:' frontiers | Frontiers in Physics

‘ @ Check for updates

OPEN ACCESS

Ryosuke Yano,
Tokio Marine dR Co., Ltd., Japan

Satoshi Sugiura,

Kochi University of Technology, Japan
Makoto Chikaraishi,

Hiroshima University, Kasumi Campus, Japan

Makoto Okumura,
mokmr@tohoku.ac.jp

"These authors have contributed equally to
this work and share first authorship

10 June 2025
04 September 2025
25 September 2025

Horiai S, Okumura M and Sato K (2025) The
necessity of macroscopic directional
guidance in pedestrian tsunami evacuation: a
zonal MFD-based optimization approach.
Front. Phys. 13:1644312.

doi: 10.3389/fphy.2025.1644312

© 2025 Horiai, Okumura and Sato. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Physics

Original Research
25 September 2025
10.3389/fphy.2025.1644312

The necessity of macroscopic
directional guidance in
pedestrian tsunami evacuation: a
zonal MFD-based optimization
approach

Shinya Horiai¥', Makoto Okumura'*! and Kazuto Sato?

'Regional Resilience Planning Lab., International Research Institute of Disaster Science, Tohoku
University, Sendai, Japan, *Takasaki Branch, East Japan Railway Co. Ltd., Takasaki, Japan

Tsunami evacuation planning is a critical and urgent social issue that requires
consideration of traffic impediments and road blockages caused by earthquakes
and flooding. Traditional pedestrian evacuation models have focused primarily
on micro-scale environments spanning a few dozen meters within buildings,
limiting their applicability to tsunami scenarios involving travel over hundreds of
meters. This study aims to (1) extend a cell FD-based dynamic traffic distribution
model into a zonal MFD-based model and (2) apply it to pedestrian traffic to
construct an optimization model that outputs efficient evacuation directions.
Focusing on real local cities in Japan, we compare optimal solutions for
different pedestrian evacuation direction scenarios. The results confirm that if
pedestrians can preemptively understand multiple safe evacuation routes, rather
than relying solely on the nearest facilities, efficient directional guidance that
reduces congestion can be achieved.

tsunami evacuation, optimization, pedestrian, zonal MFD, macroscopic guidance

1 Introduction

In coastal cities vulnerable to tsunamis, ensuring safe evacuation methods for
residents in flood-prone areas is essential. Recently, more Japanese local governments have
permitted vehicle evacuations for individuals with mobility challenges. However, given that
earthquakes may damage roads and bridges, rendering vehicle evacuations infeasible, it is
vital to explore safe pedestrian evacuation strategies for the general population.

Tsunami evacuations often exceed the spatial and temporal scales addressed in
conventional pedestrian studies. These traditional studies typically focus on micro-scale
ranges of a few meters, emphasizing factors such as individual sightlines and flows around
intersections and exits [1]. In contrast, tsunami evacuations involve pedestrians distributed
across urban areas exceeding 100 m in scale. Evacuees do not follow a single route to a
common destination but instead undertake long-distance evacuations of over 1 km using
multiple roads and heading toward various destinations. Dispersing evacuation routes and
destinations from a macro perspective may mitigate the micro-level problems mentioned
above and enhance overall evacuation safety. In the future, rapid local road assessments
and mobile IT devices may allow for real-time dynamic guidance. However, given that
many older residents in tsunami-prone Japanese cities struggle with IT device usage, a more
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practical approach involves clearly defining evacuation directions
by zone in advance and promoting understanding through
evacuation drills.

Urban traffic optimization models have been developed for
vehicles to determine efficient evacuation routes and destinations
by minimizing total evacuation time, completion time, or hazard
encounter risk. However, few models address pedestrian tsunami
evacuation. This study presents two key contributions: (1) the
development of an optimization model based on a macroscopic
fundamental diagram (MFD) that captures the density-flow
relationship within zones of approximately 500 m, and (2) the
extension of this framework from vehicles to pedestrians.

Using the zonal MFD-based evacuation traffic optimization
model, the optimal evacuation direction for pedestrians in each
zone can be determined in real time. However, if the models
guidance diverges from evacuees’ initial assumptions, they may
follow their own path, which risks invalidating the optimization.
This study examines the impact of the breadth of directional choices
on evacuation efficiency through scenario-based analysis.

