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Abstract

Tsunamis, primarily triggered by earthquakes, pose critical threats to coastal popula-
tions due to their rapid onset and limited evacuation time. Two main protective actions
exist: sheltering in place, which requires substantial retrofitting investments, and evacu-
ation, which is often hindered by congestion, mixed travel modes, and tight inundation
times. Given pedestrians’ slower movement and restricted evacuation opportunities, verti-
cal shelters within inundation zones provide essential refuge, while distant horizontal shel-
ters outside these areas are often perceived as safer. As both shelter types complement each
other, they must be jointly planned. Evacuation effectiveness is further complicated by
noncompliance behavior, which, if neglected, can lead to inefficient retrofitting, capacity
overload, and even failure of evacuation strategies. This study introduces a time-expanded
multimodal evacuation optimization model that integrates shelter-in-place retrofitting, ver-
tical shelter location, shelter assignment, and routing under tight inundation time, arc and
shelter capacities, and compliance likelihoods derived from a survey. The objective is to
minimize the time-dependent risk faced by evacuees at home, en route, and at shelters
while addressing unsatisfied demand. The model is solved through an integrated Ben-
ders Decomposition—Column Generation framework, where Column Generation generates
evacuation routes for compliant evacuees and shortest-time paths for noncompliant ones.
Convergence is enhanced through decomposition for parallel processing, network sim-
plification, Maximum Density Cuts, and warm-start strategies. The model is applied to
Biiyiikcekmece, a densely populated and highly vulnerable district of Istanbul. Compu-
tational results highlight the necessity of incorporating compliance behavior, retrofitting,
and vertical shelters into evacuation planning, leading to substantial reductions in overall
risk and significant improvements in life safety and evacuation efficiency.
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1 Introduction

Disasters have devastating consequences that extend beyond immediate casualties. In addition
to the loss of human life, they cause large-scale destruction of infrastructure, disrupt economies,



displace communities, and lead to long-term environmental degradation. With increasing ur-
banization, climate change, and population growth, both the frequency and severity of disasters
have risen, amplifying their impact and making disaster preparedness and response more criti-
cal than ever (EM-DAT], 20204d,b).

Among disasters, tsunamis are particularly destructive due to their sudden onset and im-
mense force. Unlike other disasters that develop gradually, tsunamis occur with extremely
short lead times, providing little time for evacuation and preparedness. These massive waves,
primarily triggered by undersea seismic activity, travel at speeds exceeding 800 km/h in open
water and can reach coastal areas within minutes. Upon landfall, they can surge up to 30
meters high, overwhelming communities, destroying infrastructure, and causing severe sec-
ondary damage through ooding and debris impact. Some of the most catastrophic tsunami
events in history include the 2004 Indian Ocean Tsunami and the 2011 Tohoku Earthquake and
Tsunami. The 2004 tsunami, one of the deadliest on record, resulted in nearly 230,000 fatalities
across multiple countries. The 2011 tsunami caused over 16,000 deaths, destroyed more than
400,000 homes, and displaced hundreds of thousands of people along Japan's cbastline (Maly
and Suppasri, 2020). These devastating events highlight the urgent need for effective disaster
preparedness and response strategies to mitigate future risks.

Evacuation is one of the most frequently implemented strategies for reducing tsunami-
related fatalities. It has been carried out in numerous disasters and has consistently proven
effective in saving lives (FEMA, 2019; Bayram, 2016). Reports from the U.S. Department
of Homeland Security (DHS), the Federal Highway Administration (FHWA), and the Federal
Emergency Management Agency (FEMA) indicate that between 45 and 75 disasters require
evacuations annually, often involving thousands of people (FHWA, 2007). However, large-
scale evacuations present signi cant logistical challenges. In densely populated urban areas,
limited road capacity and high traf c demand can cause severe congestion, delaying movement
and increasing risks for evacuees due to the short available time.

As the scale of evacuation increases, balancing evacuation demand—the number of evac-
uees or vehicles requiring relocation—and evacuation supply, which refers to the transportation
network's capacity to accommodate evacuees, becomes increasingly critical. Poor demand
management can lead to congestion on critical routes, while inadequate supply can create
bottlenecks that prevent people from reaching safety in time. Therefore, integrating supply
and demand management strategies into tsunami evacuation planning is essential to improving
evacuation ef ciency, reducing congestion, and ultimately minimizing casualties (Bayram and
Yaman, 2024). Integrating supply and demand management strategies in tsunami evacuation
planning enhances ef ciency by optimizing the movement of at-risk populations and improving
the overall effectiveness of evacuation plans. Among the most effective supply management
strategies is the construction of vertical shelters in addition to existing horizontal shelters. Ac-
cording to the U.S. National Tsunami Hazard Mitigation Program, vertical evacuation involves
relocating people to high-rise structures speci cally designed to withstand earthquakes and
tsunami forces within or very close to high-risk areas. Whereas horizontal evacuation involves
moving people to designated shelters outside the inundation zone, typically at higher elevations.
In areas with limited road infrastructure and high population density, where evacuation routes
are constrained and warning times are extremely short, vertical shelters serve as a necessary
complement to horizontal evacuation. While their capacities are limited, they provide immedi-
ate protection within inundation zones, especially for pedestrians who cannot reach horizontal
shelters in time. Moreover, some evacuees may perceive horizontal shelters outside the inunda-
tion area as safer, underscoring the complementary role of both strategies. A key consideration
in implementing vertical evacuation includes determining the optimal shelter locations, assess-



ing capacity, and ensuring that the structures meet engineering standards to withstand tsunami
impacts. Some reports, including those prepared by the National Oceanic and Atmospheric Ad-
ministration (NOAA) and the Federal Emergency Management Agency (FEMA), outline the
essential requirements for vertical evacuation shelters, emphasizing the need for structurally
resilient buildings that can serve as safe havens during tsunamis.

