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Cruise ship environments have been identified as high-risk settings for communicable disease outbreaks. The
severe COVID-19 outbreaks aboard several cruise ships have further intensified concerns about transmission in
these confined, densely populated environments. Although some behavioural interventions have been studied,
the influence of spatial and operational design on transmission risk remains under explored.

To address this gap, this study applies agent-based modelling (ABM) to simulate passenger movement patterns
on mixed-use cruise ship decks as a surrogate for infection transmission. By modelling individual movement
behaviours and collisions (close-contact exposure) within the mixed-use decks, the ABM approach supports the
development of spatial design and operational strategies that can reduce transmission risk and improve the ef-
ficiency and healthiness of onboard circulation. We conducted verification and parametric tests to assess model
performance and designed three experiments to evaluate the effects of varying occupancy levels, infection
prevalence, spatial layouts and access restriction strategies with 1181 simulation runs, the simulation results are
complemented by spatial analyses of deck plans to inform evidence-based recommendations for safer cruise ship
environments.

We identified three key spatial drivers of disease transmission risk on cruise ships. First, higher occupancy
density and compact layouts significantly increased close-contact events, as passengers navigated narrow, poorly
connected corridors. Second, the effectiveness of quarantine interventions depended not just on their presence
but on their spatial placement: centrally located restrictions amplified congestion, while peripheral placement
helped alleviate it. Third, simple passive design changes—such as widening corridors or enhancing internal
connectivity—reduced movement bottlenecks and collisions, without requiring behavioural adaptation.
Together, these findings demonstrate that spatial configuration is not merely a backdrop but a powerful deter-
minant of health resilience in high-occupancy environments.

1. Introduction

Cruise ships are inherently high-risk environments for infectious
disease outbreaks due to their densely occupied, enclosed and semi-
closed spaces combined with limited onboard health resources and
frequent embarkation and disembarkation. These conditions facilitate
the rapid transmission of person-to-person, foodborne and waterborne
diseases (Golna et al., 2024; Nemhauser and Centers for Disease Control
(U.S.), 2023; Zhang et al., 2020). The COVID-19 pandemic highlighted
these vulnerabilities, with outbreaks on ships like the Diamond Princess,
Ruby Princess and Celebrity Apex demonstrating how confined

environments can accelerate infection spread. Passengers and crew
exposed to extended periods of quarantine on ships faced high health
risks and limited access to medical care, underscoring the critical need
for improved health risk management strategies in cruise ship design
and operations.

The cruise industry has fully recovered from the major impact of the
pandemic, with global passenger volume exceeding pre-pandemic pas-
senger volumes in 2023 by 6 %. Cruise ships are increasingly becoming a
popular way of travelling as demonstrated by a growing passenger
population and increasing economic impact (Cruise Lines International
Association, 2024; J.P. Morgan Research, 2024). However, although the
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threat of COVID has retreated, the vulnerability to onboard disease
outbreaks persists. Despite some improvements in awareness, the chal-
lenges associated with long-term close contact, complex population
flows and insufficient medical infrastructure remain largely unresolved
(Zhang et al., 2016). These factors emphasise the urgency to understand
cruise ship spatial design and operational measures to better respond to
future public health emergencies.

The epidemiology of infectious diseases in enclosed environments
like ships has been studied in relation to airborne transmission, contact
rates and population density. Yet morphometrics of the enclosed space is
mostly used to dictate the ventilation parameters, human aggregation
dynamics and mobility outcomes. These in turn impact the success of
infection containment interventions. The role of spatial design of
enclosed spaces in infection dynamics remains underexplored (Mosleh
et al., 2024; Wang et al., 2023). Specifically, the influence of architec-
tural layout, circulation patterns and spatial connectivity on the initial
spread of infection and the subsequent efficacy of containment strategies
such as quarantine warrants further enquiry. This study addresses this
gap by examining how the spatial configuration of ship environments
impacts the diffusion of infectious agents and the outcomes of inter-
vention measures. Employing an agent-based modelling (ABM)
approach, the study simulates individual movements and interactions
within various spatial layouts to assess infection propagation across
different activity zones. The study further evaluates the effectiveness of
spatially informed quarantining strategies such as zoning, isolation
corridors and compartmentalisation in mitigating transmission.

Studies on the built environment during the pandemic have high-
lighted the significant role of indoor environments in mitigating disease
spread. As humans spend the majority of their time indoors, factors such
as air quality, surface contamination and physical contact significantly
influence transmission risks (Clements et al., 2020). Agent-based
modelling (ABM), which can be applied to simulate individual move-
ments and interactions, has proven to be an effective tool for analysing
human behaviour in indoor environments. By testing various possible
strategies to reduce the frequency of close contacts among individuals,
ABM can be used to offer insights about how to limit the spread of
communicable diseases in dense, enclosed settings like cruise ships.

This study focuses on leveraging ABM to develop a framework for
investigating the operational strategies and spatial design of cruise ships
to limit infection transmission. As illustrated in Fig. 1, spatial layouts
and operational measures can influence passenger behaviour, particu-
larly movement patterns, which, in turn, affect the collision between
passengers and the risk of disease transmission. The applicability of ABM
is particularly relevant to cruise ships, where passengers spend consid-
erable time navigating ship decks — especially on sailing days.

The objectives of this study are outlined as follows:

e Develop an agent-based model using DesignMind toolkit (Baur et al.,
2023) to simulate passenger movement on cruise ship decks,
demonstrated through three case studies.

e Analyse the spatial structure of deck plans.

e Validate and verify the agent-based movement simulation with
validation and parametric tests.

e Conduct experiments to examine how:

o Passenger density affects infection spread risks (Experiment 1).

o Operational strategies, like partial corridor quarantines, influence
movement behaviour (Experiment 2).

o Design layout modifications impact movement patterns (Experi-
ment 3).

In this manuscript, Section 2 reviews the relevant literature about the
studies on health in cruise ship environments and the application of
ABM in interior environments. Section 3 introduces the method,
including a description of the ABM, testing protocols of the model and
experimental setup. Section 4 reports the results of the validation and
verification tests, and Section 5 showcases the results of the three
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experiments. Section 6 presents the conclusions and future research.
2. Literature review
2.1. Public health emergencies on cruise ships

Outbreaks of various types of infectious diseases, such as HIN1/
Influenza A, norovirus and COVID-19, on cruise ships have been re-
ported regularly (Anagnostopoulos et al., 2025; Bert et al., 2014;
Nemhauser and Centers for Disease Control (U.S.), 2023). The frequent
stops at international ports expose passengers to local diseases, which
can then be incubated on board and facilitate further global disease
transmission, highlighting the role of cruise ships in amplifying public
health risks. These combined factors call for evidence-based practices
and cross-sector collaboration, to prevent and control infectious disease
on ships (Anagnostopoulos et al., 2025).

Previous studies have investigated the spread of infectious disease in
cruise ships (Bert et al., 2014; Rocklov et al., 2020; Zhang et al., 2016,
2020), especially during the COVID-19 pandemic outbreak. The out-
breaks on cruise ships provide insights for epidemiologists to study the
spread of COVID-19 in similar settings, such as nursing homes, hotels
and prisons. The case of Diamond Princess is widely studied due to its
uniqueness (Baraniuk, 2020). Over 3700 people had been quarantined
on the ship, and 721 passengers and crews were tested positive (Japan
Institute for Health Security, 2020). The estimated Ry at the beginning
was 3.27 and rose to 4.18 and 4.73 including asymptomatic trans-
mission when quarantine started (Huang et al., 2021). A global study
found that the proportion of COVID-19 infection on cruise ships is
significantly associated with the number of cabins, the number of decks
with cabins and passenger-to-space ratio. Enhancing health protection
measures is important for restoring customers’ trust in cruise ship op-
erations post COVID-19 (Yuen et al., 2021).

In order to restrict the spread of infectious disease in cruise ship,
quarantine is a straightforward response in health emergencies. Move-
ment restrictions for symptomatic individuals, especially early self-
isolation or full-ship quarantine, proved particularly effective
(Codreanu et al., 2021; Srinivasan et al., 2024). Fully closing all dining
areas can significantly reduce norovirus transmission, while partial
closures may worsen the spread due to crowding (Srinivasan et al.,
2024). Mitigation strategies such as wearing masks in public spaces and
vaccination can reduce the COVID-19 cases by over 94 % (Mosleh et al.,
2024). The use of technological solutions, such as wearable devices,
cameras, air purifiers and air quality sensors, to screen for and detect
early spread of prevalent communicable diseases on cruise ship, is a
possible solution, following the improvements in passengers’ awareness
and education (Golna et al., 2024; Hao, 2023).

Typically, research on cruise ships also focuses on the evacuation
during emergencies (Cotfas et al., 2023; Firdhaus et al., 2023; Yue et al.,
2022) and leisure experience and satisfaction of cruisers (Castillo-
Manzano and Lopez-Valpuesta, 2018; Ozturk and Gogtas, 2016; Xie
et al., 2012). The majority of published work about infectious disease
spread on ships emphasises personal protective and behavioural mea-
sures for travellers, with comparatively limited attention to environ-
mental or spatial factors (Anagnostopoulos et al., 2025). Research gaps
remain in understanding the interior spatial design and related passen-
ger behaviour on cruise ships.

2.2. Agent-based movement simulation in indoor environments

Agent-based movement models have the potential to be applied in
testing the design and operation of indoor spaces, by simulating the
movement patterns of human agents. This application has been
demonstrated in the past research with various ABM tools, showcasing
the potential of this emerging field.

In agent-based modelling ‘a system is modelled as a collection of
autonomous decision-making entities called agents. Each agent individually
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Fig. 1. Key assumption of the study.

assesses its situation and makes decisions on the basis of a set of rules’
(Bonabeau, 2002). ABM enables researchers to build, investigate and
experiment with models made up of autonomous, heterogeneous agents
interacting within a defined environment, to explore and identify the
underlying mechanisms that lead to observable patterns (Salgado and
Gilbert, 2013).