2 Literature review and study aims

2.1 Dynamic vehicular traffic assignment
studies

The issue of pedestrian evacuation from hazardous events has
been studied with a focus on efficiently moving large groups from
enclosed spaces (e.g., vehicles, buildings, underground malls) to
limited exits, as reviewed by [2]. These insights inform the design
of exits, evacuation routes, and signage systems.

Since the early 2000s, disasters such as urban fires, floods,
typhoons, tsunamis, and hazardous material accidents have
heightened attention to horizontal evacuations across road
networks. [3] conducted a comprehensive global review of
evacuation planning over the past 30 years, while [4] provided a
systematic review of simulation-based optimization studies.

When road network conditions are static and link travel
times constant, choosing routes with the shortest travel time is
efficient. However, as traffic density increases, movement becomes
constrained, leading to slower speeds and longer travel times.
Thus, link travel times are modeled as increasing functions of
traffic volume, diverging near critical volume thresholds to reflect
congestion. By integrating this with conservation laws, continuity
conditions, and cost functions, dynamic traffic assignments can be
computed; for example, the model by [5].

Traffic flow, defined as density times spatial average speed,
increases under free-flow conditions but decreases in congested
regions once critical density is surpassed. On roads with uniform
width and slope, the dynamics of congestion buildup and dissipation
have been theoretically analyzed using kinematic wave theory
and the fundamental diagram (FD). Parameter estimation enables
simulation of evolving traffic flow. In traffic planning, goals
typically include maximizing completed trips within a timeframe,
minimizing total travel time, or minimizing journey completion
time. Maintaining high flow rates requires keeping density below
critical thresholds. Hence, many models focus on subcritical
capacity conditions. [6] proposed a linear programming approach
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using a linear link performance function. Related optimization-
based models include those by [7], [8], [9], and [10].

2.2 Traffic congestion in evacuation
situation

The aforementioned traffic distribution models assume that
density remains below critical levels and that congestion is avoided.
However, during disaster evacuations, urgency often compels users
to enter downstream roads as long as any capacity exists, increasing
the likelihood of congestion beyond critical density. If congestion
queues can be restricted to safe zones, a rapid reduction in
vehicle volume within upstream hazard areas may mitigate damage.
Moreover, if congestion in hazardous zones clears before the
hazard strikes due to timely upstream evacuation, its negative
impact can be avoided. Therefore, when planning evacuations
using objective functions such as expected evacuees or expected
casualties, congestion is not inherently detrimental and may even
yield advantages. It is thus desirable to use dynamic models
capable of capturing traffic conditions that include congestion.
[11] developed a Cell Transmission (CT) model for a single-
lane setting, representing time-dependent changes in traffic flow
per road segment (cell) using a flow-density relationship aligned
with kinematic wave theory. [12] demonstrated that by modeling
cell FD relationships as piecewise linear functions and defining
inter-cell connections as linear functions, the overall traffic flow,
including upstream congestion due to downstream saturation,
can be formulated as a linear programming problem and solved
efficiently.

In this study, we extend the [12] model to construct an
optimization model. The formulation employs the notations
presented in Table 1. Indices for the cell set A are denoted as a,b
and for the node set N as r,s. The node adjacent downstream of cell
a is represented as a*, and the sets of cells adjacent upstream and
downstream of node s are represented as I(s) and O(s), respectively.
Discrete time is represented as t=0,...,T with one time unit
defined as the duration for free flow to pass through one cell.
The endogenous variables are yf: queued flows in cell a at the
end of time ¢, corresponding to p)—v, in our model; v{: exit
flow from cell a during time ut“: inflow rate into cell a at the
end of time t or at the beginning of time ¢+1; and z;°: travel
demand between origin-destination pair rs departing at time t.
Other parameters include C”: flow capacity of cell a; H*: holding
capacity of cell g; D*: demand originated from cell 4, and ¢: the ratio
of the wave speed to the free flow speed. Nie model is formulated
as follows:

minz z Of+vf) = minz pr

1
t=1acA t=1acA
Subjecttoyy, | = y{+uy —v{,t=0,---T~1,YaeA (2)
z ui =z + Z vi,t=0,-T—1,VseN,r # s (3)
acO(s) acl(s)
vg +y5 = D? 2 0(given),VaeA (4)
0<uf <C%t=0,---T—1,YaeA (5)
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TABLE 1 Variables and parameters of this model.