In addition to supply-side measures, demand-side strategies are also effective in tsunami
evacuation planning. One widely used approach is sheltering-in-place, in which evacuees re-
main within retro tted buildings instead of attempting to evacuate to designated shelters. This
strategy reduces both traf c congestion and the risks associated with large-scale movement, and
in some regions it represents the only feasible alternative, as residents lack access to any shelter
within the available time. However, it is economically impractical to implement on a large scale
due to the signi cant investment and resources required for structural reinforcements. There-
fore, a balance must be established between evacuation and shelter-in-place strategies to ensure
the most effective allocation of resources while maximizing evacuee safety. Depending on the
type and impact of the disaster, the available lead time, the level of protection, the distance from
the threat, the duration of exposure, and the degree of road congestion caused by evacuation
demand, the decision to evacuate or to shelter in place within a zone may differ (Lindell et al.,
2018).

In addition to strategies for managing evacuation demand and supply, several key consider-
ations in uence the effectiveness of tsunami evacuation planning, introducing complexities that
must be addressed to develop a realistic and ef cient evacuation model. One of the major chal-
lenges in tsunami evacuation planning is the transportation mode chosen by evacuees, which
plays a critical role in determining evacuation performance. Studies indicate that the most ef-
fective evacuation mode in tsunamis is on foot, as pedestrian evacuation minimizes congestion,
ensures accessibility in dense urban areas, and eliminates reliance on road networks that may
be damaged or overwhelmed (Scheer et al., 2011). However, vehicular evacuation may still be
feasible in areas with low population density, suf cient road infrastructure, and early tsunami
warnings. Most studies in the literature consider only pedestrian or only vehicle-based evacu-
ations, failing to account for mixed evacuation scenarios where both modes coexist. To better
re ect real-world conditions, mixed pedestrian—vehicle evacuation should be analyzed.

Another critical factor in uencing tsunami evacuation planning is noncompliance behavior,
which can signi cantly disrupt evacuation efforts. Noncompliance may arise due to personal
safety concerns, distrust in authorities, or prior disaster experiences, but its extent varies de-
pending on individual decision-making. In evacuation decisions, individuals may disregard of-

cial evacuation orders due to socio-demographic factors (such as residence duration, income
level, family composition, and pet ownership) and risk perception (Gladwin and Peacock, 1997;
Solis et al., 2010; Whitehead et al., 2000). Additionally, concerns about traf c congestion and
evacuation delays can deter people from leaving, as seen during Hurricane Floyd, where 65%
of non-evacuees cited anticipated traf c congestion as their primary reason for staying behind
(Dow and Cutter, 2000). Similarly, in shelter-in-place decisions, individuals may choose to
remain in their homes if they perceive their structures to be strong enough to withstand the dis-
aster, while others may be forced to stay due to mobility limitations, medical needs, or lack of
access to evacuation resources (Whitehead et al., 2000; Sorensen et al., 2004). The complexity
of evacuation planning is further exacerbated when evacuees act sel shly, relying on familiar-
ity and routine by choosing the shortest or most familiar routes rather than designated safer
alternatives, which contributes to severe congestion and delays (Lindell et al., 2011; Wu et al.,
2012). For instance, during Hurricane Bret, 69% of evacuees selected their routes based on
past experience rather than following of cial guidance, exacerbating congestion and reducing



overall evacuation ef ciency (Prater et al., 2000). Therefore, in tsunami scenarios, noncompli-
ance can lead to severe congestion and unexpected bottlenecks, increasing risks for evacuees
and disrupting planned evacuation routes. Evacuation models must incorporate noncompli-
ance behavior to develop more realistic and effective evacuation strategies that account for the
complexities of human decision-making during disasters.

Based on these challenges, this research aims to address the following research questions:

1. Which zones' buildings should be retro tted, how many residents in these retro tted
buildings are likely to remain at home, and what level of risk is associated with sheltering
in place?

2. What are the expected evacuation demands of each zone across different transportation
modes?

3. Where should vertical shelters be constructed given capacity and budget constraints, and
what is the level of risk for evacuees staying in each vertical shelter?

4. To which shelters should pedestrians from each zone be allocated, considering travel
risks and the available capacity of vertical shelters?

5. Which routes should be used for evacuating people by vehicle, taking into account risks,
road segment capacities, and available lead time, and to what extent will drivers comply
with these route assignments?

To address the research questions, this study develops a model on a time-expanded network to
ensure safe vertical and horizontal evacuation of mixed pedestrians and vehicles under tsunami
threat. The model incorporates the timing of tsunami wave arrivals, evacuees' departure times
(staggered by sub-zones rather than departing simultaneously), and constraints imposed by
traf c congestion. Unlike most existing models that assume full compliance with of cial in-
structions, this study not only considers partial compliance but also incorporates some of the
in uencing factors of compliance into a uni ed framework to enhance compliance.

In the developed model, demand-management decisions such as whether to evacuate or
shelter in place, shelter assignment (horizontal or vertical), and routing are optimized. On
the supply-management side, vertical shelter location decisions are also treated as decision
variables. These decisions must be made with respect to the risks and hazards posed by the dis-
aster. Time-based performance measures, such as the clearance time of the last evacuee or total
evacuation time, may not necessarily correspond to the safest options. Therefore, the model
incorporates spatial-temporal risk assessment, aiming to minimize evacuees' time-dependent
exposure to tsunami impacts. The objective is to reduce cumulative risk for those remaining
at home, traveling on evacuation routes, and located in shelters by assigning evacuees to paths
that remain safe longer considering inundation time, and by maximizing the number who reach
safety through imposing a large penalty on unmet demand.