Architectural design is often seen as a creative problem-solving
process that integrates both building and occupant information
(Ekholm, 2001). In the field of architectural design, the application of
ABM for movement simulation at the level of individual users can
examine building-related spatial activities and behaviours, to study the
inter-relationship between the physical environment and human
behaviour, and subsequently inform the design of spaces (Cheliotis,
2021, 2020; Liu et al., 2014; Stieler et al., 2022). Simulation with ABM
generates a large amount of spatial-temporal data to understand how
people use spaces (Gath-Morad et al., 2017). The application of ABM
simulation in design has been demonstrated in various environments,
such as offices (Pan et al., 2021; Schaumann et al., 2020; Tabak et al.,
2010; Yu, 2023), hospitals (Gath-Morad et al., 2023; Jia et al., 2023;
Schaumann et al., 2017), supermarkets (Antczak et al., 2021; Xu and
Chraibi, 2020), university buildings (D’Orazio et al., 2021), airports
(Arup, 2024) and rail stations (Castle et al., 2011). The performance of
the model is often validated by real world data from field observation,
occupancy sensors, VR experiments and interviews with users and ex-
perts (Cheliotis, 2020; Morad et al., 2020; Schaumann et al., 2017;
Tabak et al., 2010).

Spatial parameters are often combined with ABM to understand and
evaluate wayfinding behaviour and space use (Cheliotis, 2020; Neu-
mayr, 2019; Noyman et al., 2024; Torrens, 2015; Yu, 2023). Environ-
mental factors like temperature, acoustics (Schaumann et al., 2020) and
indoor air quality (Martinez et al., 2022), spatial factors like building
layout, location of equipment and visibility and social factors like social
networks and the presence or absence of people, can also be considered
and integrated into ABM models (Schaumann et al., 2017). Previous
studies and real-world practices have demonstrated that ABM can be
used to evaluate different layout configurations, allowing designers to
test various scenarios and iterate the design (Hong et al., 2016). The
simulation of users’ activities and occupancy can also contribute to the
analysis and prediction of energy use (Yan et al., 2015). Furthermore,
modelling and predicting building-user interactions can contribute to
the improvements of occupants’ physical comfort, social well-being and
satisfaction level (Schaumann et al., 2017).

Some critical or emergency scenarios have highlighted the value of
applying simulation ABM tools to evaluate potential outcomes and
consequences. In health emergencies like the COVID-19 pandemic,
ABMs can bridge building design and infection control, supporting the
concept of healthy buildings. The impacts of infection control measures
such as social distancing, capacity reduction, access control (Antczak
et al., 2021; D’Orazio et al., 2021; Pan et al., 2021; Xu and Chraibi,
2020), shifts between workers, enhanced ventilation (Martinez et al.,
2022) and use of masks can be tested (Noakes et al., 2006) and used to
inform facility managers, as well as estimate the risk of infectious dis-
ease transmission (Antczak et al., 2021; Zhen et al., 2022; Zhou and
Koutsopoulos, 2021). For example, ArchABM is an agent-based simu-
lator coupling occupant schedules and ventilation, to predict CO5 and
viral aerosol loads in a research centre (Martinez et al., 2022). Likewise,

the VIRIS framework explicitly combines spatial structure, people’s
movement and airborne transmission physics to predict spatiotemporal
infection risk in spaces like courtrooms, care homes or supermarkets
(Xue et al., 2024). In evacuation conditions triggered by a fire, an
earthquake, or building collapse, with very limited real-world obser-
vation and limited capacity for real-world investigations (Torrens, 2015,
2012), ABM has been used to model the behaviour of occupants during
emergencies (Cotfas et al., 2023; Kasereka et al., 2018; Ren et al., 2009),
providing insights into evacuation times, the effectiveness of signage,
the impact of different evacuation strategies and the number of suc-
cessful evacuations.

Transmission within enclosed environments has been modelled using
distinct but complementary approaches (Christakis and Drikakis, 2024;
Sofos et al., 2025). Airborne exposure and aerosol transport are
commonly analysed using Wells-Riley formulations and Computational
Fluid Dynamics (CFD) to estimate pathogen concentrations and inha-
lation risk as a function of ventilation, occupant density and dwell time
(Bazant and Bush, 2021). CFD-based studies have been used to examine
ventilation performance, aerosol dispersion and mitigation strategies for
COVID-19 transmission in buildings and transport settings broadly
(Mohamadi and Fazeli, 2022). For example, a recent study in a train
carriage couples Wells-Riley with CFD, demonstrating the value of
integrating airflow physics with probabilistic infection calculations
(Wang et al., 2022). In addition, a study of Diamond Princess outbreak
finds that airborne spread played a major role in the COVID-19 spread
using mechanistic transmission modelling (Azimi et al., 2021). By
contrast, ABM focus on the spatio-temporal interactions and movement
patterns of individuals, providing high-resolution representations of
how people traverse, occupy and use space.

The application of ABM tools is particularly relevant in the context of
cruise ships, where space is often limited, and passenger flow must be
carefully managed to prevent overcrowding and ensure safety and
satisfaction. Cruise ships differ fundamentally from many other indoor
settings previously studied such as classrooms or transit spaces due to
the extended exposure duration, high-density mixed-use spaces, com-
plex behavioural and movement patterns and specialised HVAC systems
(Xia et al., 2023). Therefore, ABM can also be utilised to design decks
and public spaces that promote efficient use of spaces and improve the
way-finding experience of passengers. Health and safety in infectious
disease outbreak and timely evacuation of passengers are critical con-
cerns, and ABM can be employed to test the design and layouts and
improve the operational procedures. The ability to model different
scenarios allows operators to identify potential weaknesses in deck plans
and operational interventions to make evidence-based decisions to
enhance passengers’ health and safety.

3. Methods
3.1. Framework

This study is based on the unique environment of cruise ships, as a
response to the development of healthier cruise ship environments
through operation and design initiatives. As shown in Fig. 2, this study
starts from the literature review to inform the research gap, under-
standing the broad background of health risks in cruise ships and how
ABM can be used to study the interior environment. Three case studies
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Literature Review
* Review of existing literature on agent-based movement simulation
 Explore its potential for application in cruise ship environments

v

Case Study Development
« |dentify and select appropriate case studies (mixed-use deck plans)
» Develop base models for the selected case studies using Rhino3D

v

Simulation Setup
* Define use scenarios (a base case and a dining case)
* Set up simulation environment, agent behaviours and parameters in Unity
» Design experiments to incorporate operational interventions and design modifications

Y

Simulation Implementation
» Configure a batch simulator to process large-scale simulations
* Conduct verification and parametric tests to ensure the consistency of simulations
» Conduct experiments to examine the impacts of operational interventions and design modifications

'

Analysis and Evaluation
 Analyse simulation outputs (e.g. movement density, travel distance and duration, collision counts)
» Compare results across different scenarios and interventions

v

Informing Design and Operations
* |dentify design and operational strategies that optimise passenger flow and minimise risks
» Synthesise findings to provide actionable recommendations

Fig. 2. Research design.

are identified, followed by the development and verification of ABM
simulation. Experiments are designed to examine the effects of different
design and operation strategies, in order to provide guidance and
suggestions.

3.2. Agent-based modelling

This study applies the ‘DesignMind’ toolkit to develop an agent-
based movement simulation model to test different design and opera-
tional scenarios in decks of cruise ship case studies. The toolkit (Baur
et al., 2023; Gath-Morad et al., 2023) integrates empirical evidence into
architectural design and offers insight to inform architects’ and de-
signers’ decisions. Compared to other types of ABM, this tool has the
benefits of being open-source, easy-access and highly adaptive, enabling
it to be applied in different scenarios across practice and research.

This agent-based simulation module is built within game engine
Unity (Unity Technologies, 2024), taking advantage of its user-friendly
3D visualization capabilities and robust programming backend for
coding model logic (Cheliotis, 2021). This section of the paper in-
troduces the key concepts and workflow of the simulation tool,
including the environment, the agents and tasks and the key output
metrics, as shown in Fig. 3.

3.2.1. Base model and simulation environments

The major input of the agent-based simulation module is 3D building
models with basic spatial configurations. This is set as the environment
that agents act in (Wurzer et al., 2012). The major origins, destinations
and points of interest (POIs) are identified from the 3D model. The de-
tails of the models of selected deck plans are discussed in Section 3.3.1.
In Unity, one unit of time is assumed to be 1 s, while 1 unit in the

Environment Use scenario Agent |
(Cruise ship specific)
|| 3 Deckplans Base case
CaseA, B, C
Variations of : Agent setting =
— | Case A Dinning
Experiment 2
Variations of
] Case C
Experiment 3 g
Rule ]

Task

Model setup

ABM Workflow

Type Output
Number of agents Distance of
Number of needs travel
Spawn interval '\(‘;)m;z:]zf
Agent speed Metrics -
Duration of
Batch simulation
Agent size travel
Agent Radius Movement
density
. i (KDE)
Privacy radius

Origin-Destinatiol

Point of Interest

pair (O-D)

(POl

POl time
Output

Fig. 3. Workflow of Agent-based simulation.
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coordinate system is assumed to be 1 m. A Unity navigation mesh is
created from the base model to define the area for pathfinding and
movement activities.

3.2.2. Agents and tasks

Agents are defined as the ‘active entities within the simulated world’
(Wurzer et al., 2012). In movement simulation, the agents represent the
occupants in the environment. The simulation can involve different
types of agents, each programmed with specific behaviours and tasks.

Agents in the simulation are designed with properties that dictate
their behaviour, such as spawn time, number of needs, walking speed,
size, radius, time spent at POIs and the privacy radius. Tasks are
designed for agents to indicate the starting and ending locations (origins
and destinations) and the visits to POIs for the movement. The agents
show up and start from the origin, move towards and disappear at the
destination, whilst stopping by one or more pre-defined POIs. The agents
follow a shortest-path heuristic to navigate between origin, destinations
and POIs. A randomisation option is included to reflect the occurrence of
various movement patterns in the simulation (Gath-Morad et al., 2023).
A batch simulator is configured to accelerate the simulation process.

3.2.3. Dimensions of human mobility

The simulation tool provides several key output metrics that are
critical for analysing and interpreting movement behaviour of agents,
extracted via a visualiser component. The basic format of output is a
table that documents the coordinates of agents at each time point, the
number of collisions and the agents’ travel distance and duration. The
coordinates are further extrapolated to movement density.

Travel distance and duration.

Travel distance and travel duration are two fundamental metrics
used to characterise agent movement. Travel distance refers to the cu-
mulative length of the path traversed by each agent throughout the
simulation. Travel duration denotes the total elapsed time during which
an agent is in motion.

Collision.

Collisions between agents are detected when an agent comes within
a pre-defined proximity — ‘privacy radius’ — of another agent. It rep-
resents the close contact between agents and can be used as a proxy to
estimate the potential of infectious disease transmission.

Movement density.

