sistema composito. Tra le
rappresentazioni specifiche di dominio, questa tesi si focalizza su mo-
delli dello spazio fisico specificati nel linguaggio standard CityGML e
su come questi possano essere trasformati in modelli apprezzabili da
un punto di vista analitico. Si vuole mostrare inoltre, come tali model-
li possano essere sincronizzati automaticamente con quelli originali,
qualora si verificassero aggiornamenti in ambo le parti. Come modelli
analizzabili, abbiamo considerato gli spazi cyber-fisici, una rappresen-
tazione che combina elementi fisici e computazionali. Presentiamo
il problema in un’impostazione formale, definiamo la relazione di
consistenza tra due tipi di modelli e presentiamo un software per la
trasformazione automatica bidirezionale tra modelli CityGML e spazi
cyber-fisici. Esibiamo, infine, la trasformazione su dei modelli di città
reali e concludiamo con una discussione sulle possibili limitazioni ed
estensioni.



A B S T R A C T

The proliferation of smart environments in contemporary societies
has led to demands for analysis facilities to support their systematic
engineering. Technological advancements shaping such environments
have led to a world in which physical and computational elements
interact and may exhibit complex behavior, such as within smart build-
ings and smart cities. Model-based techniques have been proposed
to ease development and analysis. In such an approach, the model
of physical space coming from architecture and civil engineering dis-
ciplines is transformed into an analyzable model upon which smart
functionalities can be embedded. Such models can then be formally
analyzed to assess a composite system design. Among domain-specific
descriptions, this thesis focuses on how a model of physical space
specified in the CityGML standard language can be transformed into
a model amenable to analysis and how the two models can be auto-
matically kept in sync after possible changes. The analyzable model
is a cyber-physical space, a representation combining physical and
computational elements. We discuss the problem in a formal setting
and define a consistency relation between the two types of models,
and present a software tool for automatic bidirectional transformations
between CityGML models and cyber-physical spaces. We showcase
transformations over real city models and conclude with a discussion
on limitations and possible extensions.
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Whenever a theory appears to you
as the only possible one, take this as a sign

that you have neither understood the theory
nor the problem which it was intended to solve.

— Sir Karl Raimund Popper [38]
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1
I N T R O D U C T I O N

Modern cities are often convoluted environments, in which people in-
teract continuously with extensive facilities for transportation, housing,
sanitation, communication, and many others. Many different entities
populate them like buildings, streets, gardens, lights or bridges, hav-
ing several purposes for the community, but also with very different
characterizing features: some of them can be historical, some others
modern, or naturalistic, or temporary, and so forth. The increasing re-
location of people to urban areas, shown in Figure 1.1, has generated a
growth for some cities to unprecedented sizes, posing new challenges
in designing city services that can accommodate the needs of massive
amounts of inhabitants.

Figure 1.1: World Population (in millions), from 1950 to 2050 (projected from
2018). United Nations data from [53].

Moreover, the evolution of social standards and policies, has brought
an intricate network of rules which cover environment preservation,
cultural heritage, noise control and energy efficiency among the many,
with the ultimate goal of raising the quality of life of people. Within
this environment, companies have been deploying new generation
devices, augmenting with networking and computation capabilites,
to previously non-technological objects. Such systems set novel chal-
lenges when designing new buildings and urban areas as well as
renovating old ones, requiring to deal with computational and phys-
ical aspects at the same time, treating them as cyber-physical systems.
The development of such space-dependent, cyber-physical systems

1



2 introduction

demands for software engineering support facilities that span their
lifecycle, from design to operation.

1.1 problem setting

As complexity grows, the engineering of cyber-physical systems re-
quires to take into account information from multiple domains to-
gether with certainties about the overall system’s behavior. We expect
from modern buildings and urban areas to be better than old ones:
architects and engineers should be able to design them by achieving
more security, energy-efficiency, cost-effectiveness, but also astonish-
ing looks that fit in the history and spirit of the city and the people
living them.

While the tools used by professionals have evolved significantly
over the past decades, the methodology is more or less the same. New
demands are addressed in the same old way, resulting in a process
that gets harder and more error-prone.

Figure 1.2: Different aspects evaluated at the design stage of a building [21].

We believe the time is right for a new methodological revolution
in the way architects, engineers, and domain experts address their
work. Since models already play a crucial role in the mental process
of domain experts, we belive a new level of automatic analysis can be
achieved in terms of software support and model-driven engineering.



1.2 contributions 3

The engineering can, in principle, be enabled with model representa-
tions of their spatial environment: such representations can be sourced
from domain models originating in other disciplines and dominated
by their practices, tools and domain knowledge. Although relying on
international standards and accessible in machine-readable formats,
such physical space descriptions are still often intended for static
documentation or domain-specific purposes. The resulting models are
therefore of non-easily analyzable types, which hinders their consid-
eration for engineering software-intensive, composite cyber-physical
systems. Our idea is to use exactly the same spatial domain models
used by practitioners to represent urban areas, buildings and city
spaces and project from them some abstract and more computation-
ally convenient representation, which can be transformed back to the
original one when needed.

1.2 contributions

While advancements in cyber-physical systems have shown great an-
alytical potential, they collide with the complexity of representing
this reality. Conversely, domain experts have been extending the ca-
pabilities of the representation they use, to support the integration
of newer sources of information. Our goal is to obtain the best of
both worlds by building the infrastructure to bridge this gap. This
resulted in a comprehensive work composed of: (i) the analysis of the
process and the available technologies; (ii) the definition of a formal
relationship among these representations and (iii) the implementation
of a development framework to bridge this gap automatically.

We must point out that the novelty of our approach is testified by
the absence of other work on this topic to date, with the only exception
of [54] from the same authors of this thesis. Indeed, we take from it
the vast majority of the contents of this work, as well as the results,
and we refer to that for a more concise view, albeit earmarked for a
knowledgeable audience.

The interested reader may refer to https://topo.city for models
and code that accompany this thesis. Contributions of this thesis where
presented in the 22nd ACM/IEEE International Conference on Model
Driven Engineering Languages and Systems (MODELS) conference
in the paper Model-Driven Design of City Spaces via Bidirectional Trans-
formations by Ennio Visconti, Christos Tsigkanos, Zhenjiang Hu and
Carlo Ghezzi.

1.3 outline

The rest of this work is structured as follows.

https://topo.city


4 introduction

• Chapter 2 introduces the field on which our research grounds,
presenting the main concepts and goals characterizing our ap-
proach.

• Chapter 3 provides the appropriate support to describe the
concepts previously introduced, supplying the background to
properly understand the research.

• Chapter 4 constitutes probably the core of our contribution: it for-
mally specifies the transformation among the models, presents a
transformation strategy to satisfy such specification and analyzes
theoretical limitations of the approach.

• Chapter 5 presents the software artifact developed as a proto-
typical tool based on our approach.

• Chapter 6 shows the results of our research on some real-world
scenarios, analyzes performances and discusses the major ad-
vantages and drawbacks of our approach.

• Chapter 7 classifies the current state of the art in the research
areas linked to our work.

• Chapter 8 concludes the work and highlights some possible
areas for future developments.
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M O D E L - B A S E D E N G I N E E R I N G O F C I T Y S PA C E S

Given the long life of urban areas and the impact they have on society,
it is essential to model all aspects of a building carefully. As anticipated
in Section 1.1, in fact, models have been essential in the design and
development process of architects, urban planners, and civil engineers.
However, the rise of cyber-physical and smart systems has led to
computational facilities being embedded in physical spaces to support
complex functionalities. These composite systems demand life-cycle
support, from design and validation to runtime reasoning.

We will investigate these aspects by following three directives. First,
we will consider the perspective of domain experts in Section 2.1.
Following, we will acknowledge the analytical possibilities of recent
results in Computer Science in Section 2.2. Finally, we will explain
the problem of bridging this gap, and the issues we found in our
implementation, respectively, in Sections 2.3 and 2.4.

2.1 the domain perspective

Since the very beginning, both architects and engineers have been
relying on representations of the physical space. However, software
design tools have enabled the production of new artifacts, which are
much more complex, more comfortable to build, and less prone to
errors. These may contain geometrical or geographical information to
describe various kinds of physical objects, like buildings, streets, or
even city areas.

Experts community have been reaching consensus on new standard-
ized international representations, to simplify communication and
interoperability [18, 28]. Among these efforts, some have emerged for
their high expressivity, and for being available in machine-readable
formats. A popular choice for modeling building is the Building In-
formation Modeling (BIM) [18] format, which provides a rich set of
features in a 3D representation defined over a relative coordinate
system. Conversely, more on the side of geographical wide-area rep-
resentations, CityGML [15] has become very popular. Its strength
founds on the capability of describing multiple city objects by using a
high-preciseness geographical coordinate system and with different
levels of details.

The development cycle of a system at the design phase rests on
some of these, depending on the goal. CityGML outstands alternatives,
providing a unified representation for all of them. Think of an architect
altering the design of a building or an urban planner changing the road

5



6 model-based engineering of city spaces

Figure 2.1: Various representation of digital models built by domain experts.

transport routes; these are domain-specific actions, ruled by domain
knowledge of the particular matter (e.g., transportation) enabled by
these models.

Despite useful in their fields, the latter mainly serve for static docu-
mentation or domain-specific purposes. Problems like scale, adaptabil-
ity, or runtime reasoning, which are primary concerns in composites
cyber-physical environments, have never been designing goals of these
representations. This lack becomes evident when they try to satisfy
some quality attributes related to more complex applications, like
changing the design in order to arrange an evacuation plan.