To solve the problem effectively for realistic instances, an exact solution methodology based
on Benders decomposition is proposed. Within this framework, column generation is employed
to identify feasible evacuation routes, focusing computational effort only on the most promising
routes. To overcome the slow convergence often encountered in Benders decomposition, sev-
eral acceleration strategies are incorporated: (i) decomposing the subproblems for vehicles and
pedestrians to enable parallel processing, (ii) reducing network size by eliminating redundant
nodes, arcs, and routes, (iii) employing warm-start strategies in which initial solutions transfer
relevant subproblem information to the master problem to enhance convergence, (iv) applying
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the Maximum Density Cut (MDC) method to generate high-density cuts that encompass large
sets of decision variables, and (v) using callback mechanisms in branch-and-cut algorithms.
For column generation, initial solutions are also introduced to accelerate the identi cation of
promising routes.

The need for effective tsunami evacuation planning in Istanbul is underscored by recent
studies and of cial action plans. According to the Istanbul Province Tsunami Action Plan
prepared by the Istanbul Metropolitan Municipaliti3B) and the Middle East Technical Uni-
versity (ODTU) (BB-ODTU, 2019), the expected Istanbul earthquake could trigger secondary
tsunami hazards, severely affecting districts along the shores of the Marmara Sea. This concern
is further emphasized in the report of the Earthquake Investigation Commission of the Grand
National Assembly of Turkey (TBMM, 2021). Modeling studies for the Marmara Sea suggest
that the rsttsunamiwaves could reach the shoreline within 10 minutes of the earthquake, while
the maximum waves could arrive within 60—90 minutes, particularly threatening Eastern Mar-
mara, including the Princes' Island8B-ODTU, 2018, 2019; Necmioglu et al., 2018). These
studies estimated inundation areas, wave heights, building vulnerability, and evacuation-route
serviceability. Simulation-based risk assessments conducted jointgBwand ODTU iden-
ti ed Buyukcekmece as one of the most vulnerable districts, with extensive inundation zones,
high ow depths, and a large resident population. Accordingly, this study adopts Biyukgek-
mece as the case study to evaluate tsunami evacuation planning against the potential threat of a
secondary tsunami following the anticipated Istanbul earthquake.

The rest of the paper is organized as follows: Section 2 presents a thorough review of the lit-
erature and outlines the contributions. Section 3 describes the problem setting and assumptions
and introduces a mathematical formulation for the model. Section 4 proposes an integrated
Benders—Column Generation solution method and the suggested acceleration strategies. Sec-
tion 5 reports results under different assumptions, sensitivity analyses on critical parameters,
the effects of acceleration methods, and managerial insights derived from real data on the case
study. Section 6 concludes the paper and highlights future research directions.

2 Literature Review

To provide a comprehensive foundation for this study, this section reviews key literature on
tsunami evacuation planning, focusing on three critical aspects: shelter-in-place strategy, Tsunami
vertical shelter location models, and compliance behavior. The rst part examines studies that
consider shelter-in-place as a protective decision, highlighting conditions under which staying
at home—whether supported by retro tting or not—can be a feasible and effective alterna-
tive to evacuation across different disasters. The second part explores approaches for deter-
mining optimal locations of Tsunami vertical shelters, emphasizing accessibility and safety.
Finally, the third part discusses how compliance and behavioral variability have been incor-
porated into evacuation optimization models, and how determinants of compliance—such as
socio-demographic, psychological, and situational factors—are modeled to improve realism
and effectiveness.

2.1 Shelter-in-place decisions in evacuation optimization

The decision to evacuate or shelter in place is among the most critical in emergency manage-
ment, requiring a careful balance between potential health risks and protective bene ts. Evac-
uation involves relocating people from the threat area to horizontal shelters outside the danger



zone or to vertical shelters within it that offer suf cient protection, whereas shelter-in-place
refers to remaining at home when evacuation is unsafe or impractical, relying on the dwelling's
inherent protection (Cova et al., 2011). The choice between these strategies depends on several
interrelated factors, including the nature and intensity of the hazard, the protective capacity
of shelters (e.g., re-resistant homes for wild res or reinforced tall buildings for tsunamis),
available warning and travel times, route and destination conditions, and the vulnerability or
mobility of the population (Cova et al., 2011; Lindell and Perry, 2012; Sorensen et al., 2004).
Although evacuation has been extensively studied through optimization models focusing on
routing and shelter allocation, relatively few models explicitly incorporate shelter-in-place as
an alternative protective strategy.

Cova et al. (2011) were among the rst to address this issue through an optimization model
for wild re management that integrates evacuation, shelter-in-refuge, and shelter-in-home op-
tions. The model maximizes community protection by assigning each household to the option
offering the highest safety margin—de ned as the difference between the level of protection
and expected re threat—while accounting for warning time, travel duration, re intensity,
structural resistance, and congestion effects. Their results indicate that evacuation is pre-
ferred when time and routes permit safe movement, whereas limited time or blocked roads
make shelter-in-place or refuge shelters more appropriate. Karabuk and Manzour (2019) ex-
tended this line of research to tornado response management under uncertainty using a multi-
stage stochastic programming model that determines, at each forecast stage, whether residents
should evacuate or shelter in place. The model represents evolving tornado paths and intensities
through a probabilistic forecast tree and minimizes expected injuries and fatalities based on haz-
ard intensity, location, and the protection level of homes, vehicles, or safe zones. It integrates
stage-wise recourse, temporal feasibility, and cell-transmission-based traf ¢ dynamics (CTM)
to ensure feasible movement within the available time. Results show that this adaptive approach
outperforms static shelter-in-place policies by recommending evacuation only when lead time
and safe routing allow. Similarly, Apivatanagul et al. (2012) developed a time-dependent, two-
stage stochastic model for hurricane evacuation planning that jointly determines who should
evacuate, who should shelter in place, and when to depart, introducing departure-time opti-
mization as a new dimension in decision-making. The model minimizes total societal cost
by balancing expected life-safety risk, travel time, and time away from home, while consid-
ering road capacity, phased departures, and route connectivity. The results demonstrate that
optimizing departure timing alongside evacuation and shelter-in-place decisions improves both
network ef ciency and overall safety outcomes.

