GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/180665/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Rezgui, Yacine , Ghoroghi, Ali, Manthos, Evangelos, Vlachopanagiotis, Theocharis and Ghaemi, Afrouz
2025. AntifragiCity: Advancing urban mobility through Antifragile. Presented at: 2025 IEEE International
Conference on Engineering, Technology, and Innovation (ICE/ITMC), Valencia, Spain, 16-19 June 2025.
2025 IEEE International Conference on Engineering, Technology, and Innovation (ICE/ITMC). 2025 IEEE
International Conference on Engineering, Technology, and Innovation (ICE/ITMC). IEEE,
10.1109/ice/itmc65658.2025.11106596

Publishers page: https://doi.org/10.1109/ice/itmc65658.2025.1110659...

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




AntifragiCity: Advancing Urban Mobility Through
Antifragile

Yacine Rezgui
School of Engineering

Ali Ghoroghi
School of Engineering

Cardiff University Cardiff University
Cardiff, UK Cardiff, UK
rezguiy @cardiff.ac.uk  ghoroghi@cardiff.ac.uk

Afrouz Ghaemi
School of Engineering
Cardiff University
Cardiff, UK
ghaemia@cardiff.ac.uk

Abstract—This paper presents a theoretical framework derived
from a funded European Commission proposal for enhancing
urban mobility systems through antifragile principles. While
urban mobility systems increasingly face unprecedented chal-
lenges due to interconnected crises, this proposed framework
aims to enable systems to improve through disruptions rather
than merely recover from them. The framework, scheduled
to begin implementation in May 2025, proposes to combine
real-time monitoring, adaptive decision support, and machine
learning. Planned validation will occur across three European
cities, Larissa, Odessa, and Bratislava, pending final agreements
and implementation. All results and improvements discussed
in this paper are projections based on preliminary simulations
and theoretical analysis. Expected outcomes, subject to real-
world validation, include potential improvements in accident
rates, system resilience, and public engagement in urban mobility
planning.

Index Terms—Antifragile Systems, Urban Mobility, Smart
Cities, Urban Ontology

I. INTRODUCTION

Cities are complex, interconnected ecosystems that serve as
hubs for human activity, economic growth, and innovation [1].
However, they are increasingly under pressure from diverse
environmental, social, technological, and economic stressors,
including climate-induced extreme weather events, infrastruc-
ture failures, global pandemics, and supply-chain disruptions.
Such stressors expose the limitations of traditional urban
resilience strategies, which primarily focus on returning to
pre-disruption states rather than improving a system’s capacity
to handle future challenges.

Modern urban mobility systems exemplify this tension.
Routine incidents and large-scale crises (e.g. pandemics,
floods) can trigger cascading societal and economic impacts.
Conventional resilience strategies aim to “bounce back,’
whereas antifragility—as coined by Taleb [2]—emphasises
learning and performance gains that arise because of stressors.

This paper outlines the antifragile framework and research
methodology that will guide a three-year Horizon Europe
project beginning in May 2025. All results are projections
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based on preliminary simulations and the existing literature;
empirical validation will follow once the project is underway.

A. Research Questions

We identify three key questions driving our work:

1) RQ1: How can urban mobility systems integrate real-
time data and domain ontologies to detect and charac-
terize disruptions with high accuracy?

RQ2: What decision-making models enable cities to
improve rather than simply recover when facing both
routine and large-scale crises?

RQ3: To what extent do citizen engagement and adap-
tive governance contribute to the long-term success and
public acceptance of antifragile mobility strategies?

2)

3)

B. Contributions of This Paper

The specific contributions are:

o A Unified Antifragile Framework: We propose a cohe-
sive methodology that merges semantic modeling, real-
time analytics, and participatory decision-making to pro-
mote adaptive learning in urban mobility systems.

« Semantic Urban Ontology Integration: We introduce an
urban ontology that consolidates data from BIM, GIS, and
mobility streams, thereby reducing data fragmentation
and enabling near real-time scenario analysis.

o Novel Triage and Traffic Control Approaches: We
present adaptive triage schemes and reinforcement-
learning (RL) traffic control to handle both common
disruptions (e.g., congestion) and black swan events (e.g.,
floods, infrastructure collapse).

o Multi-Context Demonstrations: We discuss pilot sce-
narios across three European cities and one hospital en-
vironment, illustrating the potential gains from antifragile
systems in diverse socio-technical settings.



C. Paper Scope and Nature

It is important to note that this article presents a theoretical
framework and methodology derived from a successful funded
proposal from the European Commission. The project is
scheduled to begin implementation in May 2025. Therefore:

o All methodologies and frameworks discussed are pro-

posed approaches pending real-world implementation

o Quantitative predictions and expected improvements are

based on preliminary simulations and theoretical analysis

o City partnerships and demonstration sites mentioned are

planned but pending final implementation agreements

o Performance metrics and KPIs represent target goals

rather than achieved results

We structure the rest of this paper as follows: Section II briefly
discusses related work on resilience assessment, semantic
modeling, and traffic control strategies. Section III presents our
consolidated methodology. Sections IV and V highlight the
theoretical framework for validation and impact assessment.
Section VI addresses the ethical, social, and gender dimen-
sions. Section VII discusses future work and implications,
Section VIII presents limitations, and Section IX concludes
the findings.

II. BACKGROUND AND RELATED WORK
A. Resilience Assessment of Urban Mobility

Resilience is generally defined as the capacity of a system
to withstand an external disturbance and proactively recover
toward a new stable state [3]. It has also been described as a
“neutral” inherent property of a system, not necessarily posi-
tive, but that can result in undesirable outcomes if the system’s
adaptability is insufficient to cope with disturbances [4]. Over
the last decade, criticism of rebound resilience planning has in-
creased. New approaches rely on adaptation or transformation,
allowing a system to reach a new equilibrium state rather than
simply returning to pre-disturbance conditions [5]. In parallel,
recent theories on Antifragility suggest that complex systems
can thrive due to exposure to a wide range of stressors [2].