Movement density represents the spatial concentration of agent lo-
cations over time. It is calculated using Kernel Density Estimation (KDE)
from the agents’ recorded positions at regular sample intervals (1 unit
per frame). KDE is a non-parametric statistical method used to estimate
the probability density function of a continuous variable (Silverman,
1998). In this context, it generates a smooth, continuous surface that
reflects the relative intensity of movement across space. Along with
collisions, density of occupation (or overcrowding) is also known to be
related to the risk of disease spread (Shirreff et al., 2024; Zhang, 2024).

To implement KDE, the recorded 2D coordinates of agents are
extracted from the output dataset. The bandwidth is automatically
determined using Scott’s Rule, which adjusts the bandwidth based on
the standard deviation of the data and the number of observations. The
resulting KDE surface is computed over a 2D grid with a spatial reso-
lution of 1 unit per cell. The distribution of movement density can be
visualised in heat maps, to highlight the areas with higher movement
density (known as ‘hotspots’), thus help identify the spaces that are
prone to overcrowding.

3.2.4. Collision as a proxy for close-contact exposure

Collision dynamics of agents could be used to approximate trans-
mission risks from contact processes in pedestrian simulations, to link
individual’s spatial mobility with the evolution of epidemics (Toroczkai
and Guclu, 2007). In this study, infection risk is not modelled with a full
transmission probability per se; rather, collision frequency within a set
interpersonal radius (1 m) is used as a proxy for close-contact exposure.
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This choice aligns with both epidemiological evidence and WHO guid-
ance (WHO, 2025): physical distancing of 1 m or more significantly
reduces risk of respiratory droplet transmission (Chu et al., 2020). In the
health emergency case, the count of collisions between infected agents
and normal agents is directly related to the potential for disease trans-
mission (Yamamura et al., 2023). Each collision represents a close
contact between agents, where transmission may occur. As the number
of collisions increases, the chances of more agents getting infected also
rise. Such count of collisions could be further extended to the estimation
of infection possibility by combining with the data about transmission
rate, however, this is currently out of the scope of this study.

In confined indoor environments like cruise ship corridors and din-
ing spaces, interpersonal proximity typically precedes or coincides with
body-contact events, and therefore collision frequency provides a con-
servative indicator of moments when interpersonal distance is insuffi-
cient to prevent pathogen transmission. While this proxy does not
explicitly model aerosol or fomite transmission (Christakis and Drikakis,
2024; Sovatzidi et al., 2024), it effectively captures behaviourally
grounded, spatially explicit interactions that are likely to generate high-
concentration risky moments.

3.3. Case-specific analysis and experimental setups

While the previous section introduces the fundamentals about the
ABM tool, this section focuses on the introduction of case-specific
analysis, including a description of selected case studies, calculation of
spatial characteristics, proposed scenarios and the settings of tests and
experiments.

3.3.1. Case studies

Three cases (denoted as Case A, B and C) were selected as the base
environments for running the agent-based simulations, following a
convenience sampling rule. The selection of cruise ships and deck plans
was informed by the ‘Healthy Ship for you’ (HS4U) project consortium
(CORDIS, 2022). Mixed-use decks were chosen because they include
both cabin areas and public spaces, providing a diverse environment for
analysis across the entire deck to incorporate various scenarios and
setups for agent behaviour (Cotfas et al., 2023).

While the detailed plans for Case A were provided by industry
partners in the consortium, the other two deck plans (Case B and C) were
extracted from publicly available sources (CruiseMapper services,
2024). The 3D models of the selected decks were constructed in Rhino3D
(McNeel, 2024). The analysis focuses on the horizontal movement
within a single deck, while the vertical circulation and possible trans-
missions in stairways and elevators are not considered. The information
and plans of the cases are shown in Table 1 and Fig. 4. In these plans, the
grey areas represent passenger-inaccessible zones, whereas the white
areas are all accessible for generating the navigation field in Unity.

Case A.

Case A is in a large cruise vessel and corresponds to Deck 5 with an
area of 7045 m?. This deck accommodates 27 accessible inside cabins
and 46 outside cabins (i.e. with windows), along with additional crew
rooms. Circulation is supported by 10 elevators, 3 large staircases and 3
smaller staircases. For this study, only a portion of the deck — referred to
as the studied area — was included in the simulation. The excluded part
includes a large restaurant and bar, which are separated from the
studied area by an inaccessible galley. The simulated area (3687 m?2)
comprises the embarkation zone, a grand foyer, a smaller restaurant (22
tables, 78 seats), reception areas and the cabins.

Case B.

Case B represents Deck 4 of a medium-sized vessel, with a total area
of 3876 m? The deck includes cabin areas, public amenities and a
dining space, served by two central staircases and four elevators. The
cabin section is arranged in a grid-like structure with two long corridors
connected by three shorter cross-corridors, providing access to 39 inside
cabins and 52 outside cabins. Public areas are divided into three main
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Table 1
Basic information of three case studies.
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Case A (studied area)

Case B

Case C

Basic 10 accessible decks

information

Cruise ship capacity
6 decks with cabins
956 staterooms

Case study deck Deck 5 (studied area: the mixed-used part)

Number of cabins on the 73 cabins
deck
Circulation area 6 Lifts

2 Large staircases

Studied area:1 Small restaurant (78 seats)
1 Grand foyer

1 Reception area (8 seats)

1 Toilet

Major facilities

9 accessible decks
7 decks with cabins
724 staterooms
Deck 4
91 cabins

4 Lifts2 Staircases

1 Restaurant (728 seats)
1 Reception area

1 Toilet

1 Shore excursion area

1 Duty free & value shop
2 Shop

9 accessible
6 decks with cabins
467 staterooms
Deck 5
42 cabins

4 lifts2 Staircases

1 Restaurant (188 seats)
1 Reception area

1 Toilet

1 Shore excursion area

1 Duty free & value shop
1 Photoshop

1 Library
1 Internet cafe

Area (in m?) Total internal area 7045.06 (whole deck) 3876.05 2475.45
3687.12 (studied area)

Cabin 1382.67 1019.57 580.64

Corridor around cabins 328.14 186.35 110.44

Public area 1198.87 2675.58 1322.22

Restaurant 156.30 (studied area) 1302.45 400.66

Case A - Large deck with a separated studied area

Studied area

] 5
TN NAE

LT g

o

Not included in simulation %) 32m

Case B - Medium-sized deck with a double-corridor layout

[[ILILIJe

ARNANRNARRRRNANARRRARRNAAR
e
E=====mly |
T

[TTTTT

Approx 250m

L a2

Case C - Compact small deck with single corridor

b Approx 230m

1 Not accessible

b Approx 150m

Fig. 4. Deck plans of three cases.

zones by two primary corridors. The central zone includes toilets and a
duty-free shop, while side areas include a reception, retail shops, an
internet café and a library. A large restaurant with 728 seats is inte-
grated into the public space, with a centrally located galley at the end.

Case C.

Case C is the Deck 5 of a smaller cruise vessel, with a total deck area
of 2475 m?. This deck is characterised by a simpler layout and more
concentrated functional elements. The cabin zone consists of two long
corridors connecting 18 inside and 24 outside cabins. The public area is
organised along a single main corridor that links key facilities, including
the reception, duty-free/value shop, photo shop and shore excursions
counter. A restaurant with 188 seats is located at one end, adjacent to
the galley and storage area. Vertical circulation is provided by four el-
evators and two large staircases.

3.3.2. Spatial characteristics of case studies

In order to compare the three case studies in terms of their layouts,
the spatial characteristics of each deck were assessed using two com-
plementary approaches: (1) basic spatial metrics that describe the
physical layout and functional composition of space, and (2) visibility-
based analysis using space syntax theory to quantify how spatial
design influences perception and movement.

The basic spatial metrics calculate a set of geometric and functional
indicators that characterise the distribution, shape and allocation of
different space types:

e Occupancy Density represents the average amount of floor area
available per individual agent. It is calculated by dividing the total
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area of the deck by a standardised simulated population (100
agents).

e Shape Index and Compactness Ratio capture the geometric
compactness or irregularity of a spatial layout. They are defined as
the ratio of the perimeter to the area of the space (as shown in the
following equations Eq. (1) and Eq. (2) (Bardhan et al., 2024, 2018).

P
Shapelndex = —— 1
p T (€9)]
A
CompactnessRatio = ‘1‘)—2 (2)
A Area
PPerimeter

e Corridor-to-cabin ratio: This metric quantifies the relative extent of
circulation space (corridors around cabins) in relation to private
accommodation (cabins). It is calculated by dividing the total area
allocated to corridors around the cabins by the total cabin area.

e Public-to-private ratio: This metric quantifies the balance between
communal and individual space. It is calculated as the ratio of public
areas to private cabin areas.

Secondly, visibility graph analysis (VGA) was used to quantify the
spatial visibility characteristics that influence how people perceive and
navigate through space (Turner et al., 2001). VGA is a computational
technique derived from space syntax theory which represents space as a
network of inter-visible points and quantifies how visual connections
vary across a layout. The use of space syntax analysis on vessels has been
demonstrated in previous works (Li and Shao, 2021; Moloney, 2018).
Four space syntax metrics that were used to describe the spatial design
variations:

e Connectivity: The number of directly connected spaces from a given
point, representing how easily a space links to others (Hillier and
Hanson, 1984).

e Isovist Area: The total visible area from a given point in space with
respect to an environment (Benedikt, 1979).

e Through Vision: The extent to which a person can see through
multiple connected spaces, measuring spatial transparency (Turner
et al., 2001).

e Visual Integration: How visually accessible a space is within the
entire layout, with higher values indicating central, well-connected
areas. A well-integrated space is shallow to all other locations,
while a poorly integrated location is deep (UCL Space Syntax, 2024).

Appendix A presents the full space syntax descriptive data of case
studies that were subsequently analysed in relation to ABM results.

3.3.3. Proposed scenarios on deck movements

Two ABM simulation scenarios were developed based on the func-
tional layout and spatial characteristics of selected mixed-use decks, to
reflect typical patterns of passenger activity. The two scenarios repre-
sent different movement behaviours: a random walk scenario and a
directive walk scenario (focused on dining activity which a key risk
factor in potential disease spread).

Random walk — Base case.

In the base case scenario, agents are programmed to move around
the deck with their start and end points set in cabin rooms and major
circulation areas like lifts and staircases. The selection of routes and
points of interest (POIs) is fully randomised to simulate natural, un-
structured movement patterns. This scenario establishes a baseline for
the comparison of key output metrics, such as movement density and
collision rate across different scenarios, layouts and interventions. The
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base case serves as a control scenario for more complex situations.