In these models, shelter-in-place strategies were incorporated without considering retro tting,
assuming that existing buildings provide adequate protection. While this assumption may hold
for wild res, it is unrealistic for hazards such as hurricanes, earthquakes, or tsunamis, where
structural reinforcement is essential for safety. Hughes et al. (2022) addressed this limitation
through a multi-objective optimization framework aimed at improving the resilience of coastal
residential communities via two retro tting strategies—building elevation and construction-
guality enhancement—under budget constraints. The model minimizes structural damage,
morbidity, displacement, mitigation cost, and total economic loss, assuming a xed evacua-
tion probability for the community. Although evacuation is not a decision variable, the study
highlights that structural improvement is a prerequisite for effective shelter-in-place in high-
risk zones. In contrast, Jiang et al. (2022) focused on short-term shelter-in-place decisions that
do not require retro tting. Their Emergency Response Trade-off model for chlorine leakage
accidents integrates gas-dispersion simulation, building in Itration dynamics, and evacuation
routing to determine the optimal duration of indoor sheltering. The results show that remain-



ing indoors for a limited time effectively reduces exposure and congestion, whereas prolonged
sheltering increases indoor contamination. This demonstrates that, unlike other hazards where
structural improvement is required, homes can still provide meaningful short-term protection
in chemical accidents, serving as temporary refuges before evacuation and highlighting the
critical role of timing in minimizing risk.

Recent studies have also explored multi-hazard resilience through optimization-based retro tting
strategies. Braik et al. (2025) proposed a probabilistic optimization framework for coastal
retro tting against wind, storm surge, and ooding, jointly evaluating building elevation and
roof reinforcement under budget constraints to minimize cumulative risk and socioeconomic
disparity. Although evacuation is not modeled explicitly, their results show how retro tting
enhances in-place protection and reduces displacement and economic disruption during hur-
ricanes. Similarly, Gupta et al. (2024) presented a multi-hazard optimization framework that
also considers relocation in addition to retro tting as complementary pre-disaster strategies
against combined earthquake—tsunami hazards. Their multi-objective model, applied to Sea-
side, Oregon, minimizes economic loss, dislocation, and repair time under budget constraints
by evaluating three alternatives: retro tting to higher seismic standards, relocating buildings
from inundation zones, and combining both. Results indicate that seismic retro tting enables
safe shelter-in-place after earthquakes, while relocation is critical for sustaining community
stability in tsunami-prone areas. However, conventional seismic retro tting was assumed in-
effective within inundation zones, as it neglects hydrodynamic, debris-impact, and scouring
effects. This highlights a remaining research gap—the need for tsunami-speci c retro tting
capable of providing both seismic and hydrodynamic protection, consistent with evidence from
reinforced buildings that have withstood dual-hazard forces during past events. Despite these
advances, a broader research gap remains. Existing optimization models for tsunami evacuation
primarily focus on evacuation itself, while one study addresses permanent relocation (i.e., per-
manent evacuation). More broadly, there is still no integrated framework that jointly considers
evacuation decisions and investment in retro tting to balance safety, feasibility, and resource
allocation across disasters.

2.2 Tsunami Vertical Shelter Location

In coastal regions exposed to near- eld tsunamis, evacuation time is often too short for resi-
dents to reach safe high grounds. In such contexts, vertical evacuation shelters play a vital role
by offering immediate refuge within inundation zones. Determining appropriate locations for
these structures is a multifaceted challenge that demands balancing physical, social, and logis-
tical considerations. Factors such as population density, network connectivity, walking speed,
and available lead time must all be harmonized to ensure timely accessibility. Moreover, in
areas with limited early warning systems, spatial risk assessment becomes a crucial component
of the planning process.

Researchers have explored a wide range of analytical methods to identify effective locations
for vertical shelters. Spatial and simulation-based approaches have been the most common,
often employing Geographic Information Systems (Geographic Information System, GIS) to
integrate hazard maps with demographic and infrastructural data. For instance, Nakai et al.
(2022) and Dewi (2012) applied GIS-based models that considered factors like distance, shel-
ter capacity, and building strength to locate suitable public structures—such as schools, towers,
or mosques—for vertical evacuation. Later studies enhanced these frameworks by including
community-based priorities. Wood et al. (2014) combined GIS and multi-criteria decision
analysis (MCDA) to re ect local perceptions, emphasizing shelter accessibility for vulnera-



ble groups and accounting for features like bridge crossings and hazard proximity. Similarly,
simulation-oriented works—such as Mawardin (2018) and Mosta zi et al. (2019)—integrated
eld surveys, tsunami propagation modeling, and evacuation simulations to evaluate shelter
usability, structural reliability, and travel behavior.

While such spatial and simulation models provide valuable insight into evacuation dynam-
ics, they are often limited when it comes to analyzing large-scale alternatives or assessing
interactions among multiple shelters. To overcome these limitations, optimization-based ap-
proaches have been introduced. Park et al. (2012), for example, formulated a genetic algorithm
that selected shelter locations minimizing evacuation time in Cannon Beach, Oregon, showing
substantial reductions in expected casualties. Doerner et al. (2009) proposed a multi-objective
formulation that jointly considered construction cost, risk level, and distance, offering trade-
offs among different shelter categories including elevated structures, retro tted buildings, and
naturally high areas. Gonzéalez-Riancho et al. (2013) further developed an integrated approach
combining GIS mapping, evacuation-time estimation, and optimization for shelter allocation.
More recently, Sotelo-Salas et al. (2024) incorporated regional assignment constraints, shelter
height, and capacity limits to provide a more realistic and operationally feasible framework.