10.3389/fphy.2025.1644312

Variables Parameters
Pl Number of pedestrians in road section of zone T, Time of first arrival of Tsunami wave (31 min)
qf Number of evacuee in off-road section of zone T, Duration of the first Tsunami wave (60 min)
r Number of evacuee in shelter section of zone H Holding capacity of road section (0-7800 people)
ui Inflow of pedestrians in the road section of zone & Speed ratio of the free wave and shock wave (0.9)
vl Outflow of pedestrians in the road section of zone T, Preparation time before departure (15 min)
m/’f’t Inter-zonal flow of pedestrians T, Required time to enter a shelter (2 min)
I Departure flow from off-road section of zone 2 Walk through time across a zone (6 min)
n Arrival flow into off-road section of zone Cj’f Inter-zonal flow capacity(40 people/min x number of roads)
ol Evacuee entering the shelters of zone D' Initial population in each mesh(0-1707 people)
F Capacity of each shelter (0, 59 -10,000 people)
E Capacity of shelter entering flow (40 -200 people/min)
Rf Tsunami encounter probability (0 - 1)
0<v! <C%t=0,---T—1,YacA (6)  inturnconstrains outflow from upstream cells through conservation
at adjacent cells (Equation 3), allowing for upstream propagation of
uf <8(H*—yi=v{),t=0,---T—1,YaeA (7) congestion.

yi>0= v = C",oruf’ <Clvbe O(a*),or uf’ = 6(Hh —yf—vf),
VbeO(a*),t=0,---T—1VYaeA (8)

The objective function Equation 1 represents the total number
of vehicles on the road and corresponds to minimizing total
travel time. Equation 2 expresses temporal conservation of vehicles,
while Equation 3 ensures conservation of flow at nodes. Equation 4
captures initial demand, and Equations5, 6 constrain exit and
inflow rates by flow capacity. Specifically, Equation 7 limits inflow
based on available holding capacity. Equation 8, known as the
ordered solution property (OSP), ensures that in congested cells,
outflow is maximized. This prevents the “flow holding back”
issue, where vehicles remain in upstream cells despite available
downstream capacity.

The model aligns with a trapezoidal FD. Since y{ cannot be
negative, the following condition must hold:

vfgp?,t:O,---T— I,Va(A (9)

Equation 9 implies that the outflow rate during a unit time
cannot exceed the number of vehicles present at the beginning of
the period, corresponding to the increasing portion (left edge) of
the trapezoidal FD. Equation 6 sets the upper limit of outflow (top
edge), while Equation 5 restricts inflow based on remaining capacity
(right congested edge).

The FD models congestion in a single cell, considering vehicles
as forming a point queue above it. The Nie model Equation 1
captures how rising cell density limits inflow (via Equation 7), which
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Although the Nie model comprises linear expressions,
Equation 8 introduces a conditional constraint that deviates from
standard linear programming. [12] excluded Equation 8 from the
initial formulation and applied an iterative algorithm to accelerate
outflows from congested cells until the OSP condition was satisfied.

While these studies focus on single road sections, scaling
to larger areas presents challenges in handling detailed road
networks. To address this, MFD models were developed to express
the relationship between the number of vehicles in an area
(spatial density) and traffic volume (trip departures and arrivals).
Studies by [13], [14], [15], [16], and [17] have explored the
fundamental characteristics of such models. [18] created an agent-
based simulation incorporating a trapezoidal MFD to estimate
dynamic traffic distributions at the urban scale. These MFD-based
efforts are reviewed by [19]. As an application, [20] proposed
an evacuation optimization model using a nonlinear MFD. [21]
applied a triangular MFD, incorporating departure time choices
to analyze optimal transitions in road usage as urban flooding
evolves over time.

2.3 Pedestrian evacuation studies

Compared to the above research on vehicle evacuations,
pedestrian evacuation studies in road networks remain relatively
limited. [22] and [23] adapted dynamic traffic assignment models
for vehicular traffic to pedestrian contexts. [24] empirically
studied crowd dynamics during the stoning rituals, contributing
to flow-density modeling for pedestrians. [25] investigated

frontiersin.org


https://doi.org/10.3389/fphy.2025.1644312
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Horiai et al.

maximum pedestrian flow under free-flow conditions, below critical
capacity. [26] used a CT model to simulate pedestrian movement
in confined areas such as public squares. [27] enhanced the
applicability of trapezoidal pedestrian MFDs by introducing local
density classifications around individuals. [19] reviewed pedestrian
MFD developments and confirmed the feasibility of pedestrian
evacuation modeling.