2.2 the analysis perspective

On the other side of the spectrum, Computer Science research has
achieved significant results in the field of Model-Driven Engineering
and Cyber-physical Systems (CPS) [49]. A compelling kind of CPS is
Cyber-physical Spaces (CPSp), which consider cases where the system
is within a physical space, and which support different types of analy-
sis thanks to the available well-defined formalizations [51]. These are
way simpler representations of the environment, where spatial assets
correspond to nodes and edges and where transformation rules can
enforce advanced properties on the system. These kinds of analyzable
models could be useful in the architectural domain [48].

For example, getting back to emergency planning, an expert might
simulate the evolution of an extreme event and discover the flaws of
their design. Moreover, CAD software could exploit them to support
the designer by visualizing the effects of the simulation or maybe even
suggest possible solutions to their problem.



2.3 the synchronization challenge 7

Unfortunately, migrating information from the domain is not trivial,
as architectural models usually include a wide variety of details that
are not relevant for the analysis, and that might significantly increase
the computational costs. Moreover, solutions suggested in the context
of analyzable models might not be easy to interpret by domain experts,
who neither understand the representation, nor the meaning of the
changes recommended.

2.3 the synchronization challenge

Synchronization among domain-specific and analyzable models seems
to be a reasonable solution to address the problem. One could ideally
work on the domain tools and models he is confident with, and an
automatic process might convert them, when needed, to perform more
advanced levels of analysis. After, when the reasoner finds valuable
suggestions, they could be propagated back and offered to the user
when suitable. Figure 2.2 illustrates this process.

Analyzable
Model

CityGML
Domain Model

Changes

Domain-Specific Design Validation & Processing

Synchronization

Changes

Sem
antic Dom

ainSo
ur

ce
 D

om
ai

n

Figure 2.2: Synchronizing different representations of City Spaces.

While this idea might sound simple, synchronizing two sources
of information at different levels of abstraction is not trivial at all.
The informational asymmetry means that in many cases, a change in
the more abstract representation might have multiple interpretations
in the domain. What is perhaps even more problematic, is the fact
that two independent procedures must be in place: one to migrate
the information from the source model to the abstract view, and
another to go the other way. This multiplicity generates multiple
issues in terms of Software Engineering. First, it means that bugs may
appear twice as frequently, resulting in longer times of development,
more testing, and more documentation. Moreover, keeping the two
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transformations consistent might become more costly over time: a
change in the representation on one side would require to update both
the programs to follow the new specification.

These traits might soon become impossible to overcome when deal-
ing with multiple domain-specific goals that would demand the devel-
oping of a pair of transformations for each of them.

2.4 a bidirectional approach

Although previous setbacks sound discouraging, we address the idea
in an alternative way. To deal with the synchronization challenge sys-
tematically, we rely on the Bidirectional Transformations (BX) theory.
The main idea at their core is to have a clear, formal definition of the
consistency relation among the two models. Once that is established,
various properties and theorems allow to assess the synchronization
level, or enforce consistency. Through that, we developed an open
development environment that should serve as the foundation for
next-generation domain-specific tools, combining the usability and ex-
pressiveness of traditional architectural models with advanced graph-
based reasoning facilities. We focus our attention on CityGML for
domain-specific models, since they already support a wide variety of
applications and can incorporate BIM [33].

We advocate that the combination of CityGML and Cyber-Physical
Spaces can bring promising results to the cause and shed new light on
the power of BX, which has been getting popularity in other applica-
tions, but has not been considered in this field yet.
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P H Y S I C A L S PA C E S A N D T H E I R R E P R E S E N TAT I O N S

The process of engineering space-intensive cyber-physical systems
must necessarily start from a representation of the spatial environ-
ment. Among the many different models that are used nowadays in
the domain of architecture and building engineering, we focused on
the CityGML standard, which provides the right level of flexibility
to represent a wide variety of scenarios. Conversely, the advances
in IoT technologies and public data have lead to the development
of new theories, like the one on cyber-physical spaces, to respond
to the upcoming demand for new service. Among the different de-
scriptions of cyber-physical spaces we focus on a machine-analyzable
data representation, grounded on an extensive and solid mathematical
theory [32]. Lastly, to bridge the gap between the two, we develop
a consistency relation among objects of them, which we enforce by
means of the bidirectional transformations technique.

In this chapter we get into the details of the models we mentioned
earlier. We start from our source models in Section 3.1, then we move
to the target/view models in Section 3.2. Finally, we devote the final
Section to a detailed presentations of the goals we want to accomplish,
in order to complete the background for a more formal analysis of the
problem in the next chapters.

3.1 citygml descriptions as source models

3.1.1 The advantages of CityGML

Among the many spatial environment descriptions typically available
in disciplines related to the construction and building industry, we
focus on CityGML. As an industrial standard, CityGML is particularly
well suited for our analysis for various reasons: firstly, it is being
developed by an open consortium, which is continuously analizing use
cases and application scenarios, providing a solid common language
for practitioners, and field-specific software companies. Moreover,
it is not only capable of representing city-wide spaces, but it also
encompasses buildings (i.e. Building Information Models, BIM [33]),
and provides a rich system for extending it with contents scoped
to the specific purpose for which it is being used. Lastly, its’ rise in
popularity and the increased availability of public data, has lead to
the release of many 3D city models of real cities, together with a
set of tools to validate the representation, generate demo data and

9



10 physical spaces and their representations

compatibility bridges to import and export CityGML representation
among most of the softwares related to the field.

Up to date, it has been successfully adopted with the purpose to
analyze and take actions in a growing number of scenarios includ-
ing urban planning, emergency management, traffic noise simulation,
navigation systems, urban solar potential estimation, or visual com-
munication [12, 42].

3.1.2 An overview of the CityGML standard

To get a view of how CityGML models work, we will briefly describe
here its’ basic properties. The key idea on which it founds is the combi-
nation of submodels with three specific objectives (i.e., space, purpose,
and appearance) at five possible levels of details, which can even
coexist for the same model whenever it is useful for applications [15,
28].

Figure 3.1: CityGML 2.0 levels of details as presented from the specifica-
tion [15].

The Spatial model is the fragment of the specification responsible
for the geometrical aspects of the model. It is grounded on the GML
geographical language and provides the foundations for 3D represen-
tations of city objects; each CityGML object must have a representation
in the spatial model since it is key for visualization and geographic
applications. Figure 3.2 shows the main features.

The Appearance module is the component of the specification respon-
sible for giving city objects the intended visual look. Every city object
can have an appearance, even though it is not mandatory to have one.
It plays a primary role in scenarios related to urban planning and
gaming.
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<<Geometry>>
gml::Point

+ position: gml::DirectPosition [1]

<<Geometry>>
gml::CompositeSolid

<<Geometry>>
gml::_Solid

<<Geometry>>
gml::_Geometry

<<Geometry>>
gml::Polygon

<<Geometry>>
gml::_Ring

*

<<Geometry>>
gml::_GeometricPrimitive

<<Geometry>>
gml::_Surface

<<Geometry>>
gml::_Curve

<<Geometry>>
gml::Solid

solidMember

*

1..*

<<Geometry>>
gml::CompositeCurve

curveMember

*

1..*

<<Geometry>>
gml::Surface

<<Geometry>>
gml::_SurfacePatch

<<Geometry>>
gml::CompositeSurface

<<Geometry>>
gml::LineString

+ position: gml::DirectPosition [2..*]

<<Geometry>>
gml::OrientableSurface

+ orientation: gml::SignType [0..1]

surfaceMember 1..*

*

baseSurface0..2

*

0..1
0..1

exterior
interior

1
0..*

<<Geometry>>
gml::Triangle

<<Geometry>>
gml::Rectangle

<<Geometry>>
gml::TriangulatedSurface

<<Geometry>>
gml::TIN

+ stopLines: gml::LineStringSegment [0..*]
+ breakLines: gml::LineStringSegment [0..*]
+ maxLength: gml::LengthType [1]
+ controlPoint: gml::posList [1]

<<Geometry>>
gml::LinearRing

+ position: gml::DirectPosition[4..*]

exterior

exterior

exterior 1

1

1

*

* *

* *interior

*

1 trianglePatches

Figure 3.2: The main geometrical features of the CityGML spatial model.
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Lastly, the Thematic model is the most significant part of the specifi-
cation. It binds together the spatial description and the appearance
and gives them the semantical meaning of city objects. It has a mod-
ularized approach, in which the Core has the fundamental features,
which are then extended by modules scoped on specific aspects of the
environment (like the Building module, the Transportation module,
the Vegetation module, etc.).

<<Feature>> 
_CityObject

+ creationDate: xs::date [0..1] 
+ terminationDate : xs::date [0..1]
+ relativeToTerrain : RelativeToTerrainType [0..1]
+ relativeToWater : RelativeToWaterType [0..1]

<<Feature>> 
CityModel

<<Feature>> 
gml::_FeatureCollection

<<Feature>> 
gml::_Feature

<<Feature>> 
luse::LandUse

<<Feature>> 
dem::ReliefFeature

<<Feature>> 
veg::_VegetationObject 

<<Feature>> 
frn::CityFurniture 

<<Feature>> 
wtr::_WaterObject 

<<Feature>> 
gen::GenericCityObject 

<<Feature>> 
_Site

<<Feature>> 
tran::_TransportationObject

<<Feature>> 
grp::CityObjectGroup 

<<Feature>> 
bldg::_AbstractBuilding

<<Feature>> 
tun::_AbstractTunnel

<<Feature>> 
brdg::_AbstractBridge 

cityObjectMember
*

*

generalizesTo

*

*

Figure 3.3: CityGML 2.0 Core features addressed by our framework.