Directive walk — Dining Scenario.

The dining scenario simulates structured, goal-oriented movements.
In this scenario, agents move from their cabins and circulation areas to
dining seats, where they remain for a fixed period before returning to
cabins or going towards other circulation areas. This scenario models
peak-time crowding in food service environments — typically considered
high-risk due to the density of people in enclosed spaces with prolonged
contact durations. It is critical for understanding how crowding in dining
areas can be managed.

Table 2
Summary of all simulations.
Scenario  Agent setting Deck plan Number of
simulation
runs (n)
Verification Base Default Case A, B, C n = 50 for
Test (VT) case each case
Dinning POI time CaseA,B,C n =50 for
changed to 10 each case
Parametric Base Change in CaseA,B,C n =101 for
Test (PT) case number of agents each case
Base Change in spawn CaseA,B,C n=>5foreach
case interval case
Base Change in Case A, B, C n =5 for each
case number of needs case
Base Change in agent CaseA,B,C n =5 foreach
case size case
Base Change in agent Case A, B, C n = 10 for
case radius each case
Base Change in CaseA,B,C n =16 for
case privacy radius each case
Base Change in POI CaseA,B,C n =5 foreach
case time case
Experiment1  Base Two types of CaseA,B,C n =360
case agents (Infected
agents and
normal agents)
are used. Details
introduced in
Section 3.5.3.3.
Experiment 2 Base Default Case A, n=10
case original
plan
(EXP2)
Base Default Case A, n=10
case variation 1
(EXP2a)
Base Default Case A, n=10
case variation 2
(EXP2b)
Base Default Case A, n=10
case variation 3
(EXP3b)
Experiment3  Base Default Case C, n=10
case original
plan
(EXP3)
Base Default Case C, n=10
case variation 1
(EXP2a)
Base Default Case C, n=10
case variation 2
(EXP2b)
Base Default Case C, n=10
case variation 3
(EXP3b)
Total number of simulations: 1181
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Table 3
Default agent setting in the simulation.
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Table 4
Setting variations in parametric tests.

Setting Default Explanation of the setting (adapted Parametric Test (PT)  Parameter Test range Increment per
parameter from Baur et al., 2023) run
Number of agents 100 The total number of agents involved in Parametric Test 1 Number of 1 to 100 agents +1 agent
the simulation task. (PT1) agents
Spawn interval 1 The time interval (in simulation units) Parametric Test 2 Spawn interval 1 to 5 units +1 unit
between the spawning of successive (PT2)
agents. Parametric Test 3 Number of 1 to 5 needs per +1 need
Agent type Passenger The predefined behavioural profile (PT3) needs agent
assigned to each agent Parametric Test 4 Agent size 0.6 to 1.0 units +0.1 unit
Number of needs 1 The number of POI needs that each agent (PT4)
will fulfil before terminating its Parametric Test 5 Agent radius 0.1 to 1.0 units +0.1 unit
movement sequence. (PT5)
Agent speed 1 The agent’s movement speed, expressed Parametric Test 6 Privacy radius 0.5 to 2.0 units +0.1 unit
in simulation units per time step. (PT6)
Agent size 0.8 The physical size of each agent used for Parametric Test 7 POI Time 1 to 5 units +1 unit
scaling within the simulation (PT7)
environment.
Agent radius 0.5 The minimum distance maintained from
the agent’s centre to prevent overlap
with others — used for collision
avoidance and spatial negotiation. (Neufert et al., 2012). For example, agent speed is set uniformly at 1 unit
Privacy radius 1 The proximity threshold around an agent per time step, approximating typical indoor walking speed. Agent size is
used to detect and record collisions. . . .
POI Time 1 (base case)  The amount of time an agent remains at set to 0.8 to reflect a scaled representation of the Unity Humanoid
10 (dinning a point of interest. capsule, while the agent radius is set to 0.5 to define the personal space
case) around each agent, creating a buffer zone for collision avoidance. The
Revisit TRUE Indicates whether agents are allowed to privacy radius of 1 unit represents a slightly extended personal space
revisit previously visited POIs. If set to threshold used to detect close contacts between agents, consistent with
true, revisitation is allowed during the . . i . .
simulation. social distancing guidance (e.g. 1 m separation).
Choose non- TRUE Specifies whether the selection of the
deterministically next PO is made randomly from the 3.3.4.1. Verification test. A verification test is a fundamental step to

remaining available options. If true,
agents choose non-deterministically.

3.3.4. Tests and experiments

This section outlines the simulation settings, with two major com-
ponents: (1) verification and parametric tests and (2) experimental
scenarios. This structure follows a previous ABM study on movements in
offices (Yu, 2023), and is adapted to the context of cruise ship design.
Table 2 summarises all simulation runs conducted across the tests and
three experiments. A total of 1181 simulations was performed. In this
study, n refers to the number of simulation runs, and ngg; denotes the
number of agents involved.

The number of simulation runs was determined based on methodo-
logical practices in prior agent-based modelling research (Yu, 2023,
2022), computational feasibility and the variance characteristics of the
model. Previous studies typically conducted 10 runs for verification
purposes to assess model stability and relied on a single run for exper-
imental condition. The model in this study has a relatively small agent
population (maximum of 100 agents) and demonstrates limited vari-
ance, while the use of the Unity game engine requires approximately
4-5 min per simulation. As a result, simulation runs were configured as
follows: (1) Verification tests were repeated 50 times per case and per
scenario to examine output consistency under controlled conditions; (2)
Parametric tests have one run per setting; and (3) Experiments were
repeated 10 times for each.

Table 3 presents the default parameter settings. The agent popula-
tion (nagent = 100) was estimated based on the number of staterooms in
each deck layout and held constant across the three deck plans. This
standardisation facilitates comparisons of outputs across different
spatial configurations. A population of 100 agents represents a suffi-
ciently large yet computationally tractable sample for observing emer-
gent patterns in movement behaviour and hotspots.

A spawn interval of 1 time unit was adopted to enable a continuous
but evenly distributed flow of agents into the environment. Other pa-
rameters were derived from standard human-centred design references

assess the internal consistency, stability and reliability of simulation
outputs under repeated, controlled conditions. In this study, verification
tests were conducted to ensure that the simulation model behaves as
expected when the same input parameters are applied in multiple runs
before proceeding to experiments.

For each scenario across the three case studies, 50 simulation runs
were conducted using the default parameter settings. The verification
tests serve multiple purposes: they establish the validity of the simula-
tion outputs, allow observation of the output distributions and enable
exploration of relationships between key output metrics. Furthermore,
they provide insight into baseline movement patterns, facilitating
comparison between the three case studies and across the two behav-
ioural scenarios (random walk and directive walk). Analysis focuses on
aggregated simulation-level outputs, such as average travel distance,
number of collisions and travel duration in each simulation run, as well
as agent-level data.

3.3.4.2. Parametric test. Parametric test was conducted to examine the
sensitivity of model outputs to changes in key simulation parameters
with ‘one-factor-at-a-time’ method (Smajgl and Barreteau, 2014a). This
stage helps identify which variables exert the most significant influence
on outcomes, thereby supporting the interpretation of results.

In each parametric test, a single parameter was systematically varied
within a plausible range while all other variables were held constant at
their default values (see Table 4). Seven parametric tests (PT) were
performed with the base case scenario, each corresponding to a specific
variable: number of agents (PT1), spawn interval (PT2), number of
needs (PT3), agent size (PT4), agent radius (PT5), privacy radius (PT6)
and POI time (PT7).

For each setting, a single simulation run was conducted due to
computational feasibility. The variation of each parameter is analysed in
relation to three key output metrics: mean travel distance, mean number
of collisions and mean travel duration.

3.3.4.3. Experiments. Three simulation experiments were conducted
using the base case model. These experiments were designed to explore
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movement behaviour under variable conditions: risk level of infection
spread, operational intervention for restricted access and variations in
spatial layout.

To assess the magnitude of differences between original case (Case A
and C) and alternatives in Experiments 2 and 3, the effect sizes are
calculated using Hedge’s g. Hedge’s g standardises the mean difference
by the pooled standard deviation and corrects for small sample bias,
which is particularly appropriate for comparisons with unequal or small
sample sizes (smaller than 50).

Hedge’s g is calculated using Eq. (3), while the bias correction term is
expressed as Eq. (4):
g= Ni-y: 3)

Sp

where: y7,y; are sample means
sp is the pooled standard deviations, computed as:
S = %, s1 and s, are the sample standard deviations.
The bias correction term is
n—3 n—2
n—2.25 n

4

n is the total sample size n; + n.

Experiment 1: Potential of infection spread.

The first experiment aims to explore the potential for infection
transmission as a function of the infection prevalence and overall pop-
ulation density. Collisions within privacy radius are used as a proxy for
potential transmission events.

Two agent types are defined: infected agents and non-infected
(normal) agents. Infected agents are assigned a privacy radius of 2
units to record proximity-based collisions with normal agents, in line
with standard social distancing requirements (e.g. during the COVID
pandemic). Normal agents retain the default setting with a privacy
radius of 1 unit. The more agents that collide with infected agents, the
higher the possibility that normal agents may get infected. The simu-
lation varies both the population size (50 and 100 agents) and the
proportion of infected agents (ranging from 1 % to 20 %), as listed in
Table 5. A total of 360 simulation runs were conducted under different
combinations of agent numbers and infection ratios.

Experiment 2: Access restriction to cabin zones for quarantine or treat-
ment purpose.

This experiment investigates the impact of operational-level quar-
antine interventions on agent movement. It simulates restricted access to
designated corridor segments and cabins, reflecting a real-world quar-
antine setup scenario in which parts of the cabin area are sealed off, for
the purpose of creating a temporary quarantine or hospital/treatment
zone in health emergencies.

The modifications were applied to Case A, producing three variations

Table 5
Setting variations in Experiment 1.
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(Cases Al, A2, and A3), each implementing access restriction zones at
different positions along the corridor, illustrated in Fig. 5:

e Case Al — Restricted access at the front of the corridor
e Case A2 — Restricted access in the middle of the corridor
e Case A3 — Restricted access at the end of the corridor

In each case, 15 cabins were designated as quarantined, with access
fully blocked. This setup allows for analysis of how the spatial position of
restricted areas affects movement efficiency, overcrowding and behav-
ioural rerouting.