The main quantification methods for transportation re-
silience assessment include probabilistic models, graph theory
and complex networks, big data, optimization, and simula-
tion [6], [7]. Simulation is predominant, often coupled with
methodologies like agent-based modeling, discrete-event sim-
ulation, sensitivity analysis, and scenario generation. These
approaches collectively help evaluate how well transportation
systems react to varied disruption scenarios.

B. Land Use and Urban Planning

Transportation, land use, and travel patterns are intimately
interlinked. Improper land use planning can intensify traffic
congestion and overwhelm network capacity. Studies show that
efficient land use planning significantly enhances resilience
in urban development [8], particularly when factoring in
population density and demographics [9]. However, relying
solely on demographic metrics without spatial or geometric
considerations is insufficient for capturing the dynamic com-
plexity of urban landscapes.

C. Urban Semantic Models

Cities increasingly employ wide sensor networks for real-
time monitoring [11]. Despite this, data heterogeneity, inter-
pretability, and exchange remain challenging [12]. Semantic
Web technologies (e.g., OWL ontologies) can introduce a
shared taxonomy and explicit interrelationships among domain
concepts, supporting data discovery and interoperability [13].
Several ontologies address sustainability subdomains, such as
building structures, water quality, or personal health data [14],
as well as transport disruptions [17]. Nonetheless, these mod-
els often present a fragmented perspective and may not align
with specific KPI-driven goals, indicating a gap that projects
like AntifragiCity aim to fill.

D. Urban Sustainability Assessment

Numerous sustainability assessment schemes have emerged
worldwide in the past two decades [16], [17]. A review of
61 frameworks spanning 21 countries revealed that many
are too narrow or under-detailed for comprehensive domain
representation [18]. Most frameworks follow a hierarchical
“Theme—Criteria—Indicators” approach, but they lack con-
sensus on the precise definition of “sustainability.” Current
methods also frequently lack rigorous lifecycle assessment
perspectives [19], [20]. This heterogeneity complicates the
task of selecting a single framework for a holistic urban
sustainability assessment.

E. Urban Mobility Management Architectures

Reference architectures for managing urban areas com-
monly rely on interfaced, aspect-oriented applications address-
ing water, energy, and mobility independently [21]. Although
IoT stack architectures are increasingly used in city platforms,
a comprehensive semantic layer integrating the built environ-
ment context remains uncommon [22]. Moreover, maintaining
and updating these decoupled systems can be error-prone when
new application versions are released, underscoring the need
for more unified, semantic-first architectures.

F. Mobility Triage Analysis

Mobility disruption response solutions, or “triage” schemes,
are essential for road safety, sustainability, and user-centric
strategies within complex transportation networks [23]—-[28].
They comply with global and European frameworks—Global
Plan for the Decade of Action for Road Safety 2021-
2030 [29], Stockholm Declaration (2020) [30], and Sustainable
Development Goals SDGs (3.6, 11.2) emphasize holistic solu-
tions integrating advanced legislation and cutting-edge digital
technologies. The European Commission’s Road Safety Pol-
icy Framework 2021-2030 [31] particularly highlights well-
designed and well-maintained roads for achieving sustainabil-
ity, reinforcing the centrality of real-time data and adaptive
interventions in modern transport infrastructures.



G. Traffic Control Strategies

Recent control theory and data-driven algorithmic ap-
proaches demonstrate notable robustness or resilience [32].
However, they may overlook the inherent fragility of road
transport systems, potentially exacerbating system brittleness
near “optimal” performance [33]. Increasing traffic volumes
(by about 50% over recent decades) and the advent of au-
tonomous vehicles [34], [35] suggest that future disruptions
may be magnified. Hence, emergent strategies must consider
self-organizing principles and more elastic control algorithms
that can handle surges in demand and multifaceted disruptions.

H. Smart City Platforms

Most existing city platforms evolve from proprietary soft-
ware, focusing on streamlined data ingestion rather than deeper
semantic integration or building/district-level analysis. While
several research projects address scalable stream processing
and semantic tagging, they typically limit themselves to sensor
or device data without fully contextualizing the physical built
environment.

L. Business Models for Urban Mobility

Urban governance often follows incremental, linear models
that are poorly suited to rapid and multi-dimensional urban
growth [11]. Future strategies must tackle climate mitiga-
tion, pandemic recovery, and equity concerns simultaneously.
Business models should thus incentivize sustainable, flexible,
and inclusive mobility solutions, ranging from green public
transport to universal access, ensuring long-term viability and
stakeholder acceptance.

J. Traditional Resilience vs. Antifragility—An Overview

Urban mobility solutions have often prioritized efficiency
and stability, returning systems to a pre-disruption ‘normal’
[10], [36]. However, the compounded and unpredictable nature
of current challenges renders static approaches insufficient
[37], [38]. Drawing on antifragility [2], our work seeks to
enable urban mobility systems to not merely withstand dis-
ruptions but to capitalize on them, progressively improving
through exposure to diverse stressors.

Table I compares key characteristics of conventional,
resilience-focused strategies with those of antifragile perspec-
tives. In resilience approaches, the emphasis lies in restoring
the status quo, often overlooking deeper systemic improve-
ments. Antifragile approaches, however, integrate mechanisms
for continuous learning, adaptation, and even innovation post-
disruption. Thus, the shift centers on how disruptions become
opportunities for iterative enhancement rather than mere trig-
gers for temporary fixes.

K. Gaps in Current Urban Mobility Management

Based on the above reviews, several gaps emerge:

o Short-term Focus: Existing frameworks prioritize near-
term efficiency over strategic long-term evolvability.

o Limited Data Integration: Multitude of sensor feeds,
user data, and social media remain siloed, reducing
situational awareness [38].

e Minimal Community Input: Traditional top-down ap-
proaches fail to fully incorporate public sentiment and
acceptance [37].

o Inadequate Preparedness for Unknown Events: Many
solutions are designed around known stressors, struggling
with unforeseen or unmodeled disruptions.