3.1.3 Extending the CityGML standard

The final aspect of CityGML that we want to point out is the flexibility
it introduces, by providing a way of defining an Application Domain
Extension (ADE), in which application requirements related to the city
models can be described, while the enriched models still comply to the
specification [11]. ADEs are formally defined extensions, specified in
XML Schema Definition (XSD) or Unified Modeling Language (UML),
capable both of adding new properties to existing CityGML classes and
of adding entirely new classes and data types. For example, an ADE
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can be a set of extra attributes and elements nested into a standard
CityGML model, to extend the capability of CityGML buildings to
fully support Building Information Modeling descriptors. This also
includes adding extra elements within the ADE, which reference
standard CityGML objects and describe new relationships among
them. These extensions can be arbitrary, ranging from geometrical
aspects like shadow orientation to process-specific, like historical
priority. More than 40 ADEs have been developed so far, with purposes
including noise propagation, energy distribution, spatial topology and
time variation among the others. Table 3.1 shows a summary of known
ADEs defined in XSD. Refer to [11] for an extensive, yet non-exhaustive
presentation.

ADE Purpose Origin

1 Energy ADE Application Europe

2 Energy Efficiency ADE Application Italy

3 Noise ADE Application Germany

4 Road Traffic Noise ADE Application India

5 Robotics ADE Application Japan

6 UtilityNetworkADE Application Germany

7 CAFM ADE Application Germany

8 Immovable Property Taxation ADE Application Turkey

9 Cultural Heritage ADE Application Italy

10 Indoor ADE Application Korea

11 IMGeo ADE Generic Netherlands

12 INSPIRE ADE Generic Germany

13 ACRoof ADE Generic China

14 CityGML iTINs ADE Generic Netherlands

15 GeoBIM Generic Netherlands

16 3D Metadata ADE Generic Netherlands

Table 3.1: Known ADEs currently defined in XSD.

3.1.4 CityGML role in our framework

Despite being valuable sources of information, CityGML models’ vol-
ume and domain-oriented design, make it challenging to consider
them as a data source for complex analysis and operation, requiring
huge application-specific pre-processing and post-processing. Our
technical framework has been designed under the idea of automat-
ically migrating both changes to the standard CityGML thematic
features, shown in Figure 3.3, and a given ADE.
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To the best of our knowledge, despite the many CityGML ADEs
available neither tools nor data are readily accessible for any of them as
of today and, therefore, a pre-processing step is still needed to prepare
the source information describing application-specific relationships,
by referencing objects of the original city model. In the next section,
to simplify the discussion, we will assume the key() and children()

functions are properly defined to providing a unique identifier of the
CityGML feature and retrieving a list of sub-features respectively.

3.2 cyber-physical spaces as target models

3.2.1 Key characteristics of cyber-physical spaces

The analyzable models that we target are formally modeled topolog-
ical structures specifically aimed at cyber-physical systems, termed
CPSp [48, 49]. CPSps are composite environments characterized by
the coexistence of physical and computational entities. They are a
powerful tool for expressing requirements and dynamics of modern
cyber-physical systems. The advantage of these structures relies in
the way they have been established in the literature: not only they
might have different representation, depending on the context and
the goal of the applications, but in all those cases they make use of
formally defined representations, which allow to guarantee or prove
the properties of interest for the specific settings.

We opted for this generic graph-based target model because of (i)
its flexibility and applicability to various types of analyses and (ii) its
formal semantics, allowing for a precise definition of the correctness
of a transformation.

3.2.2 Cyber-physical spaces as bigraphs

Among the different formal semantics commonly used to describe
cyber-physical spaces, we focused on a process meta-calculus called
bigraphs [32], which, in our view, provide a solid albeit easily un-
derstandable representation of them. The main idea of bigraphs is
pretty simple: they can be described as the superimposition of two
graphs (an hypergraph and a forest) defined over the same nodes; one
describing some kind of containment relationship among nodes and
the other describing any sort of links among them. Moreover, they
provide a very convenient representation in terms of diagrams, like
the one in Figure 3.4.

More formally, a bigraph is a 5-tuple:
(V, E, ctrl, prnt, link) : 〈h, X〉 → 〈k, Y〉

where V is a set of nodes, E is a set of edges, ctrl is the control map
that assigns controls to nodes, prnt is the parent map that defines the
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Figure 3.4: An example of a visual representation of a bigraph from [32].
Controls (A,B,C) help to identify nodes (represented here as
circles). Dotted squares represent interfaces for connecting with
other graphs and the green arcs represent the links.

containment of nodes, and link is the link map that defines the link
structure. The notation 〈h, X〉 → 〈k, Y〉 indicates that the bigraph has
h holes (sites) with a set of inner names X, and k regions with a set
of outer names Y; the first couple defines the inner interface of the
bigraph while the second one defines the outer interface.

For a more detailed look of their definitions, and proofs, and partic-
ularly for the category-theoretical analysis, the interested reader may
refer to the vast body of literature on the topic [32].

3.2.3 Bigraphs in our framework

To simplify the analysis, we ignore some aspects of bigraphs, namely
controls and interfaces (i.e. sites, names and regions), since they are
not crucial to our context, despite they could be object of future work,
in order to develop some refinement tools in designing constraints
over city models. Scoped to our framework, bigraphs can be described
in terms of the following components:

• A set of labelled nodes v ∈ V which represent the elementary ob-
jects of the environment, labelled with a pair (identifier, type).

• A place graph as a tree: given the structure of CityGML models,
we can simplify the discussion, considering that the containment
relation develops from a single root representing the CityModel

and, thus, the theoretical forest degenerates to a tree.

• A link graph is a hypergraph defined over the same set of nodes.
Hyper-edges link any number of nodes; this graph represents
generic links (i.e. many-to-many relationships) among nodes.
Place and link graphs are orthogonal, and edges between nodes
can cross locality boundaries.
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In subsequent chapters of this work, we will assume that a key(v)

function returning the label of a node is properly defined. In additon,
we suppose that findNode(k, S) is a function that returns a node v from
the set S labelled with k, while in a similar fashion, findLinks(k, S)
will allow us to find the links connecting a given node. Ultimately,
we will refer to child(n) for a node that has n as a parent in the
containment relationship.

3.2.4 Fitness of bigraphs as target analyzable models

We advocate that bigraphs suit our analysis and synchronization goals
particularly well; they allow us to achieve the level of expressiveness
needed by key topological characteristics while keeping a high level
of flexibility: the place graph defines a hierarchical structure, allowing
us to model the locality in space of the city objects in terms of topolog-
ical nesting, while the link graph can represent arbitrary connections
among nodes (i.e. some other topological relation), enabling the repre-
sentation of application-specific relations. Moreover, the key strength
for analysis of bigraphs relies in the Bigraphical Reactive System (BRS),
which extends the static bigraph description with formal semantics for
expressing dynamic behaviour via reaction rules. This way, the user of
the model can reason over possible future topological configurations
of the cyber and physical spaces that are reachable from the current
one, yielding a branching structure, just like in graph transformation
systems. For more details about the connections between BRS and
graph transformation systems, one can refer to [22].

3.3 achieving synchronization

Before getting into the details of the bidirectional transformations we
defined between the models presented in Section 3.1 and Section 3.2,
we want to stress out the key features we would like to achieve, as
well as the main problems that emerge even before addressing the
issue.

3.3.1 Design Goals

In our view, model-based engineering of cyber-physical space-dependent
systems should convey the following design principles, which underlie
our design of a bidirectional transformation between the two models:

1. Interoperability with well-established domain-specific standards
and data models, namely GIS and BIM as used in practice;

2. Provision of an actionable representation of the model in a non-
domain-specific language that can enable complex analysis, in
our case cyber-physical space reasoning;
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3. Automatic composition of changed and unchanged parts of
the model in a suitable way (i.e. well-behaved transformations),
highly pertinent to both support design activities and runtime
model operations;

4. Decoupling of independent levels of reasoning (e.g. topolog-
ical from geometrical) whenever possible, since those can be
considered as being on different levels of abstraction.

3.3.2 Design Challenges

When dealing with the problem of establishing a synchronization
between an abstract model and a concrete, or reified, one, while the
abstraction process can expose some issues, it is the reification one that
brings the greatest difficulties. To get the intuition of this, consider
that we have on one side a highly detailed model of a city, with
buildings, roads, traffic lights, and each of these has details about
its shape, its height, its position, etc. On the other side, however,
we have a set of nodes and edges, only representing the minimal
semantic meaning we are interested in (for example we have 5 nodes
representing buildings, 2 representing roads, and a couple of edges
connecting them to express the proximity of buildings to a given road).
Now, a fully automated abstraction program can easily be developed,
as it just has to throw away irrelevant details. On the contrary, reifying
a node and its edges into a 3D model coherent with the city is not
trivial at all. All sort of problems may arise (e.g. what color should it
be? How tall? How many doors? etc.), some of which may even be
meaningless in the specific context of the application. It is therefore
very clear that the reification problem, also called putback process in
bidirectional programming context, deserves a special attention, since
it requires new information to be generated in order to fill missing
details and produce a meaningful and consistent result in terms of
practitioners’ knowledge.