Experiment 3: Design Modifications.

The third experiment evaluates how spatial layout modifications
influence movement patterns. It tests the performance of three alter-
native corridor and cabin arrangements based on the original layout in
Case C.

The modifications preserve the number of outward-facing cabins
while reconfiguring only the internal cabin blocks. While the original
layout only has two parallel corridors, the three design variations are:

e Case C1 - ‘Racetrack’: A new corridor is added at the back, con-
necting the two parallel corridors.

e Case C2 - ‘Perpendicular grid’: A central corridor intersects the
parallel corridors in the middle of cabin area.

e Case C3 - ‘Tapering grid’: The central corridor is widened by rotating
inner cabins from portrait to landscape orientation.

The total number of cabins varies slightly among the layouts: 42
cabins in Case C1, 40 in Case C2 and 39 in Case C3. The layouts are
detailed in Fig. 6.

4. Results: Verification and parametric test
4.1. Verification test

4.1.1. Verifying the simulation results

The verification tests confirm that the modelling tool exhibits a
reasonable degree of internal consistency. Fig. 7 illustrates the average
output values from each simulation run across three cases under two
scenarios, while detailed descriptive statistics are provided in Appendix
B.

Among the three output metrics, average distance shows the least
variability, with narrow interquartile ranges and low standard de-
viations. In contrast, both average number of collisions and average
duration show greater fluctuation across simulation runs, as indicated
by the presence of outliers, wider output ranges and higher standard
deviations.

To further assess output stability, two comparative measures were
used: (1) the range-to-mean ratio and (2) the coefficient of variation.

Infected agent proportions (%)

Number of Infected agents Number of normal agents

Experiment 1 Case
Total number of agents = 50 Case A, B, C 2%
Total number of agents = 50 Case A, B, C 4%
Total number of agents = 50 Case A, B, C 8 %
Total number of agents = 50 Case A, B, C 10 %
Total number of agents = 50 Case A, B, C 20 %
Total number of agents = 100 Case A, B, C 1%
Total number of agents = 100 Case A, B, C 2%
Total number of agents = 100 Case A, B, C 4%
Total number of agents = 100 Case A, B, C 5%
Total number of agents = 100 Case A, B, C 8%
Total number of agents = 100 Case A, B, C 10 %
Total number of agents = 100 Case A, B, C 20 %
Note:

49
48
46
45
40
99
98
96
95
92
90
20 80
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o

Privacy radius of infected agents is 2; privacy radius of normal agents is 1
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Fig. 5. Deck plans of Experiment 2.
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Fig. 6. Deck plans of Experiment 3.

Across all output metrics, the range-to-mean ratio, as a relative measure
of data spread, falls between 8.55 % and 48.28 %. The coefficient
variation, which reflects variability relative to the mean, ranges from
2.17 % to 12.78 %. These measures consistently confirm that the
average distance is the most stable and reliable output, with relatively
low sensitivity to stochastic variation. In contrast, the number of

10

collisions and duration are more volatile, particularly in Case C, which
shows the highest relative variation among all cases. The observed
variability remains within an acceptable range when compared to
findings reported in previous studies (Yu, 2023).

Fig. 8 shows the distribution of individual-level agent outputs, based
on 5,000 agents per case-scenario combination. A Shapiro-Wilk test was
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Fig. 7. Results of verification test in box plot, the average values of each simulation (n = 50): (a) Mean distance; (b) Mean number of collisions; (¢) Mean duration.
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Fig. 8. Results of verification test in histogram, the distribution of distance, number of collisions and duration for each agent, in two different scenarios (nagent =

5000 in 50 simulation runs in each diagram).

conducted to assess the normality of the distributions for all three
metrics across 18 combinations. However, all p-values are very signifi-
cant (p < 0.05) across all cases, indicating that none of the output dis-
tributions follow a normal distribution. This observation is different
from previous study which assumes the outputs follow a Gaussian dis-
tribution for further comparison (e.g. Yu, 2023).

To investigate potential interdependencies between the output
metrics, Fig. 9 explores three pairwise relationships: distance vs. number
of collisions, duration vs. number of collisions and duration vs. distance.
Pearson correlation coefficients indicate statistically significant positive
correlations in all three cases (p < 0.05). The strongest correlation is

11

observed between duration and distance (r = 0.63), followed by dura-
tion and collisions (r = 0.59). The relationship between distance and
collisions is notably weaker (r = 0.30). Linear trend lines plotted by case
further reveal that Case C consistently exhibits steeper slopes across all
three pairs, suggesting a heightened sensitivity of its output dynamics.

4.1.2. Observations of the movement pattern

After demonstrating the consistency and robustness of the model, the
verification test results also allow for analysis of emergent movement
patterns under different scenarios in different cases.

A comparison between the base and dining scenarios reveals that the
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Fig. 9. Pair-wise relationships of three output metrics in verification test (nagenc = 30000 in 300 simulation runs in each diagram).
Table 6
Spatial characteristics of the three decks.
Case A (studied area) Case B Case C
Calculated metrics Occupancy density 70.45 m? per agent (whole deck) 38.76 m? per agent 24.75 m? per agent
(Number of agents = 100) 36.87 m? per agent (studied area)
Shape Index 1.67 (whole deck) 1.63 1.60
1.37 (studied area)
Compactness ratio 0.11 (whole deck) 0.12 0.12
0.17 (studied area)
Ratio: Corridor-to-cabin 0.24 0.18 0.19
Ratio: Public-to-private (cabins) 0.87 2.62 2.28
Space syntax metrics Connectivity 57.38 217.99 127.61
(Average) Isovist area 72.77 216.77 132.26
Through vision 437.20 3874.43 1153.83
Visual integration 19.57 7.04 179.57
Base Case Dining Case
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Fig. 10. Results of verification test: Kernel Density Estimation heat map (n = 50 in each diagram).
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introduction of dining activities significantly alters movement dy-
namics. As shown in Fig. 7 and 10, the dining scenario has increased
travel distances, durations and collisions, also produces greater vari-
ability in number of collisions. This is likely due to agents needing to
travel longer to access dining areas, which modifies their random walk
patterns, leading to localised congestion and longer time spent at dining
seats. The increased collisions from congestions and overcrowding are
particularly apparent for Case C.

Table 6 summarises the spatial characteristics of the three case
studies. The studied area in Case A demonstrates a mid-range occupancy
density and a higher corridor proportion, but a lower public-to-private
space ratio. Case B features greater openness and connectivity, with a
large public-to-private space ratio and longer visual and movement
lines. In contrast, Case C has a dense and compact layout, with the
lowest amount of space per agent and more concentrated visibility.

Each case study presents distinctive features that shape movement
pattern. Case A supports efficient circulation within a more private and
navigable environment. It records the fewest collisions in the base case
and exhibits shorter and more stable movement durations and distances,
particularly in the dining scenario. Case B exhibits the most expansive
spatial structure, with greater visual openness and stronger connectiv-
ity. The longer movement paths directly result in higher travel distances
and durations, especially when agents move toward the dining area. The
large dining area effectively reduces the number of collisions during
dining. Case C, as the most compact deck layout, is densely populated
and shows the lowest travel distance and duration in the base case. It has
very high collisions in both scenarios, possibly due to limited corridor
area and high visual integration, which may concentrate movement into
narrow pathways. The high mean duration and collisions in the dining
case also indicates navigational complexity. Collision data show high
variability, possibly reflecting congestion and overcrowding in some
simulations — indicative of spatial pressure.

From the KDE maps (Fig. 10), corridors consistently emerge as highly
concentrated areas of movement, aligning with findings in other con-
texts such as office environments (Pan et al., 2021). Corridor widths
around cabin areas in each deck plan vary slightly: in Case A, the widest
section reaches approximately 3 m, while the narrowest is about 1.3 m.
In Case B, corridor widths range from 0.8 m to 1.5 m, whereas in Case C,
corridors are slightly narrower, averaging around 1.25 m. Bottlenecks
typically occur at junctions where corridors intersect or merge, partic-
ularly where agents transition from cabin to public areas.

Additional congestion is observed at restaurant entrances, especially
in Cases A and C. In contrast, Case B — featuring the largest dining area
— records the lowest collision rates during dining. This may be attrib-
uted to its open-plan layout, where no specific restaurant entrance is
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Table 7
Regression relationship in PT1.
Slope Intercept R- p-value
squared

Mean distance Case 0.04 123.28 0.12 0.00
A (significant)

Case 0.16 109.40 0.60 0.00
B (significant)

Case 0.13 88.66 0.49 0.00
C (significant)

Mean number of Case 0.50 24.02 0.80 0.00
collisions A (significant)

Case 1.22 -32.40 0.81 0.00
B (significant)

Case 1.18 6.59 0.75 0.00
C (significant)

Mean duration Case 0.78 187.90 0.50 0.00
A (significant)

Case 1.18 182.64 0.49 0.00
B (significant)

Case 0.92 146.28 0.72 0.00
C (significant)

defined, thereby avoiding bottlenecks.

Overall, the spatial logic embedded in each case — ranging from
corridor provision and density to visibility and public/private ratios —
helps explain the emergent movement patterns captured in the
simulations.

4.2. Parametric test

The parametric tests were conducted to understand the sensitivity of
model outputs to changes in input parameters. The parametric tests
validate that these outputs align with expected behavioural patterns in
most cases.

Fig. 11 presents the results of PT1, in which linear regression was
used to estimate the relationship between the number of agents and the
mean values of three output metrics. Descriptive statistics for the
regression models are provided in Table 7. A clear linear relationship is
observed, particularly between the number of agents and the number of
collisions, with relatively large slopes and high R-squared values
(ranging from 0.75 to 0.81). This indicates that an increase in agent
population directly leads to more frequent collisions, as expected. At the
same time, the relationships between the number of agents and the other
two output metrics — mean travel distance and duration — are relatively
moderate, with lower explanatory power, as reflected in the reduced R-

(c) Number of agents and mean duration
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Fig. 11. Parametric test 1, the relationship between the number of agents and the average values of each simulation: (a) Number of agents and mean distance; (b)
Number of agents and mean number of collisions; (c) Number of agents and mean duration.
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Fig. 12. Parametric test 2 to 7, the relationship between parameters and the average values of each simulation.

squared values.

Fig. 12 illustrates the outcomes of PT2 to PT7, showing the re-
lationships between various parameter values and the average output
metrics across all three case studies, under the base scenario. Error bars
represent 95 % confidence intervals to enhance the robustness of
interpretation, given that each simulation was only repeated once.

