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A simulation-based urban design
methodology towards safety-
conscious public spaces

Federico Eugeni’,
Gennaro Zanfardino™,
Donato Di Ludovico’,
Antinisca Di Marco™

Introduction

In recent years, the growing incidence of both natural and anthropogen-
ic disasters—exacerbated by climate change and the intensification of
urban dynamics—has prompted renewed attention to the role of urban
planning as a means of risk reduction and resilience building. In this con-
text, pre-disaster planning emerges as a key practice for anticipating the
consequences of critical events and developing multi-scalar strategies
aimed at enhancing safety and preparedness in urban settings (FEMA,
2017; IPCC, 2023; Otsuyama & Maki, 2018). This paper proposes a meth-
odology grounded in agent-based simulation to support the design of
safer public spaces, specifically focusing on open areas within university
campuses. The proposed approach integrates simulation and design to
evaluate existing spatial layouts’ performance under stress and explore
alternative configurations that optimize evacuation dynamics and mini-
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mize risk (Eugeni et al.,, 2023; Di Ludovico et al., 2025). Traditional urban
design processes often rely on pre-defined planning norms or heuristic
criteria, with limited mechanisms for empirical verification. As a result,
spatial decisions are frequently made in the absence of robust evidence
on their real-world effectiveness, particularly in crisis scenarios. The
methodology discussed here contributes to an emerging research niche
that challenges this paradigm, promoting a data-informed approach that
couples dynamic simulations with urban design (Le6n & March, 2016; Fal-
lah et al,, 2014). Rather than supporting normative assumptions, simula-
tion allows for the generation of synthetic yet plausible scenarios that
reflect complex human behaviours under stress. These scenarios provide
planners with operational metrics—such as evacuation times, conges-
tion patterns, and spatial accessibility—that can inform more resilient
spatial configurations. This logic has already been tested in previous case
studies involving historical city centres and suburban university districts,
confirming its adaptability and diagnostic potential (Eugeni et al., 20243;
Sacco et al., 2023). At the core of this methodology is a simulation en-
vironment developed using the GAMA platform (Taillandier et al., 2010,
2018), which supports agent-based modelling of crowd behaviour dur-
ing emergencies. The platform allows for detailed representations of the
built environment, crowd dynamics, and individual decision-making,
making it particularly suitable for simulating evacuation scenarios trig-
gered by earthquakes, fires, or other hazards (Iskandar et al., 2023; Wang
et al., 2015). This simulation tool is integrated within a broader urban
analysis framework inspired by the concept of the Digital Twin—a dy-
namic, data-driven model of urban space that not only reproduces the
morphology of the built environment but also serves as a decision sup-
port system for testing spatial interventions (Sacco et al., 2023; Eugeni et
al., 2024c). By incorporating GIS data, behavioural algorithms, and spa-
tial performance indicators, the simulation environment enables stake-
holders to visualize, evaluate, and compare design alternatives in terms
of risk mitigation and emergency responsiveness (Benaben et al., 2021;
Pluchino et al.,, 2014). The article is structured into five main sections. Fol-
lowing this introduction, section 2 presents the methodological frame-
work in detail, outlining the architecture of the simulation model, the
data sources, the calibration process, and the behavioural parameters.
Section 3 introduces the three selected case studies: the Coppito (STEM
departments), Roio (engineering departments), and city centre (human
sciences department) campuses of the University of LAquila. These cam-
puses were chosen for their strategic relevance and spatial heterogeneity
within the post-earthquake urban context. Section 4 reports the results
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of simulation experiments, comparing the performance of current lay-
outs with optimized design scenarios. The analysis focuses on evacuation
time, crowd distribution, and critical bottlenecks, offering insights into
how spatial interventions can enhance safety. Finally, Section 5 offers a
critical reflection on the strengths and limitations of the approach, dis-
cussing future research directions, including integration with real-time
data and expansion to multi-hazard scenarios.