AntifragiCity aims to address these gaps by unifying seman-
tic modeling, multi-dimensional resilience strategies, citizen
engagement, and adaptive traffic control to foster an urban
mobility system that both survives and thrives through adver-
sity.

III. METHODOLOGY AND TECHNICAL FRAMEWORK

This section presents both our technical contributions and
the structured methodology for deploying them in urban envi-
ronments. Figure 1 illustrates the comprehensive architecture
of the AntifragiCity system, showing how the various compo-
nents interact across different layers from data collection to
user interfaces and demonstration sites.

A. Methodological Framework Context

The methodological framework presented here is derived
from our funded proposal and represents a planned approach.
All components, while grounded in existing literature and
preliminary simulations, await practical implementation and
validation. The effectiveness of individual components and
their integration will be thoroughly evaluated during the ac-
tual project execution, which is scheduled to begin in May
2025. The following sections outline our proposed methodol-
ogy, with the understanding that refinements may be made
during implementation based on real-world conditions and
constraints.

B. Technical Innovations

Our research will introduce several key innovations that
advance the state-of-the-art in urban mobility management:
1) Antifragile Assessment Framework:

Novel Metrics: We propose new metrics to capture not
only how quickly a system recovers from disruption but also
how much it improves in the process.

a) Refined Improvement Indicators: To quantify an-
tifragility, we will evaluate how systems improve after dis-
ruptions rather than merely returning to a baseline state. Our
measurement approach will:

1) Record Baseline Performance: Collect traffic flow,
emissions, and throughput metrics during normal oper-
ations.

2) Measure Recovery Trajectory: Evaluate not just re-
covery time but whether performance surpasses pre-
disruption levels after interventions.

3) Track Long-term Improvement: Monitor how the
system evolves when exposed to similar disruptions over
time.



TAB

LEI

COMPARISON OF TRADITIONAL RESILIENCE VS. ANTIFRAGILE APPROACHES IN URBAN MOBILITY

Aspect Traditional Resilience

Antifragile Approach

Response to Stress

Return to a Pre-Disruption State

Improve and Evolve Through Disruption

System Adaptability Limited Adaptation

Ongoing Learning and Evolution via Feed-
back Loops

Fig. 1.

Proposed AntifragiCity System Architecture showing the integration

Demonstrators (top): The four pilot implementation sites - Bratislava, O
User Interfaces Layer: Includes KER1 (Antifragile Framework and KP
Antifragility).

Traffic Control, RE Suite Platform, and ABR.

services.

These measurements will combine quantitative sensor data
with qualitative user experience assessments to create a com-
prehensive picture of system improvement rather than mere
resilience. We will also consider the following.

Real-Time Monitoring & Adaptation: Integrating IoT
devices, sensor networks, and data analytics allows for near
real-time situational awareness. Disturbances trigger adaptive
interventions using agent-based simulations and decision sup-
port algorithms.

Homeostatic Principles Integration: We will employ
homeostatic ideas to maintain a baseline equilibrium; si-
multaneously, each disturbance spurs system-wide learning.
Over time, the system becomes more robust through repeated
stressors.
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of monitoring, event detection, decision support, and response components.

dessa, Larissa, and Hospital environments.
Is), KER4 (Mobility Triage DSS), and KERS (Simulator for Urban Mobility

Decision Support Environment: Five core technologies supporting the decision-making process, including CUSP Middleware, MSManager, Antifragile

API Layer (KER2): REST-based APIs providing system integration capabilities.
Antifragility Middleware: Central semantic components including KER3 (Urban Event Ontology) that connects BIM and GIS data with orchestration

Urban Mobility Data Services: Processing capabilities including machine learning, simulation, prediction, and Al components.
Data Sources Layer: Various data inputs including urban mobility sensing, city systems governance, and third-party applications like SUMO.
Governance Model: Security, privacy, and GDPR compliance frameworks that span across all system layers.

The proposed approach provides cities with a compre-
hensive framework for enhancing urban resilience through
several integrated capabilities. At its foundation, the sys-
tem enables near real-time monitoring and anomaly detec-
tion through sophisticated edge and cloud analytics. This
monitoring capability is complemented by a detailed urban
event ontology that systematically characterizes and classifies
various urban stressors and disruptions. When disruptions
occur, the framework facilitates rapid deployment of mobility
triage interventions, including dynamic traffic routing and
evacuation protocols. Furthermore, the system implements
continuous feedback loops that measure the effectiveness of
interventions and incorporate community input, enabling the
iterative refinement of resilience strategies over time. This



adaptive learning mechanism ensures that resilience measures
evolve to meet changing urban challenges.

2) Semantic Urban Models: AntifragiCity will develop a
holistic urban mobility ontology that captures both phys-
ical (e.g., roads, buildings) and social (e.g., demographics,
sentiment) dimensions. This semantic representation enhances
system capabilities in multiple dimensions. The framework
facilitates seamless interoperability across diverse software
platforms and data formats, enabling robust data integration.
Furthermore, it provides comprehensive support for real-time
event characterization and scenario analysis, allowing a dy-
namic response to urban challenges. The semantic model
also enables cohesive integration of land use planning, user
behavior patterns, and multi-modal transit systems, creating a
unified approach to urban mobility management.

a) Relation to Established Frameworks: Our approach
integrates smoothly with recognized smart city standards, such
as those promoted by the Open & Agile Smart Cities (OASC)
network for data interchange. The semantic layer adheres
to CityGML conventions, enabling cross-platform compatibil-
ity. This alignment avoids duplicating existing infrastructures
while introducing an antifragile control layer that can be
plugged into standard city data pipelines.

3) Antifragile Traffic Control: We will propose novel RL
algorithms that factor in “antifragility terms”:

o Learning from Past Disruptions: Historical data en-

riches RL training, improving future responses.

« Extrapolation for Unknown Events: Model-based RL to

manage unprecedented stress levels via adjustable buffers.

o Dynamic Buffer Modules: Incorporate self-organized

criticality mitigation, ensuring traffic networks do not

become overly “brittle” [39].