2.4 The current study

As described above, the development of zonal MFD models,
evolved from CT models originally applied to single road segments,
has advanced in pedestrian traffic modeling. The application of
trapezoidal MFDs to evacuation contexts has also progressed. This
study focuses on the trapezoidal FD-based model by [12], notable for
its computational efficiency and operability as a linear programming
formulation. By adapting this approach into a zonal MFD model
for pedestrian evacuation, we aim to build an optimal, efficient, and
tractable evacuation model.

Unlike [12], this study’s model does not incorporate the OSP
condition. As discussed later, our objective function minimizes
the expected number of tsunami victims during evacuation. In
scenarios where a time buffer exists before tsunami arrival, it
may be optimal to move toward zones closer to the coastline,
despite higher eventual risk, due to the temporary equivalence
in disaster probability across zones. As the hazard evolves,
the rational direction of evacuation changes dynamically, and
the OSP condition may not always be appropriate. Therefore,
excluding the OSP condition allows the model to retain a standard
linear programming structure, simplifying computation of the
optimal solution.

3 Zonal MFD-based optimal tsunami
evacuation model

3.1 Settings

This study develops a mathematical optimization model
to determine the most efficient evacuation strategy while
ensuring physical feasibility. The target area is divided into
zones based on a regional mesh, which are rectangular units
approximately 500 m in length, commonly used in urban planning
for population aggregation. Each zone is divided into (a) road
section, where pedestrians move between zones, (b) off-road land-
use section, and (c) evacuation shelter section, which include
safe facilities such as shelters, disaster prevention parks, or
evacuation towers.

In the model, T represents the set of time periods from
earthquake onset to the end of the first tsunami wave’s arrival, ZE
denotes the set of zones containing shelter sections, and Z indicates
general zones without shelters. Additionally, J; is the set of zones
adjacent to zone i, and adjacent zones in the cardinal directions are
denoted as N(i), S(i), W(i), and E(i). Table 1 lists the symbols for all
variables and parameters used in the formulation. Figure 1 illustrates
a typical zone structure and associated variable definitions.
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3.2 Risk evaluation and objective function

The probability that an evacuee in mesh i at time f will
encounter a tsunami (hereafter referred to as “tsunami encounter
probability” R) is defined as follows. While a flood depth of 0.3 m
or more indicates tsunami impact, we use a continuous Logit-type
function (rather than a step function) to enable optimization. This
function, based on predicted maximum inundation depth by [28], is
expressed by Equation 10.

R =1/{1 + exp(-30 * (maximum inundation depth before timet - 0.3))}
(10)

The tsunami encounter probability is set to 0 for meshes outside
the inundated area, evacuation shelter sections within inundated
zones, and all zones for t < 30, before tsunami run-up begins.

Next, the expected number of tsunami victims based on a
specific population distribution when evacuation does not occur is
referred to as the “static risk value” Specifically, this is calculated
by first determining the average value of the tsunami encounter
probability for each zone until the future and then summing the
products of these averages with the given resident population, as
expressed by Equation 11.

SRV = Z

i€eZUZE

1

(11)
T,-Ty &

Ri](piwi)

When evacuation occurs, population distribution changes over
time. The dynamic risk value (DRV) estimates the expected number
of tsunami victims under such conditions. It is calculated by
summing, at each time point, the product of population and tsunami
encounter probability, then averaging over the inundation period, as
expressed by Equation 12. Minimizing the DRV is the objective of
our optimization model.

Tl

DRV = Z
t=0

(12)

Ri(p}+q;)

1
Z T, =Ty

i€ZUZE

3.3 Constraints

This model adopts similar constraints to those in the [12] model,
including continuity conditions, capacity constraints for pedestrian
flows, roadway capacity limits, maximum flow constraints, shelter
capacity limits, initial population per zone, departure preparation
time, walking time constraints, and non-negativity of decision
variables.