Several observations can be drawn from Fig. 12. An increase in the
spawn interval reduces the number of collisions but increases the
average travel duration, reflecting reduced overcrowding when agents
are generated at longer intervals. A higher number of needs consistently
leads to increases in all three output metrics, as agents must fulfil more
tasks and visit additional POIs. Increasing the agent radius significantly
raises travel duration and distance, which is likely due to agents main-
taining larger personal buffers to avoid one another, while reducing the
likelihood of direct contact. The number of collisions shows a direct
correlation with the privacy radius, as it is the primary attribute used to

(a) Experiment 1, total number of agent = 100
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detect collisions, while its effect on the other two metrics remains
limited. The influence of agent size and POI time on output metrics
appears limited across the tested range of values. Appendix C shows the
descriptive results of all PTs for further details.

As a summary, the results from the parametric tests confirm that the
model behaves in accordance with theoretical expectations, demon-
strating internal validity and reinforcing confidence in the reliability of
the simulation framework.

5. Results: Experiments
5.1. Experiment 1: Potential of infection spread
The results of Experiment 1 demonstrate how varying levels of

infected agents impact collision rates. The linear regression plots in
Fig. 13 reveal strong linear relationships between the number of infected

(b) Experiment 1, total number of agent = 50

Ship
uvs
CO4
CC5

4

5 8 10

Number of Infected Agents

Fig. 13. Results of Experiment 1, relationship between number of infected agents and collisions between infected agents and normal agents: (a) when total number of
agents in each simulation is 100; (b) when total number of agents in each simulation is 50.
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Table 8
Regression relationship in Experiment 1.
Slope Intercept R- p-value
squared
Total agent Case 179.65 —35.59 0.950 0.00
number =100 A (significant)
Case 226.03 93.74 0.945 0.00
B (significant)
Case 336.01 —25.63 0.912 0.00
C (significant)
Total agent Case 106.57 2.02 0.876 0.00
number = 50 A (significant)
Case 100.37 65.60 0.899 0.00
B (significant)
Case 154.93 —8.47 0.894 0.00
(¢ (significant)

agents and the number of collisions with normal agents, with very high
R-squared values. All the R-squared values are over 0.87, as reported in
Table 8, indicating that increases in collision rates are largely attribut-
able to higher proportions of infected agents.

Moreover, when the total agent population is doubled from 50 to
100, the number of collisions increases at a disproportionately higher
rate. For instance, at 20 % infection, the number of collisions in the 100-
agent scenario is more than four times that of the 50-agent scenario. This
suggests that in denser environments, the collisions — and by extension,
the potential for disease transmission — escalates significantly. When the
population of agents is halved by quarantine measures, the reduction in
infection risk is dramatically reduced to a quarter.

5.2. Experiment 2: Access restriction to cabin zones for quarantine or
treatment purpose

This experiment evaluates the impact of operational quarantine
measures — implemented as restricted access at different parts along the
corridor — on movement patterns in Case A. The baseline (Case A, here
referred to as Experiment 2) is compared with three modified configu-
rations: Case Al (Experiment 2a), Case A2 (2b), and Case A3 (2c), where
access is restricted at the front, middle and end of the corridor
respectively.

(@) Mean distance (n=10)
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Fig. 14 presents the output metrics as box plots, and Fig. 15 shows
the spatial patterns of agent movement using KDE heat maps. Descrip-
tive statistics are included in Appendix D.

Case Al (Experiment 2a), with restricted access at the front of the
corridor, results in the highest average distance, duration and number of
collisions. This indicates that this restriction forces agents to take longer
detours, leading to concentrated traffic on the other corridor. The result
is increased congestion and a significantly higher risk of infection spread
via collisions. Case A2 (2b) shows moderate increases in collisions and
duration compared to the baseline, while average distance remains close
to the baseline. This suggests that mid-corridor restriction leads to
partial rerouting, creating localised congestion without substantially
elongating routes. Notably, travel duration in A2 is highly variable with
a large range, indicating that agents may face varied routing strategies
and uneven congestion. Case A3 (2c) reaches the most efficient out-
comes, with a notable reduction in travel distance, duration and number
of collisions. This configuration appears to minimise unnecessary re-
routing, reducing crowding without disrupting general circulation.
KDE map also shows more even distribution of traffic, avoiding hotspots.
The measurements (Hedge’s g) of effect size are shown in Table 9.

The location of restriction zones has a substantial effect on both
movement efficiency and potential transmission risks. Poorly arranged
restrictions — particularly those placed near primary access points — can
exacerbate congestion and increase exposure time. In contrast, end-
point restrictions demonstrate potential as a low-disruption strategy
that reduces both movement time and interpersonal contact, thereby
minimising risk of infection spread. These findings validate the impor-
tance of spatially sensitive quarantine and on-board hospital planning in
confined environments.

5.3. Experiment 3: Design alterations

This experiment investigates how three cabin layout variants (C1 —
Perpendicular grid, C2 — Tapered grid and C3 - Racetrack) affect
movement patterns compared to the original plan (Case C). As the
changes involve only modest adjustments to the internal cabin ar-
rangements, the overall spatial features and ABM outputs exhibit rela-
tively small variations across the four cases. Experiments 3a, 3b and 3¢
correspond to Cases C1, C2 and C3 respectively, with Case C (Experi-
ment 3 baseline) serving as the reference for comparison. The results are
summarised in Fig. 16 (box plots) and Fig. 17 (KDE heatmaps).

(c) Mean duration (n=10)
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Fig. 14. Results of Experiment 2 in box plot, the average values of each simulation (n = 10): (a) Mean distance; (b) Mean number of collisions; (c) Mean duration.
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Fig. 15. Results of experiment 2: Kernel Density Estimation heat map (n = 10 in each diagram).

Table 9
Effect size (Hedge’s g) of the cases in experiments 2 and 3.

Output metrics Travel distance

Number of collisions Travel duration

Experiment Control  Alternative  Hedge’sg  Bias-corrected Hedge’sg  Hedge’sg  Bias-corrected Hedge’sg  Hedge’sg  Bias-corrected Hedge’s g
Experiment 2 A Al —6.10 —5.54 —6.17 —5.61 —2.82 —2.56

A A2 0.57 0.52 -2.29 —2.08 —-1.43 -1.30

A A3 5.74 5.22 0.39 0.35 1.35 1.23
Experiment 3 C C1 —0.58 —0.52 0.61 0.55 —0.47 -0.43

C Cc2 —-0.16 —-0.15 0.60 0.55 —-0.23 -0.21

C Cc3 -0.76 —0.69 0.57 0.52 0.03 0.03

Case C (original) yields the highest average number of collisions and
the shortest average travel distance. All three design variants demon-
strate a reduction in collisions, with a slight increase in travel distance.
Among the alternatives, Case C2 (Perpendicular grid) achieves the
lowest mean number of collisions, though with greater variability across
simulations. In contrast, Case C3 (Tapering grid) exhibits more consis-
tent performance, with lower overall range of collisions and a slightly
longer average travel distance. C3 is the most connected case among all
four with highest spatial connectivity (as indicated in Table 10). The
Tapering grid reduces the concentration around corridors and distrib-
utes movement flows more evenly by widening the front part of the
corridor. Case C1, by comparison, appears less effective, where the rear
corridor is underused, limiting the benefit of added circulation space.

Modest design adjustments to internal corridor connectivity can lead
to improvements in circulation and risk mitigation. The Perpendicular
grid layout (C2) appears to provide the most effective balance between
movement efficiency and reduced collisions, while all three variants
show slight improvements over the baseline. Adding an additional
corridor between two parallel corridors as an extra connection creates
alternative routing options that may reduce crowd density and infection
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risk, albeit at the cost of some cabin spaces.
6. Discussions and conclusions

This study applies ABM to investigate how passenger movement
dynamics — and, by extension, the risk of communicable disease trans-
mission, particularly airborne pathogens are shaped by spatial config-
uration and operational strategies on a cruise ship deck. Through a
structured set of tests and experiments, the study offers an evaluation
framework and the factors influencing movement patterns.

While CFD and Wells-Riley models are valuable for estimating
airborne transmission concentration and exposure (Bazant and Bush,
2021), ABM in this study is positioned as complementary to airflow-
based modelling rather than as a substitute, as it captures the behav-
ioural component of how people move, interact and crowd in a spatial
layout. CFD studies on airborne transmission of infection show that
ventilation and airflow influence susceptibility by altering the intensity
of contaminant concentration. Using global interpersonal distance dis-
tributions as a reference, infection risk rises sharply as people move into
closer proximity. At intimate distances around 0.56 m (where collision
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g. 16. Results of Experiment 3 in box plot, the average values of each simulation (n = 10): (a) Mean distance; (b) Mean number of collisions; (c) Mean duration.
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Fig. 17. Results of Experiment 3: Kernel Density Estimation heat map (n = 10 in each diagram).
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Table 10
Spatial characteristics of the plans in Experiment 3.

Travel Behaviour and Society 43 (2026) 101232

Experiment 3 (Case C, Parallel)

Experiment 3a
(Case C1, Racetrack)

Experiment 3b
(Case C2, Perpendicular grid)

Experiment 3c
(Case C3, Tapering grid)

Total: 42
Inner cabin: 18
Outer cabin: 24

Number of cabins

Space syntax metrics Connectivity 127.606
Isovist area 132.262
Through vision 1153.83
Visual integration 179.567

Total: 42
Inner cabin: 18
Outer cabin: 24

Total: 39
Inner cabin: 15
Outer cabin: 24

Total: 40
Inner cabin: 16
Outer cabin: 24

129.371 127.31 131.953

134.011 134.644 135.615
1170.55 1150.02 1198.83

204.735 226.782 206.431

can happen), the average risk exceeds 1 percent within only one minute
of exposure, and even a ten second interaction carries a risk of about 0.2
percent (Cortellessa et al., 2021). ABM’s key strength lies in its ability to
simulate emergent phenomena arising from individual-level behaviours
with a flexible modelling framework (Smajgl and Barreteau, 2014b),
making it a powerful tool to assess system-level implications of design
and operation decisions (Cotfas et al., 2023). This manuscript links
spatial analysis with simulation outcomes to explain possible mobility
patterns based on behavioural and spatial design.

