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Abstract

This study presents an agent-based digital twin
model for urban flood evacuation, using Okazaki City,
Japan, as a case study. The model bridges the
preparation and response phases of flood management
by combining static infrastructure data with dynamic
flood hazard and evacuation instruction data, enabling
simulation of individual-level evacuation behaviors
under changing conditions. By quantifying journey
durations, the model revealed disparities in accessibility
to safety. Results show that evacuation success depends
on infrastructure and individual factors, with limited
mobility increasing the risk of delay or failure. It also
supports scenario-based evaluation of policy options,
such as evacuation strategies and road closures,
enhancing applicability across different disaster types
and urban contexts. While the current version relies
on secondary data and simplified assumptions, it
demonstrates the feasibility of using digital twins for
evacuation planning. Incorporating behavioral and
traffic data and engaging stakeholders more deeply
would enhance the model’s realism and strengthen
its role as a reliable mirror of real-world evacuation
processes for policy evaluation.
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1. Introduction

Flooding poses a significant and growing threat to
human life worldwide, particularly in the context of

climate change and increasing urban exposure. An
estimated 2 billion people live on 1000-year floodplains
globally, of which approximately 1.4 billion reside on
100-year floodplains, areas more frequently exposed to
flood events (Devitt et al., 2023). Between 2000 and
2025, floods caused 136,983 deaths and affected over
1.84 billion people globally (Centre for Research on
the Epidemiology of Disasters - CRED, 2025). These
figures underscore the scale of human exposure to flood
and the urgent need for proactive evacuation planning as
a critical component of urban flood risk management.

Evacuation requires governmental intervention, as
its absence can cause serious failures. For instance,
the case of Hurricane Katrina revealed unequal
evacuation outcomes among people: white, middle-
and upper-class residents with access to private vehicles
and timely information were able to evacuate, while
poor, Black, and elderly individuals were left behind
and trapped (Elliott & Pais, 2006). Similarly, in Japan,
disaster-related fatalities are consistently higher among
the elderly(Ushiyama et al., 2019). These facts highlight
the need for timely and safe evacuation strategies,
especially for vulnerable people.

Unsuccessful evacuations are not limited to
vulnerable populations. Ushiyama et al. (2019) also
highlights that reported fatality cases include people
being trapped during evacuation, particularly when
using cars, or encountering risks at shelters. These
cases underscore the need for strategies of evacuation
timing, route selection under dynamically changing
inundation and/or forecasted inundation conditions,
and shelter accessibility that evolves in response to
hazard progression. Collectively, these challenges



indicate that evacuation planning aimed at preventing
any loss of life must span both the preparation and
response phases (Zack, 2010), and go beyond simply
issuing warnings and instead adopt a multi-timescale
infrastructure-level approach that also considers and
controls spatial capacity.

Recent advances in Smart City Digital Twin
technologies provide tools to simulate and monitor
urban dynamics in near real time, with growing potential
for disaster mitigation. To bridge the gap between
the preparation and response phases in evacuation
planning, digital twins must adopt a multi-timescale
perspective that reflects urban human–infrastructure
systems, where slow changes in physical structures
coexist with rapid behavioral shifts during emergencies
(Mohammadi & Taylor, 2021). This includes integrating
long-term infrastructure development and preparedness
with short-term actions such as issuing reliable early
flood warnings that specifies when, who, and where to
evacuate. In addition, the model must be decoupled
from the real system to explore “what-if” scenarios
without interfering with urban operations (Batty, 2018).
Disasters are infrequent but potentially life-threatening
events, making it important to explore possible scenarios
in advance through offline models. This study focuses
on developing tools that support the evaluation of
evacuation strategies by linking different phases of
disaster preparation and response.

2. Literature review

Agent-based models (ABMs) are increasingly used
to simulate evacuation behavior, also serving as a key
modeling tool within the digital twinning in disaster
context (Lagap & Ghaffarian, 2024). For example, Liu
and Lim (2018) combined a validated hydrodynamic
model with evacuation scenarios based on the 2011
Brisbane flood in Australia. Nakai et al. (2015) models
human–environment interaction in tsunami evacuation
using interview-based behavior data, estimated road
closures, and dynamic hazard information. Yang
et al. (2018) developed a model in the Ng Tung
River basin in northern Hong Kong that integrates
a human response framework in which agents assess
multiple flood scenarios based on available warning
information. Among those studies, researchers have
sought to incorporate increasingly detailed flood models
into evacuation simulations.