In the following, we illustrate how the above challenges may be
tackled by designing and implementing a consistent and well-behaved
bidirectional transformation (BX) between source city models and
analyzable models which, by design, properly propagates changes
when either one of the models is modified.





4
B I D I R E C T I O N A L T R A N S F O R M AT I O N S D E F I N I T I O N

To address the problem of migrating information from one represen-
tation to another, we need a clear idea of what is what, in the sense
that we need to clearly define which parts of an object of the source
representation have a corresponding equivalent in an object of the
target representation. In the mathematical context, this kind of law is
referred as an equivalence relation among two objects. Bidirectional
Transformations have established as a theory willing to achieve exactly
that goal: stating when (and to which extent) objects of the source are
equivalent to objects of the view. The most intuitive name by which
this equivalence problem is referred in the literature, takes the name of
"consistency relation", among two (or more) sources of information [24].

This chapter focuses on this fundamental issue: we start by specify-
ing the consistency relation among our models of interest in Section 4.1,
then we move to defining the routines to enforce such specification
in Section 4.2, and lastly we discuss the theoretical implications (and
limitations) of our approach in Section 4.3. We defer implementation
details of the procedures shown here to Chapter 5.

4.1 consistency specification

4.1.1 Consistent Model Transformations

Bidirectional transformations BX is a development theory for maintain-
ing the consistency relation between models. A general methodology
to deal with that, when restricting the attention to pairs of models,
is the one of asymmetric lenses [24]. Asymmetric lenses, in practice,
consist of a pair of transformations get and put [20]. The forward trans-
formation get(s) is used to produce a target view v from a source s,
while the putback transformation put(s, v) is used to reflect updates
from the view v to the source s. We call them asymmetric because
the role of the two models is very different. We say that on one side,a
model which has more information than the other is our source, while
on the other side we have just a subset of the information, which
we call view. A lot of the studies on Bidirectional Transformations
have been centered on defining a clear set of properties that these two
transformations should (or should not) have, in order to make sure the
transformation satisfies some degree of correctness. The key property
of our interest is the well-behavedness, which can be defined as follows.
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Definition 4.1.1. An asymmetric lens (get,put) is said to be well-
behaved if the following round-tripping laws hold:

put(s, get(s)) = s GetPut

get(put(s, v)) = v PutGet

The idea of Definition 4.1.1 is not new in Computer Science and in
fact it resembles, in a sense, the ideas of context-freeness in formal
language theory, of stationarity in systems theory and of the Markov
property in stochastic processes.

More precisely, the GetPut property requires that no change of the
view shall be reflected to no change of the source, while the PutGet

property requires all changes in the view must be completely reflected
to the source so that the changed view can be recomputed -exactly
identical- by applying the forward transformation to the updated
source. As the reader might have noted, in both cases we require that
neither the context nor the time of the transformation, will have any
effect on the result of the transformation.

4.1.2 Defining City-Graph Equivalence

Put in context of the models we investigate, the consistency relation
can be formally specified as follows.

Definition 4.1.2. Given s, s′ elements of the CityGML model, given r
relationships defined in the CityGML ADE of interest and v, v′ nodes
of the bigraph, we can say that s and v, where key(s) = key(v), are
synchronized (s 
 v) if and only if, the following conditions hold:

A.1 instanceOf (s, _CityObject) ∧ instanceOf (v, Node)

A.2 isContained(v, pv)→ childOf (s, ps) ∧ ps 
 pv

A.3 isLinked(v, v′)→ holds(r, s, s′) ∧ s′ 
 v′

Statement A.1 prescribes the types of the objects of the transfor-
mation, this is checked by the predicates istanceOf predicate, where
_CityObject refers exactly to the abstract class presented by CityGML
specification (check Section 3.1 for details), while Node represents
Bigraph nodes as described in Section 3.2. Statement A.2 requires that
to every node v which is situated in the place graph (isContained) of
a node pv, corresponds a CityGML object s which is a direct child
(childOf ) of a parent node ps, which was previously synchronized
to pv. Lastly, Statement A.3 defines the connection between the link
graph and the CityGML ADE: it states that every link (isLinked) from
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v to a node v′ that was previously synchronized with s′, must have a
corresponding relationship r that holds between s and s′, supposing
some application-specific meaning is somehow in place as well.

To help analyze the routines for checking consistency, we define
now two auxiliary definitions which will prove useful later on.

Definition 4.1.3. A source model S is place-consistent with respect to a
view model V if both A.1 and A.2 are satisfied.

In the same fashion, we can say that

Definition 4.1.4. A source model S is link-consistent with respect to a
view model V if both A.1 and A.3 are satisfied.

And to summarize the Definitions 4.1.3, 4.1.4 we say that

Definition 4.1.5. A source model S is consistent with respect to a view
model V if it is place-consistent and link-consistent at the same time (i.e.
the models are synchronized).

By a closer look to the previous discussion, the reader might realize
that the place-consistency has been fully formalized and, therefore, it
can always be checked without ambiguity. On the other hand, link-
consistency relies on the informal holds predicate, which cannot be
in principle solved unambiguously, since it is application-specific.
This not-completely formalized approach is not new in BX, since, in
some cases, local correctness checks (sometimes also called black-box
operations) are needed in order to achieve consistency [45]. More
information about the implications of the level of formality of our
approach will be provided in Section 4.3.

4.2 consistency enforcement

4.2.1 Preliminary analysis

We will now see how to make sure these conditions hold. To do
that, Algorithms 1 and 2 give the high-level idea of the key things to
verify from Definition 4.1.2. Details about unmentioned aspects need
less theoretic considerations and will therefore be directly presented
together with their implementation in Chapter 5.

The three conditions described are enforced by our framework in
the same order as presented. To make sure Statement A.1 holds, we
simply rely on the Type checking system of the language we used. If
the types of the objects provided are wrong, a run-time error prevents
the execution of the transformation. If the types are right, we move on
to checking (and repairing) the place-consistency and lastly we repair
the link-consistency. We now present the algorithms to do that on the
putback perspective which, given a CityGML source element s ∈ S
and a node v ∈ V of the bigraph, return an updated version of the
CItyGML source element s′.
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4.2.2 Enforcing Place-Consistency

Algorithm 1 performs the first sweep of the synchronization logic,
which starts from the root of the city model and from the outermost
node of the bigraph, traverses the two structures at the same time
and repairs the differences by adding source elements when they are
missing in the source or removing them when not in the view. Then
the procedure is mapped to the children. At the end of the execution,
the source model elements will be at the position corresponding to
the view nodes, which means the models will be place-consistent (i.e.
conditions A.1 and A.2 must hold).

Algorithm 1 Containment Graph Syncing

function syncCont(s :: _CityObject, v :: Node)
for all o ∈ children(s) do

if key(o) /∈ children(v) then
REMOVE(s, o)

else
syncCont(o, findNode(key(o), children(v))

end if
end for
for all n ∈ children(v) do

if key(n) /∈ children(s) then
ADD(s, n)

end if
end for
return s

end function

4.2.3 Enforcing Link-Consistency

Algorithm 2 represents the second sweep of the synchronization. It
starts from the assumption that the models are already place-consistent.
From the root of the city model and the outermost node of the bigraph,
it checks whether there is correspondence between CityGML ADE
relationships and bigraphs links or not. When a mismatch is found, a
repairing procedure is triggered which attempts to repair it based on
the set of links that are present in the view. Note also that the fact that
the same relationships exist in the source is not sufficient, as they must
also be relating the same elements referenced by view nodes. The
same logic is mapped to the children nodes, until the source model is
link-consistent (i.e. A.3 holds).
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Algorithm 2 Link Graph Syncing

function syncLinks(s :: _CityObject, v :: Node)
rs := getRelsWith(s)

ls := getLinksWith(v)

for all l ∈ ls do
if key(l) ∈ rs then

rel := findRel(key(l), ls)
for all n ∈ nodes(l) do

if key(n) /∈ rel then
UPDATE(n, ls)
break

end if
end for

else
UPDATE(n, ls)

end if
end for
for all r ∈ rs do

if key(r) ∈ ls then
link := f indLink(key(r), ls)
for all o ∈ objects(r) do

if key(o) /∈ link then
UPDATE(n, ls)
break

end if
end for

end if
end for
repeat syncLink() on children
return s

end function
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Lastly, ADD, REMOVE, UPDATE procedures in Algorithms 1 and 2, rep-
resent a simplified version of the Application Policy actions, which
play an important role in the transformation since they provide the
application-specific meaning to the repairing procedures. We will now
analyze them more in detail, but the goal here was to just highlight
the idea behind the transformation. For implementation details and in-
depth looks at the interfaces Application Programming Interface (API),
the interested reader can refer to Chapter 5 and the accompanying
artifact.

4.3 dealing with domain-specifics

4.3.1 Consistency Design Issues

We designed Algorithms 1,2 to check that all the elements of the
two models are in the right place and that they satisfy the consis-
tency conditions of Section 4.1. However, two important aspects have
been disregarded and need more considerations. Firstly, in condi-
tion A.3 we used the predicate hold which has not been formalized
explicitly. Moreover, ADD, REMOVE, UPDATE operations have been used
in Section 4.2 without any description about how they work.