Building upon these contributions, this study extends the literature by developing an optimization-
based model that minimizes total tsunami risk through the joint determination of vertical shelter
locations and pedestrian assignments across vertical, horizontal, and shelter-in-place (retro tted)
options. Unlike previous studies that examined these strategies separately, the proposed model
considers their interdependence and the trade-offs among them under realistic behavioral and
physical conditions. It incorporates survey-calibrated walking tolerance, time-dependent risk
exposure, limited shelter capacity, departure time, and non-compliance behavior with retro tted
shelters—factors that signi cantly affect accessibility and safety. By integrating these com-
ponents within a uni ed framework, the study provides a balanced and realistic approach to
tsunami evacuation planning, supporting decisions that account for both infrastructural con-
straints and human behavior.

2.3 Incorporating Evacuee Compliance into Optimization Models

Compliance behavior is a critical factor in evacuation planning, as deviations can substantially
affect overall system performance. Many studies, including two comprehensive surveys, em-
phasize the importance of incorporating behavioral considerations into evacuation optimization
(Caunhye et al., 2012; Bayram, 2016; Aldahlawi et al., 2024). Nevertheless, most optimiza-
tion models still adopt simpli ed assumptions that fail to capture the diversity of real-world
responses, thereby limiting both realism and applicability.

Most optimization models addressing compliance behavior focus on routing and rely on
idealized, binary assumptions. System-optimal (SO) models represent full compliance, user
equilibrium (UE) re ects non-compliance, and constrained system-optimal (CSO) models in-
troduce behavioral realism through fairness constraints but continue to assume evacuees com-
ply fully once these are satis ed. CSO models therefore mark the rst progress toward behav-
iorally aware optimization. However, only a limited number of studies explicitly incorporate
partial compliance, evaluating the operational impacts of varying compliance rates within opti-
mization frameworks (Ar kamglu et al., 2025). Only a limited number of studies have explic-
itly incorporated partial compliance within optimization frameworks to assess the operational
impacts of varying compliance rates.

A prominent contribution in this area is by Lessan and Kim (2022), who investigate com-
pliance with routing decisions in short- and no-notice evacuations such as wild res. In their



model, evacuees are initially assigned to routes assuming full compliance, while actual behav-
ior is captured through a diversion matrix that reallocates ows among alternative paths. In
deterministic settings, a xed diversion matrix is applied; in stochastic settings, multiple matri-
ces are generated from a uniform distribution to re ect uncertainty in compliance. Congestion
is modeled using the Bureau of Public Roads (BPR) function:
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(i;)). Under uncertainty, evacuation performance is evaluated with a Conditional Value-at-Risk
(CVvaR) objective:
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where W (f; ) represents evacuation time under diversion matpix This framework
explicitly quanti es the effects of route deviations on congestion and enhances robustness in
evacuation planning.

Building on this behavioral perspective, Wang and Wallace (2022) extend compliance mod-
eling to destination assignment by proposing a two-stage stochastic optimization model for al-
locating evacuees to pick-up points. Compliance is treated as scenario-dependent: in each sce-
nario s, a fraction ;s of evacuees from demand point i follow the assigned pick-up point, while
the remaining (1 i) choose alternatives. Two noncompliance strategies are introduced—
the deterministic BEST rule, where evacuees select the single most attractive alternative, and
the probabilistic BETTER rule, where evacuees redistribute among multiple attractive options.
The attractiveness of pick-up point j in scenario s is expressed as:

s =!iexp F —— +(@L ! ) exp  f —F (3)

where {; and g are travel time and directional angle; and ; denote the minimum and
maximum values for demand point i and ? are scenario-speci ¢ sensitivity factors; and
I'; 2 [0; 1] balances the importance of time and direction. Under the BETTER rule, evacuees
initially assigned to fbut choosing j follow:
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where B os represents pick-up points more attractive than This model minimizes a
weighted sum of expected over ow and travel time, subject to assignment, capacity, and com-
pliance constraints. Results demonstrate that the BETTER strategy increases robustness by
enabling exible redistribution and reducing both over ow and delay.

Further extending the behavioral dimension, Sun et al. (2017) examine evacuation partic-
ipation compliance in hurricane scenarios. Their dynamic optimization model links participa-
tion rates to warnings disseminated through various communication channels. The compliance



of evacuees of type i with a warning from source j at time t is denotgd which varies by
source credibility, timing, and household characteristics. If a warning is issyed%xl), the
number of evacuees complying is given by:

Xiikt  Pijt  Nikt %)

where ny; is the remaining population of that group in zone k at time t. The dynamic pop-
ulation updates introduce nonlinearity, and a greedy heuristic optimizes warnings sequentially
over time, effectively capturing evolving compliance and improving participation.

Expanding the scope to multiple interdependent decisions, Yi et al. (2017) integrate compli-
ance with route choice, destination selection, and evacuation timing—again within a hurricane
context. Routing is represented through dynamic user equilibrium to capture self-routing be-
havior, while compliance with departure time and destination assignment is modeled using dis-
crete choice. For instance, the probability of evacuation at time t is estimated via a sequential
logit model:

exp( X324

P (EVa) = 14 exp( X5y

(6)

where X2, includes variables such as evacuation orders, proximity to the hurricane, and
socio-demographic factors. Destination choice is captured through a nested logit distinguishing
between public shelters and exits from the study area. The model is solved with progressive
hedging, enabling adaptive planning across scenarios and providing one of the few frameworks
that jointly consider compliance across several interdependent evacuation decisions. Some
studies have integrated in uencing factors such as physical constraints and psychological states
directly into optimization models to enhance compliance behavior (Ar dgfanet al., 2025).

