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Abstract

Gennaro ZANFARDINO

Engineering Software Systems for Territorial Monitoring and Planning

This thesis investigates how software systems can be used for territorial monitoring
and emergency preparedness in resource-constrained settings. Municipalities face
a critical gap: they must make data-driven, defensible planning decisions, yet lack
accessible, reproducible tooling to integrate the heterogeneous data sources at their
disposal. The research addresses this gap in three steps. A mapping study synthe-
sizes software-engineering research on urban digital twins, exposing gaps in inter-
operability, reproducibility, and support for inclusive planning. Building on these
findings, a Quality-of-Life monitoring software ecosystem is developed with open-
source components: an orchestrator for data ingestion, preprocessing pipelines, and
persona-tailored dashboards that fuse satellite, air-quality, and walkability indica-
tors. The third thread introduces a persona-based evacuation planning tool that
couples GIS-backed agent-based simulations with a generative AI pipeline. Expert
narratives are transformed into validated scenario and behavior specifications via
retrieval-augmented LLMs, enabling psychologists and civil-protection staff to au-
thor simulations without coding. An evaluation protocol supports auditable, repro-
ducible experiments on various case studies. Together, these contributions provide
a blueprint for territorial decision-support systems that balance automation, inclu-
sivity, and transparency. Future work will extend sensing coverage, multi-hazard
modeling, and longitudinal deployments with local agencies to strengthen the im-
pact of such software systems on everyday planning and crisis response.
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Chapter 1

Introduction

As cities grow and data availability increases, advanced technologies and method-
ologies offer new opportunities to improve urban planning. This project began with
an in-depth mapping study on digital twins (DTs) in urban planning, guided by
broader studies on software engineering for DTs [1]. The works that used open data
to provide a system that supports decision-makers and citizens, e.g. Bianchi et al. [2],
emphasized the importance of urban digital twins for simulating environments and
developing scenarios to address policy issues. They argue that for digital twins to
be truly transformative, they must be deeply integrated into the governance mecha-
nisms of cities rather than functioning as standalone technological entities [2]. Addi-
tionally, several articles [3], [4] explore the impact on quality of life metrics and how
urban spaces are experienced when a framework is in place to harness the potential
of our data-driven society. The findings informed further research on key compo-
nents of the ongoing PhD project aimed at creating an urban DT to guide sustainable
reconstruction choices in L’Aquila and the surrounding province, we prioritized the
development of a simulation toolkit for emergency preparedness and a dashboard-
ing platform for quality of life monitoring, providing a comprehensive tool to en-
hance urban planning and management (See Figure 7.1). Given that complete DT
implementations at high TRL remain challenging, we focused on these components
as an encompassing software system that is deployable today. Recent work also
highlights how low-code orchestration can broaden participation: RAG-based tool-
ing supports automatic dashboard generation, behavioural modelling and scenario-
driven configuration of simulations, while persona-based dashboards let different
stakeholder groups and citizens grasp and contribute domain knowledge without
advanced technical skills.

1.1 Motivation

L’Aquila and the Abruzzo region provide a living laboratory for territorial monitor-
ing: reconstruction is still ongoing after the 2009 earthquake, seismic risk remains
high, and seasonal tourism and student flows create rapidly changing mobility pat-
terns. Public administrations need data-driven defensible tools to decide where to
invest, how to plan evacuations, and how to monitor quality-of-life indicators while
funds, staff, and time are limited. Urban Digital Twins (UDTs) promise to close
this gap by connecting heterogeneous data sources, simulating alternative policies,
and presenting evidence in a way that can be discussed with both experts and citi-
zens [2]–[4].

This thesis is motivated by the practical need to deliver that promise in a resource-
constrained setting. Using open data, software engineering, and recent advances in
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generative AI, our aim is to assemble a reproducible pipeline that (i) ingests territo-
rial data, (ii) turns expert knowledge into executable simulation, analysis and dash-
boarding rules, and (iii) surfaces actionable insights through dashboards tailored to
different personas, including vulnerable groups. The resulting blueprint is intended
to be both locally impactful for L’Aquila and transferable to other territories facing
similar constraints.

Urbanistically, the work positions UDTs as an urban design instrument that blends
morphology, emergency planning, and civic participation. The research was carried
out within the DIRECT (Digital twIns foR EmergenCy support) grant, whose support
and interdisciplinary consortium enabled the experimentation presented here. It
also relies on the SoBigData research infrastructure [5], where we uploaded open
datasets and workflows to keep ingestion transparent and reproducible. The moti-
vation therefore was also driven by structural engineers and civil protection teams
at our university who need validated, explainable scenarios to stress-test buildings,
evacuation plans, and public-safety interventions.

1.2 Challenges

The research addresses a chain of interdependent challenges that currently prevent
UDTs from becoming everyday decision tools:

CH1 Fragmented evidence: Territorial data is dispersed across departments, pub-
lished with inconsistent schemas and quality, and rarely documented. With-
out transparent ingestion and preprocessing pipelines, a digital twin cannot be
trusted or maintained.

CH2 From expertise to executable behavior: Emergency plans and domain ex-
pertise are predominantly narrative. Translating them into parameterized,
testable agent behaviors and scenarios is error-prone and slow, yet essential
for credible simulations.

CH3 Inclusive modeling: Vulnerable groups (e.g., older adults, people with disabil-
ities, children, tourists) experience cities differently and react differently under
stress. Capturing these differences in both personas and simulation rules is
critical to avoid biased recommendations.

CH4 Operationalization under constraints: Municipal teams have limited budgets,
staffing, and infrastructure. Tooling must therefore be open-source, modular,
and automatable, with clear versioning and validation hooks that lower the
cost of adoption and ongoing use.

CH5 Evaluation and accountability: Decision-makers require metrics that connect
sensing data and simulation outputs to safety and quality-of-life outcomes,
plus provenance to explain how rules and data evolved over time.

1.3 Thesis Research Questions

This thesis is guided by a set of overarching research questions that drove the design,
implementation, and evaluation of the work reported in this PhD. These questions
focus on how to realise urban digital twins in resource-constrained settings, using
open data, lightweight sensing, and generative AI.
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Later chapters contain more specific research questions for individual studies
(e.g., the mapping study in Chapter 3). However, the questions below define the
overall direction of the PhD research as a whole.

The landscape offers an interesting case study in the context of L’Aquila, as men-
tioned by Bianchi et al. [2], because it is a highly seismic area with continuous recon-
struction activities. The overarching research questions are:

TRQ1 Can urban digital twins be effectively utilized to enhance safety and quality of life?
Public administrations operate with tight budgets, limited personnel, and het-
erogeneous infrastructure. Easy-to-setup UDTs that support critical decision-
making can help target reconstruction and preparedness while respecting local
constraints.

TRQ2 How can standardization in data collection and management be achieved across de-
partments? Fragmented schemas, storage methods, and portals hinder aggre-
gation. We investigate transparent pipelines and shared metadata to promote
trust, consistency, and reuse, addressing the gaps surfaced in our preliminary
mapping study.

TRQ3 What approaches can equip local administrations with tools for disaster preparedness?
We study an open-source, parameterized simulation toolkit that stays flexible
across personas and scenarios while remaining usable for staff with limited
time and compute.

TRQ4 How can low-code, RAG-enabled behavioural modelling help diverse stakeholders co-
configure dashboards and simulations? Behavioural models define agents; per-
sona descriptions capture stakeholder goals and constraints; scenario descrip-
tions specify context and events. Retrieval-grounded, schema-validated gener-
ation turns these inputs into runnable models and dashboards so non-technical
experts can iterate while keeping assumptions explicit and traceable.

1.4 Contributions

This work contributes:

CT1 A generative AI–driven, no-code mechanism to translate expert behavioral re-
quirements and scenario descriptions into executable agent rules for evacua-
tion simulations, improving fidelity and inclusiveness.

CT2 An end-to-end tool blueprint that integrates retrieval-augmented generation,
schema validation, and versioned specifications to support iterative expert val-
idation and transparent provenance.

CT3 A persona-based modeling approach covering vulnerable groups (e.g., older
adults, disabled and neurodivergent people, children, families) and group dy-
namics, aligned with evidence from psychology and crowd science.

CT4 A simulator setup and evaluation protocol with metrics for flow, congestion,
exit utilization, group cohesion, isolation risk, and ablations (e.g., herding onoff),
enabling reproducible empirical analysis.
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1.5 Publications

Conference & Workshop Papers

C1. Zanfardino, G.; Di Marco, A.; Tucci, M. (2025). Designing a Tool for Evacuation
Plan Validation: Multi-Agent Simulations with Persona-Based UI. In Proceedings of the
2025 IEEE/ACM 47th International Conference on Software Engineering: Software Engi-
neering in Society (ICSE-SEIS), Ottawa, ON, Canada, 2025, pp. 140–150.
C2. Zanfardino, G.; Memon, M. A.; Tucci, M. (2025). Enhancing Energy Efficiency
with Reusable Software Ecosystems and Persona-Based UI/UX. In Proceedings of the 33rd
ACM International Conference on the Foundations of Software Engineering (FSE), 2025,
pp. 1449–1452.
C3. Zanfardino, G.; Di Marco, A.; Tucci, M. (2025). A Novel Design Approach to
Implement Software Ecosystems for Territorial Monitoring. In Proceedings of the 2025
IEEE/ACM 13th International Workshop on Software Engineering for Systems-of-Systems
and Software Ecosystems (SESoS), Ottawa, ON, Canada, 2025, pp. 1–8.
C4. Zanfardino, G. (2024). Urban Digital Twin for Territorial Management. PhD Sym-
posium and Late Breaking Contributions at Discovery Science 2024.
C5. D’Aloisio, G.; Di Matteo, A.; Cipriani, A.; Lozzi, D.; Mattei, E.; Zanfardino, G.;
Di Marco, A.; Placidi, G. (2024). Engineering a Digital Twin for Diagnosis and Treatment
of Multiple Sclerosis. In Proceedings of the ACM/IEEE 27th International Conference on
Model Driven Engineering Languages and Systems (MODELS Companion ’24), 2024, pp.
364–369.

Journal Papers

J1. Di Ludovico, D.; Eugeni, F.; Zanfardino, G.; Di Marco, A. (2025). Simulating
crowd behaviour to implement safety-based urban design techniques aimed at optimizing
evacuation. Journal of Urban Design, 30(4), 401–422.
J2. Di Ludovico, D.; Eugeni, F.; Zanfardino, G.; Di Marco, A. (2025). Urban Design
and Resilient Cities: Simulating Crowd Behavior to Reduce Urban Risk. Sustainability, 17,
10730.

1.6 Thesis Outline

This thesis investigates how software engineering can support Urban Digital Twins
(UDTs) and related territorial decision making. This bridges three complementary
threads: (i) a literature-driven mapping of the state of the art, (ii) a simulator and
agent–behavior tooling focused on inclusiveness and evidence-based modeling, and
(iii) a practical, persona-oriented Software Ecosystem (SECO) for territorial monitor-
ing and dashboarding.

Chapters 2 and 3 position the work with related studies and a mapping study.
Chapter 4 describes a territorial monitoring SECO that unifies data collection, pre-
processing, and dashboard/report generation. Chapter 5 builds a module of the
Software Ecosystem entailing a persona-based evacuation planning tool. Chapter 6
details the LLM-assisted process that turns expert rules about vulnerable groups
into executable agent behaviors and scenarios. Chapter 7 reports empirical results
from exploratory data analysis, proposed architecture improvements and introduces
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personas that guide both modeling and visualization choices and presents the sim-
ulator components and data pipeline. Chapter 8 concludes with findings and future
directions.
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Chapter 2

Related Studies

In this chapter, we survey related work that informs the design and evaluation of our
approach. We first review research on persona-based urban dashboards for evacu-
ation planning, followed by behavioral models for emergency evacuation and their
agent-based encodings. We then discuss contributions on systems of systems and
software ecosystems for territorial monitoring, sustainable software and DevOps
practices, and mapping studies on urban digital twins. Together, these strands pro-
vide the conceptual and technical foundations for the workflow and case studies
presented in the remainder of this thesis. To keep the roadmap readable, we present
each topic as a top-level section rather than nesting multiple subsection layers.

2.1 Overview of Existing Digital Twins for Territorial Moni-
toring

Our investigation reached a multitude of research studies conducted on Territorial
Monitoring Digital Twins, encompassing their characteristics and practical imple-
mentation. This section establishes a connection between these studies and our
inquiry. The current research began with the aim described above: to perform a
mapping study of a specific field of digital twins. To do so, it was grounded on the
classification schema produced in the survey presented by Dalibor et al. [1], which
analyzes the broader landscape of Digital Twins. Their approach improved upon
the foundations laid by Quek et al. [6], as the authors also discerned various themes
within Digital Twin research, including but not limited to the management of phys-
ical entities, considerations of fidelity in the Digital Twin, and the intricacies of the
twinning process itself. Through their exploration of the nature of the twinned sys-
tem and its surrounding environment, as well as the mechanisms through which
these elements are interconnected, their studies yielded valuable insights into the
dynamic interplay between the physical system and its Digital Twin. These observa-
tions informed our development of a distinct perspective on Territory Management
and Disaster Response (TMDR) Digital Twins, a theme that we further elaborate on
in Chapter 3.

2.2 Persona-based Urban Dashboards for Evacuation Plan-
ning

The related work that underpins Chapter 5 spans three main areas: (i) urban plan-
ning and design for disaster risk reduction, (ii) crowd simulation and optimization
for evacuation, and (iii) software-driven tools for urban disaster simulation and
planning. Taken together, these strands reveal a lack of tools and methodologies that
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combine crowd behavior simulations with urban design techniques tailored to spe-
cific personas and their information needs. Specifically, no existing tool integrates
GIS-backed agent-based simulation with role-differentiated dashboards that present
distinct views of the same simulation to urban planners, civil protection officers,
and citizens simultaneously; and no existing methodology guides the elicitation of
persona-specific requirements and their translation into simulation parameters. Our
work addresses this gap (the absence of persona-aware, dashboard-driven evacua-
tion simulation tools) by presenting a methodology for a persona-based, dynamic
dashboard simulation tool that provides users with role-specific, actionable infor-
mation.

Urban planning Many studies focus on urban planning and design techniques to
reduce evacuation risks. Several works evaluate the performance of urban design in
disaster evacuation settings using Geographic Information Systems (GIS) and agent-
based models (ABMs). For instance, León and March [7] examine how urban mor-
phology impacts evacuation and sheltering during tsunamis, while Al-Kodmany [8]
explores crowd management through urban design strategies. Traditional research
in this area revolves around Disaster Risk Management (DRM) and pre-disaster
planning, typically relying on hazard–exposure–vulnerability–capability frameworks [9].
Other contributions examine public spaces such as green areas and shelters to im-
prove disaster preparedness [10], [11], and some even combine disaster and crime
prevention efforts [12]. Despite these efforts, the notion of risk in urban design is
still underexplored: existing frameworks focus primarily on aggregate metrics such
as total evacuation time or route length and rarely address how the same spatial
configuration is perceived and acted upon differently by distinct user groups such
as elderly residents, tourists unfamiliar with the area, or civil protection officers.
This gap is particularly acute when translating high-level planning decisions into
operational evacuation tools for diverse stakeholder personas.

Crowd simulation and optimization models A second body of work focuses on
crowd simulation and optimization methods. Multi-agent models and algorithms
are widely used to simulate crowd behavior during disasters such as earthquakes
and fires [13], [14]. Simulation research often aims to optimize evacuation routes,
analyze road network connectivity, and identify safer emergency areas, frequently
exploiting GIS and network-based models [15]. Notable efforts include open-source
platforms like GAMA, which are applied beyond evacuation planning [16], [17]. For
example, graph-based analysis has been used to optimize routes in urban evacua-
tion simulations by focusing on road connectivity during disasters [18]. Simulations
have also been extended to specific urban environments, integrating gaming and
AI technologies to enhance realism [19], [20] and supporting open science and open
data efforts [21]. Within buildings and urban public spaces, research includes mod-
eling crowd panic [22], [23] and specific scenarios such as staircase evacuations [24].
However, most of these models are geared toward aggregate performance metrics
and rarely consider how different personas (e.g., residents, emergency managers,
planners) might interpret and act upon simulation outputs.

Software-driven approaches for urban disaster simulation and evacuation plan-
ning A third line of research employs ABMs to support disaster preparedness and
urban resilience more directly through software tools. Iskandar et al. [13] simulate
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earthquake evacuations in Beirut, designating open spaces as safe areas where evac-
uees can seek shelter. In contrast, other work has used open spaces as transitional
means to guide evacuees toward designated safe areas specified in emergency plans
by domain experts [25]. This distinction underscores our focus on validating evacu-
ation routes and plans rather than only identifying local safe spots. Further contri-
butions emphasize pre-disaster planning, using ABMs to simulate crowd movement
and assess the resilience of urban areas, not only to evaluate current layouts but also
to define new safety-oriented design techniques [26]. Similarly, a crisis management
tool developed with GAMA integrates risk scenarios and human behavior simula-
tions, allowing urban planners to experiment with disaster response strategies and
identify areas that would benefit from urban design improvements [27]. While these
systems make simulation more accessible to practitioners, they largely lack persona-
based user interfaces and outputs tailored to heterogeneous stakeholders, which is
the core focus of our work. For example, GAMA-based tools typically provide a
single aggregate visualization of crowd density with no mechanism to display a
safety planner’s risk summary alongside a citizen’s nearest-exit recommendation;
similarly, crisis management dashboards built on such tools do not adapt their infor-
mation depth or layout to user roles, forcing non-technical stakeholders to interpret
raw simulation outputs.

2.3 Systems of Systems

The use of Open Government Data (OGD) for territorial monitoring has become a crit-
ical area of study, given the increasing focus on transparency, public engagement,
and leveraging data for societal good [3], [4]. They highlight the practical benefits of
data-driven approaches and robust data pipelines, providing essential tools that not
only address but also anticipate urban challenges through robust data portals that
lead to better data analytics and decision-making platforms.

Current research highlights the challenges of collaborating across heterogeneous
software systems, primarily due to the lack of standardization in their implementa-
tion [28]. This underscores the need for an open-science approach when developing
software solutions for interagency collaboration. Approaches focused on reusabil-
ity have been introduced, enabling the creation of digital replicas and streamlining
components to support territorial data integration [29].

The concept of software ecosystems (SECOs) plays an increasingly pivotal role
in territorial monitoring frameworks, particularly when dealing with the integration
of diverse data sources and personas. Manikas and Hansen’s systematic literature
review [30] outlined key findings about the lack of consensus on what defines a soft-
ware ecosystem, that few analytical models exist for SECOs, and that most research
does not address real-world ecosystems. The study categorizes SECO research, high-
lights the field’s growth, and identifies gaps, such as a lack of industry connection
and unified definitions. It offers an overview of the domain and suggests areas for
future investigation, aiming to advance the understanding and application of SECOs
importance of creating structured ecosystems to enable collaboration between het-
erogeneous stakeholders.

Other research, e.g., Boucharas et al. [31], emphasizes the utility of formalized
ecosystem modeling providing a foundation for developing robust data-sharing mech-
anisms. Yu and Deng [32] propose a strategic modeling approach for analyzing soft-
ware ecosystems. By identifying strategic dependencies between key actors, their
approach facilitates the development of platforms capable of integrating diverse
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data pipelines, such as those used for territorial monitoring and planning. Barbosa et
al. [33] expand on this by classifying SECO research across multiple application do-
mains, technical, business, and social aspects. Their findings indicate that the SECOs
implemented predominantly focus on areas such as open-source software, ecosys-
tem modeling, and business-related issues. However, other research highlights the
growing importance of proprietary SECOs, particularly in scenarios where preserv-
ing data privacy is a primary concern [34]. This helps identify key areas where urban
planning and SECOs overlap, particularly in creating mechanisms for systematic
data flow and policy simulation.

Pettersson et al. [35] further argue the potential of SECOs for enhancing soft-
ware reuse and involving end-users in development. The paper emphasizes the
importance of understanding software’s broader role and stakeholder connections
and identifies gaps, particularly in precise process modeling.

Several recent projects exemplify the trend of utilizing sensors and citizen sci-
ence to monitor air quality and awareness. The Soc-IoT project developed an open-
source framework combining real-time environmental sensor data with a visualiza-
tion application for both indoor and outdoor monitoring [36]. Similarly, the ongoing
SOCIO-BEE project is exploring the use of wearable modules for city-scale air pollu-
tion monitoring campaigns [37].

On the other hand, satellite data, especially when integrated with ground-level
measurements, enables the continuous observation of air quality at regional and
global scales. It allows for real-time monitoring of pollutants such as particulate mat-
ter, nitrogen dioxide, and ozone, with high spatial and temporal resolution. Satellite
data not only complement on-ground sensors but also provide insights into areas
with limited ground monitoring infrastructure.

With respect to the research gaps identified by the literature reviews and map-
ping studies mentioned in this section, particularly the limited application of method-
ologies to real-world data, we opted to validate our approach using data from ter-
ritories with unique challenges, such as seismic areas undergoing reconstruction,
where urban planning must monitor the lived experiences of inhabitants. This ap-
proach integrates the identification of personas to tailor data presentation, a proven
method shown to effectively support diverse end-users [38]. In particular our SECO
(see Section 4.2), uses personas to foster broader engagement among citizens and
other stakeholders tailoring insights to their expertise.

2.4 Sustainability

As software development becomes increasingly reliant on automation and cloud-
based infrastructure, optimizing energy efficiency in DevOps workflows is criti-
cal [39]. Continuous integration and deployment pipelines trigger frequent builds,
test executions, and container image pushes, each of which consumes compute and
bandwidth; at scale these costs can account for a substantial fraction of an organi-
zation’s cloud spend and carbon footprint [40]. This section details key strategies
for reducing resource consumption and their relationship to performance and scal-
ability. Sustainable practices not only could reduce costs, but also align with global
initiatives to minimize the carbon footprint of computing systems [40], [41].

The concept of software modularity plays a crucial role in sustainable DevOps [42].
By designing systems with reusable components, teams can minimize the need for
redundant computations and downloads. This approach could ensure that frequently
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used dependencies are cached and shared across different applications, thereby re-
ducing both bandwidth consumption and resource load. Moreover, reusable mod-
ules enable more consistent and predictable deployments, reducing inconsistencies
and inefficiencies caused by redundant installations [43]. Even though blind us-
age of software framework and external libraries can negatively impacts energy ef-
ficiency in software applications [44].

Containerization has changed software deployment by providing lightweight,
portable, and consistent environments [45]. Containerization software (e.g., Docker)
enables developers to build, ship, and run applications with minimal overhead.
However, inefficient use of containerized environments can lead to increased energy
consumption [39].

To optimize containerized deployments for energy efficiency, it is essential to
use multi-stage builds, layer caching, and efficient dependency management. Multi-
stage builds reduce the final image size by excluding unnecessary build-time depen-
dencies [46], while layer caching minimizes redundant downloads by reusing exist-
ing image layers. Additionally, reducing the number of active containers through
dynamic scaling based on workload demand helps optimize energy consumption.

Automated orchestration tools such as Kubernetes can further enhance efficiency
by dynamically managing container workloads, ensuring that computational re-
sources are allocated optimally [47]. Unlike static deployment configurations, Ku-
bernetes continuously monitors actual resource utilization and can reschedule or
evict pods, autoscale replica counts, and enforce resource quotas, reducing idle CPU
and memory compared to manually managed or single-host deployments that can-
not react to workload fluctuations. Using these strategies, organizations can balance
high availability with energy-conscious resource utilization.

User interface and experience (UI/UX) are often overlooked in discussions on
energy efficiency. However, UI rendering and UX-relative background processes can
significantly impact system resource consumption [48]. An energy-efficient UI/UX
should adapt its complexity to user interactions while preserving necessary decision-
making capabilities [48]. For instance, applications can implement lazy loading,
where only essential UI components are rendered initially, deferring non-critical
elements until needed. Similarly, reducing animation complexity and minimizing
redundant UI refresh cycles can lower CPU and GPU usage, contributing to overall
energy savings. Server-side rendering can also be leveraged to offload processing
from client devices, further improving energy efficiency [49].

Furthermore, persona-based UI design ensures that computationally intensive
features are selectively enabled based on user profiles [50]. A combination of these
approaches, validated through recent implementations [51], [52], demonstrates strong
adaptability and suitability for integration in diverse real-world scenarios. This
not only enhances usability but also optimizes resource allocation, contributing to
a more energy-efficient user experience, as detailed in Section 4.1.