Traffic continuity conditions are given by Equations 13-18.

pituy—vi+l—ni=pl VteT={0,..,T,-1},Vie ZUZE (13)

g -l+ni-oi=q, VteTVieZE (14)
qi—-l+n=q, VteTVieZE (15)

rit+o =1, VteTVieZE (16)

u; = mis’f) + mi(i) ft(i) + mzt:(i),Vt eT,VieZUZE (17)
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FIGURE 1
Zone structure and variables.
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Capacity constraints in road section are expressed by
Equations 19, 20.

mj, < C;,VteT,Vie ZUZEVj€J; (19)
ul < §'{H - pi},Vt € T,Vie ZUZE (20)

Maximum flow rate conditions limited by the existence of
pedestrians are given by Equations 21-23.

aVitn, <pLVteT,Vie ZUZE (21)
li+ol<q,VteT,VieZE (22)
L<q,VteT,VieZ (23)

Capacity constraints of evacuation shelter and its entry is given
by Equations 24, 25.

v <F. VieZE

< (24)

ol <ELVteT,VieZE (25)

Initial population in each zone is given exogenously by
Equation 26.
qy=D'\Vie ZUZE (26)

Preparation time constraints are expressed by Equations 27, 28.

l=0,¥te{0,...,7, - 1},Vie ZUZE (27)
0l =0,vte{0,...,7,+1,-1},Vi€ ZE (28)
Walking time constraint is as given by Equation 29.
!
P2y u Vtefe,...,T\},Vie ZUZE (29)
s=1
Frontiers in Physics
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Lastly, nonnegative conditions for variables are given by
Equation 30.

PVl Il of 20,9Vt € (0,..., T}, Vi € ZUZE,Vj € J;,Vh € ZE
(30)
The model also incorporates the congestion effect, where
increased pedestrian density reduces inflow to a zone. This is
represented using a trapezoidal MFD structure, with key constraints
including Equation 21, which indicates the limits on outflow
based on existing population; Equation 19, which shows the
flow capacity constraints at zone boundaries; and Equation 20,
which demonstrates the congestion effects restricting inflow. These
collectively describe the trapezoidal-shaped MFD governing outflow
volume (ui).

3.4 Restriction of pedestrians’ movements
direction

The optimization model developed above seeks to minimize
total dynamic risk across the entire region. As a result, individual
evacuees may be directed along routes that diverge from those
leading to the nearest shelter or that initially approach higher-risk
areas. In such cases, evacuees may reject these instructions and
instead follow routes they personally perceive as safer, potentially
compromising evacuation effectiveness.

To address this issue, it is important to limit movement
directions to those more acceptable to evacuees, such as
toward the nearest shelter or higher ground. By choosing from
among such acceptable directions, evacuation plans can be
made more realistic and acceptable. This constraint can be

implemented by Equation 31, below.
m =0Vt €{1,2,..., ThV(ij) ¢ B (€20)

where B denotes the set of acceptable movement directions. In
the empirical analysis, we define and compare three constrained
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https://doi.org/10.3389/fphy.2025.1644312
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Horiai et al.

movement scenarios against the unconstrained optimal case
(denoted O):

E) Movement allowed only toward the nearest evacuation
shelter; if higher ground is closer, only that direction is allowed.

H) Movement allowed toward both the nearest shelter and
nearest higher ground.

S) Movement allowed toward all adjacent zones with lower static
risk, as well as toward the nearest shelter.

Typical movement options per mesh are: E) one direction; H)
one or two directions; and S) two or three directions.

As a result of incorporating constraint (Equation 31), all
model variables remain continuous and nonnegative, and both the
objective function and constraints are linear. This ensures that the
model remains a standard linear programming problem, solvable by
general-purpose optimization solvers. In this study, we used Gurobi
Optimizer v11.0.3.

4 Analysis of effectiveness of
evacuation direction designation

To evaluate how well the proposed directional evacuation
simulations were
City, Aomori

model reduces tsunami risk, empirical

conducted using data from Hachinohe

Prefecture, Japan.

4.1 Target area and calculation conditions
for empirical calculations

The central urban area of Hachinohe City was selected
as the target. The tsunami scenario used is based on a Japan
Trench earthquake model, with inundation from the first wave
expected within 30-60 min of the earthquake. In line with
Hachinohe City’s evacuation policy, which excludes bridge
crossings due to potential seismic damage, our study focuses
on zones between the Mabechi and Niida Rivers (see Figure 2).
The analysis included 284 regional meshes: 77 within the
inundation area and 107 outside it. These meshes were treated as
computational zones.