Methodology

The methodological approach adopted in this study is grounded in the
integration of agent-based simulation and safety-oriented urban de-
sign, with the primary goal of assessing and enhancing the emergency
performance of public open spaces. The focus is particularly directed at
university campuses, which often present complex morphologies and
high population densities, making them highly sensitive to risks induced
by natural or anthropogenic events. The method unfolds through two
interdependent phases, which form an iterative loop rather than a lin-
ear progression. In the first phase, a simulation of the current spatial
configuration is conducted. This phase involves the development of an
agent-based model capable of reproducing crowd dynamics during an
emergency evacuation, considering the actual layout of open spaces, the
location of buildings and their relative exits, and the spatial distribution
of safe zones. The simulation outcomes provide a diagnostic assessment
of the site’s criticalities, highlighting problematic areas in terms of crowd
congestion, insufficient capacity of emergency gathering points, or de-
lays in reaching safe areas by individuals. The behavioural logic imple-
mented in the model draws upon established principles in evacuation
science, with particular attention to the influence of spatial constraints
on pedestrian movement, as explored in works such as Shiwakoti and
Sarvi (2013) and Wang et al. (2022). Based on diagnostic results, the sec-
ond phase involves the formulation of spatial interventions aimed at
improving the system’s evacuation performance. These interventions,
designed within a GIS and simulation-integrated environment, may con-
cern the repositioning or expansion of assembly areas, the modification
of pedestrian circulation paths, or the removal of spatial barriers that
hinder egress. Once implemented, the new scenario undergoes a sec-
ond simulation, which allows for a comparative evaluation against the
baseline condition. This cyclical process, based on successive iterations
of simulation and redesign, enables the progressive refinement of spa-
tial solutions and the validation of design choices through measurable

[317]
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indicators. As emphasized in Radianti et al. (2013) and Liu and Lyu (2019),
such a feedback loop is essential for transitioning from static, rule-based
planning approaches to adaptive, performance-oriented spatial design.
The spatial model is constructed using a combination of open-access and
institutional datasets. These include orthophotos and topographic maps
for the reconstruction of the site’s morphology, vector data on buildings
and pathways, and population estimates derived from the University’s
institutional records and statistical sources. The modelling environment
is developed within the open-source GAMA platform, which supports
spatially explicit agent-based simulations with customizable behavioural
parameters (Taillandier et al., 2010; 2018). Each agent within the model
represents an individual actor with specific attributes, such as movement
speed and decision-making patterns, and can react dynamically to envi-
ronmental stimuli and the behaviour of surrounding agents. Simulation
scenarios are evaluated using a set of performance indicators commonly
adopted in evacuation studies. These include total evacuation time, av-
erage and peak crowd density in critical zones, and the proportion of
agents reaching safety within a defined time threshold. Such indicators
allow for the quantitative comparison of the baseline and optimized
scenarios and provide empirical evidence to guide spatial planning de-
cisions, as also demonstrated in the work of Bretschneider and Kimms
(2012). To ensure the robustness of the model, validation procedures in-
clude internal consistency checks, sensitivity analysis, and consultations
with domain experts.

Case studies

The methodology described in the previous section has been applied
to three case studies, all located within the university system of the Uni-
versity of LAquila. These campuses differ significantly in terms of their
geographic location within the urban and peri-urban fabric, as well as in
their morphological and functional characteristics. The following section
provides a concise overview of the three sites, with particular attention to
the spatial configuration, maximum occupancy capacity of the buildings,
and the location of the designated emergency assembly areas. All data
were retrieved from the official institutional portal dedicated to safety
and emergency planning'.

' Web page with information about each campus of the University of LAquila https://
www.univaq.it/section.php?id=2211



A simulation-based urban design methodology
towards safety-conscious public spaces

The first campus is situated in the hillside locality of Roio, specifically on
the summit of Monte Luco, approximately 1000 meters above sea level
and about 10 kilometres from the historic centre of LAquila. This site
hosts engineering programs, administrative offices, and research labora-
tories. The campus comprises seven buildings, five of which are arranged
in a circular formation around a central open space featuring green areas,
tree-lined walkways, and parking facilities. Under full occupancy condi-
tions, the campus can accommodate up to 3.186 individuals, including
students, academic and administrative staff, third-party personnel, and
individuals with disabilities. There are four designated emergency assem-
bly areas located in proximity to the open spaces adjacent to the build-
ings with the highest occupancy loads.

The second campus is located near the Coppito district and lies adjacent to
the“San Salvatore” hospital complex. It hosts the departments and degree
programs of information science and mathematics, applied clinical scienc-
es, biotechnology, physics, and chemistry. Approximately five kilometres
from the city centre, the campus consists of four main buildings arranged
in parallel and separated by shared open spaces and parking areas. The
maximum occupancy is 4.245 individuals. Eight emergency assembly areas
are available, predominantly located in areas currently used for parking.