Antifragile RL. Standard resilience-oriented RL focuses on
withstanding uncertainty but does not necessarily benefit from
disruptions. Our antifragile RL model incorporates repeated
disruption data as learning signals: whenever the system en-
counters unusual stress (e.g., abrupt congestion spikes, partial
infrastructure failures), the policy update process intensifies
exploration in relevant action spaces. This mechanism trans-
forms each disruptive event into an opportunity to refine future
responses, surpassing the mere goal of stability and driving
ongoing performance enhancements.

C. Implementation Methodology

Our six-stage methodology will ensure systematic deploy-

ment of these innovations:

1) Scope Definition and Data Availability: This initial
stage focuses on comprehensive data source identifica-
tion, crucial for accurate modeling and decision support
functionality. The framework integrates diverse data
streams, encompassing real-time traffic flow measure-
ments, speed profiles, and accident location data from
traffic sensors. Social media inputs provide valuable in-
sights through public sentiment analysis, localized inci-
dent reporting, and transportation service feedback. The
system also incorporates meteorological data, combining

2)

3)

4)

short-term forecasts with historical climate patterns to
assess risks associated with extreme weather events.
Additionally, hospital admission records are analyzed
to identify potential correlations between mobility dis-
ruptions and spikes in injuries or illnesses, particularly
in weather-related incidents. During this phase, we will
evaluate the existing data quality (e.g., missing values,
latency, sensor precision) and identify any additional
data collection requirements. Strategies might include
adding more IoT sensors in high-traffic corridors or
partnering with local agencies for improved data sharing.
Semantic Modeling: We will develop an urban ontol-
ogy that unifies Building Information Models (BIM),
GIS layers, and mobility data streams. Ensuring align-
ment with open standards (e.g., CityGML) promotes
interoperability across diverse applications through a
multi-layered integration approach. The framework in-
corporates a comprehensive built-environment context
by mapping detailed building geometries and district-
level infrastructure components onto the city’s geospatial
fabric. This integration extends to complex mobility
patterns, encompassing multi-modal transit routes across
various transportation modes, including buses, trams,
and micromobility solutions, alongside their temporal
usage variations during peak and off-peak periods. The
system further enriches this framework with social at-
tributes, incorporating demographic information, land-
use patterns, and special event data to create a holistic
representation of the urban environment. The resulting
ontology enables advanced querying, dynamic scenario
generation, and consistency checks (e.g., verifying that
new road layouts comply with real-world constraints).
Interdependency Analysis: This stage will characterize
key technical, commercial, and geospatial factors that
drive fragility in urban mobility systems. We also in-
vestigate governance styles—comparing top-down with
participatory approaches—to see how they influence
resilience outcomes. Examples of interdependencies en-
compass multiple critical dimensions of urban systems.
The infrastructure-service coupling analysis examines
propagation patterns of mobility failures stemming from
disruptions in electricity or telecommunications infras-
tructure. Urban planning and economic constraints are
evaluated through the lens of zoning regulations and
the impact of local business investment on network
performance and equity outcomes. The framework also
considers social and behavioral dimensions, analyzing
how citizen compliance or protest activities can either
amplify or mitigate system disruptions. By mapping
these linkages, we gain insight into the most critical
vulnerabilities and can prioritize improvements or policy
interventions.

Analytical Environment Creation: We will integrate
agent-based models, RL—based traffic control modules,
and large-scale data processing into a cohesive analyt-
ics platform. This environment enables comprehensive



urban system analysis through multiple sophisticated
approaches. The platform facilitates what-if scenario
testing for hypothetical disruptions such as severe flood-
ing or public transit strikes, examining system behavior
under various temporal conditions, including peak and
off-peak periods. It incorporates robust stress testing and
reliability analyses, evaluating system responsiveness to
incremental stressors, such as traffic volume increases
or reductions in driver availability. Furthermore, the
environment continuously monitors real-time key perfor-
mance indicators, including congestion levels and acci-
dent rates, ensuring timely intervention when necessary.
Such a data-driven environment lays the groundwork
for a dynamic, continuously learning urban mobility
ecosystem.

5) Decision Support Systems (DSS): We will deploy the
proposed Mobility Triage Analysis Handbook, which
outlines structured protocols for responding to disrup-
tions of different severities (e.g., collisions vs. large-
scale crises). The DSS takes into account multiple
critical dimensions for comprehensive urban mobil-
ity management. The system implements near real-
time interventions through adaptive routing mechanisms,
dynamic public transport adjustments, and intelligent
traffic signal prioritization. It integrates Safe System
approaches that focus on minimizing severe injuries and
fatalities through strategic speed management, protec-
tive infrastructure deployment, and sophisticated public
alert systems. Additionally, the framework incorporates
extensive channels for citizen and stakeholder input,
enabling active participation from local communities and
first responders, including paramedics and law enforce-
ment personnel. This ensures that short-term actions
align with the antifragile objective of improving system
capabilities post-disruption.

6) Business Model Development: Finally, we propose sus-
tainable financial and ownership models for integrated
city infrastructures. This includes several innovative
approaches to sustainable infrastructure management.
The framework examines public-private partnerships that
harness private sector innovation within robust public
oversight mechanisms. It incorporates user-centric fi-
nancing mechanisms, encompassing congestion pricing
systems, subscription-based Mobility as a Service so-
lutions, and dynamic fare structures. The model de-
velopment process emphasizes comprehensive scalabil-
ity planning, ensuring seamless expansion from pilot
programs to city-wide implementations while maintain-
ing strong commitments to equity and universal access
principles. The synergy of local governance, private
operators, and community stakeholders is crucial for
achieving long-term adoption and resilience gains.

D. Illustrative Disruptions in Demonstration Sites

To ensure our six-stage methodology will address real-
world complexities, we analyzed typical disruptions across the

four demonstration contexts: Odessa, Larissa, Bratislava, and a
major hospital site. Table II highlights key disruptions each site
faces, ranging from war-induced crises to hospital operational
breakdowns.