While previous studies on cruise ship health risks have focused pri-
marily on isolated functional spaces, such as restaurants (Triantafyllou
et al., 2024a, 2024b) or cabins (Christakis and Drikakis, 2024), this
study takes a more integrated approach — modelling horizontal circu-
lation across the entire deck. This provides more holistic insights into
how potential disease transmission may occur through routine move-
ment and collisions.

Unlike evacuation-focused ABM simulations on cruise ships that
typically aim to minimise evacuation time and maximise the number of
evacuees (Cotfas et al., 2023; Firdhaus et al., 2023; Yue et al., 2022), this
study adopts a dynamic interpretation of performance metrics instead of
an absolute judgement on metrics. Travel duration and distance are not
always negatively valued; longer paths may sometimes help reduce
contact. However, in the context of communicable diseases trans-
mission, the number of collisions — moments of spatial proximity be-
tween agents — serves as a risk proxy and is assumed to correlate with
higher transmission potential, which would undermine health outcomes
and potentially impose higher health risks for cruise ships.

This study highlights the role of design parameters in shaping human
mobility in cruise ships, which is a topic that hasn’t been addressed in
previous research. The analysis confirms that density is a risk multiplier:
denser environments lead to a significantly higher number of collisions,
validated in the verification test, parametric tests (in PT1) and Experi-
ment 1. In addition, operational interventions, such as restricting access
to certain areas, can either mitigate or exacerbate crowding — depend-
ing heavily on their location and implementation strategy. The findings
point to the value of a dual approach to infection mitigation: combining
design-based resilience (passive control through spatial configuration
and circulation networks) with operational control (active regulation of
flow, density and space access).

Traditional epidemiological approaches to understanding disease
transmission in confined environments are centred on contact tracing
models. These models focus on person-to-person interactions, mapping
social networks and tracing individual proximities and adjacencies to
identify and interrupt transmission chains. While these are effective in
providing insight into behavioural vectors of infection, contact tracing
often abstracts away the spatial contexts in which interactions occur.
Yet, spatial dynamics situates transmission not just in human networks,
but within the built environment that mediates these networks. Spatial
design plays a confounding role in shaping human behaviour and
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proxemics that influence infection dynamics. Circulation routes, spatial
connectivity, ventilation pathways and enclosure geometries can either
amplify or attenuate the likelihood of transmission. This study high-
lights the role of spatial configuration as a non-pharmaceutical, passive
prevention mechanism, which remains underrepresented in public
health literature. Unlike active interventions such as vaccination, testing
or mask-wearing (Mosleh et al., 2024), spatial interventions work
continuously through the arrangement of space that modifies exposure
risk.

Summary of findings.

This study positions spatial design as an active agent in infection
dynamics which could enrich epidemiological models of infection
spread. By integrating spatial modelling into epidemiological simula-
tion, we demonstrate that architectural decisions such as corridor
design, location of shared amenities or strategies for zoning and quar-
antine can materially alter the trajectory of infection spread. We sum-
marise key insights from the study:

e Verification tests revealed that function clustering and single-
corridor layouts create flow bottlenecks. Two-corridor structures in
public area (e.g. Case B), with a higher proportion of public space
around the deck, are generally more effective in dispersing move-
ment and reducing collisions. The entrance to dining spaces always
tends to be the hotspots, which require further attention in order to
divert the flow.

Compact layouts (e.g. Case C) exacerbate collision risk during high-

demand periods with directive walking (e.g. dining), suggesting that

such layouts require complementary strategies to manage the
movement flow, such as staggered access or widened corridors.

Enforcing social distancing, modelled by increasing the agent radius

to simulate avoidance behaviour, led to a reduction in collisions, but

also resulted in longer travel times and distances (as shown in PT5).

While such measures may lower transmission risk in principle, their

real-world effectiveness would depend heavily on passenger

compliance and enforcement feasibility.

Experiment 1 confirmed a near-linear relationship between infection

rates and collision frequency. As the proportion of infected agents

increases, collisions involving infected individuals rise sharply,
reinforcing the importance of density management as a disease
control strategy.

e Experiment 2 evaluated different quarantine or hospital zone
placements. It showed that the location of such zones can signifi-
cantly affect circulation patterns. Poorly placed restrictions increase
risk by forcing rerouting and concentrating movement elsewhere.
Mid- and rear-placed zones (Cases A2 and A3) performed better than
front-placed zones (Al) in terms of reducing collisions and travel
disruption.

e Experiment 3 assessed design variations in cabin layouts. While the
effects of these spatial reconfigurations were less pronounced than
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those from operational changes, improvements were still observed.
Adding a vertical corridor or widening corridors reduced collision
frequency, though such interventions require trade-offs with cabin
density. More creative layout strategies are needed to balance ca-
pacity and health outcomes.

Real-world implications.

While the simulations show that spatial design interventions such as
widening corridors or increasing connectivity can reduce collision rates,
in practice such interventions may face commercial trade-offs. Wider
corridors might reduce cabin capacity and thereby impact revenue-per-
square-meter, whilst retrofitting existing vessels may be difficult and
expensive. Industry stakeholders could perform a cost-benefit analysis
when considering layout modifications, considering both health resil-
ience and financial viability.

The findings have direct relevance for cruise industry governance
and regulation. Specifically, associations such as Cruise Lines Interna-
tional Association and regulatory bodies such as the International
Maritime Organization may incorporate spatial-design principles (e.g.
circulation connectivity, corridor width) into their health and safety
guidelines. Embedding evidence-based design strategies as part of ship
planning or refurbishment could form a passive, non-pharmaceutical
layer of disease risk mitigation.

Limitations of the study and future research.

There are several limitations of this study. Firstly, it is essential to
acknowledge that ABM is inherently stochastic and sensitive to initial
conditions, though repeated simulations and verification tests were used
to mitigate volatility within computational limits. Secondly, the
behavioural model is relatively simple and does not yet incorporate
queuing, social force, dynamic decision-making or nuanced interper-
sonal avoidance strategies. The simplified movement structure enables
transparent sensitivity testing across architectural and operational
configurations, while more detailed behavioural settings would require
context-specific data to support assumptions and input data. There is a
lack of empirical movement data for calibration, and only horizontal
movement on a single deck was modelled — vertical circulation across
between decks remains an open area for further work, as addressed in
building design optimisation (Dubey et al., 2020; Gath-Morad et al.,
2021). The vertical circulation spaces like staircase and elevators could
also be seen as transmission hotspots that require more attention.
Moreover, while collisions within 1 m serve as a useful proxy for
exposure and potential transmission probability, integrating an infec-
tion transmission model would strengthen epidemiological validity
(Srinivasan et al., 2024). Although 1 m is the recommendation for
physical distancing for reducing COVID-19 transmission (WHO, 2025),
the effective radius may vary considerably depending on pathogen-
specific properties (e.g. viral load, particle size) and environmental
factors such as ventilation, humidity and air currents (Scientific Advi-
sory Group for Emergencies, 2020). Also, the case studies were informed
by the project consortium and reflect realistic layouts but are not
exhaustive of all possible deck configurations.

Future research could enrich the model with more detailed behav-
ioural and environmental data, test dynamic or adaptive operational
policies, simulate cross-deck movement, test different layouts for
various activities and functions (such as mixed-used decks, cabin only
decks and public decks), calibrate the model with empirical data and
apply multi-objective optimisation techniques to evaluate trade-offs
between efficiency, health safety and spatial capacity for deck plans.
Ideally, future research would incorporate video-tracking or anony-
mised passenger mobility data to strengthen calibration and validate
close-contact assumptions, to benchmark the indoor crowd movement
(Zhao et al., 2021). This study provides a proof of concept of risk
mapping as a parameter for infection proofing ship design. The frame-
work could also be extended by integrating a Wells-Riley or other
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probabilistic infection model to more accurately represent exposure
from aerosolised pathogens (Xue et al., 2024).

In addition, this study models fundamental scenarios and experi-
ments with the quarantine intervention in a static form with fixed
corridor closures, but real-world situations can be more dynamic and
would require further study. Future work should consider different
scenarios like trigger-based activation (e.g. upon symptom detection),
zoning strategies (deck-level or corridor-level), capacity-based overflow
and dedicated staff-only circulation routes. These operational extensions
could more closely reflect how cruise lines respond to health emergen-
cies in practice.

Overall, this study demonstrates that ABM can serve as a powerful
tool for evidence-based design and operations planning in maritime
environments and hospitality, especially in health emergencies. The
findings contribute directly to the broader goal of promoting safe,
healthy and resilient cruise ship travel. The approach offers a practical
way to translate scientific understanding into best practices for infec-
tious disease mitigation in the complex, high-density environments like
cruise ships or hospitality environments with similar.
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Appendix A. Space syntax statistics

Al Space syntax descriptives of three cases.

Travel Behaviour and Society 43 (2026) 101232

Caes A Case A (studied area) Case B Case C
Count of grids 4230 2728 3508 1863
Connectivity Average 181.59 57.38 217.99 127.61
Min 0.00 0.00 0.00 0.00
Max 797.00 315.00 832.00 375.00
Std 230.04 61.31 205.93 122.79
Isovist area Average 141.97 72.77 216.77 132.26
Min 0.07 0.04 0.01 0.03
Max 1230.01 1230.01 817.51 400.66
Std 166.69 127.99 206.64 128.01
Through vision Average 2071.95 437.20 3874.43 1153.83
Min 9.00 0.00 0.00 0.00
Max 19088.00 4736.00 26878.00 7189.00
Std 4027.05 839.09 5712.87 1653.10
Visual integration Average 16.31 19.57 7.04 179.57
Min 1.67 1.95 1.73 2.56
Max 780.36 780.36 96.87 2248.46
Std 37.62 55.10 7.89 370.29
A2 Space syntax descriptives of three design alterations in Experiment 3 (EXP3).
Whole deck Alteration part only
Experiment3  Experiment Experiment 3b Experiment Experiment3  Experiment Experiment 3b Experiment
(Case C, 3a(Case C1, (Case C2, 3c(Case C3, (Case C, 3a(Case C1, (Case C2, 3c(Case C3,
Parallel) Racetrack) Perpendicular Tapering Parallel) Racetrack) Perpendicular Tapering
grid) grid) grid) grid)
Countof 1863 1853 1849 1845 731 728 724 722
grids
Connectivity =~ Average  127.61 129.37 127.31 131.95 18.52 17.78 17.73 21.47
Min 0.00 0.00 0.00 0.00 0.00 4.00 0.00 0.00
Max 375.00 375.00 375.00 375.00 90.00 85.00 86.00 101.00
Std 122.79 122.79 120.61 122.76 13.67 13.14 14.32 18.64
Isovist area Average  132.26 134.01 134.64 135.62 21.66 21.13 33.69 24.28
Min 0.03 0.00 0.03 0.03 0.03 0.48 0.07 0.07
Max 400.66 400.66 625.62 402.79 141.57 142.45 625.62 142.81
Std 128.01 127.53 130.54 127.64 21.93 21.60 70.28 24.30
Through Average 1153.83 1170.55 1150.02 1198.83 88.80 86.02 89.60 125.38
vision Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Max 7189.00 7241.00 7153.00 7285.00 840.00 800.00 832.00 1040.00
Std 1653.10 1659.28 1621.40 1671.51 195.37 188.73 192.81 253.20
Visual Average  179.57 204.74 226.78 206.43 5.92 5.48 5.27 5.47
integration ~ Min 2.56 0.21 2.53 2.54 3.69 3.68 3.57 3.93
Max 2248.46 1612.34 1570.27 1619.37 14.67 12.59 10.82 11.03
Std 370.29 433.50 495.45 459.57 2.16 1.70 1.39 1.29
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Appendix B. Verification test results