The third campus is located in the historic centre of LAquila and hosts the
Department of Human Sciences and its associated academic programs. It
consists of a single building with a total capacity of 1.766 individuals. A single
emergency assembly area is located in the square in front of the building.

To estimate the potential capacity of the emergency assembly areas, a
value of 2.5 square meters per person was adopted. This standard reflects
the need to ensure adequate comfort and safety during prolonged wait-
ing times, which are likely to occur in the event of a natural disaster.

The main features of the three campuses are summarized in Table 1. As
will be discussed in the following section, their diversity in terms of spa-
tial configuration and urban context offered an ideal opportunity to test
the methodology across a range of functionally similar but spatially dis-
tinct environments.

[319]



[320] Public spaces for community campuses and universities

Table | -
University

of LAquila
campuses’
summarized
description
and indicators
(elaboration
by authors)

Figure 1 -
Scenario O
(current spatial
configura-
tion) for the
three univer-
sity campuses
(elaboration
by authors)

Campus Edificio “2::;“:;:;1 E:;Esrgl:nl;y nﬂ:;;“:ilt';“
A 1386 1 435
B 584 2 4921
) C 1020 3 64
FE{gl_loineerings E 95 4 98
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A 1093 1 441
B 300 2 369
C 1458 3 473
Coppito - D 1344 4 392
STEM disci-
plines E 50 5 560
6 824
7 493
8 491
Historic
e A 1766 1 1142
ences
Results

The simulation framework relies on a set of general parameters which are
consistent across all case studies. These include: the total number of indi-
viduals evacuating from each building and navigating toward designated
emergency assembly areas via the shortest available path; the time taken
to reach these areas; and the progressive occupancy rate of each emer-
gency zone over time. The simulation outcomes are organized into two
scenarios: the first (Scenario 0) corresponds to the current spatial configu-
ration of each campus, while the second (Scenario 1) reflects an optimized
layout developed through the application of safety-oriented urban design
strategies. The simulation code was custom-developed by the authors and
calibrated to ensure effective integration between the modeling environ-
ment and geospatial data preprocessed within a GIS framework. These
spatial data constitute the foundation of the modeling process. At the end
of each simulation run, a georeferenced raster output is generated, repre-
senting the level of crowding (or “crowdness”) along the pedestrian paths
used during evacuation. This output can be directly overlaid onto the origi-
nal spatial data to enable comparative and visual analysis.
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Scenario 0 - Existing conditions

The results obtained from Scenario 0 vary significantly across the three
campuses, reflecting their differing morphological and functional con-
texts (Figure 1). In the case of the Roio campus, all agents successfully
reach the designated emergency areas within 4.3 minutes of the simula-
tion’s start. Two of the four available safe zones reach full capacity, while
the remaining two stabilize at approximately 60% occupancy. By con-
trast, the outcome for the Coppito campus reveals more critical issues: all
eight emergency areas fill to 100% capacity, the last one doing so after
8.4 minutes, yet approximately 200 agents (out of a simulated total of
4,245,

of 4,245) remain unaccommodated. This indicates that, under current
conditions, the available emergency space is insufficient to meet the de-
mand. A similar situation emerges at the Humanities campus. The single
available assembly area reaches its full capacity in just 1.83 minutes, leav-
ing nearly 800 agents without a designated safe zone. In summary, the
simulation results for Scenario 0 suggest that only the Roio campus cur-
rently possesses the spatial infrastructure necessary to accommodate a
complete evacuation, based on the parameters and boundary conditions
defined for the study. It is important to note that, especially in the case of
the Humanities campus, several agents are forced to traverse segments
of public roadway, external to the campus and not specifically designat-
ed for pedestrian use, to reach the emergency area.

Scenario 1 - Optimized spatial configuration

Following the assessment of existing conditions, a second round of
simulations was conducted incorporating a series of safety-based urban
design (UDS-b) interventions (Eugeni et al., 2024a). These interventions
aimed to expand the size of emergency assembly areas, reduce evacu-
ation times, and eliminate spatial obstacles hindering pedestrian flow.
The obstacles identified included both direct factors—such as stair-
cases, steep slopes, damaged or uneven surfaces, parked vehicles, and
bulky urban furniture—and indirect factors, such as dead-end alleys or
constrained pathways, as highlighted in previous literature (Bramerini &
Castanetto, 2016; Alkassabany et al., 2018; Murao, 2008; Bernardini et al.,
2021; Hosseini et al., 2009; Wang et al., 2022).