In table II, each column corresponds to a specific demon-
stration site, marking the principal disruptions observed or
anticipated there.

e Odessa contends with war-related infrastructure damage,
periodic blackouts, and social upheavals.

o Larissa confronts chronic flooding events, traffic conges-
tion, and underdeveloped multimodal transport.

e Bratislava faces congestion from a rapidly growing
car-dependent population and localized environmental
stresses.

e Hospital scenarios exhibit distinct requirements around
patient flow, emergency room capacity, and critical supply
chain management.

By mapping these disruptions, the methodology can tailor
triage protocols, data collection efforts, and RL-based traffic
strategies to the unique challenges of each setting.

a) Data Reliability and Computational Load: The frame-
work requires high-fidelity sensor data, consistent social media
feeds, and reliable network coverage. Sensor malfunctions or
communication latencies can undermine real-time analyses. To
mitigate this, we plan to deploy redundant sensor nodes at
critical intersections and data imputation strategies to handle
gaps. Additionally, city-scale RL and agent-based models
can demand significant processing power. We are addressing
this by exploring cluster computing options and modular RL
methods that decompose large networks into smaller, intercon-
nected subproblems, ensuring near real-time responsiveness.

E. Planned Proof-of-Concept Simulation (May 2025)

Because the funded project officially starts in May 2025,
no empirical data are yet available. To address this, we have
scheduled an executable proof-of-concept in the first project
month:

o Environment — SUMO 1.18 with a 4 x 4 Manhattan grid
(16 signalised intersections, 1.2 km?), 10,000 peak-hour
vehicles, and public-transport routes.

o Baseline — fixed-time signals calibrated for average de-
mand.

« Disruption Scenario — two random arterial link closures
plus a 30% demand surge lasting 15 min.

o Antifragile Control — our RL agent retrains online;
the ontology feeds incident semantics; triage rules can
re-route buses and taxis.

o Metrics — (i) average travel time, (ii) queue length at
critical intersections, (iii) recovery time to steady state,
and (iv) “antifragility index”, defined as the percentage
improvement in post-disruption performance over the
initial baseline.

The simulation is designed to run efficiently on our high-
performance computing infrastructure, ensuring we can obtain



TABLE II
DISRUPTIONS ACROSS DEMONSTRATION SITES

Disruptions Odessa Larissa Bratislava  Hospital
Black Swan Events (e.g., War) v v

Economic Crisis Leading to Increased Poverty Risk v v

Social Isolation and Discrimination v v
Traffic Incidents and Accidents v v v
Environmental Pollution (Air, Noise) v v v v
Climate Change-Related Stresses v v v

Mobility Disruptions and Chaos v v v v
Infrastructure Failures and Damages v v v

Urban Environmental Degradation v v

Hospital Operational Disruptions v

first-cut quantitative evidence before the camera-ready dead-
line. Results and parameter files will be reported in the final
version submitted for publication.

IV. THEORETICAL FRAMEWORK FOR VALIDATION

The validation of antifragile urban mobility systems requires
careful consideration of diverse urban contexts that present
distinct socio-technical challenges. This section outlines the
theoretical framework for selecting and implementing valida-
tion sites, considering three essential urban typologies and a
specialized institutional setting.

A. Urban Typology Requirements

The validation of antifragile mobility systems necessitates
diverse urban environments characterized by:

o Environmental Vulnerability: Cities prone to natural
hazards (e.g., flooding, extreme weather) offer opportuni-
ties to test adaptive routing and infrastructure resilience.

o Infrastructure Transition: Urban areas undergoing sig-
nificant infrastructure modernization present opportuni-
ties to integrate antifragile principles into developing
systems.

o Socio-economic Diversity: Regions with varied eco-
nomic conditions enable evaluation of the framework’s
adaptability across different resource constraints and user
needs.

B. Institutional Context Integration

Beyond municipal-scale implementations, the framework
requires validation in specialized institutional contexts, partic-
ularly healthcare environments, where critical operations, re-
source constraints, and multi-stakeholder coordination present
unique challenges. Emergency response systems necessitate
exceptional reliability standards and rapid adaptation capa-
bilities to manage disruptions effectively. The framework’s
resilience is particularly tested by limited backup power
availability and critical care requirements, demanding robust
strategies to maintain essential services during crisis peri-
ods. Additionally, complex organizational structures within
healthcare environments challenge the framework’s ability
to seamlessly integrate and coordinate diverse operational
requirements across multiple stakeholder groups.

C. Implementation Requirements

The validation framework emphasizes several essential im-
plementation requirements across all deployment sites. The
infrastructure foundation demands comprehensive data collec-
tion capabilities through integrated IoT sensors, sophisticated
traffic monitoring systems, and extensive public transport
networks. Successful implementation requires demonstrated
commitment from local authorities to innovative mobility
solutions, coupled with their active participation in experimen-
tal implementations. The selected deployment locations must
provide a regulatory environment that is conducive to the con-
trolled testing of adaptive traffic management systems while
maintaining strict adherence to established safety standards.

D. Evaluation Criteria

The wvalidation framework incorporates comprehensive
multi-dimensional evaluation criteria across several key do-
mains. Technical performance assessment examines system
response times, disruption detection accuracy, and the effec-
tiveness of adaptive intervention mechanisms. Social impact
measurement encompasses public acceptance levels, equity in
service delivery patterns, and the degree of community engage-
ment achieved. Environmental outcome evaluation focuses
on quantifiable metrics, including reductions in emissions,
improvements in energy efficiency, and broader impacts on
the ecosystem. The framework further analyzes economic
viability through a detailed examination of implementation
costs, ongoing maintenance requirements, and considerations
for potential system scaling.

V. THEORETICAL FRAMEWORK FOR IMPACT ASSESSMENT

This section presents a comprehensive framework for eval-
uating the effectiveness of antifragile urban mobility systems.
The framework encompasses multiple dimensions of assess-
ment, reflecting the complex nature of urban transportation
networks and their societal impact.