2.5 Behavioral Models for Emergency Evacuation

Research on crowd and individual behavioral patterns in emergency scenarios draws
on multiple disciplines to develop predictive frameworks that more closely align
with real-world behavior. In this section we briefly review key behavioral theories
and their representation in ABMs.

Social Identity Theory [53] explains how members of a crowd can adopt a shared
identity that promotes coordination and mutual aid, countering the classic “panic”
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myth [54]. Herding captures reliance on social cues under stress and uncertainty [55];
it is not necessarily irrational but can reflect bounded rationality when information
is scarce or visibility is low. Affective states such as anxiety and calmness modulate
attention and choice, shaping route selection and compliance [56]. Other work em-
phasizes the role of local interactions in creating emergent patterns of order, such as
self-organized lane formation in pedestrian flows [57].

From a modeling perspective, these constructs map to agent-level rules and pri-
orities, including group cohesion, leader–follower dynamics, visibility-aware route
choice, and noise in decision policies. We connect these constructs to our ABM en-
codings in Sections 6.2 and 6.3. Overall, psychological research provides a robust
foundation for analyzing how individuals and groups behave under stress, fear,
or perceived danger, and motivates the inclusion of emotional and social factors
in evacuation simulations.

Moreover, theorization about crowd behavior in emergency situations has pro-
duced an inherently interdisciplinary area that combines social psychology, physics,
and computational models. Understanding how people move, interact, and make
decisions in critical contexts is essential to designing efficient and safe evacuation
systems. Various modeling approaches have been proposed to simulate these com-
plex dynamics, each offering different insights into crowd movement and decision-
making during emergencies.

One widely recognized approach is the Social Force Model (SFM) [58], which
assumes that individuals navigate environments under the influence of both social
and physical forces. Each individual is driven toward a goal (e.g., an exit), while
interacting with the environment and other people through:

• forces of attraction toward the desired destination;

• repulsion forces to avoid collisions with obstacles or other individuals;

• forces of social interaction, taking into account group or family dynamics.

The last element was introduced by subsequent research on the same subject [59].
The SFM has been widely used in evacuation simulations to analyze congestion and
identify critical points in designed spaces such as stadiums, airports, or railway sta-
tions.

The crowd dynamics framework [60] offers a complementary, more conceptual
approach that integrates physical, psychological, and environmental factors to ex-
plain collective behavior. It distinguishes:

• local behavior, i.e., immediate interactions between nearby individuals, such as
collision avoidance;

• global behavior, i.e., tendencies to follow the main flows or seek the closest
exits.

Leadership also plays a crucial role in crowd behavior, especially in high-stress situ-
ations. The Leader–Follower Model [61] explicitly considers spontaneous or desig-
nated leaders who influence crowd motion, acting as guides whose paths followers
imitate. This is particularly relevant in contexts such as school evacuations, where
teachers guide students.

The use of differentiated profiles in evacuation models and the ability to compute
their behavior are essential to simulating scenarios that are as close to reality as pos-
sible and to building effective evacuation plans. This perspective directly motivates
our persona-based modeling and evaluation.
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2.6 Agent-based modeling and simulation (ABMS) encodings
of behavioral patterns

Agent-based modeling is a powerful approach for understanding complex systems
by simulating interactions among autonomous agents. These agents can represent
individuals, groups, or organizations with distinct behaviors and decision-making
processes. The integration of behavioral patterns into simulation agents enhances
the realism and applicability of these models across domains, including evacuation
planning.

ABM research on disasters uses multi-agent models and algorithms to simulate
crowd behavior during earthquakes, fires, and other hazards [13], [14]. Studies often
focus on optimizing evacuation routes, analyzing road network connectivity, and
identifying safer emergency areas via GIS and network-based models [15]. Open-
source platforms such as GAMA [16], [17] have been used to implement these mod-
els and applied across a variety of urban contexts. Simulations have expanded to
specific environments, sometimes integrating gaming and AI technologies to en-
hance realism [19], [20]. In building environments and urban public spaces, research
includes modeling crowd panic [22], [23] and specific scenarios like staircase evacu-
ations [24].

A related line of work focuses on pre-disaster planning, using ABMs to simu-
late crowd movement and assess urban resilience, with the dual goal of evaluating
current layouts and defining new safety-oriented design techniques [26]. For in-
stance, a crisis management tool developed with GAMA integrates risk scenarios
and human behavior simulations, enabling urban planners to explore disaster re-
sponse strategies and identify opportunities for urban design improvements [27].
Within this landscape, our work contributes a persona-centered methodology and
evaluation layer that sits on top of such ABMs rather than proposing yet another
low-level movement model.

Generative-AI Agent-Based Modeling Recent advancements in Large Language
Models (LLMs) have significantly impacted the field of Requirements Engineering
(RE), particularly in automating requirement elicitation, classification, and valida-
tion. Studies have explored the integration of LLMs to enhance requirement extrac-
tion from unstructured text, thereby reducing manual effort and improving accu-
racy [62]. Other works examine how models such as GPT-4 can be wrapped to assist
in ambiguity resolution and consistency checking [63], [64]. These studies suggest
that LLM-driven RE can enhance simulation definition processes by supporting psy-
chologists and sociologists with no prior experience in RE or coding skills, enabling
them to contribute effectively to software development. Our work builds on this
insight by using LLMs to assist in translating expert concepts into executable ABM
rules and scenario specifications.

2.7 Positioning and gap analysis

Prior work spans three relevant strands: (i) crowd movement and behavioral theory
encoded in ABMs (e.g., SFM, crowd dynamics, leader–follower), (ii) urban evacua-
tion ABMs integrating GIS and safety planning, and (iii) LLMs for requirements en-
gineering. Together, these strands cover movement realism, scenario representation,
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and extraction of textual requirements. Yet three cross-cutting gaps remain unad-
dressed in the literature: (a) data fragmentation, since no pipeline integrates heteroge-
neous territorial sources (cadastral, satellite, sensor) into a reproducible, auditable
simulation environment; (b) persona blindness, since existing tools expose only ag-
gregate metrics and do not surface how outcomes differ for distinct user roles or
vulnerable population groups; and (c) expert-to-code translation, since the process of
turning narrative domain knowledge into executable ABM rules remains manual,
error-prone, and inaccessible to non-programmers. The chapters that follow address
these gaps explicitly:

Ch. 4 addresses gap (a) by operationalizing territorial monitoring as a software ecosys-
tem that curates heterogeneous data and dashboards, showing how open-source
orchestration can meet municipal constraints.

Ch. 5 addresses gap (b) by focusing on persona-centered evaluation and auditing,
adding inclusivity metrics (isolation risk, cohesion retention, exit utilization)
and user-facing dashboards so vulnerable agents are not lost in aggregate met-
rics.

Ch. 6 addresses gap (c) by introducing a no-code, retrieval-grounded LLM pipeline
that turns expert constructs (cohesion, herding, sensory sensitivity) into exe-
cutable ABM rules and validated scenarios, reducing reliance on hand-tuned
code.

Ch. 7 bridges all three gaps by detailing a modular ingestion and simulation pipeline
for evacuation scenarios, linking territorial data, personas, and agent behavior
encodings into a reproducible evaluation environment.
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Chapter 3

A Literature Review on Digital
Twin for Territorial Monitoring

This chapter reports the mapping study that grounds the thesis. Its goals are to
consolidate evidence on Urban Digital Twins for territorial monitoring, assess tech-
nology readiness, and surface gaps around reproducibility, inclusiveness, and de-
ployment constraints that shape our later contributions. Digital Twins (DTs) mir-
ror physical systems for simulation, monitoring, and maintenance. Urban Digital
Twins (UDTs) extend this idea to cities by combining IoT, GIS, and satellite data. De-
spite fast growth, UDT research for Territory Management and Disaster Response
(TMDR) remains fragmented and rarely compared.

We conducted a systematic mapping of UDTs for TMDR to answer:

• What conceptual properties characterize TMDR-related UDTs? (RQ-1)

• How are TMDR-related UDTs engineered (RQ-2) and operated (RQ-3)?

• How are TMDR-related UDTs evaluated (RQ-4)?

From 435 unique publications, 60 were retained and classified by contribution
type, research type, properties, implementation, operation, and evaluation. The
resulting landscape exposes gaps and opportunities. This chapter outlines a first
systematic study of UDTs for TMDR, covering applied technologies and purposes;
alongside a synthesis of observations that can guide and compare future research.
Key observations include:

• most works present conceptual frameworks with limited tooling detail or val-
idation;

• data collection dominates over optimization or prediction, leaving applica-
tions immature;

• systems-of-systems views are common, but few projects progress toward de-
ployable MVPs;

• AI integration is often mentioned yet remains early-stage.

Section 2.1 contrasts this survey with prior work, and Section 3.1 details the re-
search methodology.

3.1 Research Method

A systematic mapping study involves identifying publications within a specific re-
search field and categorizing them based on predefined and structured criteria (Pe-
tersen et al., 2008). Therefore, it offers a comprehensive view of topics and types of
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FIGURE 3.1: Phases and outcomes of a systematic mapping study
(Petersen et al., 2008). Our specific outcomes are outlined for each

phase.

contributions within a research domain, allowing for an analysis of the current sta-
tus, challenges, and overall advancements. Our study adheres to widely accepted
guidelines in this regard (Petersen et al., 2008, Kitchenham and Charters, 2007).

The diagram in Figure 3.1 delineates the structured approach adopted in our
study, detailing the stages and resulting outputs. Initially, we establish the map-
ping study’s breadth, incorporating the research questions derived from Wimmer et
al. (2022) and refining them to encompass the publication themes to be scrutinized.
In the second phase, we collected the corpus of potentially relevant publications
for our study. Afterward, in the third phase, we analyzed the corpus according to
defined criteria and reduced it to conduct our study only on thematically relevant
contributions. Based on the abstracts and keywords, we then constructed an initial
classification scheme (cf. Keywording). Finally, the relevant publications were ex-
amined (based on full reads) and classified in the Data Extraction & Mapping phase,
mapping the identified classes to the number of findings and cross-related findings,
as well as mapping to software engineering notions to provide answers to the re-
search questions described in the following subsections. To ensure a systematic and
organized review of the literature, alongside valuing the established comprehensive
framework Dalibor et al. [1] we have established strict inclusion criteria that focus
exclusively on studies, articles, and research findings that directly address subtopic
Urban Digital Twins. This deliberate selection process ensures that our review is
comprehensive within its designated scope and is carefully tuned to our research
goals.

3.1.1 Define Research Questions

The selection of Research Questions (RQs) that we present and elaborate upon is de-
tailed in this subsection. In the Research Question 1 detailed in Table 3.1, we inquire
the conceptual properties of Urban Digital Twins, addressing the primary purposes
of these models (RQ-1.1), their real-world counterparts (RQ-1.2), their application
across different life cycle stages of the observed entity (RQ-1.3), and the aspects they
are designed to optimize (RQ-1.4).
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RQ-1 What are the conceptual properties of Urban Digital Twins?
A central focus of our study lies on investigating the functional properties of National Digital Twins. We
explore which properties and parts are associated with the twin and determine the subjects that can be
twinned. Moreover, we identify whether a Digital Twin is unique to its counterpart and how these entities
communicate. The questions concerning this topic are:

RQ-1.1 What is the purpose of these Urban DTs?
Digital Twins might be investigated for a variety of reasons. This question aims to identify which are
the most common.
RQ-1.2 What is the real-world counterpart (i.e., the observed entity)?
This question aims to understand what is represented by Digital Twins.
RQ-1.3 When is the Digital Twin used in the lifecycle of the observed entity?
Digital Twins can be used before the twinned system exists, during its deployment, for its operations,
or even after. We aim to find out how the different lifecycle phases are supported by Digital Twins
for territory management.
RQ-1.4 What (if anything) does the Digital Twin optimize?
A Digital Twin might optimize the behavior of the twinned system, itself, or nothing at all, e.g., if it is
only monitoring the twinned system or does interact with its real-world counterpart. We aim to find
out which optimizations are supported by Digital Twins in these subdomains.

TABLE 3.1: Urban Digital Twins – Purpose and Scope

RQ-2 How are Digital Twins for Urban engineered?
This question exactly maps the RQ-3.1 to RQ-3.3 of Wimmer et al. (2022) and aims to identify the means
to construct Digital Twins in the domain outlined by the research. To this end, it explores how the differ-
ent parts and properties are realized for implementing these twins. We focus on technical details such as
concrete realization, communication, or associations with product lifecycle management. Furthermore, we
investigate different tools and technologies that have proven to be promising or essential for constructing
Digital Twins. Corresponding related research questions are:

RQ-2.1 How are Urban DTs implemented?
There might be different possibilities for realizing these DTs. This question aims at exploring these.
RQ-2.2 Are DTs developed with their own development process or are they developed together
and in connection with the observed entity?
Since the term twin already suggests a strong similarity to the observed system, we leverage this
question to further investigate how this similarity affects the development process of Digital Twins.
RQ-2.3 Which software solutions are used to support Large Scale Digital Twins?
E.g., Which platform could be used to deploy them (Kubernetes, Docker, Azure).

TABLE 3.2: Urban Digital Twins – Engineering
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RQ-3 How do Urban Digital Twins work?
This question exactly maps the RQ-5 of Wimmer et al. (2022), and analyzes the operation of Digital Twins,
including in- and output, as well as underlying data structures. Furthermore, we investigate the possibilities
of current Digital Twins to autonomously perform decision-making. Hence we investigate the following
research questions:

RQ-3.1 Does the Digital Twin feature decision-making functions?
A probable use case for Digital Twins can focus on its application to make decisions for a system.
With this question, we aim to identify the different approaches to realize these artificial decision-
making processes.
RQ-3.2 To which events, inputs, or data does a Digital Twin react to?
Digital Twins usually rely on information about the physical entity’s state and user inputs. With this
question, we identify how the Digital Twin gains required information and which events trigger its
actions.
RQ-3.3 Which output does it produce?
A frequent use case of Digital Twins is representing the physical entity’s state. With this question,
we aim to find out how Digital Twins interact with their environment and how they communicate to
and influence their operating context (e.g., could it be considered the outline of a module for a larger
DT or it tries to entail the entire scoped physical system for a specific problem).

TABLE 3.3: Urban Digital Twins – Functionalities and Operations

RQ-4 How are Digital Twins evaluated?
This question exactly maps the RQ-6.1 of Wimmer et al. (2022), and it is used to analyze how the included
publications evaluated their contributions. For quantification, we identify and assign classes of the different
technology readiness levels. Furthermore, we explore whether the publications provide metrics related to the
proposed Digital Twins that could be reused in future research.

RQ-4.1 Which technology readiness levels do Digital Twin evaluations employ?
When constructing Digital Twins, there can be a vast range between how the results are evaluated
and to which extent they are ready for application in an industrial context. Thus, this question aims
at classifying how mature the proposed twins are.
RQ-4.2 Which publicly available Technologies do Digital Twin use?
This question investigates commonly used tools. And it is not analyzed through a facet, but instead
in a relative paragraph.

TABLE 3.4: Urban Digital Twins – Technologies

The process of engineering Urban Digital Twins is investigated in the Research
Question 2, detailed in Table 3.2. Here, we delve into the implementation methods
(RQ-2.1), the development processes in tandem with the observed entities (RQ-2.2),
and the software solutions facilitating these large-scale twins (RQ-2.3). Research
Question 3 presented in Table 3.3 aims instead at analyzing the operational mecha-
nisms of Urban Digital Twins, exploring their decision-making capabilities (RQ-3.1),
responsiveness to events and data (RQ-3.2), and their output and communication
methods (RQ-3.3). Lastly, Research Question 4 in Table 3.4 examines the evaluation
methods used for Digital Twins, focusing on the technology readiness levels (RQ-
4.1) and the utilization of publicly available technologies (RQ-4.2). We have identi-
fied four cardinal RQs and provided detailed insights into each, highlighting their
relevance and significance in the context of Urban Digital Twins. By thoroughly in-
vestigating these questions, we aim to contribute a nuanced understanding of the
current state of the art and identify areas ripe for innovation. Each table presents a
distinct set of research questions that collectively build upon the work of Wimmer et
al. (2022), extending it with a focused lens on the specifics of Urban Digital Twins for
territory management. Through this structured inquiry, we endeavor to extract and
document the intricacies of Urban Digital Twins’ functional requirements, which are
critical for their effective application in sustainable urban development and respon-
sive disaster management scenarios.
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3.1.2 Conduct Search

The construction of the Research Query was a critical step in our systematic method-
ology (detailed in Figure 3.1) to acquire relevant literature. The query’s design was a
deliberate effort to harmonize with the previously defined research questions, ensur-
ing that the sourced studies would provide insights into the functional requirements
and conceptual properties of Urban Digital Twins, their engineering, operation, and
evaluation within the context of territory management.

We devised the search string in Listing 3.1 to precisely target literature that either
bears the phrase "Digital Twin" in the title or abstract and intertwines with critical
thematic areas such as disaster management, smart cities, and urban or suburban
planning. The search was tailored to the disciplines of engineering and computer
science, which are the most pertinent to the technical nature of Digital Twins.

Implemented on comprehensive databases like ACM and Scopus digital libraries,
the query successfully retrieved a substantial corpus of articles. The outcome was
a collection of 423 articles post-validation for access and after the removal of dupli-
cates. This result formed a robust foundation for the subsequent review process.

The search was not only a means to gather data but also a litmus test for the rel-
evance and comprehensiveness of our research questions. The significant yield of
articles indicates that our questions have successfully tapped into a vein of schol-
arly work that is both current and critical for understanding the dynamics of Digital
Twins in urban settings. The query employed is in the subsequent Listing 3.1:

LISTING 3.1: "Search Query for Digital Twin Research"
TITLE(" Digital Twin *") AND TITLE -ABS(" Disaster *" OR
"National" OR "Subnational" OR "Smart City" OR
"Smart Cities" OR "Territory" OR "Territorial" OR
"Urban" OR "Suburban ") AND NOT TITLE -ABS(" Mobility"
OR "Network *" OR "Manufact *" OR "* Traffic *" OR
"Transport *" OR "Deliver *" OR "Cybersec *" OR
"Product *")

3.1.3 Screening of Papers

Exclusion and Inclusion Criteria for Automatic Screening
The inclusion criteria were confined to conference papers and journal articles

published in English, ensuring both the quality of the research and its accessibility
to the international scholarly community.

LISTING 3.2: "Search Query Additions for Digital Twin Research"
AND PUBYEAR > 2019 AND PUBYEAR < 2024
AND LIMIT -TO "ENGINEERING" OR LIMIT -TO "COMPUTER SCIENCE"
OR EXCLUDE "MATHEMATIC", "EARTH SCIENCE", "ENERGY",

"CIVIL ENGINEERING", "BIOLOGY", "ARTS",
"PHYSICS", "MEDICINE", "CHEMISTRY",

AND LIMIT -TO DOCTYPE "CONFERENCE PAPER" "ARTICLE"
AND LIMIT -TO LANGUAGE "ENGLISH"

In selecting papers for inclusion, certain criteria were applied to ensure the rele-
vance and quality of the research. Firstly, the papers needed to address a specific re-
search question, indicating a clear focus and purpose. This criterion ensured that the
selected papers were driven by a defined objective, contributing to a more targeted
and meaningful analysis. Second, the articles were required to provide sufficient
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data and analysis, emphasizing the importance of robust methodologies and com-
prehensive empirical support. By meeting this criterion, the selected papers demon-
strated a rigorous approach to research, enabling a more reliable assessment of their
findings. Lastly, the papers had to possess a relevant scope in relation to the map-
ping topic. This criterion ensured that the papers were aligned with the specific sub-
ject or area of interest under investigation, allowing for a comprehensive overview
of the relevant literature within the designated mapping scope. Overall, these in-
clusion criteria helped ensure that the selected papers met the necessary standards
of research quality, addressing specific research questions, providing adequate data
and analysis, and aligning with the mapping topic.

To maintain the focus and relevance of the paper selection process, certain ex-
clusion criteria were applied. First, papers that were unavailable even after con-
tacting the authors were excluded. This criterion ensured that only accessible and
retrievable papers were considered for inclusion, preventing the inclusion of papers
that might not be readily accessible or obtainable for analysis. Second, papers not
published in the English language were excluded. This criterion aimed to ensure
a consistent language for analysis and comprehension, as well as to align with the
language proficiency of the intended audience. Additionally, papers falling within
out-of-scope fields, such as Earth and Planetary Sciences, Physics and Astronomy,
Materials Science, Chemical Engineering, Agricultural and Biological Sciences, Bio-
chemistry, and Genetics, were excluded. This criterion helped maintain a clear focus
on the relevant domains and research areas directly related to the mapping topic,
streamlining the analysis and ensuring that the selected papers were highly appli-
cable and pertinent to the intended research objectives. By implementing these ex-
clusion criteria, the paper selection process aimed to ensure accessibility, language
coherence, and relevance within the designated research scope.

For the complete research queries please refer to the appendix.

3.1.4 Classification Schema

In our quest to ensure a rigorous data extraction process and to facilitate the man-
agement of extracted data, we meticulously crafted a well-structured classification
framework. This section elucidates the steps taken to design this framework, crucial
for answering our research questions (RQs) through the analysis of 66 meticulously
selected papers. Our approach was anchored in a systematic methodology known
as "keywording," which is instrumental in evolving a classification scheme that ac-
curately reflects the selected papers’ research focus, adhering to the guidelines set
forth by Petersen et al. (2008). Furthermore, our methodology for deriving facets
commenced with the Wimmer et al. framework as a foundational base, which was
then tailored to resonate with the specific content of the reviewed papers. This facet
derivation process entailed adapting existing facets from the Wimmer model, incor-
porating new facets pertinent to our research context, and customizing facets to bet-
ter align with our analytical framework. These facets were systematically defined
and categorized within a tabular schema, which is detailed in Section 3.2.

Our journey to develop a comprehensive coding schema unfolded in two pivotal
steps:

1. Automatic Keyword Identification: We embarked on this step by leveraging
natural language processing (NLP) techniques to automate the identification
of frequently mentioned keywords within the abstracts of the selected papers.
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This process began with the aggregation of abstracts into a cohesive text cor-
pus, which then underwent a series of pre-processing activities. Initial pre-
processing involved noise removal—transforming text to lowercase, eliminat-
ing punctuations, tags, special characters, and digits. Subsequent steps in-
cluded normalization through stemming and lemmatization to distill words
to their root forms, and the exclusion of prepositions, pronouns, and conjunc-
tions. Employing a bag-of-words model, we disregarded the order and gram-
mar of text to focus on the multiplicity of words, enabling us to identify the top
50 single words and the most common bi-gram and tri-gram combinations.

2. Manual Keyword Refinement: Following the automatic identification phase,
we delved into a manual refinement process. By meticulously reading each pa-
per’s abstract, we were able to amalgamate keywords from disparate papers,
fostering a high-level comprehension of the research contributions. When this
endeavor highlighted inconsistencies with respect to our starting schema, it
meant there were interesting research elements we could not extract without
altering it our classification schema. The refinement process included a double
round of reviews, with a reshuffling of reviewers among the authors after the
initial round, to address any inconsistencies.

To validate the effectiveness and comprehensiveness of our coding schema, each
author was assigned a subset of 10 randomly selected papers. This exercise was not
only aimed at validating the classification schema but also at ensuring a shared un-
derstanding of the coding and keywords among the researchers. The outcomes of
this exercise were discussed collectively, allowing us to address potential inconsis-
tencies and to finalize the classification schema. This meticulous approach under-
scores our commitment to a thorough and collaborative review process, ensuring
the integrity and relevance of our data extraction methodology.

This iterative process culminated in a refined set of keywords and a finalized
classification schema, and the various ways in which the original schema was altered
are outlined in Section 3.2.

3.1.5 Data Extraction & Mapping

Following the establishment of our facet classification schema, we embarked on a
meticulous re-examination of the selected papers through full text reads. This re-
reading process was guided by the previously defined general and specific facets,
enabling a structured and comprehensive extraction of results. Each paper was an-
alyzed with the aim of identifying pertinent findings that align with our research
facets, ensuring that our review was both exhaustive and relevant. The data extrac-
tion process entailed a thorough full-text reading, utilizing the classification schema
to construct a comprehensive map of the current research landscape. This map-
ping facilitated the identification of both prevalent themes and notable research gaps
within the field. The outcomes of this process are detailed in the subsequent sections,
namely, the vertical and horizontal analysis. These analyses provide a nuanced ex-
ploration of the research domain, offering insights into the depth and breadth of the
existing literature, and highlighting areas ripe for future investigation.