According to 2020 Census data, the inundation area has
a nighttime population of 44,050. This “baseline population
distribution” is used in all simulations. We aggregated the maximum
capacities of designated shelters by Hachinohe City, and determined
the capacity F; for each zone. Figure2 shows the nighttime
population along with the shelter capacities, displayed using
concentric circles.

The tsunami disaster probability R} for each mesh at given
time intervals was determined based on the numerical simulation
results of inundation depths conducted by [28] using the tsunami
analysis code from Nippon Koei, Co., Ltd. Figure 3 illustrates
the static risk value (SRV) calculated from the tsunami disaster
probabilities R for each zone, representing the expected value of
tsunami disaster for a single individual remaining in each mesh
until the end.

The road lengths, number of road intersections within each
mesh, and the number of roads between meshes were obtained from
the open data source, OpenStreetMap. From this data, the road
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FIGURE 2
Evacuation demand and shelter capacity.
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FIGURE 3
Static risk value and shelter capacity.

capacity H; and the flow capacity C;; for pedestrians between meshes
were defined as Equations 32, 33, respectively.

(Road Length within Zone)

| = 32

T log10(Number o f Intersections within Zone) (32)
Cj; = (Number of Roads between Zonesiand)

X (40 persons per minutes) (33)

Pedestrian free-flow speed was set at 5 km/h. Preparation time
before evacuation was fixed at 15 min, based on data from the Great
East Japan Earthquake.
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FIGURE 4
Direction sets for 4 cases.
4.2 Effect of limitation of movement However, O) also involves 3,160 person-km of movement
directions toward danger directions, more than the other three scenarios.
This suggests that although O) minimizes risk, it may be
The four movement scenarios tested were: E) Toward  difficult to implement due to evacuee resistance to moving

the nearest shelter only; H) Toward the nearest shelter and
high ground; S) Toward adjacent zones with lower static risk
and the nearest shelter; O) Optimal: all physically possible
directions allowed. These scenarios are illustrated in Figure 4
(panels E, H, S, and O).

Using the same baseline population, the SRV without evacuation
is 2.1 x 10% meaning nearly half of the 44,050 nighttime
residents would encounter the tsunami without action. Table 2
summarizes results: O) Optimal: DRV = 4,883 people (11.1%);
S) Safe direction: DRV = 5,167 people (11.7%); H) High ground:
DRV = 6,278 people (14.3%); E) Shelter only: DRV = 9,259
people (21.0%).

Under O), shelter occupancy is highest (16,552 people),
while 24,717 evacuate outside the inundation zone, fewer than
in S or H. Total evacuation distance toward safer directions
is 32,332 person-km, higher than S (32,068) and H (25,942).
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toward danger.

Scenario S) results in the highest number of people evacuated
outside the inundation area and limits dangerous movement to 1,436
person-km, making it a more acceptable option. Its DRV is only 1.06
times that of O), implying that, with prior explanation, this strategy
could be implemented effectively.

Scenario E) assumes movement only to the nearest shelter,
disregarding capacity constraints. As a result, 9,508 evacuees
remain in inundated zones, producing a DRV of 9,259, which
is 1.9 times that of O). The shelter occupancy rate is just
39.1%, indicating underutilization of safer, though less proximate,
shelters.

Scenario H) outperforms E but is less effective than S. It achieves
a DRV 1.28 times higher than O) and a casualty rate of 14.3%.
However, it is implementable through basic education encouraging
residents to identify and remember the nearest high ground.
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TABLE 2 Comparison of 4 evacuation solutions.