Physical capabilities, particularly mobility limitations and vulnerability, signi cantly in u-
ence evacuees' compliance behavior. Hsiao et al. (2021)develop two optimization models for
local refuge planning during dam-break oods, where evacuation is limited to walking. The
models determine whether to open a shelter, which capacity level to select (small, medium, or
large), and how to assign evacuees—classi ed as general public or elderly—to shelters within
acceptable walking distances (500 m and 300 m, respectively). The rst model maximizes the
number of evacuees assigned to shelters by prioritizing vulnerable groups through wegights w

X X X
max i Wi Yijk (7)
kK i
where Yy is the proportion of evacuees of class k from node i assigned to shelterig, p
the population at node i, andja ensures assignments respect walking limits. The second
model incorporates spatial risk by using(the inverse of distance from the river) to prioritize
high-risk areas:
X X X
max Pi Wi di iji 8
K j i
While the rst model favors larger shelters in dense areas to maximize coverage, the second
directs resources toward smaller shelters in high-risk zones, improving accessibility and pro-
tection for vulnerable groups. By embedding vulnerability weights, spatial risk, and mobility
constraints, the framework strengthens both equity and compliance feasibility.
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Psychological dynamics have also been incorporated into optimization frameworks. Hu
et al. (2014) propose a post-disaster evacuation and resettlement model based on the 2008
Wenchuan earthquake, where evacuees' mental states evolve with environmental stressors. At
each time t and site s, individuals are categorized as susceptiflg {®fective (%), or re-
moved (X%.4). Panic propagation is captured by:

. (9)

where s represents the panic spread strength, in uenced by the panic degasel gov-
ernment intervention:g:

€;s
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with e.s denoting the number of deployed mental health workers and representing the
support capacity per worker. The model minimizes the total cost, including psychological,
transportation, deployment, and shelter costs, subject to resource and intervention constraints.
The results indicate that timely psychological support reduces panic propagation and improves
compliance.

Dulebenets et al. (2020) address behavioral and psychological heterogeneity more compre-
hensively through a multi-objective evacuation planning model that jointly optimizes departure
time, route, and shelter assignment. The model minimizes six burdens affecting evacuees: evac-
uation time, mental demand, physical demand, temporal demand, effort, and frustration. These
burdens are aggregated into a single objective weighted by the number of evacuees per vehicle,
capturing behavioral variability and discomfort. By integrating human-related attributes—such
as age, health condition, experience, and driving ability—into both objectives and constraints,
the model provides a human-centered representation of compliance and fairness under stress.

In total, only a limited number of optimization studies have incorporated partial compliance,
and those that have typically focus on speci ¢ decision types—such as routing, destination as-
signment, participation, or combined decisions—within disaster contexts like wild res or hur-
ricanes. Most rely on simpli ed or synthetic behavioral assumptions rather than empirically
grounded data. Moreover, many of these models are disaster-speci c; for example, compliance
with departure time is relevant for long-notice events such as hurricanes but less meaningful
for highly time-constrained disasters like tsunamis. Critical aspects such as compliance with
shelter-in-place decisions remain largely unmodeled, and distinctions between transportation
modes—such as pedestrians and vehicles—are rarely incorporated. Even models that consider
underlying behavioral drivers, including mobility constraints or psychological responses, often
follow CSO-like assumptions, presuming full compliance once speci ¢ needs are met. Con-
sequently, no existing study fully integrates compliance rates in a way that re ects real-world
behavior while accounting for these in uencing factors that increase evacuees' compliance lev-
els.

Building on the identi ed research gaps, the key contributions of this study are summarized
as follows:

» A uni ed optimization is formulated in which vertical-shelter location, the evacuate—versus—shelt:
in-place choice, routing, and assignment are decided jointly.

» Shelter-in-place is endogenized for the rst time in tsunami evacuation modeling by
allowing only hydrodynamically retro tted or engineered buildings to serve as viable
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in-place refuge, thereby enabling safe protection within inundation zones without the
need for permanent relocation. The proposed model balances this decision with vertical
and horizontal evacuation options to ensure optimal protection across coastal sub-zones
within the available warning lead time.

 Partial compliance with shelter in place and routing is incorporated, calibrated from sur-
vey data, and compliance-supporting design choices are embedded—such as directional
Itering of arcs away from the coastline and proximity-tolerance—based guidance—so
that plans both remain effective under partial adherence and actively enhance adherence.
Compliance behavior is incorporated separately for pedestrians and vehicles. Compli-
ance behavior is incorporated separately for pedestrians and vehicles (Figure 3).

For pedestrians, two types of decisions were modeled: shelter-in-place and assignment.
In the shelter-in-place case, individuals without access to a horizontal shelter were classi-
ed as mandatory compliant, as remaining at home was their only option. For those with
access, compliance was differentiated between fully compliant, who stayed at home as
instructed, and noncompliant, who evacuated to the nearest horizontal shelter along the
shortest path. Compliance rates were derived from survey data. In assignment, pedestri-
ans were directed to shelters within an acceptable tolerance range, for which full compli-
ance was assumed.

For vehicles, compliance was modeled through shelter-in-place and routing decisions.
The shelter-in-place logic followed the same structure as for pedestrians: evacuees with-
out access to a horizontal shelter were mandatory compliant, while others could be fully

compliant or noncompliant. In routing, compliance was represented by an S-curve func-

tion of the time difference between the suggested and shortest routes. Drivers classi ed
as fully compliant followed the suggested route, whereas noncompliant drivers selected
the shortest-time path.