A. Core Assessment Dimensions

1) System Performance Metrics: The evaluation of system
performance demands comprehensive multi-dimensional anal-
ysis across several key domains. Disruption response evalu-
ation encompasses detection accuracy, response time latency,
and recovery period duration measurements, accounting for



both routine disturbances and exceptional events. The system’s
adaptation capacity is assessed through metrics that focus on
learning capabilities from disruptions, including improvements
in response patterns and the development of new adaptive
strategies over time. System stability evaluation assesses the
delicate balance between flexibility and reliability, evaluating
the maintenance of essential services during adaptive pro-
cesses.

2) Socio-Technical Integration: The socio-technical in-
tegration framework incorporates sophisticated assessment
mechanisms that extend beyond purely technical parameters.
User experience analysis examines accessibility, service re-
liability, and satisfaction levels across diverse demographic
groups and varying mobility needs. Social equity assessment
focuses on service distribution patterns, with particular em-
phasis on spatial equity and accessibility for vulnerable popu-
lations. The framework further evaluates stakeholder engage-
ment through participation level metrics and the effectiveness
of public-private partnerships in system governance structures.

B. Long-term Impact Assessment

1) Sustainability Indicators: Long-term impact measure-
ment incorporates multiple sustainability dimensions through
comprehensive metrics. Environmental assessment examines
emissions reduction achievements, energy efficiency improve-
ments, and the overall environmental footprint of implemented
mobility solutions. Economic viability analysis focuses on
operational cost optimization, resource utilization efficiency,
and scaling potential. The framework further evaluates social
resilience through a detailed assessment of community adapt-
ability and social cohesion patterns in response to mobility
system transformations.

2) System Evolution Metrics: System evolution measure-
ment employs sophisticated indicators to track temporal de-
velopment. Learning capacity assessment evaluates the sys-
tem’s ability to integrate historical disruption insights into
more effective response mechanisms. The framework evaluates
innovation integration by analyzing the system’s capability
to adopt and seamlessly integrate emerging technologies and
methodologies. Additionally, the scalability potential assess-
ment evaluates the system’s ability to expand and adapt in
response to evolving urban needs.

C. Methodological Considerations

The implementation of this assessment framework necessi-
tates meticulous consideration of several key methodological
aspects. The process requires systematic data collection ap-
proaches that integrate both quantitative and qualitative data
across multiple temporal scales and dimensions. The frame-
work maintains contextual adaptation flexibility, enabling met-
ric application adjustments to accommodate diverse urban
environments and varying priority structures. Furthermore, the
methodology carefully balances short-term performance met-
rics with long-term impact indicators, ensuring comprehensive
temporal coverage in assessment processes.

D. Integration with Policy Frameworks

The assessment framework maintains strategic alignment
with broader urban development goals and policy objectives
through multiple dimensions. Policy alignment incorporates
careful consideration of local, national, and international pol-
icy frameworks in both metric selection and evaluation pro-
cesses. The system implements a comprehensive cross-sector
impact assessment, examining spillover effects and complex
interdependencies with other urban systems. Additionally, the
framework assesses the effectiveness of governance integra-
tion by examining how the system strengthens and enhances
existing urban governance structures.

VI. ETHICAL, SOCIAL, AND GENDER DIMENSIONS

Although typically associated with humanitarian or social
projects, this principle is equally crucial in tech-driven initia-
tives:

o Privacy and Human Rights: AntifragiCity aligns with
EU data protection laws (e.g., GDPR), ensuring that
personal data from sensors and social media is handled
responsibly.

« Risk Mitigation: Proactive identification of biases, such
as algorithms inadvertently prioritizing more affluent
neighbourhoods for resource allocation.

o Environmental Stewardship: Recognizing that large-
scale sensor deployments and computational algorithms
may have a carbon footprint, we incorporate energy-
efficient design (e.g., edge computing solutions) to reduce
environmental impact.

We will discuss how engaging with underrepresented groups
in workshops, stakeholder sessions, and living labs aids in
tailoring solutions to meet the needs of all citizens, irre-
spective of gender or ability. By monitoring how different
demographics experience disruptions or new mobility schemes
(e.g., women’s safety on public transport at night), we improve
both fairness and uptake. Furthermore, continuous surveys and
pilot tests assess satisfaction, ensuring that the final solutions
do not unintentionally disadvantage vulnerable groups.

VII. DISCUSSION AND FUTURE WORK

As this paper presents a pre-implementation framework
derived from a funded proposal, our discussion focuses on
theoretical implications and anticipated challenges. The pro-
jected outcomes and implementation strategies discussed here
are based on preliminary analysis and will be validated through
actual deployment starting May 2025. We acknowledge that
real-world implementation may reveal additional challenges or
necessitate modifications to our proposed approach.

A. Long-Term Impact and Sustainability

Scaling Beyond the Demonstration Cities: Upon valida-
tion in Larissa, Odessa, and Bratislava, we envision applying
the AntifragiCity framework to other European cities, such
as Amsterdam and Milan, which have different infrastructures
and governance contexts.



Cross-Domain Potential: Beyond mobility, antifragile
principles may be extended to water distribution, energy
grid management, and public health planning. Lessons to be
learned from real-time data integration and multi-stakeholder
engagement could inform these adjacent domains.

B. Anticipated Challenges

Several significant challenges are anticipated in implement-
ing this framework. A primary technical challenge lies in
achieving interoperability across systems, particularly in har-
monizing large-scale, disparate data streams while maintaining
real-time responsiveness capabilities. The framework must
address complex data governance and liability considerations,
specifically in establishing clear accountability mechanisms
for automated, Al-driven decision-making processes. Further-
more, the system faces the challenge of securing socio-political
acceptance, requiring careful management of stakeholder re-
lationships to ensure local community support for potential
traffic reconfigurations and routine disruptions.