The urban design interventions primarily consisted of removing fences
and enclosures, relocating parking areas, and increasing the share of
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permeable green space (Figure 2). In the case of the Coppito campus,  Figura 1 -

. .o % of th bl h Scenario |
these strategies proved effective: 100% of the agents were able to reac (safety-opti-
emergency assembly areas, and the total evacuation time was reduced moz:d spaﬁczl

g . o igurati
by approximately three minutes. Additionally, the overall extent of ac- gnfhggu,rfiézn
cessible open space for users increased. The same design strategies were  universi-
applied to the Humanities campus, though with less significant impact. z,ggzrp;;j;
Despite a partial conversion of parking space into emergency assembly by authors)
area, the total surface area remained insufficient to accommodate the
simulated number of evacuees, resulting in minimal improvement over
the baseline scenario. The boundary conditions adopted for Scenario 1—
including the expanded area of the emergency zones as a result of UDS-b

applications—are summarized in Table 2.
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Table 2 -
Scenario

| contour
conditions
after UDS-b
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by authors)
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Conclusions

The research presented in this paper illustrates the potential of simulation-
based approaches in supporting safety-conscious urban design, particu-
larly within complex environments such as university campuses. Through
the application of an agent-based methodology across three morphologi-
cally and contextually diverse case studies, the study has demonstrated
how different spatial configurations influence the effectiveness of emer-
gency evacuation strategies. The results obtained highlight three distinct
conditions. The Roio campus, located in a purpose-built area with a bal-
anced distribution of buildings and open spaces, represents a favorable
condition in which the existing spatial layout is already capable of ensur-
ing a complete and timely evacuation. This confirms the hypothesis that
environments conceived with open space and circulation logic embed-
ded into their design are more resilient under stress conditions (Fallah et
al., 2014; Haghani & Sarvi, 2018). Conversely, the Coppito campus presents
a partially critical scenario, in which the current configuration shows a gap
between demand and available emergency space. However, the applica-
tion of safety-oriented urban design techniques—such as the removal
of barriers, reorganization of parking areas, and expansion of permeable
open space—proved sufficient to close this gap and enhance both the
evacuation time and spatial efficiency of the site. This reinforces the role of
targeted design interventions in adapting existing configurations to per-
form more effectively in risk-prone contexts (Alkassabany et al., 2018; Hos-
seini et al., 2009; Wang et al., 2022). The most critical situation emerged
at the Humanities campus in the historical center of UAquila. Here, the
limited availability of open space and the rigid morphological constraints
imposed by a stratified urban fabric significantly reduce the potential for
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design-based improvements. Despite the implementation of urban de-
sign interventions, the simulation results indicate that a large proportion
of users remain without access to safe zones. This finding suggests that,
in compact and historically layered urban contexts, emergency prepared-
ness may require a shift from project-level interventions to broader strate-
gic planning. Specifically, the identification and integration of additional
emergency areas in the surrounding urban environment could offer a vi-
able solution. This aligns with previous literature emphasizing that dense,
heritage-based city cores often demand multiscalar and inter-institution-
al planning efforts to address risk comprehensively (Le6n & March, 2016;
Santibanez, 2016).

Nevertheless, some limitations must be acknowledged. The absence of
real-time behavioral data, such as that obtainable through mobile track-
ing or sensor-based systems, limits the context-specific accuracy of the
model. Additionally, behavioral responses in panic conditions remain dif-
ficult to calibrate due to the scarcity of empirical observations, as noted
in studies such as Simonov et al. (2018) and Wachtel et al. (2021). Despite
these constraints, the methodology outlined here offers a structured and
replicable framework for embedding simulation into the design process
of safety-conscious public spaces. Its iterative and adaptive nature sup-
ports evidence-based decision-making and contributes to the develop-
ment of urban forms capable of enhancing collective resilience in the face
of emergencies. Overall, the study confirms the utility of agent-based
simulation as a tool to inform urban design decisions under uncertainty.
By enabling iterative testing of alternative configurations and measur-
ing their impact through empirical indicators, the proposed methodol-
ogy provides planners and decision-makers with a replicable framework
for developing context-specific, performance-based strategies aimed at
increasing the resilience of public spaces. Future research could extend
the model to account for real-time data integration and multi-hazard sce-
narios, further reinforcing its applicability in dynamic and risk-sensitive
urban contexts (Wachtel et al., 2021; Radianti et al., 2013).
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