However, agent-based simulation using the digital
twin concept remains a developing and relatively
scarce area. Existing studies attempted to represent
static infrastructure information and dynamic flood
and human behavior. However, connecting flood

dynamics with human behavior poses a particular
challenge due to the multi-dimensional variability of the
process—across time (e.g., scheduling of warnings and
updates), space (e.g., rapidly changing road passability),
and social context (e.g., decision-making influenced
by age, gender, or socioeconomic status). According
to the review of 96 studies by Lagap and Ghaffarian
(2024), most disaster digital twin works have focused
on the United States, followed by China and the United
Kingdom. Yet, in Japan, digital twin–based research
remains very limited, even though evacuation planning
tailored to demographic attributes and fine-grained
spatial units has been refined in practice, mainly from
past disasters and with limited capacity to address
what-if scenarios. This underscores the need for
studies that situate evacuation modeling within a digital
twin framework in the Japanese context, to bridge the
gap between conventional planning and scenario-based
disaster preparedness.

Digital twins also hold potential as tools to
support cross-sector collaboration. As an illustrative
case, the ARSINOE project by Lewis et al. (2025)
integrates flood, traffic, and cascading failure models
into a web-based platform for user access. Although
not an ABM, its map-based interface allows users
to assess road-level risk and infrastructure impact.
These initial efforts highlight promising directions, but
further development is needed to expand participatory
applications.

3. Purpose of this study

To address the complexities of urban flood
evacuation, we develop an agent-based model that
functions as a planning-oriented digital twin. The
model aims to integrate up-to-date static datasets on
urban infrastructure and population distribution, as
well as dynamic datasets on flood hazards, to reflect
the multi-timescale nature of urban systems—capturing
both long-term structural conditions and short-term
emergency dynamics based on what-if scenario.

The model covers two phases: the preparation
phase (e.g., infrastructure as long-term measures) and
the response phase (e.g., evacuation operations as
short-term measures). In the preparation phase, static
datasets represent the current infrastructure, such as
the road network and its capacity, evacuation shelters,
and population distribution including demographic
attributes. These are treated as fixed parameters
and remain unchanged during the simulation. In
the response phase, dynamic datasets reflect varying
flood scenarios and warning timings, allowing for
the assessment of different policy options, including



the evacuation warnings by local governments, area
targeting, and road closures.

This two-phase combination enables evaluation
of spatial constraints, such as shelter overcapacity
and road network saturation, and reveals emergent
system dynamics resulting from the interaction between
evacuation decisions and urban form. Evaluation criteria
can be flexibly defined from the outputs of agent-based
modeling. The model captures not only evacuation
completion rates, but also congestion dynamics and
individual journey durations, which serve as a proxy for
accessibility to safe locations. This enables analysis of
individual-level disparities in evacuation outcomes and
identifies those at greater risk of failing to evacuate.

The model supports flexible scenario design, making
it adaptable to various disaster types and urban contexts,
and has been applied in cases ranging from bushfires
to storm surge flooding (Nakanishi et al., 2020). Its
capacity to simulate evacuations for populations of up
to 200,000 makes it particularly valuable for urban-scale
policy evaluation. Furthermore, the model is designed
to support engagement with local stakeholders—such
as municipal staff and planners—through a powerful
visualization interface, aiming to enhance cross-sector
collaboration in evacuation planning.

4. Study area

This study focuses on Okazaki City in Aichi
Prefecture, Japan (Figure 1). Located in the Chukyo
metropolitan area, Okazaki is a core industrial city with
a population of around 390,000. The Yahagi River and
its main tributary, the Otogawa River, run through the
city (shown as blue lines in Figure 2). The Yahagi
River begins in Ina, Nagano Prefecture, joins the Tomoe
River upstream, and merges with the Otogawa River in
Okazaki before flowing into Mikawa Bay.