VIII. LIMITATIONS

Despite the potential of an antifragile approach to urban
mobility, several limitations should be noted:

o Project Status: Although the proposal is accepted, the
project has not yet commenced full-scale implementation.
Hence, current results are primarily conceptual and rely
on pilot study preparations rather than completed real-
world deployments.

o Data Availability and Quality: The effectiveness of
real-time analyses depends on consistent, high-quality
data streams. Many cities, especially under-resourced or
conflict-affected regions (e.g., Odessa), may face data
gaps, sensor failures, or unreliable network connectivity.

o Scalability of Agent-Based Models: Agent-based or RL-
based traffic control strategies require extensive compu-
tational power, especially in large cities. Balancing real-
time responsiveness with computational overhead remains
an ongoing challenge.

o Public Acceptance and Ethical Concerns: Implement-
ing mobility triage or dynamic rerouting may raise equity
concerns if certain neighbourhoods experience dispropor-
tionate restrictions or diversions. Ongoing public engage-
ment is essential to mitigate these risks.

o Regulatory and Legal Constraints: Issues such as
liability for Al-driven decisions, data governance, and
cross-border data transfers may limit or slow the adoption
of antifragile systems in certain jurisdictions.

Addressing these limitations will be a key focus as the
project transitions from conceptual designs to practical imple-
mentations in Larissa, Odessa, and Bratislava. Future work will
also explore how to best adapt antifragile mobility principles
to regions with varying regulatory environments or limited
infrastructure.

IX. CONCLUSION

This paper presents a consolidated antifragile methodology
for urban mobility, integrating semantic modeling, adaptive
decision-making, and stakeholder engagement. Our key re-
search questions focus on harnessing disruptions as learning
opportunities, systematically improving decision models for
crisis response, and ensuring that community input and gov-
ernance structures facilitate antifragile growth.

Moving forward, we will deepen simulations using real-
time pilot data from Larissa, Odessa, Bratislava, and a hospital
environment. We also plan to refine our RL algorithms in ways
that explicitly incorporate social parameters (e.g., user accep-
tance, environmental justice) to ensure equitable outcomes.
Ultimately, our vision is to see cities not merely bounce back
but advance in the wake of each challenge.

MATCH & CONTRIBUTION

This paper directly addresses the IEEE TEMS research
objectives through its focus on antifragile urban mobility
systems. By proposing a framework that enables mobility
systems to improve through disruption rather than merely
recover, we address the Management of Emerging Tech-
nologies in smart cities. Our semantic urban ontology and
reinforcement learning approaches provide Practical Frame-
works for implementers, while our detailed discussion of data
reliability challenges and computational scalability Analyzes
Implementation Challenges that practitioners will face. The
framework’s emphasis on Value Creation is evident through
its balanced consideration of technical performance, social
impacts, and economic viability, ensuring benefits for all
stakeholders. Additionally, our work aligns with the ICE IEEE
2025 conference theme ~Al-driven Industrial Transformation”
by leveraging machine learning for adaptive traffic control
and demonstrating how Al and semantic technologies can
transform urban systems. The integration of reinforcement
learning with urban ontologies represents a novel approach to
digital leadership in both technology and engineering domains,
with practical applications across diverse urban contexts

ACKNOWLEDGMENT

We need to acknowledge the AntifragiCity - 101203052
project, which received financial support from the European
Commission under the Horizon Europe programme.

REFERENCES

[1] R. Gallotti, P. Sacco, and M. De Domenico, “Complex urban systems:
challenges and integrated solutions for the sustainability and resilience of
cities,” Complexity, vol. 2021, no. 1, Art. no. 1782354, 2021.

[2] N. N. Taleb, Antifragile: Things That Gain from Disorder. Random
House, 2012.

[3] G. Cere, Y. Rezgui, and W. Zhao, “Critical review of existing built
environment resilience frameworks: directions for future research,”
Int. J. Disaster Risk Reduct., vol. 25, pp. 173-189, 2017, doi:
10.1016/j.ijdrr.2017.09.018.

[4] T. Elmgqvist, E. Andersson, N. Frantzeskaki, T. McPhearson, P. Olsson,
O. Gaffney, K. Takeuchi, and C. Folke, “Sustainability and resilience for
transformation in the urban century,” Nat. Sustain., vol. 2, pp. 267-273,
2019.



[5] G. Cere, Y. Rezgui, and W. Zhao, “Urban-scale framework for assessing
the resilience of buildings informed by a Delphi expert consultation,” Int.
J. Disaster Risk Reduct., 2019, doi: 10.1016/j.ijdrr.2019.101079.

[6] N. Wang, M. Wu, and K. F. Yuen, “A novel method to assess urban mul-
timodal transportation system resilience considering passenger demand
and infrastructure supply,” Eng. Syst. Saf., 2023.

[71 M. Z. Serdar, M. Ko¢, and S. G. Al-Ghamdi, “Urban transportation
networks resilience: indicators, disturbances, and assessment methods,”
Sust. Cities Soc., vol. 76, 2022.

[8] M. del Mar Martinez-Bravo, J. Martinez-del-Rio, and R. Antolin-Lépez,
“Trade-offs among urban sustainability, pollution and liveability in
European cities,” J. Clean. Prod., vol. 224, pp. 651-660, 2019, doi:
10.1016/j.jclepro.2019.03.110.

[9] X. Cui, “How can cities support sustainability: a bibliometric analysis
of urban metabolism,” Ecol. Indic., vol. 93, pp. 704-717, 2018, doi:
10.1016/j.ecolind.2018.05.056.

[10] D. D. Woods, Resilience Engineering: Concepts and Precepts. CRC
Press, 2017.

[11] S. Ulgiati and A. Zucaro, “Challenges in urban metabolism: sustainabil-
ity and well-being in cities,” Front. Sustain. Cities, vol. 1, Art. no. 1,
2019, doi: 10.3389/frsc.2019.00001.

[12] A. Kazmi, Z. Jan, A. Zappa, and M. Serrano, “Overcoming the hetero-
geneity in the Internet of Things for smart cities,” in Proc. SPIE, vol.
10218, pp. 20-35, 2017.