The vertical analysis involved a deep dive into the results related to each spe-
cific research question, facilitating a detailed understanding of the findings within a
singular context. Concurrently, the horizontal analysis allowed us to compare and
contrast these findings across different research questions and studies.
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3.2 Classification Schema

In Table 3.5 the study’s focus on "Concepts", "Methods," and "Tools" highlights a con-
structive orientation in the field, emphasizing the development of new frameworks,
methodologies, and technological solutions. The absence of "Analyses" and "Met-
rics" from our findings underscores a critical area for future research: the need for
more evaluative studies and the development of comprehensive metrics to guide the
assessment and comparison of Urban Digital Twins. Addressing this gap can con-
tribute significantly to the field’s maturity, offering a basis for benchmarking and
improving Urban Digital Twin implementations across different urban and territo-
rial contexts.

On another note, Table 3.6 outlines a balanced emphasis on "Evaluation" and
"Solution" oriented research within the Urban Digital Twins domain. This indicates
a strong focus on not only proposing and developing new solutions and methodolo-
gies but also on critically assessing existing techniques to validate their effectiveness
and applicability. The "Experience" and "Validation" categories, though represented
with fewer publications, highlight the diversity of research approaches, encompass-
ing both personal experience reports and experimental validations of novel tech-
niques. It is important to note that the "Vision" category is absent from our analysis.
This was a deliberate exclusion from our criteria, primarily because our mapping
study aimed to concentrate on tangible, empirical research contributions that di-
rectly inform the development, evaluation, or application of Urban Digital Twins.

RQ-1: Implementation Technique Facet, Engineering and Tooling

The classification schema for table 3.7 provides a structured approach to understand-
ing the diverse objectives behind the development and implementation of Urban
Digital Twins (UDTs). By categorizing purposes into distinct aspects, such as * CPS
Behavior Optimization, * CPS Behavior Prediction, * CPS Data Processing, * CPS Monitor-
ing, and newly added (+ Public Funds Management), we gain insight into the primary
focuses of current research and development efforts in the field. Each category rep-
resents a different aspect of UDTs’ application, highlighting the multifaceted nature
of these technologies.

The frameworks for categorizing the literature around two key research ques-
tions: 3.8, 3.9 and 3.10, concerning the real-world counterparts of Digital Twins and
the lifecycle stages at which Digital Twins are utilized has been retained from the
original classification schemas for these questions, as established by Wimmer et al.,
and this was driven by their comprehensive alignment with our study’s objectives.

RQ-2: Implementation Technique Facet, Engineering and Tooling

The classification schema for R.Q. 2.1 (in Table 3.11) was retained due to its com-
prehensive encapsulation of the various methodologies and technologies used in
the implementation of Urban Digital Twins. This schema aids in systematically ex-
ploring the technical underpinnings of Digital Twins, highlighting the importance
of CAD/3D Models, Data and Databases, General Purpose Languages, Mathemati-
cal/Physical Models, Model-Driven Engineering (MDE), and Simulation and Anal-
ysis in their development. These categories collectively provide a robust framework
for assessing technical diversity and innovation within this research domain.
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Similarly, the schema for R.Q. 2.2 remains unchanged to leverage its effective-
ness in distinguishing between Joint Engineering and Subsequent Engineering ap-
proaches in Digital Twin development. This distinction is crucial for understanding
the temporal and procedural relationships between the engineering of Digital Twins
and their physical counterparts.

The original classification for R.Q. 2.3 was preserved to comprehensively cover
the tooling aspects in the engineering of Digital Twins, encompassing Artificial In-
telligence Software, Communication Software, CAD and 3D Modeling, MDD Soft-
ware, Data Management Software, Process Management Software, Programming
Languages, Simulation Software, Visualization Software, and Other Software. This
schema provides a detailed overview of the software and programming tools that
facilitate the creation, operation, and management of Digital Twins, highlighting the
technological diversity and specificity of tools tailored to various aspects of Digital
Twin functionality.

RQ-3 Decision Making, Input and Events, Output Facets

Table 3.14 facet categorizes the various methodologies used by Urban Digital Twins
to support decision-making processes, ranging from Data Mining and Machine Learn-
ing to Simulation, showcasing the depth of computational intelligence integrated
within these systems.

The table 3.15 classification highlights the variety of inputs that Urban Digital
Twins can process, including CPS Data, Models and Simulations, and User Speci-
fications, underlining the multifaceted interaction between the digital and physical
realms.

The outputs of Urban Digital Twins Table 3.16 are detailed in this facet, illustrat-
ing the range of their capabilities from Observations and Predictions to Visualization
& 3D Models, emphasizing the comprehensive feedback mechanisms these systems
provide.

RQ-4 Digital Twin Evaluation Maturity Facet

The Table 3.17 facet explores the maturity levels of Urban Digital Twins, from Proof
of Concept to System demonstration, highlighting the progression of these tech-
nologies towards operational deployment and their readiness for real-world appli-
cations.

Contribution Type Facet
Keyword Description
Concepts Papers presenting ways of reasoning about things, such as new metamodels or

taxonomies, e.g., (Biesinger et al., 2018; Khakimov and Shcherbo, 2018; Vatn,
2018).

Methods Papers presenting ways of doing things, e.g., (Liu et al., 2019a; Sun et al., 2020).
Tools Papers presenting novel software tools related to implementing Digital Twins,

e.g., (Mukherjee and DebRoy, 2019; Dröder et al., 2018; Dong et al., 2019).

TABLE 3.5: Contribution Type Facet in Urban Digital Twins Research

RQ-4.2 Technology Used This research question collects unstructured observa-
tions on the technologies adopted in the reviewed Digital Twin implementations and
does not lend itself to a formal facet classification.
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Research Type Facet
Keyword Description
Evaluation Papers evaluating existing techniques, cf. e.g., (Damjanovic-Behrendt

and Behrendt, 2019; Armendia et al., 2019; Fei et al., 2018).
Experience Papers reporting personal experiences, e.g., (Dröder et al., 2018; Gockel

et al., 2012; Weiss et al., 2017).
Solution A novel solution is presented and argued for with case studies, e.g.,

(Biesinger et al., 2018; Biesinger et al., 2019).
Validation Papers presenting novel techniques and experimenting with them, e.g.,

(Wantia and Roßmann, 2017; Yacob et al., 2019; Gomez-Escalonilla et
al., 2020).

TABLE 3.6: Research Type Facet in Urban Digital Twins Research

R.Q. 1.1 What is the purpose of these Urban DTs?
Keyword Description
* CPS Behavior
Optimization

Subsumes purposes related to optimizing a CPS’s behavior, such as
path planning for agents (Dröder et al., 2018), or disaster response.

* CPS Behavior
Prediction

Summarizes purposes to predict future CPS behavior, such as energy
consumption prediction (Uzun et al., 2019).

* CPS Data Pro-
cessing

Summarizes purposes related to data processing, integration, and per-
sistence checking, such as knowledge collection (Padovano et al., 2018)

* CPS Monitoring Describes purposes related to collecting, analyzing, and visualizing
data about the state of a Cyber-Physical System (CPS), such as real-
time monitoring for territory management.

+ Decision Mak-
ing Support

Summarizes purposes that evolve around complex processes and
decision-making, such as macro perspective analysis (Block and Kuh-
lenkötter, 2019), or smart process planning (Liu et al., 2019).

TABLE 3.7: Classification Facet for R.Q. 1.1

3.3 Vertical Analysis

During the vertical analysis, we report quantitative results for each research ques-
tion when a standalone answer is possible. The following subsections summarize
these results across the corpus. When evidence is limited or ambiguous, we report
observations and tentative insights rather than definitive claims.

Figure 3.2 provides a general overview of papers by contribution type and re-
search type across the corpus.

RQ-1.1 Purpose Facet Results
The results indicate that the purpose of Territory Management/Disaster Response
Digital Twins is primarily linked to large-scale Cyber Physical System (CPS) data
manipulation, suggesting that handling and processing vast amounts of data gen-
erated by CPS is a key driver in this context. The focus on CPS data manipulation
is followed by CPS monitoring, as it is crucial to gain real-time insights into the
territory and ensure effective control of physical entities. Finally, predictions are
mentioned last because dealing with the challenge of managing and analyzing big
data is a prerequisite for deriving accurate predictions from the available data. This
order of priorities implies that addressing the issue of handling large-scale CPS data
is foundational to unlocking the potential of CPS monitoring and enabling accurate
predictions, leading to improved territory management and disaster response out-
comes. The distribution is summarized in Figure 3.3.

RQ-1.2 Observed Entity Results
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(A) Number of papers by contribution type. (B) Number of papers by research type.

FIGURE 3.2: Overview of papers by contribution type and research
type across the corpus.

FIGURE 3.3: Number of papers by RQ-1.1 (Purpose Facet).
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R.Q. 1.2 What is the real-world counterpart (i.e., the observed entity)?
Keyword Description
Individual Sys-
tems

Such as automated cars (Atorf and Roßmann, 2018), gas turbines
(Dawes et al., 2019) or Buildings.

Other Counter-
parts

e.g., arbitrary physical bodies (El Saddik, 2018)

Systems of Sys-
tems

Such as complete factories (Biesinger et al., 2018), oil wells (Kosenkov
et al., 2018), or railway systems (Vatn, 2018), or Cities.

TABLE 3.8: R.Q. 1.2

R.Q. 1.3 When is the Digital Twin used in the lifecycle of the observed entity?
Keyword Description
Design-time To characterize Digital Twins that are employed during the design

phase of the physical entity (Atorf and Roßmann, 2018).
Runtime to characterize Digital Twins that are employed while the physical en-

tity is already operating. These Digital Twins may predict future be-
havior or control and optimize the physical entities’ next steps (Sun et
al., 2020).

TABLE 3.9: R.Q. 1.3

Figure 3.4 summarizes the distribution of observed entities across the reviewed pa-
pers.

FIGURE 3.4: Number of papers by RQ-1.2 (Observed Entity Facet).

RQ-1.3 When is the DT used in the lifecycle of the CPS?
Of the papers analyzed: 68% were used at Runtime, 23% at Design-time, and 9%
could be used for the entire DT lifecycle.

RQ-1.4 What does the DT optimize?
Of the papers analyzed: 47% optimized the Counterpart CPS, 20% were about con-
tinuous optimization of the Digital Twin, and 33% were used to optimize both.

RQ-2.1 Implementation Technique Results
The distribution of implementation techniques is summarized in Figure 3.5.

RQ-2.3 Tooling Results
Figure 3.6 shows the distribution of software tooling categories.

RQ-3 How do Urban Digital Twins operate?
RQ-3.1 Does the Digital Twin feature decision-making functions?
Usually the phrasing and the categorization with respect to the decision-making
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FIGURE 3.5: Number of papers by RQ-2.1 (Implementation Tech-
nique Facet).

FIGURE 3.6: Number of papers by RQ-2.3 (Tooling Facet).
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R.Q. 1.4 What (if anything) does the Digital Twin optimize?
Keyword Description
Digital Twin Opti-
mization

Incorporates Digital Twins which optimize themselves without aiming
to influence their twinned entity directly with this optimization. E.g., a
Digital Twin collects data from a health monitoring system to optimize
its structural health model of the real-world counterpart (Tygesen et al.,
2018).

Counterpart Opti-
mization

Subsumes Digital Twins aiming to only optimize their real-world coun-
terpart. For instance, a Digital Twin is initialized with real tech param-
eters and then used to optimize the real-world counterpart, without
updating the Digital Twins simulation model (Guerra et al., 2019).

Digital Twin &
Counterpart Opti-
mization

Subsumes Digital Twins that not only optimize their counterpart alone
but also use information from their counterpart to optimize themselves.
E.g., a Digital Twin used for state estimation in non-linear electro-
mechanical systems, optimizing not only the electro-mechanical system
but also the Digital Twin itself (Gonzalez et al., 2018).

TABLE 3.10: R.Q. 1.4

R.Q. 2.1 How are Urban DTs implemented? Implementation Technique Facet
Keyword Description
CAD/3D Models Describing the geometric representation of a physical component

(Biesinger et al., 2018).
Data and
Databases

Covering collecting and analyzing operation data (Liu et al., 2018b) as
well as different data formats (Moreno et al., 2017).

General Purpose
Languages

Such as Java (Leng et al., 2019), C++ (Song and Jang, 2018), and Matlab
(Saini et al., 2018).

Mathematical/
Physical Models

Such as finite element (Wang et al., 2019b) and multi-physics models
(Seshadri and Krishnamurthy, 2017).

Model-Driven En-
gineering (MDE)

Such as UML or SysML models (Delbrügger and Rossmann, 2019), lan-
guage workbenches (Oquendo, 2019), and AutomationML (Schroeder
et al., 2016).

Simulation and
Analysis

Such as Simulink (Raineri et al., 2018), Verosim (Grinshpun et al., 2016),
or AnyLogic (Damiani et al., 2018).

TABLE 3.11: R.Q. 2.1

output of a DT is not immune to misinterpretation, given also how various the re-
search fields that outline DTs are. Roughly 70% of the papers mentions Data Mining
techniques as the main driver for the Insights produced, Machine Learning in its
different forms is mentioned in at least 47% of the papers and even if the boundaries
between these three options are not extremely strict also Simulation and Operational
Research techniques are mentioned in 20% of the papers. The distribution is shown
in Figure 3.7.

RQ-3.2 To which events, inputs, or data does a Digital Twin react to?
Of the reviewed papers over 60% were only reacting to the CPS Data coming from
sensors and user interaction. The rest while still maintaining continuous interaction
with the CPS, included also (in equal partitions) either User Specifications (via User
Inputs) or data coming from Simulations.

RQ-3.3 Which output does it produce?
The main and only category of outputs for over 50% of the papers was just Observa-
tions representing the current state of the twinned system. While 20% only provided
Visualizations & 3D Models of their counterpart. The remaining 30% provided ei-
ther Prescriptions or Predictions alongside the base categories mentioned before.

RQ-4 Which technology readiness level meets the Digital Twin state?
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RQ-2.2 Digital Twin Engineering Process Facet
Keyword Description
Joint Engineering Incorporates publications where the engineering and the evolution of

Digital Twins are intertwined with the engineering of their counter-
parts.

Subsequent Engi-
neering

Incorporates publications where the engineering of the Digital Twin,
i.e., the process itself, succeeds the engineering of their counterpart.
The counterpart to be twinned, or previous versions of it, already exists,
and information about the counterpart can be leveraged for its twin-
ning.

TABLE 3.12: R.Q. 2.2

FIGURE 3.7: Number of papers by RQ-3.1 (Decision-Making Facet).

The average level for the DTs we looked at was 4.25, no article reached a TRL in the
range of 7–9. The main cause of this was that DTs were really broad in scope. And
even with narrower scoped tasks, applying them at a regional level is not trivial.

3.4 From research gaps to thesis contributions

This section links the research gaps surfaced by the mapping study to the contri-
butions of the thesis. The mapping does not only organise the literature on Urban
Digital Twins (UDTs) for territorial monitoring; it also clarifies why most existing
proposals struggle to reach higher Technology Readiness Levels (TRLs) and, conse-
quently, how our work can more realistically contribute to the field as articulated
in Section 1.2. In particular, the vertical analysis of RQ–4 (technology readiness and
evaluation) shows that the dominant pattern is that many works introduce broad
conceptual frameworks or large-scale “national” or “urban” twins, but their valida-
tion remains confined to small-scale prototypes, partial simulations, or narrow case
studies.

Territorial Digital Twins are frequently specified as very large, monolithic sys-
tems that are expected to integrate heterogeneous data sources at national or re-
gional scale; provide real-time closed-loop control over critical infrastructure; and
support a wide spectrum of use cases, from long-term planning to emergency re-
sponse and day-to-day operations. These expectations translate into requirements
that are often too broad, under-specified, or practically unfeasible for the resource-
constrained public administrations that are supposed to deploy them. At the same
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RQ-2.3 Check Tooling Facet
Keyword Description
Artificial Intelli-
gence Software

E.g., Apache MXNet (Uzun et al., 2019), the IBM Watson software de-
velopment kit (Dingli and Haddod, 2019), or TensorFlow (Um et al.,
2018).

Communication
Software

Including ROS (Ponomarev et al., 2017), OPC UA (Ayani et al., 2018).

Computer-Aided
Design (CAD) and
3D modeling

Such as SolidWorks (Ellgass et al., 2018), Siemens NX (Anand et al.,
2018), or Autodesk Revit (Kaewunruen and Xu, 2018).

Data Management
Software

Including Apache SOLR (Longo et al., 2019), SQL databases (Carbonari
et al., 2020), or SAP HANA (Pargmann et al., 2018).

Process Manage-
ment Software

Including ChemSiemens10 Tecnomatix (Caputo et al., 2019), UniSim
Design (Yusupbekov et al., 2018), or in-house developed solutions
(Baruffaldi et al., 2019).

Programming Lan-
guages

Including Python (Karanjkar et al., 2018), Java (Leng et al., 2019), and
others.

Simulation Soft-
ware

Such as Abaqus (Denos et al., 2017), Gazebo (Mejia et al., 2017), the
MAYA simulation framework (Ciavotta et al., 2017), or Verosim (Wantia
and Roßmann, 2017).

Visualization Soft-
ware

Such as Unity (Chen et al., 2018), OpenCV (Chakshu et al., 2019), or
APIs for augmented reality devices (Utzig et al., 2019).

Other Software Including various programming languages (Kloibhofer et al., 2018),
specific self-developed toolsets (Konstantinov et al., 2017), APIs for
communication (Kubota et al., 2018), or website development tools
(Radchenko et al., 2018).

TABLE 3.13: R.Q. 2.3

time, evaluation is seldom aligned with these ambitious requirements: prototypes
are assessed on limited technical indicators (e.g., data throughput, visualization ca-
pabilities, or prediction accuracy on a specific task), while governance integration,
operational robustness, maintainability, and hand-over to local authorities remain
largely untested.

These findings directly informed how we chose to “deliver” on the contribution
outlined in Section 1.4. Rather than treating the Urban Digital Twin as a monolithic
objective to be realised in one step, we reframed our research goal around the con-
struction of the enabling components that are both feasible to engineer, evaluate, and
deploy today in a city like L’Aquila and composable into a future ecosystem that can
approximate, and eventually realise, a territorial twin.

Concretely, this led us to design EVA-Sim and the surrounding territorial mon-
itoring Software Ecosystem (SECO) as a scalable software backbone rather than a
fully-fledged Digital Twin. Over time, as more components are added (e.g., addi-
tional sensing pipelines, control modules, or domain-specific simulators), this ecosys-
tem can increasingly behave as a Digital Twin for the territory, at least partially
twinning selected processes and infrastructures, without requiring an unrealistic up-
front investment or a complete reorganisation of municipal IT infrastructure.
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RQ-3.1 Decision Making Facet
Keyword Description
Data Mining Such as big data methods (Tao et al., 2018a), or data cleansing tech-

niques (Yusupbekov et al., 2018).
Machine Learning Such as artificial neural networks (Ding et al., 2019), or deep learning

(Uzun et al., 2019).
Case-based Rea-
soning

E.g., (Kaivo-oja et al., 2019).

Symbolic Reason-
ing

Such as (Wantia and Roßmann, 2017).

Stochastic Reason-
ing

For instance (Li et al., 2017).

Other Numeric
Reasoning

Classifying remaining methods such as (Yan et al., 2018).

Simulation Such as finite element analysis (Zambal et al., 2018), virtual testbeds (Di
Maio et al., 2018), or rigid body dynamics (Mars et al., 2018).

TABLE 3.14: R.Q. 3.1

RQ-3.2 Digital Twin Input and Events Facet
Keyword Description
CPS Data Specifies all data captured by sensors (Padovano et al., 2018) or emitted

by machines (Lu and Xu, 2018a), or collected over other mediums about
a CPS.

Models and Simu-
lations

Includes data that is provided by simulations (Ciavotta et al., 2017) or
specified through models (Thomas et al., 2018).

User Specifica-
tions

Characterizes all Digital Twins that are configured via direct user input,
e.g., through a user interface (Zhang et al., 2017a) or motion capturing
(Peruzzini et al., 2020).

TABLE 3.15: R.Q. 3.2

RQ-3.3 Digital Twin Output Facet
Keyword Description
Observations If the Digital Twin represents the current state of the twinned system,

i.e., monitoring data.
Prescriptions For Digital Twins emitting instructions send by the digital twin about

changes that should be applied, incorporating parameter configuration
changes, detailed control commands, and planning data.

Predictions When the Digital Twin produces predictions or estimations about the
system behavior, failures, and life expectancy, i.e., what can be.

Other Data When Digital Twins output data but the nature of this data is not fur-
ther specified.

Visualization &
3D Models

When the output of Digital Twins are changes to a UI or 3D models for
visualization of their counterpart.

TABLE 3.16: R.Q. 3.3
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RQ-4.1 Digital Twin Evaluation Maturity Facet
Keyword Description
Proof of Concept
(TRL 1-3)

Includes evaluations in which at least basic principles of the research
can be observed and at most an experimental proof of concept is re-
ported.

Technology (TRL
4-6)

Includes evaluations where technology is at least evaluated in a labo-
ratory context and at most in a relevant environment.

System (TRL 7-9) Includes evaluations in which at least a system prototype is demon-
strated in an operational environment.

TABLE 3.17: R.Q. 4.1
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Chapter 4

Territorial Monitoring SECO

This chapter presents the territorial monitoring software ecosystem that integrates
satellite, in situ, and open data sources, orchestrates preprocessing, and generates
persona-tailored dashboards for L’Aquila. Urban sensing underpins quality of life
(QoL) monitoring, yet integrating IoT, satellite, and digital-twin data remains diffi-
cult because of heterogeneous formats and semantics [2], [65], [66]. We address this
by designing a software ecosystem (SECO) [30], [31] that aligns spatio-temporal data
streams and produces persona-driven outputs [67].

Our use case assembles open national and EU datasets (including satellite pro-
grams such as the ESA Copernicus Sentinel missions1, ground-level air quality mea-
surements from ARPA Abruzzo2, meteorological records from CeTEMPS3, and re-
construction cadastral data from USRA/USRC4) to generate dashboards for urban
planners, public health officials, and citizens, using exploratory data analysis and vi-
sualization modules for interpolation and prediction [68]. The SECO is extensible to
monitor interventions such as new green areas, construction, or events by assessing
their impact on QoL metrics.

The contributions of this chapter are:

• an approach for designing territorial monitoring SECOs that exploit spatio-
temporal data across use cases;

• a SECO that monitors QoL metrics and tailors outputs to defined personas;

• a persona-based dashboard component that presents pollutant data accessibly
for stakeholders;

• an open dataset integrating satellite and ground data over the examined terri-
tories;

• an automated Apache NiFi orchestrator for reusable download, integration,
and alignment of satellite and ground data.

The remainder of the chapter presents the approach (Section 4.1) and use case
(Section 4.2), details data collection (Section 4.3), preprocessing (Section 4.4), and
analysis (Section 4.5 and Section 4.6), and closes with limitations and a thesis-level
discussion (Sections 4.7.1 and 4.7).

1https://www.copernicus.eu/en/access-data
2https://www.artaabruzzo.it/
3https://www.cetemps.aquila.infn.it/
4https://www.usra.it/

https://www.copernicus.eu/en/access-data
https://www.artaabruzzo.it/
https://www.cetemps.aquila.infn.it/
https://www.usra.it/
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4.1 Approach

This section details the approach and relative modules to develop a Software Ecosys-
tem (SECO) that leverages spatio-temporal data for territorial monitoring and man-
agement. The proposed solution is illustrated in Figure 4.1. In this approach, each

FIGURE 4.1: The proposed approach to Software Ecosystem develop-
ment

module communicates with an Orchestrator, which manages the data flow between
modules, gathering their inputs, and storing their outputs. It is the central controller
that ensures smooth, synchronized data processing, coordinating various stages of
data collection, preprocessing, analysis, and reporting. This coordination allows
each module to operate semi-independently and concurrently.

All module outputs are stored in a Document-Oriented Database, a NoSQL stor-
age paradigm in which each record is stored as a self-describing document (e.g.,
JSON or BSON) rather than in fixed relational tables, making it well-suited for het-
erogeneous or schema-evolving data. This approach is optimized for managing di-
verse, evolving data formats. This database handles the spatio-temporal unaligned
data formats typically fetched in early stages as well as the aligned and processed
data generated later. The document-oriented structure enables flexible storage of
complex data types and metadata, making it ideal for managing the variety of out-
puts produced by each module and supporting rapid retrieval for further analysis
or visualization.