Base case Dinning case

Average value per agent in each simulation run Average value per agent in each simulation run

Average distance Average number of collisions  Average duration Average distance Average number of collisions  Average duration
Case CaseA CaseB CaseC CaseA CaseB CaseC CaseA CaseB CaseC CaseA CaseB CaseC CaseA CaseB CaseC Case A CaseB CaseC
Number of agents 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Count(number of 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50

simulation runs)

Range 17.58 16.78 16.90 25.06 36.94 55.38 93.62 113.74 81.79 12.98 21.18 16.73 72.50 59.86 137.40 57.71 82.85 110.71
Mean 125.64 124.86 101.44 70.08 83.10 118.48 261.95 275.52 243.99 146.68 215.94 195.76 176.32 124.00 286.11 286.51 399.07 413.53
Standard Deviation 3.76 3.69 3.71 6.24 7.96 12.56 18.12 27.77 17.76 3.20 5.14 4.24 15.56 12.60 36.57 13.55 20.84 23.33
% (Range/Mean) 1399 % 13.44% 16.66% 3576% 44.45% 46.74% 35.74% 41.28% 33.52% 885% 9.81% 855% 41.12% 48.28% 48.02% 20.14% 20.76 % 26.77 %
Coefficient of variation (Std/Mean) 2.99 % 2.96 % 3.66% 891 % 9.57 % 10.60 % 6.92 % 10.08% 7.28% 218% 238% 217% 8.82% 10.16 % 12.78 % 4.73 % 522% 5.64%
Min 116.22 117.43 91.99 57.76 67.50 94.70 219.74 229.14 202.61 139.76 207.22 186.61 142.14 96.16 222.88 263.77 354.92 348.54
25 % 123.60 122.51 99.11 65.53 77.66 111.33 250.42 256.14 232.87 144.45 212.21 19298 166.47 115.42 259.36 278.13 384.26 395.42
50 % 125.65 124.70 101.92 69.88 82.72 116.12 258.65 270.31 242.55 146.40 216.04 195.86 176.41 122.54 290.53 284.23 401.93 414.57
75 % 128.49 126.84 103.71 75.38 87.92 125.42 273.05 299.72 255.14 149.03 219.05 199.24 185.06 130.52 312.89 292.15 413.75 427.76
Max 133.80 134.21 108.89 82.82 104.44 150.08 313.36 342.87 284.40 152.74 228.40 203.34 214.64 156.02 360.28 321.48 437.78 459.24
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Appendix C. Parametric test

Table C1 Results of PT1.

Total values in each simulation run Average per agent in each simulation run
Number of Sum of Total number of Sum of Average Average number of Average
agents distance collisions duration distance collisions duration
Case A 100 12812.10 7422.00 28160.77 128.12 74.22 281.61
150 19661.95 15392.00 45697.37 131.08 102.61 304.65
200 26111.58 23944.00 69336.53 130.56 119.72 346.68
Case B 100 12805.53 9310.00 30613.70 128.06 93.10 306.14
150 20007.80 22236.00 53091.59 133.39 148.24 353.94
200 27692.14 39830.00 84477.40 138.46 199.15 422.39
Case C 100 9908.57 11060.00 23118.18 99.09 110.60 231.18
150 17136.48 32294.00 41057.71 114.24 215.29 273.72
200 23009.44 48876.00 64246.05 115.05 244.38 321.23

Table C2 Results of PT2 to PT 7.

Case A Case B Case C
Parameter Average Average Average Average Average Average Average Average Average
distance number of duration distance number of duration distance number of duration
collisions collisions collisions
PT2 Spawn 1 128.73 72.28 291.89 124.25 92.12 282.37 97.47 108.36 236.15
interval 2 122.50 42.72 277.88 127.03 76.62 322.25 101.16 82.80 268.72
3 124.92 35.62 321.97 126.12 50.70 365.23 92.66 44.80 303.43
4 116.97 23.36 371.63 125.75 48.42 402.38 91.70 34.40 339.14
5 119.99 21.70 412.14 125.49 29.60 404.12 96.18 31.60 378.97
PT3 Number 1 121.34 80.18 280.95 126.24 83.64 260.94 102.84 124.86 275.65
of needs 2 140.47 78.98 297.76 145.10 68.78 298.25 122.49 140.80 278.25
3 160.51 115.90 330.76 164.97 80.44 278.62 139.20 124.60 300.74
4 172.00 117.80 342.67 181.98 92.64 305.05 163.43 167.52 376.73
5 190.17 203.58 413.09 214.17 114.66 393.75 196.85 242.56 387.30
PT4 Agent 0.6 12290 71.72 244.99 121.59 89.28 228.47 95.24 109.60 225.53
size 0.7 118.53 70.18 240.32 123.44 88.86 270.29 101.92 141.60 216.70
0.8 127.77 77.54 235.29 126.25 83.72 327.10 100.58 129.24 256.96
0.9 12255 55.60 293.89 128.21 73.52 296.42 101.44 114.58 232.19
1 131.55 30.56 246.37 129.75 46.38 274.62 107.37 72.10 265.91
PT5 Agent 0.1 114.70 54.14 211.96 110.19 78.80 223.34 85.61 84.76 172.18
radius 0.2 118.17 71.23 226.52 117.46 84.18 237.70 81.38 76.90 190.92
0.3  122.60 76.88 255.72 114.04 86.24 216.47 90.32 113.94 209.35
0.4 12218 73.90 259.29 122.37 98.40 245.70 98.87 123.84 192.24
0.5 121.81 67.56 272.92 125.50 95.82 280.76 101.30 112.36 233.70
0.6 131.10 49.26 263.09 136.22 74.70 293.55 106.59 88.52 248.84
0.7 13251 11.94 266.85 134.70 20.28 297.85 133.40 54.00 328.58
0.8 138.88 7.72 268.94 148.48 23.26 380.14 135.92 65.42 350.87
0.9 151.94 16.28 379.37 154.99 27.74 323.39 159.87 55.84 395.02
1.0 157.63 14.96 320.11 166.44 30.30 386.38 195.30 77.46 531.11
PT6 Privacy 0.5 119.00 0.92 244.65 122.58 1.18 286.82 95.93 3.10 225.95
radius 0.6 126.70 2.82 278.87 119.30 1.24 260.41 104.35 6.22 252.74
0.7  120.98 1.96 261.90 127.00 4.32 276.89 102.63 7.84 260.13
0.8 124.81 27.94 260.41 121.71 29.20 253.23 98.87 45.18 224.13
0.9 124.81 41.64 254.23 126.82 63.88 285.72 102.01 112.24 245.93
1.0 124.41 64.20 243.19 127.13 92.20 291.50 96.99 115.06 246.55
1.1 122.57 91.30 255.97 128.27 108.22 279.51 100.34 153.62 227.75
1.2 125.43 114.26 236.71 122.85 164.56 330.94 103.79 185.08 251.34
1.3 130.18 115.14 237.76 124.18 155.52 259.84 99.29 180.10 253.01
1.4 127.51 156.60 255.15 126.38 148.42 269.09 102.66 248.96 248.46
1.5 12275 159.88 236.72 123.10 193.72 337.15 102.27 235.66 234.05
1.6 124.23 165.18 268.28 129.59 214.30 302.78 103.61 286.06 273.08
1.7 120.59 172.24 265.55 131.69 225.34 303.67 97.68 289.94 217.02
1.8 117.77 182.84 235.43 118.70 224.36 294.45 104.78 384.02 263.35
1.9 123.20 208.40 254.92 129.55 275.90 266.68 105.12 398.68 232.95
2.0 129.36 282.74 226.33 122.55 272.61 308.99 95.40 367.73 248.72
PT7 POI Time 1 126.71 67.88 261.45 124.39 89.23 345.93 104.70 130.70 257.92

(continued on next page)
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(continued)
Case A Case B Case C
Parameter Average Average Average Average Average Average Average Average Average
distance number of duration distance number of duration distance number of duration
collisions collisions collisions
2 116.06 67.22 245.53 123.53 81.66 245.03 104.45 134.48 231.97
3 128.29 67.80 260.50 131.69 90.22 323.15 103.28 129.28 248.91
4 121.90 75.66 255.62 125.47 100.69 300.39 95.75 106.30 219.16
5 126.93 87.70 267.41 123.32 79.66 311.48 103.94 137.16 255.70

Appendix D. Results of experiments 2 and 3

Count(number of simulations)

Average value per agent in each simulation run

Average distance Average number of collisions Average duration

Experiment Deck plan Mean Std Mean Std Mean Std

Experiment 2 Case A 10 124.53 2.62 71.60 6.22 245.92 14.87
Experiment 2a Case Al 10 151.51 5.68 141.82 14.84 290.73 16.87
Experiment 2b Case A2 10 122.69 3.74 89.38 9.03 280.24 30.42
Experiment 2c Case A3 10 108.08 3.09 68.98 7.32 225.32 15.67
Experiment 3 Case C 10 99.00 5.59 125.10 13.95 238.96 21.34
Experiment 3a Case C1, Racetrack 10 101.45 2.14 117.75 9.99 248.26 18.32
Experiment 3b Case C2, Perpendicular grid 10 99.82 4.43 115.86 16.54 243.40 16.53
Experiment 3c Case C3,Tapering grid 10 102.43 3.17 118.12 10.37 238.35 16.03
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