About the holds predicate, the reason of this informal approach
is actually quite simple: the problem is that stating that a CityGML
ADE relationship between two CityGML has a twofold meaning. From
the syntactic point of view, it means that an XML node of the right
type, referencing the right elements is present; this can be formalized
and can be (and in fact it) easily checked automatically. From the
semantical point of view, however, since CityGML ADEs’ role is usu-
ally to provide connections with external data or information, there
will be application-specific requirements which are, in general, not
known. Concerning the ADD, REMOVE, UPDATE operations, we stumble
in a related issue: when reifying view changes in the source, we must
generate some extra information in order to end up with a correct
model of the source space. This information, will likely affect domain
experts’ decisions regarding other aspects of their design, and it is
therefore advisable that the reification strategy for new or removed
objects can be influenced by developers interacting with our frame-
work, depending both on the purpose of the specific object and on
application scope and requirements.

4.3.2 Application Policy

We envisioned an Application Policy which is the component ultimately
appointed for verifying that task. We assume that depending on the
development context and application goals, developers might need
different policies, in order to exploit various insight they might have
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about the objective of the transformation. We defined a small set of
clearly scoped interfaces of the Application Policy, which we called
actions. Each action can access some restricted information that can
be useful in order to achieve its goal. It is important to note that
the interface of the action is strict, which means they are required to
produce an output that does not break the previous assumptions on
the type and on the structure.

The following actions have been defined:

• ADD(s :: _CityObject, v :: Node) :: _CityObject

which is bound to generate missing objects of the source. To
that extent, it has access to all the information available from
the parent of the target object. It is also allowed to change its
actual representation (this is needed in some applications such
as keeping spatio-semantic coherence) and it must return a new
child having the key and type provided by the respective bigraph
node.

• REMOVE(s :: _CityObject, v :: Node) :: _CityObject,

which symmetrically to ADD has the purpose of removing extra
objects from the source. It has access to the same information
with the same constraints, albeit in this case it only returns the
updated representation of the parent.

• UPDATE(s :: _CityObject, v :: Node) :: _CityObject

is the most general action, responsible for both updating ADE
relationships and potentially changing the representation of
the current object. The problem of correctly reflecting a set of
links may be very hard to solve in general. For this reason,
our framework makes two simplifying hypotheses. Firstly, we
assume that a change in a relationship (or the definition of a new
one) can be fully expressed in terms of separated updates to the
objects corresponding to the different nodes of a link. Moreover,
we assume that the information required to address this task is
limited to the subgraph of nodes and links related to the current
one.

We end this chapter with some consideration about the UPDATE

action and the reasons that support its design. The general idea of
Application Policy actions is to reformulate a problem originating in
the original domain space (i.e. a change to do at the city) into a more
compact form where only a subspace of interest is taken into account
(only the building raising the problem and the ones "nearby" it). This
sub-problem is not necessarily simpler than the one in the original
space, but it is defined on much less elements (depending on the
number of links of the current node).
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To get a concrete understanding of the issue, imagine a setting like
the one in Figure 4.1: let’s say we want to add a tunnel that connects
buildings A and B. Figure 4.1c shows the bigraph expressing this
requirement. To reflect the changes back to the city model, let’s say
we start iterate the putback procedure starting from the building A;
there are clearly many alternative solutions, some of them are shown
in Figure 4.2.

C

A B

(a) A simple city with three buildings.

A B

C

(b) The corresponding view generated.

A B

C

T

(c) The updated view.

Figure 4.1: A typical problematic case. There are three buildings in our city
(a), and we start to analyze them without any extra relationships
- no links in view (b). Then we decide we want to connect A and
B with a tunnel T (c).

By looking at the picture, one can see that there could be theoreti-
cally multiple (actually infinite) solutions to the problem. Our UPDATE
action would only allow solution (a), because solutions (b) and (c)
would require to change the shape or the position of nodes different
from the current one, which are two illegal operations for our Appli-
cation Policy. In the most degenerate case, a solution may even result
in a completely different configuration of the city space, where for
example the position of every object in the city is changed in order
to satisfy a requirement. In such cases it would become meaningless
to synchronize the two models because, as it is even harder to say
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Figure 4.2: Despite all these solutions are formally correct, only solution (a)
is reasonable, since it does not require to move other buildings or
to change their shapes.

that we are talking about the same model as the beginning. It must
be noted that transformations like case (b) and (c) might indeed be
useful in some cases. However, we did not find, to date, any suitable
case scenarios for them and the limiting factor of this assumption is
still a matter of active investigation.
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T O P O C I T Y B X F R A M E W O R K

After having presented the models of our interest in Chapter 3 and
the laws over which we defined a consistency relation among them
in Chapter 4, it is time now to see the details of Topocity, the BX
framework we implemented to reflect the transformation we defined
earlier.

We thought a powerful choice for the language of the framework
was the Haskell language. There are two main reasons supporting
this choice: firstly, the functional approach seemed well-suited to deal
with transformation, which is indeed defined in terms of functions.
Moreover, it felt more natural to integrate with the BiGUL [27] li-
brary, which is a putback-based BX language developed as an Haskell
Domain-specific Language (DSL). The primary strength of BiGUL is
that, in contrast with other BX techniques, it is designed to automati-
cally derive the get direction of the transformation, given the put code.
This means that developers have to implement just the backward/put-
back transformation from the view to the source, and the forward one
comes for free. In this Chapter, we will analyze the different aspects
of our framework, starting from a broad picture of both internal and
external components of Topocity in Section 5.1, then we will have
a look at some key points of the implementation in Section 5.2 and
lastly, we will see how to use the framework in practice in Section 5.3.
Note that Topocity is freely available online and is still under active
development 1.

5.1 topocity architecture

Topocity’s main components are shown in Figure 5.1; its modular
design allows for external component development and integration.

The functioning of Topocity revolves around two models, a source
CityGML description as input, and a bigraph view representing the
Cyber-physical Space as output. We will now present the different
components of Topocity, by breaking it down to the functional layers
that are traversed in getting from one model to the other, as show in
Figure 5.1. It should already be apparent, by looking at the picture,
that the modular design allows for easy changes to support external
components and integrations.

• HXT is the most popular library for handling XML files in
Haskell. Its abstract approach allows to choose from different

1 For more up to date information about Topocity, refer to https://topo.city

28
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Figure 5.1: Combined view of architecture and dataflow of Topocity. Dotted
boxes represent external components.

parsers depending on the context and to define data-binders
from/to XML nodes. We used it to to perform basic I/O loading,
storing and parsing of the CityGML files, as well as for the
underlying engine of the data-binding library.

• citygml4hs is an independent project maintained by the authors
of this work. The idea is to replicate the citygml4j library released
by some of the people working at the CityGML specification. Its
goal is to provide a full semantic typed data structure, along with
basic helper functions like the key method described in previous
chapters. While this component is not crucial in terms of the
strict requirements of the transformation, it plays an essential
role in terms of non-functional requirements, since it provides a
more actionable representation easily exploitable by third-party
software.

• The Abstraction & Reification interface is the software component
delegated to deliver a common representation of citygml4hs
types. The underlying idea is that instead of building a separated
BX for each type of the source, it makes algebraic transformations
to generate a more abstract representation starting from the
source, which can be easily converted back to the original format.

• Place-Graph BX is the first sweep of the synchronization process.
It implements Algorithm 1 in BiGUL, i.e. it synchronizes the
nodes and the place graph with the source.
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• Link-Graph BX is the second sweep of the synchronization pro-
cess, and it makes use of BiGUL primitives as well to implement
Algorithm 2. In contract with the previous algorithm, it synchro-
nizes only the link graph with the source. However, this process
could be more complex than the previous one, as a graph might
be a lot convoluted, and therefore it might have to reiterate many
times over the same node, in order to check all the subgraphs
containing that node.

• Application Policy is the primary container of framework API ac-
tions. The main ideas have already been presented in Section 4.3,
the interested reader might refer to the project website for more
information.

5.2 key implementation points

5.2.1 Data Types

Before looking at the code of the transformation, it is interesting to
discuss a little about the data types over which it is defined. For
starters, the source data structure is supplied by the citygml4hs library,
in particular the CityGML _CityObject type is defined as follows:

data CityObjectMember = Site Site

| Veg VegetationObject

| Gen GenericCityObject

| Wtr WaterObject

| Tran TransportationObject

| Dem ReliefFeature

...

deriving (Read, Show, Eq, Data, Generic, Identifiable)

Listing 5.1: citygml4hs core implementation of _CityObject

Notice that, not only it uses a different type for each kind of city
objects (allowing for strategies where only some types may be filtered).
The important addition of the library is the Identifiable class, which
provides a unique ID for the object (if possible) by considering the
identifier hierarchy defined in the CityGML specification.

However, to reduce the complexity of the data structure to be trans-
formed, the Abstraction interface transforms them into the following,
more practical data structure:

type AbsCity = (NTree AbsCityNode, [AbsRelation])

type AbsCityNode = (UID, (Type, Data))

type AbsRelation = (UID, (Type, [AbsCityNode]))

Listing 5.2: ADT of city data
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UID, Type and Data are simply some special strings representing
the identifier, the object type and the internal data of each object
respectively, while NTree is just an n-ary ordered tree data structure,
commonly used in Haskell. As it should be apparent from the types,
the idea of this intermediate data structure is just to highlight the
predominant features of interest, in a structure of pairs of the kind
(head, tail), which is a quite convenient data structure for subsequent
processing.