In Figure 4.1, four modules (i.e., the ones labeled with numbers from 1 to 4)
are detailed since they are the ones implemented so far. The right-most module,
Emergency Multi-Agent Simulator labeled with n, is under development. We reported
it in the figure to show how the orchestrator-based development approach is flexible
and allows us to accommodate the SECO with further functionalities easily. Each
instantiated module’s inputs, processing steps, and outputs are defined as follows.

Data Collection Modules

The approach begins suggesting the need for Streaming Data Collection ( 1 ), where
data is continuously fetched from satellites or ground station sensors. This raw data
is usually fetched in a spatio-temporal format that varies depending on frequencies
and sources. A Data Fetching Specification defines the parameters for each source,
ensuring that the relevant data streams are targeted for collection. The collected data
is stored as Spatio-Temporal Unaligned Data, a format that retains each data point’s
spatial and temporal characteristics for further analysis. A SECO worth building is
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expected to integrate data streamed from various instances of such modules, as we
will show in Section 4.2.

Data Preprocessing Modules

After data collection, the information stored in the unstructured database often re-
quires semantic and spatio-temporal alignment, necessitating one or more Sched-
uled Preprocessing & Interpolation modules ( 2 ). In this module, raw data from
diverse sources is aligned both spatially and temporally to create a cohesive data
stream suitable for analysis. Raw Data & Processing Specifications is needed to guide
this alignment, addressing issues like inconsistent timestamps and differing spatial
resolutions across sources. This preprocessing may also involve interpolation tech-
niques to address data gaps, smoothing or predicting values to ensure a consistent
spatio-temporal representation. The outcome is Spatio-Temporal Aligned Data, which
forms the foundation for more accurate analytics in subsequent modules.

Exploratory Data Analysis and Machine Learning Modules

The data collected, either raw or preprocessed, could optionally move into one or
more Exploratory Data Analysis (EDA) & Machine Learning (ML) modules ( 3 ).
Here, Processed Data & KPI Specifications guide the generation of insights or predic-
tions based on Key Performance Indicators (KPIs) relevant to the stakeholders of the
SECO. Machine learning algorithms can be employed here to detect patterns, predict
potential changes in metrics or future data, and assess various KPIs’ impacts. KPI-
Based Insights & Predictions are generated, which can be fed into alerts, dashboards
or any other output communicating module.

Dashboard Creation and Reporting Module

The process begins with the identification of user personas, which is crucial for elic-
iting dashboarding requirements and ensuring that the outputs align with the spe-
cific needs of different users. Various output communication modules can be then
encoded in the SECO, i.e., Plotting, Dashboarding & Reporting ( 4 ), usually in-
volving visualizing the EDA results into Per-Persona Dashboards & Reports, varying
in layout and content. The dashboards can either be stored and managed in the
Document-Oriented Database or offered through other interfaces (e.g., a web page or
a mobile app), allowing flexible and rapid retrieval for different persona types (i.e.,
for territorial monitoring scenarios, citizens, decision-makers, urban planners, civil
protection, etc).

4.2 Architecture and Workflow

The approach described in Section 4.1 is showcased in this section to develop a non-
trivial use case consisting of a QoL monitoring SECO that enables reliable and con-
sistent insights customized to a set of personas, specifically supporting urban plan-
ners, public health officials, and citizens.

The resulting SECO demonstrates a structured, multi-layered system for data
management, processing, and analysis aimed at territorial monitoring. It uses citi-
zen QoL metrics as key performance indicators (KPIs) and integrates data from satel-
lites, on-ground sensors, and GIS sources from public administrations. The SECO’s
cyclical behavior is presented in Figure 4.2, where raw data is fetched (as described
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in Table 4.2), labeled, and stored as spatio-temporal unaligned data in a document-
oriented database. After preprocessing and alignment, the data is analyzed for KPIs
and insights using exploratory data analysis and machine learning. The results are
stored and used to generate persona-specific dashboards and reports, providing ac-
tionable air quality insights. The technological details for each module are outlined
in Figure 4.3 and discussed in the following sections.

FIGURE 4.2: Sequence Diagram describing the SECO behavior cus-
tomized on Plotting, Dashboarding and Reporting, with respect to

Figure 4.1.

Orchestrator, NoSQL Database & Streaming Data Collection

Central to our approach is the orchestrator, powered by Apache NiFi 5 in the im-
plemented SECO, an integrated platform for data logistics and real-time data in-
tegration. Built on Java, NiFi is designed for extensibility and fault tolerance. It
operates based on the ‘Flow-Based Programming’ paradigm, where data are seen as
‘FlowFiles’ that pass through ‘Processors’. Each processor performs specific data op-
erations, enabling versatile data routing and transformation. The developed SECO
has a specific processor for each module in Figure 4.1. After data ingestion and
transformation, NiFi channels the refined datasets into MongoDB 6. MongoDB, be-
ing a document-oriented NoSQL database, ensures flexible storage capabilities tai-
lored for various data formats. Which datasets are currently fed into our SECO and
the technicalities of the streaming data collection module ( 1 ) are delineated in Sec-
tion 4.3.

5https://nifi.apache.org/
6https://www.mongodb.com/

https://nifi.apache.org/
https://www.mongodb.com/
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Scheduled Preprocessing & Interpolation

This module ( 2 ), using MongoDB, accesses the raw datasets and manipulates them
using the Python Data Analysis Library (pandas) 7. This stage guarantees data
consistency, flagging incomplete data and integrating the various data sources in
preparation for subsequent processing and analytics modules. Further details of
this phase are expanded upon in Section 4.4.

Exploratory Data Analysis and Machine Learning (ML)

The module ( 3 ) is currently fed Air Quality and walkability KPIs and employs data
analytics to produce Quality of Life metrics insights, potentially leveraging scikit-
learn 8 to aim at predicting and forecasting how they would change. While the ML
capabilities of this module are envisioned, its complete deployment remains a topic
of ongoing exploration and is expected to be showcased in future work.

Plotting, Dashboarding & Reporting

The output communicating modules ( 4 ) of this SECO are in charge of transforming
data into interactive visual insights. The Python’s Plotly 9 and Folium 10 libraries
serve as the bedrock for crafting interactive plots. Plotly is recognized for its diverse
charting capabilities, while Folium excels in rendering map-based visualizations.
These visual constructs are then amalgamated into dashboards using Dash by Plotly,
offering a dynamic and interactive analytical interface. The mechanics and technical
depth of this visualization strategy are elucidated in Section 4.5.

The proposed SECO underscores modularity and adaptability, allowing for module-
wise enhancements or adaptations without disrupting the overarching workflow se-
quence described in Figure 4.2. Strategic integration of state-of-the-art open-source
tools and platforms, as shown in Figure 4.3, ensures a synergy of reliability, versatil-
ity, and efficiency throughout the data management lifecycle.

1 2 3 4

  Orchestrator

Document-Oriented Database

n

Streaming
Data Collection

Scheduled
Preprocessing
 & Interpolation

Exploratory
Data Analysis 

& ML

Plotting,
Dashboarding &

Reporting

Emergency
Multi-Agent
Simulator

FIGURE 4.3: Technological solution for the proposed SECO, encom-
passing data ingestion, processing, and analysis

7https://pandas.pydata.org/
8https://scikit-learn.org/
9https://plotly.com/

10https://python-visualization.github.io/folium

https://pandas.pydata.org/
https://scikit-learn.org/
https://plotly.com/
https://python-visualization.github.io/folium
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4.3 Data Sourcing and Collection

The QoL monitoring SECO implemented had to recurrently gather a wealth of infor-
mation without manual intervention. The data was sourced from reputable public
administration and governance platforms. These platforms serve as critical reposi-
tories of information related to air quality, GIS layers and cadastral data, as summa-
rized in Table 4.1.

Dataset Size Status URL
Reconstruction
Data-sets (USRA,
USRC)

< 150 MB Open https://bde.comuneaq.usra.it/
bdeTrasparente/openData/
openDataSet/

Weather Data-set
CeTEMPS

< 100 MB Open http://meteorema.aquila.infn.it/
tempaq/dati_completi.html

Air Quality Station
Data-set ARTA

< 100 MB Open https://sira.artaabruzzo.it/#/
stazioni-fisse

Satellite Air Quality
Data-set ESA

< 500 MB Open https://scihub.copernicus.eu/

TABLE 4.1: Summary of data sets used

Reconstruction data sets, provided by the Italian Office for the Reconstruction
of L’Aquila (USRA) These data sets are stored in CSV files and provide compre-
hensive information related to post-earthquake reconstruction activities. They are
easily downloadable from the USRA public portal as raw files, and hold crucial data
regarding construction interventions. These data include the geographic areas, the
funding requested and granted for reconstruction, as well as the current status of
the interventions. The temporal evolution of the reconstruction projects is tracked in
separate files and can inform air quality and walkability changes.

Weather and Air Quality data sets provided by the National Public Entities of
CeTEMPS, ARTA, and the European Space Agency (ESA) These data sets offer
insights into the air quality within the Abruzzo region. They comprise periodic mea-
surements of key pollutants, particulate matter levels, and other relevant air quality
indicators alongside potential health implications based on the pollutant concentra-
tions.

The data collection process differed substantially for each source and is described
below:

• European Space Agency (ESA) Sentinel Satellites: Pollutants Concentration.
The project data is accessible by registering as a researcher on the publicly
available portals for EU citizens and then query the database with the geo-
graphical area of interest, the results obtained will contain the granular mea-
surements of pollutants with the relative GPS coordinates.

• Center of Excellence in Telesensing of Environment and Model Prediction of
Severe Events (CeTEMPS). It is a distinguished center focused on meteorolog-
ical forecasting through the use of remote sensing technologies and numerical
modeling. The data is openly accessible through a web portal with no authen-
tication, and it is provided through text files as collections of either daily or
monthly summary of the weather measurements at the different weather sta-
tions available in the geographical area of interest.

https://bde.comuneaq.usra.it/bdeTrasparente/openData/openDataSet/
https://bde.comuneaq.usra.it/bdeTrasparente/openData/openDataSet/
https://bde.comuneaq.usra.it/bdeTrasparente/openData/openDataSet/
http://meteorema.aquila.infn.it/tempaq/dati_completi.html
http://meteorema.aquila.infn.it/tempaq/dati_completi.html
https://sira.artaabruzzo.it/#/stazioni-fisse
https://sira.artaabruzzo.it/#/stazioni-fisse
https://scihub.copernicus.eu/
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Dataset NiFi Processor Fetch Interval Purpose
Reconstruction
Data-sets (USRA,
USRC)

N/A Monthly This data is not currently
part of what is fetched
automatically through NiFi
but it is useful any time
heavy reconstruction
activities are in place as they
affect the Air Quality
metrics.

Weather Data-set
CeTEMPS

ExecuteScript Monthly The Environment
Telesensing CeTEMPS data
is fetched using a script
executed by NiFi. This
processor is set to read and
write data every month,
providing periodic updates
that complement the daily
data.

Air Quality Station
Data-set ARTA

ExecuteScript Daily This processor fetches
environmental data from
the Regional Agency
Abruzzo ARTA. The data is
read and written at
5-minute intervals, ensuring
up-to-date information is
collected daily.

Satellite Air Quality
Data-set ESA

ExecuteScript Monthly Satellite data from the
European Space Agency
(ESA) is incorporated into
the data flow. This
processor fetches air quality
data from satellite
observations, updating the
dataset on a monthly basis.

TABLE 4.2: Summary of data sets’ processing details
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• Regional Agency for the Protection of the Environment of the Abruzzo Re-
gion (ARTA). It provides a web portal in which the air quality data is dis-
played at a daily granularity level and, in order to gather measurements over
longer periods of time, an approved open source data gathering tool was used
(through a NiFi processor), which required automated interaction with the
web portal to gather all the tables needed to form the final dataset.

The process of data set construction for further analysis and visualization starts
with data collection from the three main data sources mentioned above.
Orchestrator based on Apache NiFi: The streaming data collection module ( 1 )

FIGURE 4.4: Apache NiFi Data Flow for the Streaming Data Collec-
tion Module when three different sources are present.

is handled by the Orchestrator Apache NiFi. In our setup, as depicted in the NiFi
dashboard (Figure 4.4), we have configured multiple data sources to be collected
and processed in a streamlined manner.

The chosen orchestrator’s ability to schedule and automate data fetching scripts
is a key feature that enhances our data collection strategy. By defining the cadence
for each script, NiFi ensures that critical environmental data from ARTA is updated
daily, allowing for timely monitoring and response to changing conditions. And less
frequently changing data from CeTEMPS and ESA is updated monthly, reducing the
load on the system while still providing up-to-date information. Subsequently, the
data is stored and can be fed to the preprocessing modules, detailed in Section 4.4.

4.4 Data Preprocessing

Given the diverse nature of the data gathered from various sources in this SECO,
preprocessing is a pivotal step to ensure data consistency, quality, and usability.
Techniques such as data pivoting, imputation, and normalization are employed to
cleanse and standardize the previously described data sets, thereby ensuring data
integrity and uniformity.

The task of pivoting and preprocessing the data sets to harmonize the satellite
data, weather station information, and public sector urban landscape data entailed
numerous intricate challenges. Firstly, the difference in temporal granularity among
these data sources posed a significant hurdle. Satellite data, being subject to orbital
dynamics, is captured at irregular intervals for a specific geographical area, while
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weather stations typically report data at consistent temporal intervals. This discrep-
ancy necessitated a synchronization process performed via a NiFi processor running
Python code.

Moreover, the inconsistencies in data formats across these data sets, potential
missing values, and the use of different units or scales added to the complexity of
data conversion. Ensuring accuracy during the merging process was imperative,
as any misalignment could lead to erroneous insights, thereby undermining the in-
tegrity of the integrated data stream.

Data interpolation, entailing value estimation at unsampled locations based on
known values from sampled locations [69], emerged as a fundamental technique
given the discrepancies in temporal and spatial granularity between the satellite,
weather station, and urban landscape data. For trends exhibiting a clear linear pro-
gression, linear interpolation proved apt, utilizing the Scipy 11 library interpolation
methods.

An additional layer of data processing was crucial to translate highly technical
measurements into a mapped alias and explanations accessible to a broader audi-
ence, especially for the city sustainability dashboards. This transformation involved
creating mapping schemas to provide clear explanations for these aliases, an exam-
ple is shown in Table 4.3. This step not only improved the accessibility and compre-
hension of the data but also enabled more effective communication of the insights
derived in the subsequent modules, described in Section 4.5, to stakeholders and the
general public involved in urban sustainability projects.

Field Description
Weather Station Location where meteorological

data is collected
IQA Air Quality Index

PM10µg/m³ Particulate matter less than 10
micrometers in diameter per cu-
bic meter

PM2.5µg/m³ Particulate matter less than 2.5
micrometers in diameter per cu-
bic meter

NO2µg/m³ Nitrogen dioxide concentration
per cubic meter

SO2µg/m³ Sulfur dioxide concentration per
cubic meter

O3µg/m³ Ozone concentration per cubic
meter

O3*µg/m³ Modified ozone concentration
per cubic meter

C6H6µg/m³ Benzene concentration per cubic
meter

Measurement Date Date and time when the air qual-
ity data was collected

TABLE 4.3: Air Quality Data Schema

11https://scipy.org/

https://scipy.org/
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4.5 Dashboards and Data Analysis

In urban and peri-urban environments, depending on natural causes or due to hu-
man activities, aerosols can undergo variations even on a daily basis. A measure
of the variation in quantity of different aerosols can be obtained by using satellite
data to invert the Aerosol Optical Depth (AOD) parameter from radiometric mea-
surements. This parameter can be considered as a useful indicator for air quality
assessment.

One of the goals of the dashboards produced by our platform is to provide city
sustainability indices at the ground level that can provide citizens and institutions
with real-time information about air quality, and how to affect it positively with pub-
lic projects or even providing helpful insights during emergency situations (actual
or projected). The dashboards can display key metrics related to air quality, such as
pollution levels and associated health risks while moving in the urban environment,
and the visualizations were obtained using the tools described in this section.

The Plotly and Folium Python libraries have been interchangeably used, depend-
ing on the plotting requirements. The interactive and dynamic graphing capabilities
of Plotly within the Python development environment facilitated the creation of in-
dividual plots, as it supports a vast array of visualizations, from line plots and scatter
plots to more complex geographical mappings, empowering the creation of multi-
dimensional visual narratives. On the other hand, Folium facilitates the rendering
of geospatial data, allowing for the creation and manipulation of interactive maps.
It is built on top of Leaflet.js 12, a leading open-source JavaScript library known for
interactive map plotting.

The primary analytical approach involved employing Exploratory Data Analysis
(EDA) techniques to unearth patterns and correlations within the data sets. For in-
stance, the impact of weather conditions on Air Quality was analyzed by highlight-
ing certain discernible trends. In Figures 4.5 and 4.6 show a monthly aggregated plot
of mean temperature and average wind speed, respectively. It can be observed that
recent years exhibit a discernible trend, correlating rising summer ground tempera-
tures with decreasing wind speeds. At the same time, we can observe an increase in
the seasonal excursion, both thermal and wind-related, as indicated by the range of
minimum to maximum values. This phenomenon adversely impacts the dispersion
of air pollutants, exacerbating air quality issues, as shown by studies on the topic,
like Oleniacz et al. [70].

This observed correlation is just one illustrative example of one thematic dash-
board that is dynamically kept up to date. For a more comprehensive understand-
ing, users can conduct further analysis by examining additional metrics like the one
depicted in Figure 4.7, which explores the interplay between weather conditions and
a specific pollutant. The interactive dashboards initially display the pollutant with
the highest correlation by default. However, users have the flexibility to explore var-
ious metrics of interest through multiple user interface (UI) elements. By hovering
over or clicking on map markers, as well as interacting with other types of plots,
users can access additional metrics or measurements, contingent on the available
data. This feature not only enhances user engagement but also allows for a deeper
analysis of the intricate relationships between weather conditions, construction ac-
tivities, and air quality, as illustrated in Figure 4.7, among others.

The dashboards were meticulously designed to ensure a logical flow of infor-
mation, and to be easily deployable on platforms like SoBigData [5], an existing

12https://leafletjs.com/

https://leafletjs.com/
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FIGURE 4.5: Mean Temperature Aggregated by Month for Each Year.
The plot illustrates a general trend of rising temperatures over the

years.

FIGURE 4.6: Average Wind Speed Aggregated by Month for Each
Year. The plot indicates a consistent decline in wind speeds over the

years.

FIGURE 4.7: Impact of Weather Conditions and Construction Work
on Air Quality.
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Italian National Public Research infrastructure that provides a shared environment
for hosting open datasets, computational notebooks, and analytics workflows. Un-
like general-purpose cloud platforms, SoBigData is purpose-built for open science:
it supports data provenance tracking, workflow reproducibility, and community-
driven dataset sharing across research institutions, which aligns directly with our
requirement for transparent and auditable territorial analytics. Moreover, alerting
features can be used to enhance user engagement and proactive response of stake-
holders to real-time data anomalies. The ability to tailor visual aesthetics ensured
the interpretability and accessibility of the dashboards (e.g. avoiding maps with
non-relevant icons or information when plotting pollutant markers, as shown in Fig-
ure 4.7).

4.6 Sustainable DevOps: Architecture and Energy Outcomes

The sustainable DevOps study reuses the territorial monitoring stack described ear-
lier in this chapter but reframes it around energy efficiency. The goal is to maintain
the same data coverage, dashboards, and simulations while reducing idle and peak
resource use via containerization and persona-aware gating. This subsection reports
the architectural adjustments and measured resource deltas observed on the same
workloads used in the SECO deployment.

We package database, preprocessing, and analytics components as on-demand
containers coordinated by a thin API/orchestrator. Figure 4.8 sketches the modules:
streaming data collection ( 1 ), scheduled preprocessing and interpolation ( 2 ), anal-
ysis/simulation/ML containers ( 3 ), and persona-specific dashboards and reports
( 4 ), all backed by a document-oriented store and an extensible API for future mod-
ules.

FIGURE 4.8: Containerized, on-demand SECO variant of Figure 4.1
used in the case study: numbered modules are implemented; the API
layer keeps additions plug-and-play without duplicating pipelines.

Key automation choices:

• On-demand containers. Only the API/UX layer runs continuously; DB and
ETL spin up when triggered by user actions or schedules, avoiding background
churn.

• Versioned specs. Data-fetch and KPI specs are stored alongside module im-
ages to keep runs reproducible across both updated and baseline SECO de-
ployments.
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• Extensible API. New analytics plug in via the API without rebuilding base-
lines, preventing forked pipelines and redundant compute.

The next subsections connect the architectural choices to their outcomes by ex-
plaining how the persona-aware UI was adapted for different roles and by quantify-
ing the resulting resource footprint against the SECO baseline. Together they clarify
what was changed, who benefits from the gating, and how those choices translate
into measurable efficiency gains under the same workload.

4.6.1 Persona-Aware UI and Case Study

The same territorial monitoring and evacuation-planning dashboards are exposed
through a persona-aware UI (Figure 4.9). Heavy computations (e.g., long-running
analytics or simulation batches) are only surfaced to analyst personas; policy and cit-
izen roles see cached or summary outputs. This gating reduces accidental container
activations and preserves compute for users who need it.

FIGURE 4.9: Persona-based UI/UX: analyst widgets (left) can trig-
ger analytics/simulations; policy dashboards (right) stay lightweight,

avoiding unnecessary container starts.

4.6.2 Measured Resource Differences vs SECO Baseline

Using the same territorial-monitoring workload, the described deployment differs
from the SECO baseline as follows:

• Idle footprint. Only the FastAPI/UI container remains always-on (≈ 1 vCPU,
2 GB RAM, 25 W). DB and processing containers are cold-started on demand,
yielding an 88% RAM reduction and up to 80% lower power compared with
a monolithic or always-on SECO stack (8 vCPUs, 16 GB, 120 W).

• Cold-start vs steady-state. Cold-start latency is higher for the first query but
negligible once warmed; steady-state analytics performance matches SECO be-
cause the same pipelines and models run inside the containers.

• UI-trigger discipline. Persona gating prevents non-analyst roles from launch-
ing compute-heavy jobs, further suppressing accidental resource use without
altering outputs.
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• Extensibility. Updated API layer allows adding new analytic containers with-
out duplicating ingestion/preprocessing, keeping energy profiles bounded as
features grow.

4.6.3 Measurement Setup and Threats

Resource readings (CPU/RAM/power) were gathered over 30 days with production-
like diurnal traffic using docker stats, top, pidstat, and powertop; power draws
were sampled at the host to avoid container-level blind spots. We synchronized
datasets and dashboards across updated and baseline SECO to keep outputs iden-
tical. Threats include (i) hardware specificity (measurements on a single host), (ii)
cold-start bias if user behavior changes, and (iii) unmodeled concurrency bursts—future
runs will add multi-tenant load and cross-hardware repetitions.

4.6.4 Implications for Experiments

For empirical work, we treat SECO as the reference for data completeness and prove-
nance, and deploy the containerized variant when energy/cost-to-serve is a con-
straint. Analytical results (EDA, evacuation simulations) remain unchanged; what
differs is idle overhead, responsiveness for first-time requests, and operational cost.
Future experiments can toggle between both deployments to report: (i) accuracy/-
traceability (SECO) and (ii) energy/resource efficiency on the same scenarios.

4.7 Discussion

The research presented in this chapter, while preliminary, lays the groundwork for a
comprehensive approach to developing SECOs for territorial monitoring. Given the
variety of use cases for which spatio-temporal data is proving to be essential for both
the public and private sectors, we defined the orchestrator, streaming data collection,
and preprocessing modules so that they would meet broad data requirements. The
modules related to analysis, machine learning, and output production are certainly
going to change substantially with respect to the use cases, but we tried to outline
the various input/output interactions with the orchestrator.

We validated that the approach’s defined modules are flexible enough to accom-
modate the requirements of most such SECOs, applying the approach to a com-
plex use case of constant and consistent monitoring of citizens’ QoL metrics through
dashboards customized to a specific set of personas. This process also helped us
identify ways in which the approach could expand to real-time data analysis, heav-
ier predictive modeling for data imputation, and provide more tools for proactive
urban planning without the need for redefinition of modules.