Okazaki has experienced repeated flood events,
particularly due to the Otogawa River. Notable
inundation events occurred in September 2000, August
2008, and most recently in June 2023. While the
Yahagi River has caused flooding in upstream of
the basin, the city itself has not experienced direct
overflow flooding from this river in over a century.
However, approximately 200,000 residents live in the
Yahagi River’s potential flood zone (shown as the
gradient-colored area in Figure 2), and with flood risks
expected to increase due to climate change and heavier
rainfall, the need for mass evacuation plans is critical.

Figure 1. Target area: Okazaki City, Japan

Figure 2. Flood map and rivers in Okazaki City

5. Methods and data

5.1. Agent-based model

Figure 3 shows the structure of the ABM. The
model is based on SETOSim (Nakanishi et al.,
2020), a previously developed agent-based platform for
urban-scale emergency planning. While the core model
architecture remains unchanged, our study introduces
a new set of input datasets tailored to the Okazaki
case. In particular, we implement time-varying flood
hazard data directly onto the road network, enabling the
simulation to capture dynamic changes in accessibility
and congestion during evacuation. This allows
the model to more realistically reflect the evolving
conditions of the flood event, and to evaluate the impact
of different warning timings, hazard intensities, and road
closures on individual evacuation trajectories.

5.1.1. Agents Agents in the model represent
individual persons and are divided into dependents, who
need special assistance for evacuation, and helpers, with
both groups defined by a set of attributes that influence
their evacuation behavior. These include demographic



Figure 3. Structure of the Agent-Based Model

characteristics such as age (in 10-year bands), mode
of travel (e.g., car or foot), and spatial coordinates for
home and daytime activity locations. The mode of travel
of agents is determined by household vehicle ownership;
agents with access to a private car will drive, while
those without will walk. Each agent also possesses
knowledge objects that store evacuation information
issued by government, evacuation information about
road segments, risk zones, and shelter locations,
including their current capacity status. Agents choose
evacuation destinations, such as their home or the
nearest available shelter. These attributes collectively
allow the model to capture heterogeneous behaviors
across individuals under varying emergency scenarios.

Figure 4 illustrates the decision-making process
and behaviors of agents. It is roughly divided into
four stages: daily routine, evacuation decision-making,
dependent–helper matching, and evacuating.

At the daily routine stage, individual agents follow
typical daily patterns, cycling between home, work, and
commuting. Once they perceive a threat, they transition
to the evacuation decision-making stage.

At the evacuation decision-making stage, agents
attempt to return home and shelter there if it remains
accessible; otherwise, they proceed to a shelter. If
an agent perceives a threat while at home, they
begin preparing for evacuation. The duration of
this preparation, denoted as x, follows a Rayleigh
distribution (Equation 1), which reflects the tendency for
most individuals to complete their preparation within a
typical timeframe, while allowing for longer durations
in some cases due to behavioral or situational variations.
σ is a scale parameter that determines how fast the
distribution’s peak rises and falls. In this study, we set
σ = 2 minutes.

f(x;σ) =
x

σ2
exp

(
− x2

2σ2

)
, x ≥ 0, σ > 0 (1)

The model incorporates coordination between
dependents and helpers. At the dependent–helper
matching stage, helper agents attempt to assist nearby
dependents by traveling to their locations and escorting
them to safety. Dependents do not start evacuation on
their own and will wait until a helper arrives.

Once matched, agents transition to the evacuation
stage. They continuously assess threats and dynamically
respond to changing environmental conditions such as
road closures and shelter capacity. Agents search for the
nearest shelters, and if capacity allows, they complete
the evacuation. Otherwise, they continue evacuating.
Ultimately, each agent reaches one of several possible
outcomes: evacuated, sheltered at home, or trapped,
depending on the surrounding conditions.

For more information regarding agent model’s
parameter settings, please see Nakanishi et al., 2020,
upon which this work builds. The theoretical framework
in turn builds upon Nakanishi et al., 2019, combined
with participatory design and modeling together with
regional stakeholders.

5.1.2. Environment The environment constrains
and shapes the agents’ evacuation, defining the spatial
relationships among shelters, roads, and the physical
hazard. Shelters serve as evacuation destinations,
defined by entrance capacity and current occupancy.
Roads support agent movement and are characterized by
capacity and minimum speed. Flood inundation tracks
the movement of the floodwaters, which influences
road closures based on location and inundation timing,
without directly affecting agents. Road accessibility



Figure 4. Decision-making process of agents