Finally, the output data structure representing the Bigraph is shown
now. Note that this is has been conventionally decided by the authors,
since, at the time of writing, no standard representation has been
already defined for this special kind of graphs.

type BiGraph = (PlaceGraph, LinkGraph)

type LinkGraph = [BiGraphEdge]

type PlaceGraph = NTree BiGraphNode

type BiGraphNode = (UID, Type)

type BiGraphEdge = (UID, (Type, [BiGraphNode]))

Listing 5.3: Bigraph ADT

The similarities between this and the previous definition should
be quite evident. This structure is equivalent to the previous one,
except for having dropped the Data field. That is in fact the primary
difference between the two structures, since the bigraph is just some
sort of projection that only selects a subset of the information. In
principle, however, other difference could be introduced, for example
city object types and bigraph nodes’ types might be using different
datatypes.

5.2.2 BiGUL Programs

We have seen that the source and the view can be represented in a
similar way without any irreversible (i.e. lossy) transformation. Our
objective now becomes to migrate the information from one part to the
other while keeping the correspondence as defined in Sections 4.1,4.2.

Concerning Condition A.1, we defined the following equivalence
relation:

equiv :: AbsCityTree -> PlaceGraph -> Bool

equiv a b = check1 (tKey a == tKey b)

tKey :: NTree (UID, a) -> UID

tKey (NTree d _) = key d

Listing 5.4: Equivalence relation between s and v
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The check1 function checks whether a predicate defined on two
trees is true up to the first level of the tree, which in our case means
that it checks whether the keys of both the root and the children of
the two trees are the same. In this way we are sure that when the
equivalence holds, we are at least talking about the same object.

a Place-Graph BX

This equivalence is directly exploited by the Place-Graph BX, which is
encoded in this way:

syncTree :: BiGUL AbsCityTree PlaceGraph

syncTree = Case

[ $(adaptive [|\s v -> not (equiv s v)|])

==> \s (NTree _ vcs) -> syncChildren s vcs

, $(normal [| equiv |] [| noCond |])

==> $(update [p| NTree (i, (t, _)) cs |]

[p| NTree (i, t) cs |]

[d| i = Replace; t = Replace; cs = align |]

)

]

Listing 5.5: Place graph BX code

The last piece of code may not be easy to understand even for expe-
rienced Haskell programmers. That is because it exploits the Template
Haskell notation used by the BiGUL language. We will not analyze
all the elements of the code here, but we will just give the general un-
derstanding. The Case[a] BiGUL operator resembles the switch/case

construct of procedural languages: it takes a list of pairs of the kind
(pattern, operation). The idea is that if the function parameters match
the pattern (defined by $(•)), then the operation after the ==> is per-
formed. Note the normal keyword: it is the equivalent of a procedural
case having a break at the end, while adaptive corresponds to a
case after which, if matched, the program continues checking against
subsequent patterns in the list.

Put it simply, the idea of the adaptive branch is to verify that both
the current element and the children have the correct ID. If it is not
the case, then it means that there might be new or missing nodes in
the view and therefore, the syncChildren function aligns the two lists
by exploiting Application Policy actions to create/remove nodes in
the source. Conversely, the normal branch is activated each time both
the source tree children and the view tree children have the same id.
When this happens, the source type is updated to the one of the view
and the syncTree procedure is mapped to the children (which means
each of them will execute it on its children, and so on recursively).
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b Link-Graph BX

After having repaired the models in Listing 5.5 so that Conditions A.1,A.2
hold, it is time to synchronize the last part of the bigraph (i.e. the
links). The procedure is not dissimilar from the previous one:

syncGraph :: BiGUL AbsTopology AbsHypergraph

syncGraph = Case

-- If the graphs are different, update source by using policy p

[ $(adaptive [|\(NTree (_, ls) _) (NTree (_, ls’) )

-> not (ls ‘equivLink‘ ls’) |])

==> \s (NTree (_, vls) _) -> p s vls

-- else, replace the data and map the algorithm to children

, $(normal [|\(NTree (_, ls) _) (NTree (_, ls’) _)

-> ls ‘equivLink‘ ls’ |]

[| noCond |])

==> $(update [p| NTree ( (i, (t, _)) , ls) c |]

[p| NTree ( (i, t ) , ls) c |]

[d| i = Replace; t = Replace;

ls = align2; c = (align p) |]

)

]

Listing 5.6: Link graph BX code

To understand how syncGraph works we must first clarify why it
is working on different data types than the ones presented in List-
ings 5.2,5.3. The reason is just efficiency: AbsTopology and AbsHypergraph

are just alternative representations of [AbsRelation] and LinkGraph

respectively, which are indexed on nodes, instead of relations/edges.
The reason for this choice is the assumption that it is more convenient
to loop over nodes instead of edges, since, after all, edges might not
have a physical representation, but can indeed affect the way the nodes
are represented as city objects.

The logic of the code is structurally equivalent to the one of List-
ing 5.5. The only difference is that we now are not comparing nodes
but links defined on them, and take action when a mismatch is found.
The policy action, here represented as p, corresponds to the UPDATE

action presented in Section 4.3. The important thing to note is that it is
the most powerful action, since it is not activated on a single object, but
it takes as input a sub-graph. This graph is composed of the current
node and the set of links (with corresponding nodes) defined on it,
and has the goal of providing a representation of the corresponding
city objects that satisfies the set of contraints the links define.



34 topocity bx framework

The procedure terminates with a CityGML model that is syntacti-
cally consistent with the current bigraph and semantically meaningful
if a proper Application Policy is in place, so that also Condition A.3
is true. For more information of BiGUL specific operators like Case

or Replace, and how it generated the get code from the put one, the
interested reader might refer to [27] or related work.

5.3 practical exploitation

Now that the most interesting details of the implementation have been
unveiled, we show how to use the framework in practice. Note that,
since the library citygml4hs is still at an early stage of development,
source data might need to be pre-processed in order to be compliant
with the data format supported by the library. We also report some
publicly available data repositories so that users can choose the city
model they are most interested in.

5.3.1 Usage Guidelines

Before running Topocity, there are two software prerequisite:

• Git: a git client to pull the repository publicly available at https:
//github.com/ennioVisco/topocity.

• Haskell Stack, the cross-platform Haskell environment for com-
piling and running the framework.

• A CityGML source data model.

• A suitable Application Policy. Note that a trivial one is provided
by the framework by default, even though it should not be used
if not for basic demos.

To execute the transformation, one can follow these simple steps:

1. Loading the source model (which is the pair of a CityGML and
CityGML ADE description) by calling e.g., load(city.gml, ade.gml).

2. Generating a CPSp target model (i.e. perform the get transforma-
tion) by simply calling get(source).

3. Generating an updated source model (i.e. perform the putback
transformation) by calling put(source, view).

4. Storing the new source model in a file by calling store(filename.gml).

https://github.com/ennioVisco/topocity
https://github.com/ennioVisco/topocity
https://docs.haskellstack.org/en/stable/README/
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5.3.2 Gathering Data

At the time of writing, it is not easy to retrieve real data of cities in the
CityGML format (note that for building models, Autodesk softwares
alredy provide the possibility to export drawing objects as CityGML
models). For this reason, we want to give some pointers of publicly
available resources, so that the interested readers can have an effective
basis to ground their work.

The most relevant online resources are:

• TU Delft has been developing CityGML models of some Dutch
cities, available at https://3d.bk.tudelft.nl/opendata/3dfier/.

• TU Munchen has been developing a highly-detailed model of
the city of New York, available at https://www.lrg.tum.de/gis/
projekte/new-york-city-3d/.

• North Rhine-Westphalia has the biggest and most recent source
to date of city models, for the major cities of the region, available
at: https://www.opengeodata.nrw.de/produkte/geobasis/3d-
gm/.

Note that CityGML is rising in popularity and, therefore, new data
might be available from other sources. A frequently updated source is
the CityGML Wiki [14].

https://3d.bk.tudelft.nl/opendata/3dfier/
https://www.lrg.tum.de/gis/projekte/new-york-city-3d/
https://www.lrg.tum.de/gis/projekte/new-york-city-3d/


6
E VA L UAT I O N : U S E C A S E S

After having presented the most relevant details of the transformation,
we believe it is time to get to the original problems we introduced
in Chapter 2 and see some possible effects of the transformation on
real-world case studies taken from the literature of the respective
domains. The semi-formal approach we introduced can be beneficial,
in a variety of scenarios, for engineering city-based systems where
complex requirements and objectives can be pursued automatically.
Among the case studies, two seemed particularly well-suited to show
the advantages of our framework, and for this reason, we divide the
rest of this chapter in the following way:

• Facilitating Systems Design – We devote Section 6.1 to exploring
the impact on the design cycle. To this end, we consider the
case of a civil engineering, willing to optimize the positioning of
the construction facilities of a construction site, uses a Topocity

based software tool to automatically determine the best posi-
tion for a tower crane. This problem falls in the category of
construction site layout planning & optimization.

• Facilitating Systems Operation – The focus of Section 6.2, instead,
is on considering how Topocity can affect run-time decisions.
For this goal, we consider the case where the source model is
frequently updated through a monitoring process; the informa-
tion these updates provide might be instrumental in performing
a planning activity. However, planning decisions take place at a
more abstract representation of the space, but the plan execution
must be considered in terms of the real physical coordinates
of the original model. A software based on Topocity makes
sure the gap between the abstract and the full representation
is bridged, by consistently propagating changes on both direc-
tions. This problem is frequently addressed in the context of
emergency response planning, in the context of smart cities.