The open-source technological stack selected to implement the QoL SECO made
some of the modules developed helpful even standalone, e.g., the automated Apache
NiFi-based orchestrator to generate spatio-temporal data streams or the KPI and
Persona-based dashboard generator are both reusable in other scenarios. Addition-
ally, the challenges that arise with the increasing number of data features gener-
ated, being able to automatically determine feature importance and prioritize plots
accordingly can be crucial to ensuring the dashboards dynamically reflect relevant
insights from recent data trends. The dashboards described in this research will be
hosted on open-access web portals, and could effectively drive public spending de-
cisions in an urban setting (e.g., suggesting parks for areas with pollutants and high
solar irradiance). Future work will entail adding additional data sources to the QoL
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SECO, we currently started with a Walkability Dataset (ESA) which emphasizes the
pedestrian-friendliness and accessibility of various services in the region. By eval-
uating roads and sidewalks based on their condition, safety, and other factors we
are able to provide a new evacuation plan validation application as part of the QoL
SECO. Additionally, we plan to expand the use case as follows:

• In cases where satellite data quality is low, we will further develop our predic-
tive model based on convolutional neural networks to fill in missing measure-
ments with predicted data.

• Expand predictions to areas without ground-based measurements, improving
the model’s reach and accuracy across different regions.

• Streamline the process for online data extraction across various pollutants, en-
suring that the data is collected and integrated seamlessly.

4.7.1 Threats to Validity

One potential threat relates to how our approach is characterized in the context of
building open-source software ecosystems. As, our work at this stage focuses on
integrating data sources rather than fostering an ecosystem of independent actors
contributing to a common platform. To mitigate this, we clarify that our approach
enables third-party extensions, promoting ecosystem interactions. While we demon-
strate the adaptability of our SECO through a use case, the absence of explicit valida-
tion steps or comparison with existing solutions makes it difficult to assess the actual
impact but future work will include structured validation methods and benchmark-
ing against alternative solutions. In addition, our approach was applied to a spe-
cific territorial monitoring context, raising concerns about generalizability. While the
modular design aims to support various use cases, further empirical studies across
different domains are needed to confirm its adaptability. Addressing these threats in
future iterations, supported by a well-defined step-by-step research methodology,
will enhance the robustness of our approach and its applicability across different
contexts.
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Chapter 5

EVA Persona-Based Evacuation
Plan Validation Tool

This chapter in centered around the development of a module that aims to fit in
the software ecosystem described in Chapter 4. The module’s pipeline outlines
a persona-based evacuation validation tool, detailing related work, methodology,
technological background, and applications that make the simulations auditable by
stakeholders.

The rapid growth of large urban areas and the aging infrastructure in rural re-
gions present distinct challenges for disaster preparedness and evacuation planning.
Urban areas require advanced, scalable tools that effectively simulate human behav-
ior in response to emergencies [71]. In recent years, growing awareness of natural
disasters has accelerated the development of risk reduction strategies within urban
planning [12]. One of the key challenges lies in validating and optimizing evacua-
tion plans in complex urban environments [72].

In this scenario, software tools can effectively support planners in making in-
formed decisions about urban layouts optimized to facilitate quicker and safer evac-
uations. In this context, agent-based modeling that allows the simulation of complex
human behavior during emergencies is a useful and intuitive instrument that can
help planners define complex risk scenarios and create more responsive and effec-
tive evacuation strategies.

In order to develop a tool that is useful and understandable for domain experts,
we worked in collaboration with a team specializing in "Urban Planning" within
the Civil Engineering and Architecture department at our same university. Our ini-
tial focus was on the limitations of traditional, static evacuation plans. Static plans
typically define a fixed set of assembly points and predetermined exit routes on pa-
per, without accounting for real-time variability: they assume that all exits remain
accessible, that crowd density stays below critical thresholds, and that every evac-
uee moves at the same pace regardless of mobility constraints or panic responses.
In practice, obstacles such as parked cars, damaged pathways, or locked gates can
invalidate a route entirely, and the simultaneous movement of large groups can
saturate waiting areas within minutes. It became clear that static models, though
useful as a baseline reference, require dynamic scenarios (where routes, occupancy,
and agent behaviors evolve during the simulation) to be effectively validated and
adapted to real emergencies. Through a series of meetings with various stakehold-
ers, including civil protection agencies and safety plan managers, we identified the
need to develop personas1 that reflect the diverse behaviors and decision-making
processes of people planning evacuations [74]. This is the first step of the approach

1A hypothetical archetype and descriptive model of real users as a complement for real human
participation in software engineering [73].
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described in Section 5.1, and allows us to outline a tool relevant to the stakeholders
identified, as it elicits their requirements to produce the personas.

This chapter presents the methodologies and techniques adopted to develop a
tool aimed at validating evacuation plans via virtual multi-agent simulations. The
tool is built around a persona-based adaptive user interface (UI) for diverse user
groups and it has been achieved using a multi-user centered design (MCD) pro-
cess [75].

By integrating agent-based models (ABMs) with Geographic Information Sys-
tems (GIS) [16] using available open source platforms (specifically the GAMA simu-
lation platform [76] for multi-agent execution and QGIS2 for geospatial data prepa-
ration), the validation tool we have built enables realistic and scalable multi-agent
evacuation simulations that can be tailored to different catastrophic events and ur-
ban environments. Given the variability in data availability across diverse urban
contexts, the core design of this tool emphasizes software engineering methodolo-
gies that focus on adaptability, ensuring flexibility to accommodate varying usage
scenarios.

We also discuss how our modeling technique can be applied to develop tools
that use ABMs simulation platforms (e.g. the GAMA platform [76]), for a variety of
applications beyond evacuation planning (such as optimizing traffic flow, managing
public events, or assessing emergency response strategies). These tools can help im-
prove urban resilience and public safety by supporting data-driven decision-making
processes.

The contributions of this chapter are:

• a modeling approach, based on agents, able to model real and critical scenar-
ios that can happen during a catastrophic event, such as falling debris or un-
expected human behaviors arising from panic;

• a flexible evacuation plan validation tool that enables realistic and scalable
simulations tailored to different catastrophic events, urban environments, and
end user skills;

• a persona-based development approach used to design, implement, and vali-
date the realized tool;

• the application of the presented approach to two real-world scenarios that
showcase important features of the realized tool and the underlying model-
ing methodology.

The chapter proceeds by presenting the development methodology we followed
(Section 5.1), the technologies selected for the tool implementation (Section 5.2), the
devised modelling framework and implementation details of the evacuation plan
validation tool (Section 5.3), its application to two case studies (Section 5.4), an im-
pact and challenges discussion (Section 5.5), and a thesis-context discussion (Sec-
tion 5.5).

5.1 Overall Development Methodology

The development methodology, illustrated in Figure 5.1, integrates four intercon-
nected phases designed to ensure the implementation of a tool that supports the

2https://qgis.org/

https://qgis.org/
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personas identified in validating evacuation plans. The process begins with require-
ment elicitation a , where input is gathered from key stakeholders. To ensure conver-
gence of their needs and identify all critical requirements, iterative workshops and
feedback sessions are conducted. Priority-setting techniques [77], such as MoSCoW
(Must Have, Should Have, Could Have, Won’t Have)[78], are employed to ensure
that the most critical needs are identified and addressed. These steps mitigate the
risk of overlooking important requirements and help align the tool’s design with
the shared goals of all stakeholders. Once the requirements are established, the
next phase involves data scoping b , which identifies and selects the relevant data
sources necessary to ground the tool, laying the foundation for the next phase of
development.

Following data scoping, the focus shifts to the adaptive design and development
of the tool and its user interface (UI) c . Here, the emphasis is on creating flexible
and user-friendly role-specific interfaces that can meet the diverse needs of different
personas. Validation sessions are conducted with representatives of each persona to
validate the interfaces’ usability and relevance. The iterative nature of this design
process ensures that user requirements from earlier phases are consistently incorpo-
rated with the persona-based validation d carried out to evaluate the tool’s usabil-
ity and effectiveness. By testing the tool considering different user groups, feedback
is gathered to refine its functionality and adaptability, ensuring it performs well in
real-world contexts and aligns with the varied expectations of its users.

FIGURE 5.1: Overview of the methodology used for the design, im-
plementation, and validation of our tool.

5.1.1 Requirement Elicitation

This phase is critical for laying the groundwork for the entire development process
by gathering requirements from a diverse group of stakeholders, including software
engineers, data scientists, urban designers, and civil protection agencies Each of
these groups contributes unique perspectives and expertise to ensure that the simu-
lation tool meets both technical and practical needs.

Software engineers and data scientists play a key role in defining functional and
non-functional requirements. They focus on ensuring that requirements on the sys-
tem’s architecture, performance, scalability, and security are well specified. They
identify the technical specifications enabling the tool to operate effectively in dif-
ferent environments, such as the ability to handle large datasets or to process com-
plex agent-based simulations efficiently. Additionally, they define non-functional
requirements such as system reliability, user interface responsiveness, and maintain-
ability, ensuring that the system is robust and can be easily updated or expanded as
new requirements emerge.
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Data scientists contribute by helping to specify the data-related functional re-
quirements, ensuring that the tool can integrate and process diverse data types, in-
cluding statistical, geographic, and real-time sensor data. Their expertise in data
analytics is crucial in setting up the requirements for the algorithms and models that
will drive the simulations. Data scientists also help define how data-driven insights
will be visualized in the tool, ensuring that users can make informed decisions based
on the simulation outputs.

Urban designers and civil engineers, on the other hand, are instrumental in out-
lining personas and understanding the user experience, by offering input on what
kind of information is most valuable in urban planning contexts. Urban designers
provide insights into how the simulation tool should reflect urban dynamics, includ-
ing spatial layouts, public spaces, and infrastructure outlining the input data layers
need for simulation scenarios.

Civil protection agencies and safety plan managers bring another layer of re-
quirements, focusing on personas related to emergency management and public
safety. They identify the needs of dashboards intended for safety officials, first re-
sponders, and other stakeholders who will rely on the tool for evacuation planning
and disaster management.

Together, the collaborative input from these stakeholders ensures that the re-
quirement elicitation phase captures the technical needs of the tool, as well as the
practical and user-focused aspects that will make it effective and usable in real-world
urban planning and safety scenarios.

5.1.2 Data Scoping

Once the requirements are produced, data sources are identified and scoped to align
with the simulation needs. This includes the integration of various types of data,
such as statistical, geographic, and sensor-based data, which can be incorporated
into the simulation tool.

A key part of this phase involves collecting GIS layers, cadastral data, details on
the number of residents per building or apartment, as well as optionally their hourly
access rates. It is then followed by the cleaning, processing, and alignment in terms
of spatial and temporal resolution to ensure consistency with the expected simula-
tion input data layers. Proper handling of this information is essential to accurately
model population density and distribution for the spawning simulation agents. At
this stage, data scientists concentrate on the preprocessing and integration of data
from various sources, ensuring both accuracy and precision required in the simu-
lations. They also outline a flexible data pipeline capable of ingesting input lay-
ers in different formats provided by stakeholders. Additionally, this phase involves
modeling agents, such as pedestrians or drivers, to realistically capture their behav-
iors, response times, and decision-making processes in urban evacuation scenarios.
These aspects are further discussed in Sections 5.3.2 and 5.4, and the excerpt is illus-
trated in Figure 5.3.

5.1.3 Tool Adaptive UI Design & Development

In this phase, a simulation tool is implemented on the basis of the output of the previ-
ous phases. It is refined through iterative feedback loops, adhering to Component-
Based Software Engineering (CBSE) methodologies [79]. Specifically, CBSE facili-
tated the selection and integration of a multi-agent simulation platform that serves
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as an off-the-shelf component within our tool, enabling rapid prototyping and cus-
tomization to align with the needs of our use cases. However, CBSE principles en-
sured that the platform’s integration is modular and not rigidly coupled to our sys-
tem, allowing flexibility for future replacements or enhancements as requirements
evolve.

The simulation platform has to allow us to tailor the experience for specific per-
sonas and ensure the tool built on top of it meets practical demands while main-
taining high usability. This has been achieved using a multi-user centered design
(MCD) process [75], which rethinks traditional user-centered design methods to ac-
count for the influence and interactions of multiple users within the system. The
MCD framework ensures that modeling and development are reimagined to focus
on Multi-User eXperience (MUX). The UI has been validated by our stakeholders to
ensure ease of use, particularly for tasks like visualizing urban areas and evaluating
evacuation strategies. Section 5.2 details which technologies we currently selected
to implement the tool.

5.1.4 Persona-Based Validation

This phase emphasizes the validation of the simulation and design strategies through
iterative testing against key personas. In the initial iterations of this process, stake-
holders play a critical role in assessing whether the tool can effectively support
the validation of safety-based design strategies in real-world scenarios, particularly
those involving open spaces and evacuation routes, such as the scenario involving a
university campus (detailed in Section 5.4.1). The results could highlight bottlenecks
and evacuation delays caused by design flaws in existing urban layouts, including
narrow pathways and insufficient waiting areas. Continuous feedback from stake-
holders during the persona-based validation ensures that the tool remains respon-
sive to evolving conditions and real-world needs, while maintaining usability and
effectiveness across various urban contexts. If stakeholders notice issues damaging
the validity of the tool the methodology starts back from the requirement elicitation
phase.

5.2 Technological Background

In this section, we provide a detailed overview of the core technologies employed
in the development of the simulation tool, which is built upon the phased approach
described in Section 5.1, with particular emphasis on phase c , as illustrated in Fig-
ure 5.1. This iterative process forms a dynamic feedback loop, allowing the system
to adapt to emerging requirements as they arise, while preserving a fundamental
technological framework that enables these adaptations.

This section also introduces the simulation platform that drives the core com-
putations, the data processing systems that ensure the tool operates on current in-
formation, and the dashboarding software that facilitates user interaction and vi-
sualization. In the following sections, we will detail how these technologies have
been integrated into a unified system, enabling seamless interaction between urban
design strategies and evacuation simulation models.
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5.2.1 GAMA Platform

The simulation component of the tool is developed using the GAMA platform [76],
which was selected for its open-source nature and its flexibility in managing com-
plex agent-based modeling scenarios. GAMA offers a comprehensive suite of out-of-
the-box functionalities that aligned with our requirements as it supports advanced
2D and 3D visualization capabilities, multi-threaded simulation execution, parallel
processing and batch experiments. These functionalities alongside its native sup-
port for diverse data types including two- and three-dimensional GIS data, makes
it appropriate for large-scale urban simulations that involve multiple agents inter-
acting within a geographic space. Moreover, GAMA is written in Java, making it
cross-platform and provides robust documentation, tutorials, and an active com-
munity for support. While higher-performance machines can significantly reduce
runtime, the simulations presented in this research can also be executed on lower-
specification systems (e.g., 4GB of RAM and compatibility with recent Java Oracle
JDK versions).

5.2.2 QGIS Software

Our tool integrates QGIS [80], an open-source Geographic Information System (GIS)
software, for both pre- and post-processing geospatial data developed in Qt and
runs on Windows, macOS, and Linux. QGIS is built with a modular design, where
its core functionalities can be extended through plugins written in Python or C++. It
is utilized in our tool to preprocess the input GIS layers through predefined, reusable
workflows, streamlining the preparation of both vector (Shapefiles, GeoJSON) and
raster data (GeoTIFF, GRIB) containing spatial data for the simulation. Addition-
ally, the output layers generated by the tool can be easily imported back into QGIS,
allowing urban designers, who are often more familiar with GIS tools than coding
platforms, to engage in urban planning directly on top of these outputs.

5.2.3 Plotly Dash and FastAPI

For personas who are not familiar with GIS tools like QGIS, such as some of the
stakeholders mentioned in Section 5.1.1, the tool leverages Plotly [81], Dash [82],
and FastAPI [83] to create interactive, user-friendly dashboards. The visualizations
can be accessible in the browser via WebGL and Plotly Dash allows to dynamically
display the simulation results arranging key metrics and outputs in a cohesive dash-
board [84].

FastAPI serves as the backend framework, handling data processing and en-
abling real-time updates of the dashboard. FastAPI was selected due to its per-
formance benefits, as it is based on asynchronous programming and optimized for
handling high-throughput APIs with minimal latency. Furthermore, its modern,
Python-based design simplifies the development of robust and scalable APIs, ensur-
ing smooth communication between the simulation engine and the dashboards. This
setup ensures that non-technical users can easily access and interpret simulation re-
sults through tailored dashboards, providing them with relevant insights without
requiring specialized GIS or coding knowledge.
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FIGURE 5.2: Modelling Framework for scenario validation.

5.3 Modelling Framework and Implementation Details

This section describes the models leveraged by the evacuation plan validation tool.
In Figure 5.2 we report the simulation process grounded on the conceptual model
we defined.

In the conceptual model, the key concept is represented by agents. In Figure 5.3
we specify, through a class diagram, all the kind of agents modeled for our tool.
This diagram outlines the agent-based structure of the system, where key entities
such as evacuees, buildings, and environmental features are modeled. Each agent’s
behaviors and interactions are defined based on evacuation strategies and decision-
making algorithms, which form the basis for simulating realistic evacuation dynam-
ics.

The simulation process starts by defining personas and use cases, then it pro-
ceeds to specify the input data layers and, optionally, allows extensions for cus-
tom agent behaviors or outputs. The simulation is then executed, and the process
ends with persona-based validation of the results. The following Sections provide
an in-depth description of each component, detailing their design and role within
the overall framework.

5.3.1 Conceptual Model

The class diagram in Figure 5.3 illustrates the core agents modeled in an instance of
our system, built expanding on the base agents models provided by the GAMA plat-
form using the GAMA Modeling Language (GAML). This use case is adapted from
the enhancements to the base agents models proposed by Iskandar et al. [13], due
to their focus in modeling urban evacuation scenarios. To clarify the changes with
respect to their work, additions are indicated in green and attributes highlighted in
blue represent optional features or agents that, if instantiated, affect the user inter-
face (UI) or simulator capabilities, as mentioned in Section 5.5.1. Similarly, classes,
attributes, and methods that have been removed are grayed out; these elements, al-
though potentially valuable in broader applications, were excluded to streamline the
design and maintain focus on the core functionalities relevant to evacuation plan-
ning.

The main agent, Pedestrian, represents an individual within the evacuation sim-
ulation. Attribute additions such as shoulder_length and height contribute to a
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FIGURE 5.3: UML Class Diagram illustrating the specializations of
the base GAMA agents (species). Colored features highlight differ-
ences with respect to Iskandar et al. [13]. Additions are indicated in
green, removed attributes and methods are grayed out, and attributes

highlighted in blue represent optional features.
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more refined representation of the physical space occupied by different individu-
als of various age and body types, making the simulation of the crowd movement
more realistic. Methods like evaluate_slope() and avoid_locked_open_space()
enhance agents by accounting for realistic human preferences, such as avoiding
steep slopes that may be difficult or dangerous to traverse, or avoiding locked open
spaces that could trap individuals. Its move() method, as implemented in this spec-
ification, does not consider following other pedestrians or being influenced by their
direction but still accounts for their presence to avoid collisions.

The Building class encapsulates structural data relevant to the evacuation, in-
cluding attributes like floors, emergency_exits, and damage_state, which influ-
ence agent behavior when navigating the environment. For instance, the number
of floors and exits plays a significant role in determining the starting points of the
evacuation paths that pedestrians will follow, while the damaged state of the build-
ing can introduce obstructions or hazards that further affect agent decisions.

The WalkableArea class describes the walkable terrain that agents can traverse.
Attributes such as max_occupancy and walkable_impediment_ratio add complexity
to the terrain, allowing for a realistic depiction of how crowd density and environ-
mental features impact Pedestrians movement. This enhances the overall accuracy
of the simulation, as it accounts for the variability in walkability across different
areas of the campus, such as concrete parking lots or grass areas.

The SafeArea class models the designated safe zones to reach during the evacua-
tion. Attributes such as max_capacity, percent_occupied and arrival_time help
simulate congestion and evaluate the effectiveness of the evacuation process. The
methods within this class, such as count_arrivals() and check_occupancy(), en-
sure that the simulation can account for potential overcrowding and redirection of
pedestrians to other areas.

It is important to note that the described tool specification and scenarios have
some limitations. First, the Pedestrians were modelled as though they had full
knowledge of the evacuation plans, partially omitting the chaotic behavior typically
observed in panic situations. Moreover, social group differences, which could sig-
nificantly affect the evacuation, were not considered. These limitations will be ad-
dressed in the subsequent phases of this research, and future updates will reflect
changes in this class diagram to account for more realistic agent behaviors. Most
agent relationships in the model are designed as compositions, where components
like WalkableArea and Pedestrians are integral parts of the containing class Envi-
ronment. Aggregation is used for the SafeArea to indicate that if a WalkableArea
is removed, its associated safe areas are also removed. Lastly, a simpler associa-
tion exists for Pedestrian agents and their target SafeArea, given their independent
lifecycles.

5.3.2 Simulation Process

This section describes in detail each phase of the simulation process. For the sake
of presentation, we show how it applies to the scenario regarding the university
campus. The diagram in Figure 5.2 illustrates the conceptualization and validation
process of a simulation experiment launched using our tool, providing an overview
of both the inputs and outputs involved in each phase.

Use Case & Persona Modelling. The initial phase 1 focuses on defining the use
case and modeling the various agents involved in the simulation. Persona modeling
plays a critical role in ensuring the simulation is accurately tailored to produce out-
puts relevant to specific stakeholders. For example, in the context of the university
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campus, details such as the emergency exits for each building, the presence of steep
stairs, and the maximum recorded attendance were essential for determining the
simulation’s specification parameters, decisions on inputs, available visualizations,
and outputs desired by the urban designers and safety plan managers we collabo-
rated with.

The code in Listing 5.1 shows an excerpt of a phase 1 output (Simulation Spec-
ification), specifying the elements that will rendered in the simulator window (see
Figure 5.5). The legends map (line 4) is rendered to help distinguish various entities
such as buildings, cars, walkable areas, and pedestrians, allowing these entities to
be visually distinguished in the simulation environment.

1 experiment SecurityUniversityCampus
2 model: ’../ models/EvacuationPlanValidator.gaml’ type: gui autorun: true
3 {
4 map <rgb ,string > legends <- [ rgb(# dodgerblue)::"Cars", rgb(darker (# darkgray

).darker)::"Buildings", rgb(# white)::"Walkable Areas", rgb(# lightgreen)
::"Pedestrians" ];

5 output synchronized: true {
6 layout #split;
7 display "University Campus" type: 3d axes: false background: rgb

(150 ,150 ,150){
8 mesh instant_heatmap above: 0.01 scale: 0.0 smooth: 2 transparency :0.6
9 visible: display_heatmap_layer triangulation: true refresh: true;

10

11 mesh history_heatmap above: 0.01 scale: 0.0 smooth: 3 transparency :0.5
12 visible: final_display_heatmap_layer triangulation: true refresh: true;
13

14 species green_obj; species parking_areas;
15 species parked_areas aspect: default;
16 species pedestrian_path aspect:free_area_aspect transparency: 0.5;
17 species pedestrian_path refresh: false visible: display_pedestrian_paths;
18 species building; species exit;
19 species pedestrian refresh: true visible: display_pedestrians;
20 species safe_area refresh: true;
21 }
22

23 display "Pie Chart of Individuals at Risk" {
24 chart "Individuals at Risk" type: pie
25 }
26 display "Timeseries of Safe Area Occupancy" {
27 chart "Safe Area Occupancy Rate" type: series y_range: {0, 100} {
28 loop goal over:safe_area {
29 data "Area " + string(goal.id)
30 value: goal.occupied_slots / goal.max_capacity * 100
31 with_precision 2
32 color: goal.lineplot_color;
33 }
34 }
35 }
36 }
37 }

LISTING 5.1: Excerpt of the GAMA Modelling Language code for the
definition of a simulation experiment.

Within the output block (lines 5-36), the layout and display commands specify
the graphical rendering of the simulation. The "University Campus" display is con-
figured as a 3D scene, where different agents (referred to as species) such as green
areas, parking areas, pedestrian paths, and buildings are instructed to be rendered
(lines 14-20). Meshes for instant and historical heatmaps are also configured to show
pedestrian crowdedness (lines 8-12). Additionally, the display section configures the
visibility and refresh behavior of certain agents, such as pedestrians and exits. This
ensures that the simulation dynamically updates to reflect movements and actions
of agents in the environment. Two charts are then defined in the simulation window
(lines 23-36). For example, the "Pie Chart of Individuals at Risk" provides a view of
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the proportion of agents at risk during the simulation. This configuration allows a
resulting simulation to present both spatial and quantitative data, providing a com-
prehensive visualization of the evacuation scenario tailored to the urban designers
and safety plan managers personas.