10.3389/fphy.2025.1644312

Direction Scenarios O) Optimal S) Safer Directions H) Hill Direction E) Evac. Shelter
DRV (Dynamic Risk Value) 4,883 5,167 6,278 9,259
Casualty ratio 0.111 0.117 0.143 0.210
Shelter arrival ratio to initial population 0.376 0.352 0.352 0.329
Average shelters occupancy ratio 0.447 0.419 0.419 0.391
Unsafe direction movements (people-km) 3160 1436 1513 1387
Safe direction movements (people-km) 32,332 32,068 25,942 14,715
Initial Population (people) 44,050 44,050 44,050 44,050
People left in inundated area (people) 19,333 19,193 18,946 23,983
People left with risk (off-shelter) (people) 2,781 3,678 3,430 9,508
People left in risky road section (people) 1,542 281 1,814 3,358
People left in risky off-road section (people) 1,239 3,396 1,616 6,150
People entered into shelters (people) 16,552 15,516 15,515 14,475
People exit to non-inundated area (people) 24,717 24,857 25,104 20,067

20000 A ---- POPrisk(t)[evac]
- POPrisk(t)[hill]
17500 A\ —-—- POPrisk(t)[safe]
A —— POPrisk(t)[opt]
15000 A k
12500 A
10000 A
7500
5000 A
2500 A
0 T T T T T
o] 10 20 30 40 50 60
FIGURE 5
Temporal changes of static risk values for 4 cases.

Temporal changes in SRV (t) for all four scenarios are shown in
Figure 5. Risk begins decreasing at t = 16, when evacuations start.
At t = 30, divergence in rates becomes apparent, with E) plateauing
first, followed by H) and then S). The final SRV values correspond to
the DRV ranking in Table 2.

Figure 6 compares cumulative inter-zone traffic volumes and
population on roads per zone. In E, movement is concentrated along
fewer paths, resulting in higher congestion. In contrast, H, S, and
O show broader traffic dispersal, with increasing diversity of routes
from H to O, demonstrating the effectiveness of broader movement
allowances in distributing traffic load.

Frontiers in Physics

4.3 Planning implications

Based on the above results, several implications for pedestrian
evacuation planning emerge. In this study area, if no evacuation
occurs, nearly half of the nighttime population is expected to
be affected by the tsunami. To prevent congestion that could
impede evacuation, it is essential to diversify evacuation traffic
by encouraging route choices beyond the default direction to the
nearest shelter, particularly across spatial scales greater than 500 m.

If evacuees are restricted to moving only toward the nearest
evacuation shelter (E), the traffic dispersion effect is insufficient,
resulting in a high expected casualty rate of 21%. In contrast,
if residents are familiar with multiple safe evacuation directions
from each zone (S), they can choose routes that are less prone to
congestion. This behavioral flexibility supports traffic dispersion and
reduces the expected casualty rate to 11.7%, which is close to the
11.1% achieved by the optimal scenario (O).

Therefore, disaster prevention education should emphasize not
only the importance of prompt evacuation but also the existence
of multiple safe directions from each zone. Residents should be
encouraged to choose directions that avoid traffic concentration
to improve safety. These insights should be integrated into
public communication strategies and reinforced through regular
evacuation drills.

5 Conclusion

This study highlights the significance of macroscopic evacuation
guidance in pedestrian tsunami evacuation planning through an
optimization-based approach. We developed a zonal optimization
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FIGURE 6
Inter-zonal Traffic and Cumulative Traffic in Zones for 4 cases.

model based on the MFD, partitioning the urban space into
zones of several hundred meters and representing the relationship
between density and traffic flow within those zones. Importantly,
we expanded the application scope from vehicular to pedestrian
traffic. The resulting model is computationally tractable and
operationally feasible. Moreover, we introduced a constraint
mechanism that restricts movement directions to those considered
rational by evacuees, demonstrating that such constrained
optimization problems can be effectively solved using the
same framework.

Empirical analysis using real-world data from Hachinohe City
confirmed that the model’s optimal solution could reduce expected
tsunami casualties by nearly 50% compared to a no-evacuation

Frontiers in Physics
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scenario. However, it also revealed challenges in implementation,
as the optimal scenario required evacuees to move toward high-
risk areas, which may be unrealistic. By incorporating constraints
on movement toward risky directions, we confirmed that a high-
demand strategy, acceptable to residents, can be computed with
only a slight increase (1.06x) in expected casualties relative to the
optimal solution.

Thus, the proposed model effectively calculates evacuation
guidance from a macroscopic perspective, balancing efficiency
and feasibility. Future research may explore sensitivity analyses
involving traffic conditions such as pedestrian speed and road
capacity. Additionally, applying the model to diverse regions under
varying temporal and seasonal contexts will offer deeper insights.
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Expanding its application to areas with different population scales,
spatial distributions, and infrastructure profiles will be essential
for identifying local challenges and tailoring evacuation strategies
accordingly.
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