Before moving on to the case studies, it is important to clarify
the assumptions we made, to design a transformation that was also
meaningful for people having domain-specific attention. Firstly, it must
be noted that despite the CityGML models were real, they had no
CityGML ADE available. For that reason, we sketched by hand some
relationships ad-hoc for the goal of the case study, but they were by no
means considerable a sufficient representation of real application data
integrated in the model. Moreover, a proper use of Topocity requires
to have a suitable Application Policy in place that and takes decisions,

36
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based on the context and on the goal of the specific application. In our
case studies, our Application Policy is a trivial one, which just places
a stub of a building at a fixed position; this is way incomplete and
in no way usable in a realistic context. Lastly, the things that happen
in the view-domain are clearly out of the scope of this work; for this
reason we assume changes on the view are determined by some kind
of "automatic reasoner", but they are actually hand-made in our cases,
just for the sake of showing the transformation on realistic changes.

6.1 tower crane positioning

Proper optimization of construction sites layout is key to efficient
construction activities. Before construction starts, site layout planning
provides the necessary equipment and temporary facilities for the
construction process, including allocation and dimensioning of ele-
ments like tower cranes, containers or storage areas. Decisions taken
during this planning phase have direct impact on cost development
and occupational safety on site during construction. Positioning of
tower cranes is an important exemplar [3, 26]. Recent literature has
provided techniques to automate the solution of this task, where two
critical issues have been identified: (i) the lack of a simple but formal
language capable of expressing rules, standards and best practices to
check a building model [43], and (ii) the absence of tools able to per-
form this kind of operations by exploiting BIM/GIS descriptions like
CityGML models, so that meaningful solutions can be found before
implementation takes place [26]. In the following, we demonstrate
how a flexible solution can be designed in which our framework plays
a central role.

We consider an hypothetical construction site to be placed in a dis-
trict of the city of Remscheid, North Rhine-Westphalia, Germany. For
the real CityGML models we rely on North Rhine-Westphalia open
data [34] – the linking structure related to tower crane positioning,
is designed ad-hoc, since this step could be easily generalized and
reproduced by modern user-guided CAD software [41]. Figure 6.1
shows the most relevant part of the model generated by our frame-
work; an extra object and extra links are shown, corresponding to
the changes made to the cyber-physical space in order to elicit the
topological requirements for the new tower crane. Advanced analysis
and model processing to generate such changes can take into account
topological information in the analyzable model, such as proximity of
construction site elements or complex relationships in the space layout,
positioning the crane in a manner that satisfies some occupational
safety or optimal placement requirements. As we are concerned with
model transformations only, we consider such reasoning facilities as
out of scope for this paper.
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Figure 6.1: Fragment of the view model derived from the CityGML descrip-
tion of a district in Remscheid. Nodes are ID-Type pairs as they
appear in the real CityGML model. Presence of other, not shown,
elements of the model is indicated by *.

Once the target model is updated reflecting some reasoning (e.g.,
identifying the optimal position of the crane), changes have to be
reflected back to the original model. To this end, Topocity takes care
of identifying changed objects and prompts the Application Policy
to provide the 3D shape of the tower crane and spatial coordinates.
For our case study, this was a fixed position, but a policy can specify
arbitrary alternatives, from random to user-defined positioning, de-
pending on the kind of links defined. Once those are given, Topocity

identifies the place in the original source hierarchy to arrange the new
objects and reifies the model back again to the CityGML description.

Figure 6.2 shows a fragment of the original model and the final
result as visualized CityGML descriptions. Note how certain reacha-
bility links between edges of three buildings are additionally defined,
supposing these are buildings of interest for the construction site
(Figure 6.1).
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(a) Area without a tower crane (before).

(b) The crane is placed automatically via a put to the source model (after), reflecting
its addition on the view model.

Figure 6.2: Placement of a crane entity on the derived, analyzable model
(Fig. 6.1) entails its automatic reflection on the source city model
(Fig. 6.2a), resulting in Fig. 6.2c.
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6.2 emergency response

Technology adoption for fast emergency response in urban environ-
ments is gaining increasing attention: technological advances may in
fact provide new human-computer interaction capabilities, allowing
for effective real-time response. Consider the classical setting [30]
where a disaster scenario is replicated in the Flatiron Building area
of New York [1], with several relief entities (e.g. rescue teams, ambu-
lances or Unmanned aerial vehicles – UAVs) dispatched throughout
the area to locate and rescue victims [17, 49].

The agents have initial knowledge of the environment, given by
the original model of the city. However, in such a scenario, we expect
the model to be updated regularly, as soon as new information is
acquired by monitoring processes. Agents must dynamically adjust
search operations and rescue priorities through some criteria such
as the likelihood of finding victims in an area or current disaster
propagation. In order to perform such tasks, which largely amount to
planning and surveillance [19], an actionable representation of the city
can be a hypergraph in which nodes represent city objects, while links
represent safe connections between multiple nodes. This typically
occurs within a Monitor-Analyze-Plan-Execute loop, as this is an
instance of a self-adaptive system. Agents monitor the area and update
the model with the information they collect about safety of streets
and buildings, while others escort civilians from the disaster area to
hospitals. Path planning takes place based on analyzed monitored
information upon the model, with the purpose of e.g., maximizing
the number of victims rescued. Both the planning and monitoring
facilities are not relevant for the synchronization of the models and
they are therefore out of the scope of our research.

In our approach, we define and extract a CityGML ADE from the
city model and populate it with real-time information, with the goal of
making the safe distance relation between city objects explicit. Topocity

provides the hypergraph exploited by the agents, which is updated
at runtime as the monitoring process generates new information.
Figure 6.3 shows the aerial view of the Flat Iron Street area of New
York as described by the CityGML model (6.3a), and the corresponding
analyzable view (6.3b). A viable safe path for the city area is shown,
both in the original model and in the analyzable one.
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(a) The area nearby Flat Iron Street considered for our analysis.
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Figure 6.3: Runtime safe path analysis models. The source (a) is transformed
into the analyzable model (b). The highlighted area in (a) repre-
sents the safe path illustrated in (b). Nodes are ID-Type pairs as
they appear in the available CityGML model of New York; the
presence of other elements in parts of the model (not shown) is
indicated by *.
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6.3 discussion

The previous case studies address synchronization in two classical
problems settings, from different application domains. In both cases,
new kinds of analysis are enabled via the use of Topocity. While
the development process is somehow similar, the differences in the
requirements and in the application goals, highlight some of the
aspects one should consider when working with our tool.

6.3.1 Cases Pecularities

A prominent trait that differentiates the two cases relies in the level of
details they target. In the case of Section 6.1, the goal of the application
is described in quite abstract terms: designing a construction site
like that one does not require to take into account the streets or
any variation of the environment. For that reason, the basic LOD1

CityGML we used already has all the relevant information to solve
the problem, which, on the other end, can become a very complex
nonlinear optimization task. This fits well for a design-stage process,
where computational time can be traded with better solutions with
almost no costs. Conversely, in Section 6.2 we see the other side of
the spectrum. In this case, we are dealing with a runtime evaluation,
where having a more detailed representation of the environment can
provide useful insights about future threats and possible routes to
follow. We exploited a LOD2 CityGML model in this scenario, which
has a richer set of features, regarding streets, squares, etc. That said, in
contrast with the previous case, we now are dealing with a real-time
updating environment, where any second of computation might have
a high cost for the people to be rescued. Luckily, the problem to solve
is simpler than the previous one, as the transformation here does not
change the structure of the model, it just adds extra information to
highlight the preferred path. If the procedure is executed on devices
with very contrained resources, one could minimize the transformation
and approximate the analysis of the view, in order to obtain faster
decisions, albeit sub-optimal.

6.3.2 Application Policy Realizability

Another important question that one could ask is whether it is rea-
sonable to assume that the two Application Policies used in the case
studies are realizable in practice. The solution to the first case falls
in the category of Geometric Constraint Satisfaction (GCS) problems,
where links can be interpreted as constraints defined over the shapes
of the buildings of the city. This kind of problems are out of the scope
of our analysis, but there are various techniques to obtain interesting
solutions in reasonable amounts of time [23]. Concerning the second
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case, the Application Policy would instead be very trivial, since it
would just check and add extra features concerning the level of safety
of an area, or wether or not that building/object is part of a safe path.
On the other hand, other forms of optimization could be designed
for the transformation, to achieve even less computational penalty for
non-changing parts of the city model.

6.3.3 Preliminary Performance Evaluation

We defer a complete performance evaluation of the transformations
developed to future work, since our proof-of-concept tooling is still in
prototypical state. However, some comments can be made about the
execution time based on the models we used. Despite the complexity
of the algorithm heavily depends on the number of links, we can say
that, in cases where the number of links is negligible with respect to
the number of nodes (this is not unlikely in cases where only a small
area of the city is considered), the transformation is very fast. In our
cases, the execution time of the actual transformation was only 2(±1)%
of the total time, where the rest of the time was used in performing IO
operations, parsing and data-binding. While these stages are necessary
to successfully synchronize the two models, there are a handful of
possible improvements that could be used, particularly for runtime
evaluations like in the second case, to dramatically cut the overall
computational cost.