Figure 1: Compliance behavior framework for pedestrians and vehicles.

 Vertical-shelter planning is addressed via an optimization approach: candidate locations
are aligned with the Istanbul Tsunami Action Plan, and optimal locations and opening
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decisions are selected considering population distribution, accessibility, hazard exposure,
and pedestrian proximity tolerance, guided by simulation-derived, time-dependent risk.

* Multi-modal evacuation is modeled on distinct pedestrian and vehicular networks with
mode-speci ¢ demand, arc eligibility via directional Itering, route and shelter selection
criteria, and speeds, with common departure times and timing limits across modes.

A risk-minimization objective on a time-expanded network is employed: simulation-
derived, time-evolving inundation risk is minimized rather than travel time; lead/inundation-
time constraints are enforced; traf c congestion is controlled; and unmet demand is heav-
ily penalized—unlike prevailing time-minimization or static-access models.

» The framework is instantiated for Buyuk¢ekmece (Istanbul) using realistic data and in-
puts derived from surveys and tsunami simulations, incorporating behavioral and op-
erational factors such as compliance rate, departure time, vehicle usage, and walking
tolerance..

 Atailored Benders decomposition with column generation is used: two pricing problems
generate route sets for compliant and non-compliant ows, and acceleration strategies
are applied to obtain optimal solutions within practical runtimes.

3 Problem De nition and Mathematical Formulation

This section describes the tsunami evacuation problem, explains the construction of the time-
expanded network together with the underlying assumptions, and presents the mathematical
model formulated for the problem.

3.1 Problem Description

The evacuation planning problem is formulated on a directed graph G(N; A), representing a
static evacuation network where N is the set of nodes and A is the set of directed arcs. The
node set N consists of three subsets: the set of evacuation sub-zones (O), the set of intersection
nodes (J), and the set of shelters (S). The shelter set is further divided into candidate locations
for vertical shelters (9 and designated horizontal shelter§)SThe arc set A is classi ed into
pedestrian paths (A and shared vehicle—pedestrian road¥)AEach evacuation sub-zone

0 2 O is connected to a shelter s 2 S through a set of prede ned routgs, where each

route consists of a sequence of arcs A

Once a tsunami warning is issued, real-time monitoring systems provide estimates of the
expected arrival time and ow depth of tsunami waves at different locations. The present study
focuses on the worst-case scenario. Local authorities disseminate protective action recommen-
dations—either advising residents to shelter in place or to evacuate to designated shelters via
speci ¢ routes—through various communication channels such as social media, text messages,
and mobile alerts.

Evacuees in each sub-zone decide whether to evacuate on foot or by private vehicle. The
evacuation demand originating from sub-zone o is denotedland d for pedestrians and
vehicles, respectively.

Figure 2 illustrates a simpli ed evacuation network composed of ve evacuation sub-zones
(01-05), four intersection nodes (j1—j4), three candidate vertical shelters (v1-v3), and two
horizontal shelters (h1, h2). The numerical value following each node's label indicates the
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tsunami wave arrival time in minutes. For instance, 01;4 means that the tsunami waves reach
sub-zone ol after four minutes. Arc labels represent travel times for vehicles and pedestrians,
respectively. Since pedestrians move more slowly and their speed depends on the terrain slope,
their travel times are generally longer.

Among the candidate vertical shelters, only v1 and v3 are opened under the available budget
(B). Additionally, sub-zones 01 and 03 are retro tted as part of pre-disaster preparedness. In
01, pedestrians cannot reach the nearest horizontal shelter (h1) even under ideal conditions with
no congestion and immediate departure. The travel time alone exceeds the available window,
making retro tting the only feasible strategy to enhance safety. Moreover, when comparing
sub-zones 02 and 03, retro tting 03 is prioritized because its evacuation demand is higher and
nearby shelter capacities are insuf cient, leading to greater potential risk. Retro tting this sub-
zone therefore provides a more effective measure to reduce vulnerability and improve overall
safety.

In retro tted sub-zones, authorities instruct residents to shelter in place rather than evacuate.
However, compliance with this directive is uncertain. Some evacuees—whether traveling on
foot or by vehicle—may distrust the structural integrity of their buildings or the credibility of
of cial guidance, or they may perceive more distant locations as safer. Consequently, a portion
of residents may still attempt to evacuate despite instructions to remain indoors. Understanding
these behavioral responses is essential for designing effective and realistic evacuation plans.

Figure 2. Sample evacuation network

Figures 3a and 3c illustrate the behavioral responses of pedestrians and drivers in retro tted
sub-zones to of cial shelter-in-place (SIP) recommendations. Pedestrian behavior is depicted
in Figure 3a. When the SIP strategy is implemented in a sub-zone o, a proportion of resi-
dents—denoted by (1 P)—distrust the structural resistance of their buildings and choose to
evacuate instead of remaining indoors. These noncompliant pedestrians prefer to move toward
the nearest horizontal shelter following the shortest available route. For instance, in sub-zone
03, a fraction 5, of pedestrians comply with the SIP directive and stay at home, while the re-
maining (1 ;) noncompliant individuals attempt to reach shelter h1. In contrast, in sub-zone
01, the nearest horizontal shelter (h1) is located beyond the safe travel distance, meaning that
pedestrians cannot reach it before the inundation time regardless of their departure time or arc
capacity. Therefore, it is assumed that all pedestrians in 01 fully comply with the SIP directive,
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e, b =1

Vehicle behavior under the same conditions is shown in Figure 3c. Considering both depar-
ture times and traf c congestion, noncompliant drivers in sub-zone 01 can still reach the nearest
horizontal shelter (h1), indicating partial noncompliance. However, among the noncompliant
vehicles originating from sub-zone 03, only a portion can reach h1 before inundation, while the
remaining vehicles fail to arrive due to limited arc capacities and are therefore assumed to be
lost during evacuation.