Data Gathering. The second phase 2 focuses instead on collecting the necessary
input data layers to execute the simulation. For the university campus scenario, this
involved acquiring data on campus architecture, evacuation routes, daily crowded-
ness records, and other relevant environmental variables to ensure the accuracy of
the simulation. The gathered GIS data can include detailed occupancy levels per
building, and this is critical to accurately reflect the density of people in each build-
ing and to set realistic parameters for evacuation times. As an example, we include
a QGIS-rendered image of the chosen university campus scenario (see Figure 5.4),
which was processed as part of this phase, showing the input data layers and their
spatial relationships that are essential for the execution of the simulation, alongside
(in the bottom left) the kind of attributes stored within the buildings shape files.

FIGURE 5.4: QGIS visualization of the university campus showing
input data layers, including building layouts, their occupancy and

the various walkable areas.

Additional Agent Modelling & Output Definition. An intermediate step 2b is
needed when further agent modelling or more refined output definitions are re-
quired. In some cases, additional parameters such as agent decision-making pro-
cesses or alternative output formats might need to be incorporated to ensure that
the simulation outcomes are as detailed and applicable as possible. This step is pre-
sented in details in Section 5.5.1.

Scenario Execution. In the third phase 3 , the gathered data and agent models are
used to run simulations within the specified scenario, which are then rendered in
the user interface (as shown in Figure 5.5). In this figure, the university campus
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scenario is visualized, showing the different layers of input data, such as building
layouts, walkable areas, and the safe areas’ occupancy. The rendered map on the
right illustrates the distribution of crowd density across the campus. This allows
users to observe potential bottlenecks and assess evacuation routes. The left panel
contains simulation parameters such as pedestrian settings (e.g., pedestrian avoid-
ance rate, pedestrian render type), which directly influence the simulation dynamics
and representation. Below, the "Safe Area Occupancy Rate" plot tracks the number
of individuals that have entered predefined safe areas during an evacuation, broken
down by specific SafeArea (Area 1, Area 2, etc.).

FIGURE 5.5: Simulation component interface executed on the univer-
sity campus scenario, showing the input data layers rendered, includ-
ing building layouts, the various walkable areas and their occupancy.
On the left-hand side, users can look at the simulation specification
parameters and below one of the outputs being populated in each
step of the simulation containing the occupancy rate of each safe area.

Results Validation. The final phase 4 involves validating the simulation results
by comparing the outputs with expected outcomes or real-world data where avail-
able, and assessing if the personas for which the simulation is tailored are content
with it. Specifically, we compare: (i) total evacuation time, i.e., the simulated time for
all agents to reach a safe area, cross-checked against known drill records or stake-
holder estimates; (ii) safe area occupancy rate over time, i.e., the percentage of each
designated safe zone filled at each simulation step, compared with expected capaci-
ties from the emergency plan documents; and (iii) bottleneck location, i.e., the spatial
distribution of high-density crowd clusters, validated qualitatively by domain ex-
perts (safety plan managers and urban designers) who confirm whether the identi-
fied congestion points match known problematic locations. The validated results are
then used to refine design strategies and assess the effectiveness of proposed urban
interventions. The outputs of the simulation, discussed in the following sections,
highlight the tool’s ability to model complex scenarios and provide reliable, data-
driven recommendations. A critical aspect of this phase is UI testing, which ensures
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that the system remains functional and user-friendly for the various personas inter-
acting with it. The final section of the script configures the rendered visualizations
of the urban evacuation simulations. These visualizations, including heatmaps, are
stored in formats relevant to the identified personas, further supporting their analy-
sis and decision-making processes.

5.4 Applications on real-world case studies

Two case studies, a university campus and a village, were selected to validate the
tool’s flexibility in accommodating diverse spatial configurations and data avail-
ability conditions. The university campus (Coppito, University of L’Aquila) covers
approximately 8 ha and hosts four main buildings with a combined maximum oc-
cupancy of about 4,245 people spread across eight emergency assembly areas. It
presented a controlled environment with well-defined routes and spaces. In con-
trast, the historic village of Atri (Teramo province, Abruzzo), with its narrow streets
and irregular medieval building layouts spanning roughly 0.3 km2 in the historic
core, posed unique challenges for crowd movement and evacuation route optimiza-
tion due to limited walkable area widths and high pedestrian density. By specifying
GIS data and agent parameters, the tool was able to simulate both environments
accurately, demonstrating its adaptability for various urban contexts.

5.4.1 University Campus (Baseline Scenario)

The first simulation involved the Coppito campus of the University of L’Aquila, a
STEM-focused campus adjacent to the San Salvatore hospital complex. The campus
consists of four main academic buildings (labelled A–D) arranged in parallel and
separated by shared open spaces and parking areas, with a maximum occupancy
of approximately 4,245 people across eight designated emergency assembly areas.
The initial simulation process of the evacuation scenario (Baseline Scenario) was run
using the current urban layout and evacuation plan provided by its security plan
managers. After creating the simulation specification, the current urban layout was
modelled using several input data layers, as shown on the left-hand side of Fig-
ure 5.4, with some layers containing specific properties (e.g., building height and
occupancy values). One of the data requirements was for the tool to ingest different
types of walkable areas, such as parking lots, green spaces, and pavements. A key
part of this phase involved requesting GIS data from mayoral and regional officials,
often requiring formal requests through forms and emails to gain access to the neces-
sary datasets. In contrast, other data could be downloaded from public web portals,
though this still required significant cleaning, processing, and alignment in terms
of spatial and temporal resolution to ensure consistency with the expected simula-
tion input data layers. The scenario execution results showed significant bottlenecks
at certain exits, with evacuation times exceeding 11 minutes for some Pedestrians.
These inefficiencies were directly related to urban design choices, such as narrow
pathways and insufficient waiting areas, often blocked by parked cars.

5.4.2 University Campus (Optimized Evacuation Plan Scenario)

In this optimized scenario, urban designers applied safety-based urban design tech-
niques to optimize evacuation routes and expand waiting areas, taking away space
for parked cars. The resulting simulation interface, shown in Figure 5.5, renders the
campus layout with crowd density heatmaps and per-safe-area occupancy charts,
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analogous to the village render in Figure 5.6. The simulation results demonstrated a
30% reduction in evacuation time, with fewer bottlenecks and improved crowd flow.
This improvement highlights the potential impact of software-driven urban design
decisions on public safety.

5.4.3 Village Case Study

FIGURE 5.6: Village simulation render with crowdedness heatmap.

The village of Atri (Teramo, Abruzzo) simulation presented a contrasting sce-
nario, involving a more complex urban layout with narrow streets and historic build-
ings. Three categories of critical issues were anticipated given the morphology:
(i) insufficient waiting area capacity, arising from obstacles and irregular shapes of
open spaces; (ii) escape routes with insufficient capacity, due to narrow medieval path-
ways and reduced accessibility for mobility-impaired evacuees; and (iii) poor urban
shape performance, resulting from a disorganized spatial configuration that hinders
safe pedestrian flow. The simulation was designed to confirm and quantify these
issues, and to evaluate targeted redesign interventions.

The tool remained functional using a single, significantly larger pavement layer
instead of the multiple walkable areas (e.g., the parking lots and green spaces) avail-
able in the scenario described in Section 5.4.1, accommodating situations where au-
tomating the generation of multiple GIS shapefiles over a large area would be too
challenging. Additionally, the simulation included more than ten thousand pedes-
trian agents, demonstrating the software’s scalability in handling both larger geo-
graphic areas and high agent densities. The final goal was for the tool to identify
critical issues during evacuation and for applying innovative urban design tech-
niques oriented towards safety and optimization of the urban shape to make the
city more resilient and consequently reduce urban risks. The results obtained from
the application of the simulation to the case study confirm the three types of critical
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issues identified above: (i) waiting areas have insufficient capacity, due to the pres-
ence of obstacles and their shape; (ii) escape routes have insufficient capacity, for the
same reasons as point (i) and for reduced accessibility; (iii) lack of performance of
the urban shape, due to a disorganized urban configuration in terms of safety. Fur-
thermore, they demonstrate that it is necessary to intervene with a redesign of public
and open urban spaces to make the related context more resilient by reducing urban
risk.

5.5 Discussion

In this chapter, we presented the development of a flexible and scalable evacuation
plan validation tool aimed at assisting urban planners, civil protection agencies, and
other stakeholders in disaster preparedness. By integrating agent-based modeling
(ABM) with Geographic Information Systems (GIS) on an open-source platform, we
created a system capable of ingesting diverse input data layers and simulating com-
plex human behaviors during catastrophic events. The tool generates outputs that
are both meaningful and appropriately tailored to the needs of the personas iden-
tified, and allows for the dynamic validation of evacuation plans, addressing key
limitations in traditional, static models. The first immediate challenge that we envi-
sion for the future lies in improving the simulation’s ability to incorporate large-scale
real-time data alongside enhancing the agents’ behavioral algorithms to better sim-
ulate panic, group behaviors, and individuals with special needs. These develop-
ments would push the boundaries of existing software engineering methodologies,
requiring novel approaches to model complexity and data integration.

Our focus has been on demonstrating how software engineering practices, such
as persona-based UI design and agent-based modeling simulations, can be applied
to build a tool tailored for diverse user groups in the vertical selected while aiming
to provide a replicable methodology for other researchers and practitioners tackling
similar challenges. During the work we report in this chapter, we observed that the
iterative development process outlined in this chapter emphasizing ongoing require-
ments elicitation, stakeholder-driven validation, and adaptability to varied urban
environments creates trust and active user engagement toward software for disaster
preparedness. This is the main lesson learned and contribution we had.

This section discusses tool flexibility and scalability (Section 5.5.1), the societal
and technical impact of the presented approach (Section 5.5.2), and the software
engineering challenges it raises (Section 8.1.1).

5.5.1 Tool Flexibility and Scalability

The experiment simulation specification described in Section 5.3.2 can be easily mod-
ified to support a wide range of experimental settings. Extending the tool to support
more complex scenarios is possible, though it requires certain code modifications,
as outlined in this section, to align the components: Experiments, Input and Out-
put Data Layers, and Agents. To illustrate this process, we will simulate the steps
required to extend the tool to support the 3D Geographical Terrain models, demon-
strating what such an extension would entail.

If a specific scenario requires extensions to what is currently supported by the
tool, the process consists of modifying the experiment specification code, adapting
the affected agents, and adjusting the rendered output rendering to accommodate
the new requirements. To incorporate 3D Geographical Terrain models, the terrain
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agent (e.g. WalkableArea) needs to be updated to support a 3-Dimensional shape file,
by ensuring that the instantiation, and its methods do not break. Then it should be
assessed whether any other agent interacting with the 3D Terrain should be affected
(e.g., when Pedestrians should go slower on a steep terrain).

The experiment specification code is not affected when the agents have display
capabilities allowing for being rendered appropriately at varying terrain heights,
ensuring that they correctly interpret elevation, slope, and other topographical fea-
tures.

The Building agent would in fact need to be redefined to consider terrain, as
shown in Listing 5.2. Pedestrians should similarly be extended to consider how
steep gradients affect their movement or accessibility. These changes ensure that
agents navigating the terrain behave realistically, reflecting variations in speed, pathfind-
ing, and energy expenditure due to the terrain’s complexity.

1 aspect default {
2 if (display_geo){ #3D Terrain
3 draw shape depth:height position :{x, y, terrain.h};
4 } else {draw shape depth: height}
5 }

LISTING 5.2: Excerpt of GAMA Modelling Language code for the
Building Agent display definition.

By modifying these key aspects, the tool can be extended to effectively simulate
scenarios in complex 3D environments. GAMA rendering engine allows for updat-
ing the rendered windows as the simulation progresses, but in case we are interested
only in the results, we can run it headlessly and make sure it saves only the final out-
puts by emptying the rendering window and reducing the computational load.

At the conclusion of the simulation, the output data is generated and displayed,
based on the input data and agent-based models processed by the system. For ex-
ample, population density heatmaps can be created if detailed demographic data
is provided, or time-sensitive evacuation maps and congestion predictions can be
generated for emergency response scenarios. When dealing with the 3D terrain
mentioned, the heatmap should be rendered in three dimensions, with the matrix
populated as a 3D matrix at each instant to account for elevation and other terrain
features. These outputs can be exported for further analysis or integrated with other
GIS systems.

The tool’s three core components QGIS, GAMA, and Plotly are all open-source,
and provide extensive support for plugins and extensions. While the base simu-
lation was initially developed for earthquakes, it can be easily adapted to address
other scenarios like floods, fires, or terrorist attacks by adjusting agents’ decision-
making algorithms or enhancing dashboards to display alternative evacuation routes.

5.5.2 Societal and Technical Impact

The development of this evacuation plan validation tool highlights the significant
role software engineering plays in tackling critical societal challenges, particularly
in disaster preparedness and urban resilience. The tool provides a platform that
enables urban planners and decision-makers to optimize urban layouts, potentially
saving lives during emergencies making informed decisions in ways that are other-
wise difficult to achieve with traditional methods. It allows them to simulate vari-
ous emergency scenarios and pinpoint areas that need improvement. By providing
a data-driven approach to urban safety, the tool ensures that urban spaces are not
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only designed for efficient daily use but are also optimized for swift and safe evac-
uations during emergencies, enabling stress-testing in ways that cannot be achieved
through drills [85].

The tool’s adaptability extends beyond the current scope, supporting the needs
of various user groups, including those not explicitly mentioned here. For instance,
it could be expanded to engage effectively citizens, as suggested by research in the
field [86], raising awareness about evacuation plans and the importance of prepared-
ness. The flexibility of the tool allows it to ingest additional input layers, such as pol-
lution data from satellite imagery or real-time sensor data. Custom outputs can also
be generated with minimal adjustments, such as evaluating compression levels in
narrow streets, tracking individual fatigue matching it with mobility impairments,
or measuring time spent in hazardous environments, like exposure to fire, exhaust
fumes, or high levels of pollution. Thanks to the comprehensive GAMA platform
documentation, these extensions are straightforward to implement, ensuring that
the tool can evolve to address emerging needs and integrate new data sources.
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Chapter 6

Agent Generation Process and
Tooling

This chapter describes the retrieval-grounded, schema-validated LLM tooling that
turns expert descriptions into executable agent rules and scenarios, enabling do-
main experts to co-design simulations without writing code. Behavioral patterns
like herding, group cohesion, stress response shape evacuation outcomes [54], [55].
Yet many frameworks assume uniform agents and overlook vulnerable populations
such as children, older adults, people with disabilities, and neurodivergent per-
sons [87]–[90]. The result is incomplete strategies that miss real-world complex-
ity [91], [92].

Simplified movement dynamics and rationality assumptions ignore how cogni-
tion, emotion, and social influence alter decisions under stress [55], [88], [92]. Agent-
Based Modeling (ABM), combined with Geographic Information Systems (GIS), bet-
ter captures heterogeneous behaviors for validating evacuation plans [16], [76].

We introduce a generative AI-driven, no-code mechanism that turns expert-defined
behavioral requirements and scenario descriptions into executable agent rules. De-
veloped with behavioral specialists, it encodes empirically grounded tendencies (e.g.,
group cohesion, leader–follower) to improve simulation fidelity and keep models
explainable to domain experts.

The key contributions are: (i) a generative AI-driven modeling mechanism that
integrates expert-informed human behavior into ABMs and automates specification
from scenario descriptions; and (ii) a technology stack for iterative validation and
expert feedback collection to maintain alignment with psychological and sociologi-
cal principles.

Scope and Assumptions. We consider orderly evacuations in public facilities with
heterogeneous pedestrians and predefined safe areas. Out of scope are real-time
adaptive control, physical smoke/fire dynamics, first-responder logistics, and med-
ical triage. Assumptions and limitations are revisited in Section 6.4 and the threats-
to-validity discussion.

The chapter is structured as follows: Section 6.1 presents the methodology, Sec-
tion 6.2 details the rule-extraction process, Section 6.4 applies it to a case study, and
Section 6.6 discusses how the tooling supports the thesis contributions.

6.1 Simulation Methodology

The simulation methodology, shown in Figure 6.1, integrates four interconnected
phases to design, implement, and validate a tool supporting persona-based evacua-
tion plan validation.
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FIGURE 6.1: Methodology overview: requirements ( a ), data scop-
ing ( b ), LLM-assisted design ( c ), and validation ( d ). Green color
denotes components added in this work; automation points in the

Simulation Process are highlighted.

The methodology expands from approaches found in the literature [13], [25], the
process begins with Requirement Elicitation ( a ), where inputs are gathered through
iterative workshops and priority-setting techniques (e.g., MoSCoW [78]) from di-
verse stakeholders, including software engineers, urban designers, civil protection
agencies, psychologists and sociologists. These last two stakeholders have been
added in green, and they interact with the methodology via an LLM-powered text
field input, providing critical expertise to ensure behavioral and sociological accu-
racy. This phase ensures alignment of functional and non-functional requirements
with stakeholder goals.

In Data Scoping ( b ), relevant data sources such as GIS layers, cadastral data,
and demographic statistics are identified, cleaned, and aligned. This phase ensures
data consistency and accuracy for creating realistic agent-based simulations reflect-
ing urban dynamics. To support practitioners, we specify core inputs with geometry
and minimum attributes required for evacuation analysis. A compact data sheet
summarizing layers, geometry, and required attributes is provided in Appendix A
(Table A.2).

Phase c , Tool Adaptive & Automated Design and Development, is colored blue
as it employs an LLM to automate components of agent behavior and scenario mod-
eling on top of tool build following a Component-Based Software Engineering (CBSE)
methodology [79]. A Multi-User Centered Design (MCD) process ensures that the
tool’s UI supports diverse personas effectively, maintaining high usability.

LLM-powered interface: implementation blueprint. We expose a single text field
with optional structured widgets (scenario type, cohorts, constraints). On submit,
the backend performs retrieval (BM25 over curated notes and citations) and calls a
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locally hosted model (ollama) with a function-calling instruction to produce a vali-
dated SimulationSpec. We parse and validate against a strict schema, present a diff to
the user, and persist versioned specs.
The UI consists of a geospatial dashboard with a panel: free-text scenario description
(required), optional sliders/selectors (population size, exits to consider, cohorts). A
preview pane shows the JSON spec and warnings.
The Backend Components: (i) retriever (BM25/Lucene) with top-k=5; (ii) LLM runner
(llama3.1:8b or similar via ollama); (iii) schema validator; (iv) spec store with IDs
and seeds.
Prompt and schema. The full prompt template and schema excerpt are moved to Ap-
pendix A for brevity.
Workflow. 1) User pans over the area of interest, enters description and options; 2)
backend retrieves evidence; 3) LLM emits SimulationSpec JSON; 4) schema vali-
dation + repair via fuzzy matching; 5) user reviews diff; 6) spec is versioned and
passed to the simulation engine; 7) metrics and plots are exported (CSV/PDF) with
seed traces.

Finally, in Persona-Based Validation ( d ), iterative testing with stakeholders eval-
uates the tool’s application to real-world evacuation scenarios, such as the university
campus case study detailed in Section 6.4.2. Feedback loops allow for continuous
refinement, and if significant issues are identified, the methodology cycles back to
requirement elicitation.

6.1.1 Simulation Process

This section details the simulation process phases, illustrated in Figure 6.1, with a
focus on how LLMs are leveraged for automation in the green colored steps. The
process, demonstrated using a university campus evacuation scenario, highlights
the conceptualization and validation of a simulation experiment an evacuation sim-
ulation tool. The figure shows the inputs and outputs at each phase and emphasizes
the role of automated scenario modeling ( 1b ) and automated agent modeling with

output definition ( 2b ) facilitated by LLMs.

Use Case & Persona Modelling. The process begins with Use Case & Persona Mod-
elling ( 1 ), where the use case is defined, and agents are modeled to reflect per-
sonas relevant to the simulation. LLMs play a crucial role in this phase, automating
the generation of initial simulation specifications based on high-level descriptions
provided by urban designers and safety managers. For example, in the university
campus scenario, LLMs assist in creating a detailed specification, identifying criti-
cal elements such as emergency exits, steep stairs, and maximum attendance. These
specifications are then tailored to align with the personas’ needs, ensuring relevant
outputs, visualizations, and parameters.

The simulation specification output of this phase, includes definitions for graph-
ical rendering and agent behavior. LLMs streamline this process by interpreting sce-
nario descriptions into structured simulation inputs, such as the rendering of pedes-
trian paths, heatmaps, and agents’ interaction rules.

Data Gathering. In Data Gathering ( 2 ), input data layers necessary for simulation
execution are identified and processed. For the university campus scenario, GIS data
such as building layouts, evacuation routes, and daily crowd density records are
collected. LLMs are utilized to preprocess and align these datasets with simulation
requirements, automating tasks like cleaning and integrating spatial and temporal
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attributes. This ensures consistency and accuracy, critical for representing real-world
conditions in the simulation.

Automated Scenario and Agent Modelling. The additions of Automated Scenario
Modeling ( 1b ) and Automated Agent Modeling & Output Definition ( 2b ) intro-

duce automation facilitated by LLMs. In 1b , LLMs transform high-level descrip-
tions into scenario models, generating simulation specifications, environment lay-
outs, and agent interactions. In 2b , LLMs refine agent behaviors, incorporating
decision-making processes and output formats to ensure that the simulation aligns
with stakeholder requirements. These automations reduce manual effort, accelerate
iteration cycles, and improve model fidelity.

LLM configuration (brief). To ensure portability and cost-efficiency, we deploy off-
the-shelf models via ollama for local/on-prem use. Constrained by resources and
aiming for broad availability, we favor compact 7–8B models that run on mod-
est GPUs or CPU-only fallbacks, paired with a BM25 lexical retriever. We pre-
fer models trained/fine-tuned (e.g., supervised instruction tuning and/or RLHF)
to internally perform step-by-step reasoning and to emit structured outputs (e.g.,
JSON/function-calling). Reasoning quality is checked through process-level metrics
(support and consistency) without storing raw rationales; output structure is veri-
fied via schema validation.

Scenario Execution. During Scenario Execution ( 3 ), the preprocessed data and au-
tomated agent models are used to run simulations. As shown in Figure 6.3, the uni-
versity campus scenario is visualized, illustrating input data layers, such as building
layouts, walkable areas, and safe area occupancy. LLMs contribute by dynamically
adapting agent interactions and parameter adjustments based on scenario-specific
requirements. Users can observe bottlenecks, assess evacuation routes, and monitor
metrics like "Reached Capacity Percentage Per Area," providing actionable insights
for stakeholders.

Results Validation. The final phase, Results Validation ( 4 ), evaluates the simulation
outputs against real-world data or expected outcomes. For the university campus
scenario comparative reports correlating simulation results with actual evacuation
drills or historical data. Additionally, the system gathers feedback from stakehold-
ers to refine simulation accuracy and ensure usability across personas. Tailored vi-
sualizations, such as heatmaps and risk charts, are stored in formats suited to each
persona’s needs, supporting decision-making processes.

6.1.2 Evaluation Protocol, Metrics, and Reproducibility

We adopt a consistent evaluation protocol to facilitate comparison across scenarios
and configurations. Each configuration is executed across multiple random seeds;
we report means and 95% confidence intervals. Core metrics include: evacuation
completion time (mean/median/95th), cumulative evacuated over time, exit utiliza-
tion and flows, congestion duration at choke points, route optimality ratio, group co-
hesion retention, herding index, and isolation rate. Isolation is defined as the share
of agents without a neighbor within radius R for longer than threshold T and not
belonging to a group cluster.

To aid reproducibility, we fix data versions and record: software stack and ver-
sions (GAMA platform, retriever, and LLM builds), random seeds per run, and sim-
ulation configuration files. We export metrics and traces as CSV, and figures as vec-
tor graphics.
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Parameterization and Tuning. Behavioral and movement parameters are initial-
ized from literature-guided ranges and expert input, then calibrated via sampling
against reference targets from drills or accepted baselines. The objective combines
discrepancies on evacuation-time statistics, exit-flow distribution, and group-cohesion
measures.