6.3.4 Policy Flexibility Limitations

A significant flexibility constraint that could affect Application Policies,
particularly for the first case study, has been briefly presented in
Section 4.3. As anticipated there, links can be a very powerful medium
for expressing arbitrarily complex configurations: in some convoluted
scenarios, a putback to the original model may not be feasible or even
worse, it may result in changes affecting a vast number of features,
essentially resulting in a different model. To avoid this kind of problem,
it is essential to contrain the kind of changes the Application Policy
is allowed to make, limiting the changeable objects like described
in Section 4.3. Moreover, it must be noted that, to date, the set of
allowed Application Policy is quite limited. That is because they are
described in terms of pure functions of the elements of the two models,
f (s, v). The purity constraint means they cannot have side-effects on
the environment (like reading files or asking for user input), which
restricts the Application Policies to parametric Haskell programs. We
believe our solution addresses a relatively general set of meaningful
applications, but further research on application scenarios may result
in more precise understanding of practical limitations.
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An important aspect in practice, is the level of automation desired
– ideally, one would expect to be able to choose an Application Pol-
icy that meets certain needs, plug it in our framework and use the
combinations of these programs with no extra effort. While we aim
at that, our current experience has shown that, when dealing with
custom ADE objects and relationships, one might still need to write
some (very simple) custom bridging code to enable the transforma-
tion. Techniques of general programming might mitigate this problem
significantly, and are certainly an area of future research.

The two cases considered for our evaluation purposes are model
problems obtained from domain-specific literature, highlighting the
use of bidirectional transformations within our framework for model-
based engineering of space-dependent systems. We believe that the
strength of our approach is twofold: firstly, adaptability is exhibited,
since integrating disparate application-related sources of information
still result in the same analyzable model; secondly, providing an
automatic way to obtain an abstract model where verification can
be performed, can lead to the development of more sophisticated
analysis-based workflows.

6.3.5 More on the case studies

We conclude this chapter by observing that [43] already solves the
tower crane problem of Section 6-A by developing a plugin for Au-
todesk Revit –an established tool in building and urban design. How-
ever, as pointed out by the authors, only a small set of pre-defined
simple rules are allowed, implemented ad-hoc for this purpose. In ad-
dition, [26] shows that GIS-BIM models (like CityGML) have enough
information for treating the problem in terms of geometrical and topo-
logical analysis. Our approach, on the contrary, is general enough to
allow for complex rules and user-defined customization if a proper
Application Policy is set in place.
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While there are alternative approaches to the design of city spaces in
general, and there are, as well, many studies of bidirectional trans-
formation on other contexts, the approach to cyber-physical systems,
based on bidirectional model transformations, is unprecedented and
quite unique. Our goal has been, not only, to offer assurances on
the quality of the transformation in terms of correctness and well-
behavedness, but also, to comply with modern industrial standards
and analysis technique as much as possible. Therefore, it seems natural
to arrange the related work in a progressive way.

We start our brief presentation in Section 7.1 by considering the
state of the art in model-based analysis of physical spaces, which is
useful to position our work in terms of practical implications and
support. Then, in Section 7.2 we consider the broader context of cyber-
physical systems, together with engineering approaches based on
bigraphs and alternative representations. Finally, we do a quick review
of the alternative transformation techniques, as well as the theoretical
foundations of consistency relations and enforcement in Section 7.3.

7.1 citygml & bim analysis

Interest on model-based analysis of cities has been consistently grow-
ing in recent years. Historically, the models are classified in two
categories: the Geographical Information Systems (GIS) and the BIM.
CityGML is reportedly the first attempt to integrate both kinds of in-
formation. The adoption of CityGML for building modeling purposes
has been studied extensively lately [35, 46, 58] and the integration of
classical BIM features has been a leading design goal [13] in defining
CityGML 3.0, to be released in 2019

1. In addition, city-based analysis
is being developed in all kinds of application scenarios; most notably,
recent efforts have been on traffic noise analysis [29], photovoltaic po-
tentiality analysis [8], urban emission measurements analysis [6] and
ubiquitous robot networks management [47]. Official city datasets are
increasing, with recent public effort from Turkey [9], Singapore [44]
and Germany [34] among all.

1 CityGML 3.0 Official Development Repository – https://github.com/

opengeospatial/CityGML-3.0

45

https://github.com/opengeospatial/CityGML-3.0
https://github.com/opengeospatial/CityGML-3.0
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7.2 cyber-physical systems

Different forms of graphs as formal models of static representations
of buildings or cities have been proposed in diverse fields such as
architectural informatics [31] or computer graphics [56], with different
objectives. Several approaches target case-based reasoning [2] in the
architectural domain. However, actionable and analyzable models
are necessary for advanced design and operation of overall space-
dependent systems [48]. In [31], a topology of spatial configurations is
extracted from building information models as well as handwritten
architectural sketches [7] and represented as graphs. Focusing on
security reasoning while aiming at early design phases, Porter et
al. [39] propose a method and heuristics to discover security threats
on building specifications via simulation. Analyses such as similarity
checking are performed based on graph matching techniques [16].
Forms of graphs representing topology of space are highly useful. To
this end, our target analyzable models are graph-based and readily
analyzable with a variety of approaches. The notion of a cyber-physical
space refers to a composite model able to capture complex relations
of human, cyber and physical entities, which may span physical or
computational barriers [52]. Such a model may be obtained from
a physical model and enriched with formally-specified dynamics
capturing possible ways it can change [50]. Spatio-temporal model
checking of evolving cyber-physical spaces can then be considered [49],
since topology can provide a system with awareness of multiple
characteristics [36].

7.3 bidirectional transformations

Consistency between models has been of interest for many years,
historically originating from the view-update problem in database
research [10, 40]. It has become relevant within BX and, in most recent
approaches, it has emerged as a means for automatic generation of
lenses [45]. BiGUL is a formally verified putback-based bidirectional
programming language [27]. Alternative relevant approaches based
on different types of lenses are QVT [45], Triple Graph Grammars [25]
and Edit Lenses [55].



8
C O N C L U S I O N S A N D F U T U R E W O R K

Cities are growing to unprecedented sizes, bringing completely novel
challenges whether we need to design new buildings or to restore
run-down districts. Inspired by this quest, we examined the broad area
of model-based engineering from space-based models to graph-based
ones. We recognized that human experts usually favor space-based
models, while machines are more effective with graph-based ones. It
is, therefore, of great scientific interest, to bridge the gap between the
two so that techniques on graph-based systems can indeed inform
experts’ choices. To that end, a reasonable starting point was to fix a
reference model type for both categories: CityGML for space-based
and Bigraphs for graph-based seemed suitable choices. However, to
fulfill the goal, choosing the models is not sufficient. Before passing
the information between the two, we must have a clear idea of when
the two are consistent with each other. Once we set a proper definition,
some procedures for repairing the consistency became of primary
interest. We designed a strategy in various stages, that also considered
application-specific goals, with adaptability and reusability in mind.
We realized these ideas in a development framework. We presented
some details of the implementation and discussed the limitations.
Finally, we concluded our work by considering two real case studies
from domain literature: one for the design process and the other for
run-time analysis. After showing the potential of our approach, we
concluded with a review of alternative ideas. The essential advantage
of our method is that we get the best of both worlds: developers
can analyze graph-based models, while domain experts can see sug-
gestions they can easily understand. Despite that, it should not be
considered the silver bullet for all synchronization problems. The class
of problems for which our solution is advantageous is primarily the
one where the consistency relation between the models rarely changes.
Changing that, even slightly, might result in a massive rewriting of
code, to restore the transformation, which is a common problem of
solutions based on BX. It is, therefore, plausible that applications hav-
ing in the consistency between the models a relevant source of change
cannot benefit significantly by our work.

8.1 future work

The system we developed is just the first of a long chain of steps
needed before having a real impact on daily domain-specific decisions.
We end our presentation by highlighting some research directions that
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we believe are intriguing and of influential relevance to achieve such a
revolution.

domain-specific advancements : A fundamental limitation that
hinders the flourishing of automated tools in the context of City
Spaces is the lack of data. This limitation seems to be mainly a
matter of time since the cause has been gathering a lot of public
investment lately. Efforts like the ones of the World Council on
City Data (WCCD), the United Smart Cities (USC), and the stan-
dardizing communities [5] must be followed to exploit the new
results they achieve.

application policy limitations : The primary area of our in-
terest involves the flexibility of Application Policy: the current
implementation requires it to be a pure function with no side
effects. This comes not only from a limitation of BiGUL, but
also from the general awkwardness when dealing with side
effects in Haskell. A very clear, and rather promising, analy-
sis of these problems in Haskell comes from [37], and perhaps
connecting with current research on monadic bidirectional trans-
formations [4] can bring new light and allow for way more
powerful (and simple) policies, dependant on user input and
external information.

relaxing effects of consistency changes : Our technique takes
shape starting from a precise definition of what is what in the
two models; it is therefore not surprising that, if this relation-
ship changes over time, the logic (and hence the code) to be
reworked can be quite significant. Alternative methods from
the Bidirectional Transformations community might prove more
effective in solving this issue. While this may not be as interest-
ing for the kinds of problems we addressed, it might as well
result in a broadening of the potential impact of Bidirectional
Transformations over Cyber-Physical Systems.

computational complexity : Be it for design or runtime deci-
sions, a clear understanding of the costs of the transformation
is a mandatory condition for the broad applicability of the ap-
proach. While we did some performance analysis, we are in
a context where worst-case considerations are not sufficiently
informative to predict the time needed by the program. That is
because the number of links in the graph, and the depth of anal-
ysis of the Application Policy might impact the computational
time in non-linear ways. Working at a methodology for assessing
the performances on relevant cases is a necessary direction for
future work.

applications concerning adaptability : With the case study
of section 6.2, we barely scratched the surface of what is possible
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to accommodate self-adaptive behaviors. Future smart cities
might benefit significantly from adaptive devices. For that reason,
future work should address adaptability issues and requirements.
Recent work on the topic is the one from the Shonan Meeting [57],
which proposes some interesting ideas.
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