[13] M. Dibley, H. Li, Y. Rezgui, and J. Miles, “An ontology framework for
intelligent sensor-based building monitoring,” Autom. Constr., vol. 28, pp.
1-14, 2012.

[14] A. Psyllidis, “Ontology-based data integration from heterogeneous urban
systems: a knowledge representation framework for smart cities,” in Proc.
14th Int. Conf. Comput. Urban Plan. Urban Manag. (CUPUM), 2015.

[15] D. Corsar, M. Markovic, P. Edwards, J. D. Nelson, et al., “The Transport
Disruption Ontology,” in Proc., in A. Arenas, O. Corcho, E. Simperl, M.
Strohmaier, M. D’ Aquin, and K. Srinivas, Eds. Cham: Springer Int. Publ.,
2015, pp. 329-336.

[16] P. Verma and A. S. Raghubanshi, “Urban sustainability indicators:
challenges and opportunities,” Ecol. Indic., vol. 93, pp. 282-291, 2018.

[17] A. Sdoukopoulos, M. Pitsiava-Latinopoulou, S. Basbas, and P. Pa-
paioannou, “Measuring progress towards transport sustainability through
indicators: analysis and metrics of the main indicator initiatives,” Transp.
Res. Part D: Transp. Environ., vol. 67, pp. 316-333, 2019.

[18] C. Kuster, J. Hippolyte, and Y. Rezgui, “The UDSA ontol-
ogy: an ontology to support real time urban sustainability assess-
ment,” Adv. Eng. Softw., vol. 140, Art. no. 102731, 2020, doi:
10.1016/j.advengsoft.2019.102731.

[19] A. Ghoroghi, Y. Rezgui, I. Petri, and T. Beach, “Advances in application
of machine learning to life cycle assessment: a literature review,” Int. J.
Life Cycle Assess., vol. 27, pp. 433-456, 2022, doi: 10.1007/s11367-022-
02030-3.

[20] A. Fnais, Y. Rezgui, I. Petri, T. Beach, J. Yeung, A. Ghoroghi, and
S. Kubicki, “The application of life cycle assessment in buildings:
challenges, and directions for future research,” Int. J. Life Cycle Assess.,
vol. 27, pp. 627-654, 2022, doi: 10.1007/s11367-022-02058-5.

[21] C. Boje, A. Guerriero, S. Kubicki, and Y. Rezgui, “Towards a semantic
Construction Digital Twin: directions for future research,” Autom. Constr.,
vol. 114, Art. no. 103179, 2020, doi: 10.1016/j.autcon.2020.103179.

[22] 1. Petri, O. Rana, Y. Rezgui, and F. Fadli, “Edge HVAC analytics,”
Energies, vol. 14, no. 17, Art. no. 5464, 2021, doi: 10.3390/en14175464.

[23] Union of Baltic Cities, Hanseatic and University City of Rostock,
“Cities. Multimodal — urban transport system in transition towards low
carbon mobility,” Project no. R072, EU co-funded project, 2017-2020,
2020.

[24] H. Westerweele, T. Gorris, E. Uzunova, N. Nesterova, and F. Dotter,
“Tools for self-supportive mobility interventions: a handbook,” Deliver-
able D3.1, 2020.

[25] M. Damerau and A.-M. Baston, “Handbook on mobility strategies
in functional urban areas,” Deliverable D.T1.4.2, Rupprecht Consult
GmbH, Project No. CE1100 LOW-CARB, 2020. [Online]. Available:
http://interreg-central.eu/Content.Node/home.html

[26] E. Uzunova, H. Westerweele, and N. Nesterova, “Deliverable D3.1 —
Tools for self-supportive mobility interventions: a handbook,” CIVITAS
ELEVATE - CIVITAS 2020 Coordination and Support Action, WP3,
Grant Agreement No. 824228, 2020.

[27] M. Kyrouz, The New Mobility Handbook. SAE International, 2023.

[28] D. M. Karim, Shifting Mobility: Part 1: Transforming Planning and
Design for New Human Mobility Code. CRC Press, 2023.

[29] United Nations, “A/RES/74/299,” 2020.

[30] Stockholm Declaration, “3rd Global Ministerial Conference on Road
Safety: Achieving Global Goals 2030, Stockholm,” 2020.

[31] European Commission, “EU Road Safety Policy Framework 2021-2030
— Next steps towards ‘Vision Zero’,” 2019.

[32] L. Sun, Y. Zhang, C. Axenie, M. Grossi, A. Kouvelas, and M. A.
Makridis, “The fragile nature of road transportation systems,” arXiv
preprint arXiv:2402.00924, 2024.

[33] J. A. Laval, “Self-organized criticality of traffic flow: implications
for congestion management technologies,” Transp. Res. Part C: Emerg.
Technol., vol. 149, p. 104056, 2023.

[34] U.S. Federal Highway Administration, “Vehicle Miles Traveled,” FRED,
Federal Reserve Bank of St. Louis, 2024. [Online]. Available: https:/fred.
stlouisfed.org/series/ TREVOLUSM227NFWA

[35] D. J. Fagnant and K. Kockelman, “Preparing a nation for autonomous
vehicles: opportunities, barriers and policy recommendations,” Transp.
Res. Part A: Policy Pract., vol. 77, pp. 167-181, 2015.

[36] C. Walters, Adaptive Management of Renewable Resources. Macmillan,
1986.

[37] L. Albrechts, “Bridging the gap between planning and implementation:
turning transformative visions into strategic projects,” Town Plan. Rev.,
vol. 77, no. 3, pp. 329-345, 2006.

[38] A. Zanella et al., “Internet of things for smart cities,” IEEE Internet
Things J., vol. 1, no. 1, pp. 22-32, 2014.

[39] R. Lee and J. Green, “Self-organized traffic control in an urban grid,”
Transp. Sci., vol. 55, no. 4, pp. 132-147, 2020.