6.2 Expert-Defined Behavioral Rule Sets Extraction

Evacuation dynamics are influenced not only by general crowd behaviors but also
by the unique challenges faced by specific population groups. In high-risk situations
such as natural disasters, fires, or pandemics, individuals with disabilities, older
adults, children, families, and neurodivergent people often experience additional
barriers that impact their ability to evacuate efficiently. These groups may require
specialized support, inclusive infrastructure, and adaptive strategies to ensure their
safety in emergency scenarios.

6.2.1 Disabled Individuals

The World Health Organization estimates that 16% of the world’s population, or
around 1.3 billion people, live with a disability [93]. However, comprehensive quan-
titative data on the experience of people with disabilities during disasters is severely
lacking.

There are studies highlighting that disabled individuals often displayed remark-
able self-protective behaviors during the earthquake, such as holding onto stable
objects or relocating to safer areas within their environment (e.g. during the Loma
Prieta earthquake in 1989 [94]). Many respondents took proactive steps to mitigate
the risks of injury despite their physical limitations. Interestingly, their behavior was
influenced by their awareness of environmental hazards, such as falling objects and
blocked exits, and their perception of vulnerability.

Even when self-protective are taken, disabled individuals can experience mor-
tality rates up to four times higher than non-disabled counterparts during disasters
(e.g. Iquique earthquake [87], a city that is very vulnerable to natural disasters).
Behavioral patterns among disabled individuals during disasters in Iquique were
shaped by their access to information and preparedness. The study noted that ex-
clusion from risk education programs left many uncertain about how to respond
effectively, increasing their dependence on family members or caregivers. However,
behavioral responses were often constrained by inaccessible infrastructure, limiting
their ability to act independently during emergencies and driving various reports to
advocate for rights-based, culturally aware methods that acknowledge and include
disabled people’s perspectives in disaster preparation [91], [95], [96].

6.2.2 Older Individuals

Older adults often face mobility limitations and health conditions that significantly
influence their response times and ability to move efficiently during emergencies.
For instance, walking speeds for the elderly are slower compared to younger pop-
ulations, particularly on stairs or when assisted by evacuation devices [88], [97].
Cognitive impairments such as dementia further complicate this scenario, affecting
their ability to interpret alarms, follow instructions, and make quick decisions [98].

In emergencies, older adults exhibit distinct behavioral tendencies. One of the
most prominent is the delay in responding to alarms or evacuation cues, which can
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stem from difficulties in hearing or recognizing alarms, hesitation to act without
clear guidance, or the time required to prepare for evacuation [99]. Many older indi-
viduals prioritize gathering personal belongings before leaving, further contributing
to delays [100]. In addition, their dependence on external help, whether from staff,
caregivers or neighbours, is a critical factor which underscores the importance of
having well-trained staff to guide and support them in stressful situations [101].

The physical environment also plays a pivotal role in shaping evacuation out-
comes. Narrow corridors, stairwells, and other architectural features can exacerbate
bottlenecks, especially for those requiring mobility aids or assistance [100].

6.2.3 Families and Children

Families tend to evacuate together, although this can slow down the overall pro-
cess; those with mobility-impaired members or young children face additional chal-
lenges, as attention to individual needs can cause further delays. This behavior,
known as the "affiliation tendency" [102], is based on the need to ensure the safety
of all members, especially children and the elderly. At the same time, family cohe-
sion is a protective factor, ensuring mutual support and more efficacious collective
decisions [92]: families in this way adopt collaborative strategies, such as assigning
specific roles to members, for example one that leads and another that helps the most
vulnerable [54].

Specifically, children tend to be more vulnerable in emergency situations due to
their dependence on adults and their limited ability to understand or react appro-
priately to danger [89], even though visible and well-marked routes, together with
audio-visual signals specifically designed to catch their attention, can significantly
improve evacuation efficiency.

6.2.4 Neurodivergent people

Neurodivergent people, such as those with Autism Spectrum Disorders (ASD), face
significant challenges during emergency situations, mainly due to sensory overload
sensitivity, difficulty in routine changes and reduced communication. These factors
greatly affect their ability to evacuate safely. According to related studies [90], noisy
and chaotic environments, such as those created during an evacuation, can cause
sensory overload, increase stress, and make it difficult to understand emergency
instructions. Another research [103] shows that sensory overload can lead to reac-
tions such as "shutdown" or "meltdown," reducing the ability to respond adequately.
Certainly, a major impact intervention for these subjects is the inclusive design of en-
vironments that reduce sensory barriers and promote clear and accessible routes can
improve evacuation efficiency.

6.2.5 Expert-Defined Rule Set

The analyzed research in this section underlined how to incorporate these view-
points into risk management and urban planning frameworks, making sure that the
unique needs identified by psychologists and sociologists are satisfied throughout
the entire simulation management process and challenging the stereotypes often
associated with some categories individuals in disaster scenarios. Consistent with
established emergency-management literature [87], [90], [91], [94]–[96], [103], we
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adopt the following subpopulations: individuals with disabilities, older adults, fam-
ilies, children, and neurodivergent individuals. In the Appendix, Table A.1 synthe-
sizes behavioral rules directly from the cited sources. Our contribution is to bench-
mark LLM generated agents with these expert- and evidence-based behaviors and
have a simulation-ready rule set within our GAMA-based model, as described in
Section 6.1.

6.3 Conceptual Model and Agents Modeling

Starting from the rule sets, a specialization of the Pedestrian agent class is produced.
While the broader simulation framework that has been used as reference[13], [25] in-
cludes additional entities such as Buildings, WalkableArea, and SafeArea, their detailed
modeling is beyond the scope of this Chapter and in not discussed. Instead, we delve
into the extension of the Pedestrian class to accommodate varying agent profiles and
enhance the representation of diverse individual behaviors during evacuations.

Underlying simulation model (brief). Our implementation builds on the GAMA
platform and follows the evacuation modeling patterns in [13], [25]. Agents move in
a continuous 2D environment constrained by a walkable-area mask and an associ-
ated routing graph. Each simulation advances in discrete steps; at each step, agents
(i) select or re-evaluate a target (e.g., nearest known viable exit, assigned safe area
or individual), (ii) update their desired velocity based on local conditions (slope,
width, congestion) and cohort-specific modifiers, and (iii) move subject to collision
avoidance and capacity constraints. Exits enforce per-minute capacities; safe-area
occupancy and per-exit flows are recorded as outputs. Optional behaviors such as
herding and group cohesion are toggled via configuration and applied on top of
the base movement policy, consistent with the inputs and outputs described in Sec-
tion 6.1.

The class diagram provided in Figure 6.2 illustrates the refinement of the Pedes-
trian agent into three specialized subclasses: NeurodivergentPeople, OlderPeople, and
Children. This specialization reflects critical differences in physical, cognitive, and
behavioral attributes that influence evacuation dynamics. Additionally, new at-
tributes and methods, highlighted in green, integrate the concept of groups, particu-
larly families, into the pedestrian model, enhancing realism in evacuation scenarios.

The base Pedestrian class encompasses attributes such as speed, natural_speed,
heading, slope_at_location, and is_vulnerable. Additionally, attributes like height
and shoulder_length are included to simulate physical space occupancy, enhanc-
ing the realism of agent-based movement models. Core methods, such as move(),
arrive(), and avoid_locked_open_space(), define baseline decision-making and
movement strategies, allowing for a flexible yet structured foundation for special-
ization.

Newly introduced attributes, such as group_id and group_role, facilitate the
representation of pedestrian groups, especially families or caregiver-dependent in-
dividuals. These attributes enable agents to form cohesive evacuation behaviors,
allowing group members to stay together or adjust their movement based on the
presence of their group. Additional methods, including stay_with_group() and
assist_group_member(), ensure that agents prioritize group cohesion during evac-
uation.

Specialized Pedestrian Subclasses



Chapter 6. Agent Generation Process and Tooling 71

FIGURE 6.2: UML of Pedestrian specializations. Colored features
mark deviations from Iskandar et al. [13]; green borders denote added

classes.
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• NeurodivergentPeople: This subclass introduces attributes such as sensory_sensitivity
and preferred_routine, which reflect the heightened sensitivity and routine-
driven behavior observed in some neurodivergent individuals. These agents
can adapt to sensory overload via methods like adjust_behavior_to_sensory_overload()
and prioritize familiar or low-stimulus paths using seek_comfortable_path().
The newly added group-related attributes help account for individuals who
may rely on familiar caretakers or structured group dynamics, influencing
their evacuation behavior.

• OlderPeople: This subclass models reduced physical capabilities, incorporat-
ing attributes like reduced_speed, mobility_aid, and balance_sensitivity.
These attributes influence movement and decision-making, ensuring that agents
prefer paths with gentle slopes (prioritize_flat_paths()) and avoid high-
risk areas (seek_low_risk_areas()). The integration of group attributes al-
lows for the modeling of older individuals who may require assistance from
companions or caregivers, as represented by methods like request_assistance()
and follow_group_leader().

• Children: Representing younger evacuees, this subclass includes attributes
such as curiosity_level, requires_supervision, and playful_behavior. Chil-
dren exhibit unpredictable movements (wander_randomly()) but can also fol-
low designated caretakers when needed. The introduction of group-based at-
tributes ensures that children prioritize staying close to their guardians, mini-
mizing the risk of separation. Methods like seek_guardian() and hold_hand()
simulate these essential behavioral patterns in evacuation scenarios.

LLM-assisted class generation: prompts and workflow. We employ a prompt-
based generation approach to derive the specialized classes from the expert-defined
rules in Section 6.2. A compact, locally hosted model (via ollama) receives: (i) a
system instruction describing the design task and output constraints; (ii) retrieved
excerpts containing cohort-specific behavioral rules; and (iii) a developer template
listing the base Pedestrian attributes/methods. The model first proposes a UML-style
summary for review and then emits a GAMA/GAML stub with attributes, param-
eters, and behavior hooks. The exact prompt template and an example payload are
provided in Appendix A; a brief note on post-processing follows.
Post-processing. Outputs are linted against a compact schema and integrated into the
model by adding only the declared attributes and stub methods; concrete behav-
iors (e.g., path choice, assistance) reference shared utilities and are parameterized
through the simulation configuration.

6.4 Exploring Results & Scenario Validation

6.4.1 Results

We evaluate on a university campus evacuation scenario with heterogeneous agents
and multiple safe areas. Each configuration is run multiple times with fixed seeds
to estimate variability. We measure aggregate outcomes, flow dynamics, and group-
level behaviors.

These specialized subclasses, with minor variations between the different runs,
enhance the simulation’s ability to model diverse populations, enabling the evalua-
tion of evacuation strategies tailored to specific needs. The inclusion of the group_id
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and group_role attributes further refines the model by allowing for realistic rep-
resentations of families and dependent groups. For example, the introduction of
mobility_aid for older individuals may highlight the necessity of ramps or gentle
slopes in evacuation plans, while the behaviors of children and neurodivergent in-
dividuals may uncover critical insights into managing panic or maintaining group
cohesion.

Metrics. We track: (i) completion time (mean/median/95th), (ii) cumulative evac-
uated over time (progress curves), (iii) exit utilization and per-exit flow (pers/min),
(iv) congestion duration at choke points, (v) route optimality ratio (shortest vs. cho-
sen), (vi) group cohesion retention, (vii) herding index (share following crowd over
own plan), and (viii) isolation rate (and late-isolation share). Unless specified, values
are scenario-wide aggregates.

The diagram in Figure 6.2 shows the hierarchical structure of a specific instance
to visualize the relationship between the base Pedestrian class and its specialized
subclasses. Each subclass retains core attributes and methods while adding unique
features relevant to its profile. Green-highlighted attributes and methods explic-
itly incorporate group dynamics, ensuring that evacuation strategies account for the
presence of families, caregivers, and other dependent relationships. Additional spe-
cializations created in this instance by the LLM are indicated with a green border.

Phase 1 outputs a SimulationSpec that defines what is rendered in the simula-
tor window (Figure 6.3) and the agent cohort mix. The LLM instantiates the agent
mix from the Demographics inputs (Table A.2) and persona priors; these proportions
are recorded in the agents.mix field of the SimulationSpec (see the JSON excerpt
in Appendix A). The UI snapshot in Figure 6.3 only visualizes cohort colors and
dynamics; it does not display the numeric cohort shares. For the campus scenario,
children are excluded in the instantiated mix (consistent with context and priors),
while older and disabled proportions are taken from the demographics-derived in-
puts. The legends map is hardcoded for clarity and is used to visually distinguish
entities such as buildings, cars, walkable areas, and pedestrians.

Model selection and deployment. To keep the pipeline off-the-shelf and easily re-
producible, we focused on models distributed via ollama for local/on-prem execu-
tion. We prioritized models that had been trained or fine-tuned (e.g., supervised in-
struction tuning and/or RLHF) to internally perform step-by-step reasoning as part
of the forward pass and to natively emit structured outputs (e.g., JSON/function-
calling formats). This preference reduces the need for explicit chain-of-thought prompt-
ing and brittle post-processing, while improving determinism and schema adher-
ence. Consistent with our RAG evaluation above, we verify reasoning quality through
process-level checks (support and consistency) and validate structure via schema
conformity, without storing raw rationales. Given our resource constraints and the
goal of broad availability, we intentionally chose smaller, efficient models (7–8B) that
can run on modest GPUs (~8–12 GB VRAM) or CPU-only fallbacks, making the ap-
proach viable on many machines. While this trades peak accuracy for portability
and cost, we were reasonably content with the resulting performance under BM25
RAG, which proved stable enough for practical adoption in our setting.

RAG-based evaluation and chain-of-thought checks. For each modeling query
(e.g., rule derivation, parameter instantiation), the retriever supplies top-k literature
snippets (here, k=5). We test multiple Ollama-hosted LLM readers (llama3.1:8b,
mistral:7b, qwen2.5:7b, gemma:7b) and score answer correctness, faithfulness to
evidence, evidence precision/recall, context utilization, and hallucination rate. To
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FIGURE 6.3: Campus scenario UI: map, walkable areas, occupancy,
and outputs. Light green = pedestrians, pink = disabled, blue = older.
Numeric cohort shares (agents.mix) come from Demographics in the

SimulationSpec and are not shown.

check the chain of thought without exposing raw rationales, we compute process
metrics: (i) step support rate (fraction of intermediate reasoning steps backed by at
least one retrieved citation) and (ii) step consistency (agreement across two indepen-
dently sampled reasoning traces that reach the same conclusion).

Parameter tuning and calibration. We adopt an evidence-driven calibration loop for
behavior and movement parameters. Candidate settings are sampled (e.g., grid/Latin
hypercube) within ranges informed by the literature and domain experts. For each
candidate, we simulate multiple seeds and compute an objective that combines evacuation-
time errors, exit-flow distribution mismatch, and group-cohesion deviations against
drill or baseline references.

6.4.2 Scenario

We instantiate the pipeline on a university campus evacuation, using cadastral lay-
ers for buildings/walkable areas and demographic priors for cohort proportions. A
minimal scenario prompt is fed to the LLM, which returns a validated Simulation-
Spec covering rendering hints, exit capacities, and the cohort mix. The generated
spec drives the dashboard shown in Figure 6.3, where colors distinguish pedestri-
ans, older adults, and disabled individuals; the legend and cohort shares come from
the same spec.

Stakeholders use this UI to verify that the LLM respected constraints (e.g., ex-
clude children, allocate ramps and wider corridors for mobility aids) and to iterate
on exit selections before running seeds. The instance of behavioral models used
here is derived from the rule set in Section 6.2 and the specialization depicted in Fig-
ure 6.2, so neurodivergent and disabled agents carry cohort-specific attributes (e.g.,
sensory sensitivity, mobility aids) and group-aware behaviors. This tight coupling
between the textual description, SimulationSpec, and behavioral subclasses keeps
the scenario traceable and reproducible across runs.
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6.5 Threats to Validity

Although this specialization framework offers improved modeling of pedestrian di-
versity, some limitations remain. For instance, these subclasses assume a determin-
istic behavior model, partially omitting the stochastic or chaotic elements often ob-
served in real-world evacuations. Future work will aim to incorporate these dynam-
ics while also exploring additional subcategories or integrating social group interac-
tions to further enhance realism. To structure our analysis, we categorize individu-
als with disabilities, older adults, and neurodivergent persons separately. While this
methodological choice improves clarity, it inevitably simplifies the significant over-
laps among these populations, such as mobility constraints, sensory sensitivities,
and the need for assistance.

This separation constitutes a threat to validity, as it may obscure the nuanced
ways these challenges interact in real-world scenarios. Additionally, future research
will explore these intersections to refine emergency preparedness strategies as the
models rely on predefined assumptions and probabilistic distributions, which may
not fully capture the complexity of real-world decision-making, particularly under
stress. While this approach allows for structured scenario analysis, it does not yet
incorporate real-time adaptation to unforeseen human responses. Our models simu-
late human behavior using insights from psychology, sociology, and computational
modeling to create realistic evacuation scenarios. However, a key limitation lies in
the approximation of behavioral models. Despite integrating interdisciplinary in-
sights through a generative AI-driven agent-based simulation, human behavior in
emergencies remains highly unpredictable.

LLMs play a critical role in our methodology by generating the specializations,
assisting in populating attributes for pedestrian agents in GAMA, and automating
certain aspects of scenario definition. However, further work is required to refine
the integration of LLM-generated content, ensuring that it aligns with empirically
validated behavioral patterns and dynamically adapts to real-world complexity.

Another method, Cellular Automata (CA) models [104], relies on discretizing
space into a grid where individuals move between cells according to predefined
local rules. These models are useful for representing large crowds in densely pop-
ulated areas and for analysing how small changes in environmental conditions can
affect the overall flow. For example, a study on evacuations from multi-storey build-
ings have shown how the arrangement of stairs and exits can reduce evacuation
times [105].

Panic Theory Panic theory analyses the irrational behaviour that can emerge dur-
ing emergency situations, characterized by emotional contagion and extreme reac-
tions. Sime et al. [97] pointed out that panic is often caused by the perception of
limited resources, such as insufficient exit capacity. This theory is useful for sim-
ulating scenarios where the crowd can become disorganized, creating dangerous
congestion.

6.6 Discussion

By integrating behavioral models rooted in psychology and sociology our method-
ology enables simulations that better reflect real-world human responses during
crises. Our methodology builds on an established technology for emergency simula-
tions, the GAMA simulation platform, introducing an AI-driven no-code modeling
mechanism and ensuring empirical accuracy in crowd movement patterns, herding
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tendencies, and decision-making processes during evacuations. The results high-
light how heterogeneous populations, including older adults, neurodivergent indi-
viduals, and persons with disabilities, exhibit unique evacuation behaviors that tra-
ditional models often overlook. Our approach bridges this gap, allowing for the de-
sign of more inclusive emergency response strategies that account for diverse needs
and constraints.
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Chapter 7

Simulator Experiments:
Components and Architecture

This chapter introduces various experiments performed with the EVA-Sim and other
SECO modules, detailing how territorial data, personas, and behavior models are
connected into a reproducible simulation architecture. It explains the data/dash-
board pipeline and how each component supports the evaluation needs surfaced by
the mapping study.

7.1 Exploratory Data Analysis

Our primary analytical approach employed Exploratory Data Analysis (EDA) tech-
niques to unearth patterns and correlations within the datasets. For instance, we
analyzed the impact of weather conditions on air quality, highlighting discernible
trends (refer to Figure 7.1). The data shown is part of our data lake, showcasing
correlations between walkability and public spending, mean temperature trends,
and the impact of weather conditions and construction work on air quality. By
juxtaposing air quality, walkability, and emergency response metrics on interactive
dashboards, we foster a culture of informed decision-making and proactive urban
planning among citizens and stakeholders, contributing to urban sustainability and
data-driven policymaking. Feedback from stakeholders and users was incorporated
to refine the tools and improve their usability and impact. Regarding the tools devel-
oped, our research demonstrated the significant usefulness of software simulation
tools combined with urban design techniques for optimizing urban contexts and in-
creasing urban resilience. In particular, the optimization of the emergency area sys-
tem performed for stakeholders working at civil protection facilities expressed great
interest in deploying the simulator and helped us defining use cases to validate it.

7.1.1 Data and Dashboard Pipeline

To address the thesis research questions, we combined data visualization, automated
data extraction, and comprehensive data preprocessing as partially outlined in Fig-
ure 7.1 and described in this section.

We automated the extraction of information from reputable Public Sector data
lakes (Data Gathering Figure 7.1) without manual intervention, ensuring the com-
prehensiveness and reliability of our dataset. Key datasets included: Reconstruction
Data-sets from USRA and USRC, providing information on post-earthquake recon-
struction activities; Air Quality Data-sets from CeTEMPS, ARPA, and ESA, offer-
ing insights into air quality through high-resolution pollutant measurements and
weather summaries; Walkability and Service Accessibility Dataset, developed by
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FIGURE 7.1: Technological View of the Urban Digital Twin for Ter-
ritorial Monitoring: The figure illustrates the integration of diverse
data sources, including satellite imagery, in situ sensors, and open
data portals, into a cohesive data lake. This data is processed and
analyzed to generate actionable insights through interactive dash-
boards tailored for various personas, such as citizens, policymak-
ers, and emergency responders. The visualization highlights correla-
tions between walkability, public spending, temperature trends, and
air quality, demonstrating the UDT’s capability to support informed

decision-making and urban planning.

ESA and local entities, evaluating pedestrian-friendliness and service accessibility
in urban areas.

In urban environments, variations in aerosols were measured using satellite data
and on-the-ground measurements, serving as an indicator for air quality assessment.
The larger goal was to develop a dashboard for city sustainability indices, providing
real-time information about air quality and its impact on public projects and emer-
gency situations.

Preprocessing the diverse data involved data pivoting, imputation, and normal-
ization to ensure consistency, quality, and usability. Challenges included temporal
and spatial granularity differences, inconsistent data formats, missing values, and
differing units. Accurate merging required sophisticated algorithms, domain exper-
tise, and iterative refinement using Python libraries (Preprocessing Phase Figure 7.1).

Data interpolation using Machine Learning models helped to produce reliable
sustainability dashboards in areas less covered by sensors, we then overlayed a
mapping schema with intuitive aliases and comprehensive explanations. Plotly and
Grafana have been interchangeably used depending on the plotting requirements
and the resulting dashboards are easily deployable on SoBigData [5], an existing a
National Public Research infrastructure and communicate insights to stakeholders
involved in urban sustainability projects.

On the simulation side instead the methodology essentially follows a 5-steps
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path: the setting up of the knowledge system (e.g. GIS Data alongside emergency
plans), the choice of the case study to scope its validation, the construction of the
software simulation tool realised with the open source GAMA platform [76] and its
application to the the case study, the definition of alternative scenarios with the ap-
plication of safety-based urban design techniques and the related application of the
simulation to check the degree of optimisation achieved.

7.2 Experimentation

This section presents the experiments in increasing complexity, showing how the
pipeline scales and where new assumptions are required. The narrative moves from
a controlled campus baseline (Coppito) and the other university poles in L’Aquila, to
the small historic town of Atri, to the mid-size town of Popoli, and finally to the large
coastal city of Brindisi, so each step adds realistic variability and new constraints.
This order helps isolate which aspects change because of scale, which change be-
cause of data quality, and which are triggered by dynamic events.

7.2.1 L’Aquila university poles (Coppito baseline and transfer)

The initial experiments draw from the Coppito campus one described in Section 5.4.1
as a controlled baseline and extending the same pipeline to the Roio hillside campus
and the Humanities campus in the historic center. The three poles were selected
for their strategic relevance and spatial heterogeneity in the post-earthquake urban
context, and they remain a good testbed for safety-conscious public-space planning
within a single institutional domain.

The methodological frame mirrors the study’s two-phase, iterative loop: the first
phase simulates the current spatial configuration to diagnose crowd congestion, in-
sufficient capacity of emergency gathering points, and delays in reaching safe areas;
the second phase formulates spatial interventions and re-simulates the system for
comparison as outlined in Section 5.4. This loop links simulation output to design
action and enables successive refinements rather than a one-off evaluation. The sim-
ulation uses standard evacuation logic grounded in shortest-path routing, but the
diagnostic focus is on where spatial constraints deform flow, and on how reconfig-
ured layouts change crowd distribution and bottlenecks.

The spatial model blends open-access and institutional data: orthophotos and
topographic maps for morphology, vector layers for buildings and pathways, and
population estimates from university records and statistical sources. The simula-
tion runs in GAMA with agents that carry individual attributes (speed, decision
rules) and react to local crowding. The simulation code is custom-developed and
calibrated to ensure effective integration with GIS-preprocessed data. General pa-
rameters include the total number of individuals leaving each building, the time to
reach assembly areas, and the progressive occupancy rate of each emergency zone.
Evaluation follows the study’s indicators: total evacuation time, average and peak
crowd density along critical paths, and the share of agents reaching safety within a
fixed time threshold. Each run outputs a georeferenced raster of pedestrian crowd-
ing that can be overlaid on the GIS layers for direct visual comparison. Robustness is
checked through internal consistency checks, sensitivity analysis, and reviews with
domain experts.

Roio sits on Monte Luco, about 10 km from the historic center and roughly
1000 m above sea level, hosting engineering programs in seven buildings, five of
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which frame a central open space with green areas and walkways. The campus
can host about 3,186 people and provides four assembly areas near the main open
spaces. Coppito is adjacent to the San Salvatore hospital complex, with four main
buildings arranged in parallel and separated by shared open spaces and parking; its
maximum occupancy is about 4,245 people, and eight assembly areas are mostly lo-
cated in parking zones. The Humanities campus is embedded in the historic center,
consisting of a single building with a capacity of about 1,766 people and a single as-
sembly area in the square directly in front of the building. Table 7.1 summarizes
building occupancy and emergency assembly area capacities for the three poles.
This diversity in peri-urban, campus-scale layouts versus compact historic fabric
makes the poles a controlled yet varied transfer setting for the pipeline. Figure 7.2
visually contrasts the three campuses, highlighting how the spatial configuration of
buildings and assembly areas differs and even it outlines a baseline so that urban
designers can evaluate various modified scenarios and see if the situation improves.

Campus Building Maximum
Capacity

Emergency
Assembly
Areas

Maximum
Capacity

Roio –
Engineerings

A 1386 1 435
B 584 2 4921
C 1020 3 64
E 95 4 98
F 24
G 57
H 20

Coppito –
STEM disciplines

A 1093 1 441
B 300 2 369
C 1458 3 473
D 1344 4 392
E 50 5 560

6 824
7 493
8 491

Human Sciences Pole A 1766 1 1142

TABLE 7.1: University of L’Aquila campuses: building occupancy
and emergency assembly area capacities.

Outcomes are organized into Scenario 0 (current spatial configuration) and Sce-
nario 1 (safety-optimized layout). In the baseline configuration (Scenario 0), the Roio
campus evacuates successfully within 4.3 minutes, with two of the four assembly ar-
eas reaching full capacity and the others stabilizing at about 60%. Coppito exposes
a demand–capacity gap: all eight assembly areas fill to 100% within 8.4 minutes, yet
roughly 200 agents remain without space. The Humanities campus is the most con-
strained: the single assembly area reaches capacity in 1.83 minutes, leaving nearly
800 agents without a safe zone and forcing some flows onto adjacent public roads
that are not designed for pedestrian evacuation. Overall, only Roio can accommo-
date a complete evacuation under the baseline boundary conditions, while Coppito
and the historic-center pole illustrate how crowding and limited open space become
structural bottlenecks.
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In the optimized configuration (Scenario 1), safety-oriented urban design inter-
ventions expand assembly areas, shorten evacuation times, and remove spatial ob-
stacles that hinder pedestrian flow. The obstacles include direct barriers such as
staircases, steep slopes, damaged or uneven surfaces, parked vehicles, and bulky
urban furniture, as well as indirect constraints like dead-end alleys and narrow path-
ways. The implemented changes focus on removing fences and enclosures, relocat-
ing parking, and increasing permeable green space. For Coppito, these changes are
sufficient to accommodate all agents and cut evacuation time by roughly three min-
utes, while increasing accessible open space. Roio remains favorable with minimal
changes needed and exemplifies how open space distribution and circulation logic
embedded in the layout support resilient evacuation. The Humanities campus, how-
ever, still lacks adequate assembly area even after expanding space, indicating that
historic-center constraints require integration with broader urban emergency areas
rather than campus-only adjustments. In dense, heritage-based cores, the evidence
points to a shift from project-level fixes to multiscalar planning that can incorporate
new emergency areas in the surrounding urban fabric.

Two limitations are relevant to these poles: the lack of real-time behavioral data
(for instance from mobile tracking or sensor systems) and the difficulty of calibrat-
ing panic responses. Both constraints limit context-specific accuracy and reinforce
the need for future work that integrates real-time data and multi-hazard scenarios.
These outcomes anchor the controlled baseline, demonstrate how design interven-
tions scale across institutional layouts, and motivate the shift to more heterogeneous
town-scale experiments.

7.2.2 The small historic town use case: Atri village

The Atri case represents a compact historic urban layout with narrow streets and
irregular building shapes. The small scale allows fast iteration and clear visual-
ization of bottlenecks, which is useful when testing pathfinding under constrained
street widths and limited waiting areas. At the same time, irregular topology and
older data sources make route validation and occupancy estimation less straightfor-
ward, and the map often requires manual cleanup before it can be used as a reliable
simulation input. In Atri we also benefited from building-level risk assessments,
which gave us a structured estimate of potential damage and collapse likelihoods.
Urban designers and civil engineers supporting the project translated those assess-
ments into debris maps that explicitly marked likely obstruction zones. We then
used those debris layers to alter the road network before route generation, forcing
the simulator to reroute agents around blocked segments and to expose how small
obstructions can cascade into network-wide congestion. This step made the exper-
iment more realistic and helped validate how sensitive evacuation outcomes are to
localized damage in dense historic fabrics. Figure 7.3 shows the Atri input map,
where red rectangles indicate debris and blue rectangles show parked cars extracted
by the satellite-imagery pipeline; both layers alter the original simulation.

7.2.3 The mid-size town with data gaps and large coastal city use cases:
the Popoli and Brindisi scenarios

Popoli tests scalability under weak data constraints and missing cadastral records.
We explored two occupant approximations: (i) seeding only a fraction of inhabitants
and simulating a holiday where most people are already outdoors (so the simulator
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does not depend on building footprints), and (ii) estimating occupants from build-
ing volumes to keep indoor evacuation realistic when the census-to-building join is
unavailable. These choices balance feasibility and realism, and make explicit which
results depend on assumptions rather than direct measurement. The run validates
robustness when data are incomplete, but outputs depend on simplifying assump-
tions that need sensitivity checks and clear documentation.

Brindisi stresses the pipeline at city scale with a larger network and coastal ex-
posure. Figure 7.5 shows the extracted area for the large-scale run, where network
density and mixed land uses increase both routing complexity and visualization de-
mands. The scenario validates the ingestion and routing stack on dense, real-world
networks, but the scale and heterogeneity amplify data alignment issues, increase
processing time, and highlight the need for more dynamic updates and incremental
data refreshes.

The Popoli and Brindisi experiments were also initiated within the DIRECT grant,
where we designed an event-based digital twin that couples sensor data with critical
infrastructure tracking. This setup fed a custom UI that exposes dynamic layers for
both municipalities and lets stakeholders inspect how infrastructure changes propa-
gate through the simulation pipeline, and it provides a concrete way to organize the
layers of dynamicity across data, agents, and scenarios.

Event-driven digital twin and dynamic simulation. Figure 7.4 illustrates how the
digital twin enables dynamic and reactive simulations by propagating changes across
data, agents, and evaluation layers. At ( 1 ), a first implementation of a locally con-
strained Urban Digital Twin aggregates sensing and monitoring feeds together with
cadastral, infrastructural, and behavioral descriptors, producing structured simula-
tion specifications that encode both the current state of the territory and scenario
assumptions. These specifications are consumed by the event-based agent gener-
ator ( 2 ), where parser and mapping components translate infrastructure updates,
sensor-triggered events, and scenario edits into agent attributes, influence rules, and
meta-model updates. This mechanism allows partial failures, such as bridge span
closures or building damage, to selectively affect agents and network elements with-
out regenerating the entire model.

The resulting agent definitions are exported in GAML format and executed within
the evacuation plan simulator ( 3 ), where GAMA agents evolve under updated net-
work constraints and behavioral rules. Simulation outputs, including trajectories,
congestion patterns, and safety indicators, are then collected and post-processed by
the KPI-based dashboard generator ( 4 ), which exposes performance metrics and
comparative views through the custom UI. By closing this loop, the digital twin sup-
ports reactive what-if analyses in which sensor updates and infrastructural changes
immediately reshape feasible routes, agent interactions, and outcome indicators,
making explicit how dynamic events propagate from physical infrastructure to col-
lective behavior and decision-support metrics.

Critical connector sensor data. For Popoli and Brindisi, we also ingested bridge
sensor feeds from a critical connector serving schools and public facilities. Sensors
report per-span status, so lane closures or weight limits trigger edge removals or
penalties only on the affected span before route generation, making detours and de-
lays realistic. In the DIRECT-driven workflow, this also enabled reactive scenarios
where a bridge collapse reshapes the map in real time and changes the feasible evac-
uation corridors, so the digital twin can illustrate how alternative scenarios affect



Chapter 7. Simulator Experiments: Components and Architecture 83

behaviors and group dynamics along the lines discussed in Chapter 6. The custom
UI surfaces these updates as layered views, allowing stakeholders to inspect both
the infrastructural trigger and the behavioral consequences. For stakeholders plan-
ning maintenance or partial shutdowns, this span-aware update lets them rehearse
evacuation and traffic impacts before scheduling the work.

Beyond mobility, we ingested seismic assessments for buildings and replayed
past seismic events to stress-test agent behaviors under combined structural fragility
and network degradation. This allows the same pipeline to fold structural risk
(weakened buildings) into routing and shelter selection even when cadastral data
are missing or incomplete.

Layers of dynamicity. Across these experiments, dynamicity progresses from be-
havioral rules (micro-level), to agent interactions and crowd effects (meso-level), to
scenario perturbations such as blocked roads and structural damage (macro-level),
and finally to experiment orchestration that compares alternative layouts and in-
terventions. The DIRECT-oriented UI makes these layers visible by linking sensor-
triggered events to map updates and to the behavioral responses discussed in Chap-
ter 6. This framing helps isolate which layer drives observed outcomes and where
richer updates, such as dynamic debris and map reconfiguration, are most impact-
ful.

Challenges observed. The main challenges concern data completeness (missing
cadastral layers), cross-source alignment, and the sensitivity of outcomes to occu-
pant approximations. Scale amplifies these issues, making it essential to document
assumptions and validate how updates to routes, sensors, and structural assess-
ments propagate to the results.

7.3 Discussion

This chapter situates EVA-Sim as the system-level glue between the territorial mon-
itoring SECO and the evacuation validation tool. The component architecture, data
pipeline, and dashboard outputs show how personas, territorial data, and behav-
ioral models are assembled into a reproducible evaluation environment, which the
thesis extends with LLM-assisted rule generation and the stakeholder-facing valida-
tion workflow.

The experiments progress through four case studies of increasing complexity.
Figure 7.2 contrasts the three University of L’Aquila campuses (Roio, Coppito, Hu-
manities), illustrating how building-to-assembly-area ratios and open-space distri-
bution determine baseline bottleneck severity and the feasibility of safety-oriented
interventions: Roio’s distributed layout supports a complete evacuation with mini-
mal changes, while the historic-center Humanities campus exposes structural limits
that require city-scale redesign rather than campus-level fixes. Figure 7.3 shows the
Atri input map with debris layers (red rectangles) and parked cars (blue rectangles)
derived from satellite imagery, capturing how localized damage propagates through
the dense street network and forces rerouting. Figure 7.4 presents the event-based
digital twin architecture deployed in the DIRECT grant for Popoli and Brindisi: the
diagram illustrates how sensor feeds, infrastructure state, and scenario parameters
flow through a shared event bus to update agent routing, map layers, and stake-
holder dashboards in real time, providing a concrete mechanism for the layers of
dynamicity described earlier in this chapter. Figure 7.5 shows the extracted Brindisi
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road and building network used in the large-scale run, revealing the density and
land-use heterogeneity that stress-tests ingestion and routing performance.

The experiments presented here demonstrate the simulator’s flexibility in han-
dling varying complexity levels, from simple population movements to intricate
evacuation scenarios. This adaptability is crucial for addressing the diverse needs of
territorial monitoring and emergency planning.
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FIGURE 7.2: Three University of L’Aquila poles compared: Roio (en-
gineering), Coppito (STEM), and the historic center Humanities cam-
pus, highlighting the relative layouts of buildings and assembly areas

used in the baseline and optimized scenarios.
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FIGURE 7.3: Atri simulation input with debris (red rectangles) and
parked cars (blue rectangles) extracted from satellite imagery.
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FIGURE 7.4: Event-based generator used in the DIRECT grant to link
sensor data, critical infrastructure, and scenario updates in the cus-

tom UI.
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FIGURE 7.5: QGIS render of the Brindisi area after pulling building
and road layers for the large-scale run; the same pipeline ingested

Popoli data with the alternative occupant estimations.
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Chapter 8

Conclusions

This thesis explored how software engineering can make Urban Digital Twins vi-
able for territorial monitoring and emergency preparedness in resource-constrained
settings. The mapping study in Chapters 2 and 3 consolidated fragmented research
and exposed gaps around interoperability, evaluation metrics, and inclusivity for
vulnerable groups, motivating a focus on reproducible, persona-aware components
rather than monolithic twins.

Building on those gaps, Chapter 4 delivers a territorial monitoring SECO that
aligns heterogeneous spatio-temporal sources through an open-source NiFi orches-
trator, preprocessing pipelines, and persona-tailored dashboards for the L’Aquila
region. The QoL case shows how these modules can be reused beyond a single de-
ployment and how open-access dashboards can inform public decisions, providing
the data backbone for the later simulation and validation work.

Chapters 7 and 6 introduce EVA-Sim, connecting territorial data, personas, and
behavioral models into a reproducible simulation architecture with a data and dash-
board pipeline. The retrieval-grounded, schema-validated LLM tooling adds a no-
code path from expert narratives to auditable behaviors, enabling inclusive model-
ing of heterogeneous populations and keeping assumptions evidence-linked.

Chapter 5 applies this pipeline to a persona-based evacuation validation tool that
integrates ABM and GIS, generates tailored outputs, and validates plans through
cohesion, isolation, and exit-utilization metrics. Experiments spanning the Cop-
pito campus, other university poles in L’Aquila, Atri, Popoli, and Brindisi show the
workflow can scale from controlled settings to larger towns while remaining trans-
parent enough for stakeholder review, and the stakeholder-driven iteration high-
lights how persona-based engineering builds trust and engagement in decision sup-
port.

Evidence of contributions against identified gaps. Building on the mapping study
in Chapters 2 and 3, which highlighted gaps in interoperability, reusable evaluation
metrics, and inclusive planning for vulnerable groups, this thesis delivers comple-
mentary engineering contributions. First, the territorial monitoring SECO (Chapter 4)
provides a deployable, modular ecosystem that integrates heterogeneous sources
through open-source orchestration and standardized pipelines, addressing interop-
erability and operational sustainability. Second, the persona-based evacuation valida-
tion tool (Chapter 5) introduces a reusable evaluation layer for emergency planning,
responding to the lack of validated protocols. Third, EVA-Sim (Chapters 7 and 6)
encodes behavioral theory into executable rules while explicitly modeling hetero-
geneous populations, tackling the inclusivity gap. Finally, the retrieval-grounded
and schema-validated LLM tooling (Chapter 6) translates expert narratives into au-
ditable simulation specifications, improving traceability and lowering the barrier for
domain experts to participate in model definition.
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Closing the research questions. The contributions described in this thesis pro-
vide grounded answers to the overarching research questions introduced in Chap-
ter 1. TRQ1 is addressed through the Quality-of-Life monitoring ecosystem and
dashboards, demonstrating how territorial evidence can be integrated into action-
able decision-support. TRQ2 is supported by the data orchestration and preprocess-
ing pipelines that promote standardization, provenance, and reuse across heteroge-
neous departments. TRQ3 is addressed by EVA-Sim and the evacuation validation
tool, providing an open-source simulation toolkit usable under limited compute and
operational constraints. Finally, TRQ4 is supported by the LLM tooling, enabling
stakeholders without coding skills to co-configure scenarios and behavioral rules
while keeping assumptions traceable and auditable.

8.1 Limitations and Assumptions

Results are grounded in the L’Aquila case study and a few additional towns; SECO
validation focuses on integration rather than a fully open ecosystem with multiple
independent actors, and cross-city deployments remain to be demonstrated.

• Data coverage and completeness. Ingestion currently spans selected satel-
lite, in situ, and cadastral sources; real-time streams and broader accessibility
datasets (e.g., walkability) are only partially integrated, and quality checks rely
on curated pipelines.

• Modeling simplifications. Evacuation agents were often assumed to have full
knowledge of plans, deterministic behaviors, and limited social-group interac-
tions; panic dynamics, chaotic responses, and stochasticity are only partially
captured. Vulnerable groups are modeled in separate subclasses, which sim-
plifies overlapping needs.

• AI tooling trade-offs. The RAG pipeline relies on smaller (7–8B) locally hosted
models and BM25 retrieval for portability, accepting accuracy trade-offs and
assuming high-quality corpora; outputs still require expert oversight to align
with validated behavioral patterns.

• Benchmarking and validation. Dashboards and simulators were not system-
atically compared against alternative tools or real-world drills; evaluation met-
rics emphasize internal cohesion/isolation/exit utilization, leaving external
benchmarking and end-user studies as open tasks.

8.1.1 EVA-Sim Challenges for Software Engineering

The development of this evacuation plan validation tool presents several software
engineering challenges. One of the primary challenges is ensuring automated data
ingestion from a wide variety of sources. The tool must be capable of seamlessly
integrating GIS data, sensor data, satellite imagery, and other inputs such as demo-
graphic or environmental data. Achieving this requires designing robust mecha-
nisms for data parsing, validation, and transformation, ensuring that the input data,
whether structured or unstructured, can be effectively processed by the tool. Cur-
rently, this has only been tackled through automated QGIS workflows that seemed
to fit the scenarios outlined in Section 5.4.

Another challenge lies in balancing flexibility with performance. The tool is in-
tended to be highly customizable, allowing users to adjust parameters such as agent
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behavior, walkable area definitions, and various input layers (e.g., pollution data
or custom terrain features). Ensuring flexibility without compromising system per-
formance is a complex challenge, particularly when managing complex simulations
and their rendering. The codebase must be structured to allow seamless integration
of new functionalities or data sources with minimal disruption to core components,
while maintaining responsiveness and efficiency under heavy computational loads
across various devices. Fortunately, the technologies employed are supported by
long-term versions, and the simulation can be configured to generate outputs with-
out requiring continuous rendering, further optimizing performance when neces-
sary.

Moreover, the tool’s ability to simulate diverse scenarios for different personas
(e.g., citizens, emergency responders, urban planners) introduces further challenges
in terms of user interface design and experience [106]. The interface must be intu-
itive enough for non-experts, while providing the necessary configurability for more
advanced users. Ensuring that these requirements are met in a user-friendly, scal-
able way, while keeping the tool accessible for real-world applications, is a critical
aspect of the software engineering effort.

Finally, ensuring the tool’s integration with existing GIS systems and its capabil-
ity to export results in formats compatible with other software platforms also adds
complexity. The tool must maintain interoperability with various data standards and
formats, ensuring that outputs such as evacuation maps or heatmaps can be easily
shared, analyzed, and incorporated into broader decision-making frameworks.

8.2 Future Work

Recent SECO updates focus on mathematical and physical constraint checks, cross-
ecosystem benchmarks against alternative dashboards and simulators, and reusable
evaluation metrics for Urban Digital Twins, addressing gaps surfaced in the map-
ping study. While we are preparing these results for submission, several further
directions remain:

• Layered dynamicity. Formalize dynamicity levels from behavioral rules to
agent interactions and experiment orchestration, including dynamic debris
and map updates in large-scale scenarios.

• Broader sensing, coverage, and governance. Extend the SECO with additional
real-time streams (traffic, mobile probes, building telemetry), richer metadata
and automated quality checks, walkability and accessibility datasets, predic-
tive interpolation for low-quality satellite data, and streamlined online extrac-
tion of pollutant streams, backed by explicit data-sharing agreements so prove-
nance, privacy, and licensing are baked into ingestion.

• Higher-fidelity, multi-hazard, and stochastic modeling. Calibrate behaviors
with drills, add panic, social-group, and special-needs dynamics, and expand
to compound hazards (seismic plus flooding or fire) while assimilating real-
time observations to reduce deterministic biases noted in Chapter 6.

• Robust, transparent AI assistance. Stress-test the RAG and schema-validation
loop with larger corpora, drift monitoring, and fairness checks; align LLM-
generated rules with empirically validated behavioral patterns; and expose
interactive editing so experts can inspect and override outputs with traceable
deltas.
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• Longitudinal deployments and participatory studies. Embed dashboards
and evacuation tooling in municipal and civil-protection workflows, measure
decision impact, usability, and trust across personas, and iteratively refine
training materials and outputs with stakeholders.

• Interoperability, portability, and sustainable operations. Align with emerg-
ing urban data-space standards, package reproducible stacks for other cities,
explore edge/AI-driven automation for the SECO, and profile energy/perfor-
mance trade-offs under multi-tenant loads and varied hardware.

• Application-driven extensions. Use new layers (e.g., walkability-informed
evacuation validation) and domain-specific modules to test generalizability
beyond L’Aquila, ensuring that the modular architecture supports new per-
sonas, territories, and crisis modalities.

Pursuing these directions will strengthen the scientific validity and societal im-
pact of the proposed pipeline, moving it from a validated prototype toward an op-
erational urban digital twin that supports everyday planning and crisis response.
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Appendix A

Supplementary Prompts and Data

In the appendix, we provide additional details on our RAG setup, prompt engi-
neering, behavioral rules by demographic group, minimal input data sheet, and key
evacuation metrics comparing literature values to our model outputs.
Prompt and schema. The system prompt instructs the model to emit only JSON match-
ing the schema; retrieved snippets are included after a separator. Temperature is
kept low (e.g., 0.2) for determinism. On validation failure, we trigger an automatic
repair pass or request user edits.
Representative system instruction (class generation).

You are assisting in designing agent specializations for
a GAMA evacuation model. Given the base Pedestrian schema
and the evidence-backed rules below, propose
specializations per cohort with:
- new attributes (name, type, default),
- constraints (e.g., speed caps, accessible routing),
- behavior hooks (method names only, no full bodies).

Output first a concise UML-like summary, then GAML code.
Keep changes minimal; do not alter unrelated base fields.

Layer Geom Required attributes
Buildings Polygon id, use, floors, height (m), entrances[]
Walkable areas Polygon/Raster id, surface, walkable=\{0,1\}
Obstacles Polygon id, type, permeable=\{0,1\}
Stairs/ramps Polyline id, slope\_pct, width (m)
Exits Point id, width (m), cap (pers/min)
Safe areas Polygon id, cap (pers), priority
Network graph Polyline edge\_id, width, len, grade
Signage Point id, type, viz (m)
Accessibility Point/Line id, type (ramp,elevator), status
Occupancy map Zonal stats zone\_id, peak, avg, tod\_profile[]
Demographics Zonal stats zone\_id, pct\_old, pct\_dis, group\_size

TABLE A.2: Minimal input data sheet; domains may be merged; at-
tributes extend per site.
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Category Behavioral Rules for Evacuation Simulation
Individuals with
Disabilities • Reduced mobility requiring the use of accessible

routes (e.g., ramps, elevators).
• Avoidance of obstacles such as stairs and narrow

corridors.
• May stop or delay movement to request assistance

from nearby agents.

Older Adults

• Increased reaction time to alarms and evacuation
instructions.

• Potential difficulty in recalling evacuation routes,
leading to reliance on familiar paths.

• Preference for flat, non-slippery surfaces, with a
tendency to slow down in congested areas.

Families

• Movement as a cohesive unit, prioritizing group
integrity over speed.

• Role differentiation, where one member leads while
another assists vulnerable individuals.

• Deliberate reunification behavior if separated before
proceeding to an exit.

Children

• High dependency on adults for decision-making
and movement direction (e.g., using Leadership
model).

• Strong tendency to follow peers, potentially leading
to congestion.

• Improved response to visually distinct evacuation
cues (e.g., flashing lights, colored signs).

Neurodivergent
Individuals • Increased sensitivity to sensory overload (e.g.,

noise, flashing lights), leading to hesitation or
delayed movement.

• Strong preference for predictable, structured
environments and clear, unambiguous signals.

• Possible reluctance or difficulty in deviating from
routine behaviors during evacuation.

TABLE A.1: Behavioral rules by demographic group for evacuation
simulation.
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