For non-retro tted sub-zones, authorities must assign evacuees—whether pedestrians or
vehicle users—to horizontal or open vertical shelters based on tsunami risk, available time
(derived from inundation and departure times, as sub-zones may not depart simultaneously),
and the capacity of shelters and arcs. Vehicles in each sub-zone can be routed to multiple
horizontal shelters through different paths, but they are only allowed to use vehicular arcs. In
contrast, pedestrians from each sub-zone o are assigned to only one vertical or horizontal shelter
located within an acceptable tolerance degree (*). The acceptable tolerance degree corresponds
to shelters whose path lengths are less than or equal to (1+") times the length of the route to the
nearest shelter; routes longer than this threshold are excluded from consideration. Pedestrians
travel through the closest sidewalks or shared arcs, and it is assumed that both vehicles and
pedestrians can move along shared arcs without interference.

Figures 3b and 3d illustrate the evacuation ows of pedestrians and vehicles from non-
retro tted sub-zones 02, 04, and 05. As shown in Figure 3b, pedestrians in sub-zone 05 are
assigned to horizontal shelter hl, which is the only shelter within the acceptable tolerance
limit. Considering the slope, they can reach hl in two minutes. The lead time for this arc
is determined as the minimum of the lead times of its tail and head nodes (8 and 9 minutes),
resulting in an effective lead time of 8 minutes. Since the travel time is two minutes and the arc
has no capacity constraint, evacuees can safely reach the shelter even if they depart at minute
ve. Pedestrians in sub-zone 04 are assigned to vertical shelter v3, which is within the tolerance
limit and has suf cient capacity (g) under the available budget. Although shelter v4 is also
within reach (two minutes away), it poses higher risk as it leads toward the shoreline; hence, v3
is prioritized. For pedestrians in sub-zone 02, if no vertical shelters are available, they cannot
reach any horizontal shelter before the inundation time (since the sum of travel and departure
times equals nine minutes). Therefore, they are assigned to one of the candidate vertical shelters
vl or v2, both within the tolerance limit. Between the two, opening v1 is preferred given its
proximity and lower risk, but its limited capacity may result in some unmet demand—indicating
a bottleneck. If no budget is available to open additional shelters, the unsheltered evacuees from
02 are directed to dummy nodes, representing unmet demand. Overall, all pedestrians in non-
retro tted sub-zones are assumed to be fully compliant, as they are assigned to shelters within
the tolerance radius.

In the vehicular evacuation illustrated in Figure 3d, the only destination type is the horizon-
tal shelter. Although horizontal shelters have unlimited capacity, the arcs leading to them are
capacity-constrained (when referring to an arc a, its capacity is denotgyl asdctend to zero
as the tsunami waves approach due to inundation. The capadigpesents the maximum
number of vehicles that can traverse an arc under free- ow conditions. To prevent congestion,
the total vehicular ow on each arc must remain below its capacity. Consequently, only a pro-
portion of vehicles from each sub-zone {are assigned to the shortest-time route to the nearest
horizontal shelter ,, while the remaining vehicles (yare assigned to alternative routes to the
same or other shelters.

Figure 3d illustrates the compliance behavior of drivers in non-retro tted sub-zones. In sub-
zone 05, vehicles are located very close to horizontal shelter hl. Since the arti cial arcs directly
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connecting this sub-zone to surrounding nodes are assumed to have suf ciently large capacity,
all vehicles can reach h1 within one minute. As the assigned path coincides with the shortest-
time route, full compliance is observed{ = 1). In sub-zone 04, vehicles are assigned

05;h1

to shelter h1 through two distinct routes to satisfy all demand given arc capacity constraints.
Along the rst route, all vehicles comply with the assigned patrilg = 1), while along the

second, only a portion QV ) follow the assigned path. The remaining drivers (1 % 1)

deviate to the shortest- tlme path, where they may face delays at certain nodes but can still reach
the shelter before inundation. Vehicles from sub-zone 02 are assigned to horizontal shelter h2
due to congestion on alternative paths. A fractlor‘l( ) comply with this assignment, while

the remainder (1 % ) attempt to evacuate via the shortest-time route toward shelter h1l.

However, due to arc congestlon some of these noncompliant vehicles fail to reach h1l before
inundation and are therefore assigned to dummy nodes, representing unmet demand. These
noncompliant drivers contribute to network overcapacity by self-evacuating along the shortest
routes despite of cial instructions.

(&) Compliance behavior of pedestrians in(b) Compliance behavior of pedestrians in non-
retro tted sub-zones. retro tted sub-zones.

(c) Compliance behavior of vehicles in retro tted (d) Compliance behavior of vehicles in non-
sub-zones. retro tted sub-zones.

Figure 3: Compliance behaviors of pedestrians and vehicles in retro tted and non-retro tted
sub-zones.

3.1.1 Time-Expanded Network Construction

The main objective of the evacuation model is to minimize overall risk by ensuring that evac-
uees reach shelters before tsunami waves inundate nodes and paths, making them unusable.
As the tsunami advances, node-speci c risk levels increase, and at their respective lead times,
nodes and connected arcs become impassable. Each node has its own lead time, rather than
assigning a single value to an entire route, which allows the model to re ect spatial variations
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in inundation timing. Because these risk levels evolve dynamically, a static network cannot
adequately capture temporal changes. To address this, a time-expanded network is constructed
to represent the evacuation process over discrete time steps.

In this formulation, the evacuation period is divided into equal time intervals, and a copy of
each node is created for every time step during which it remains usable. This structure allows
for tracking accessibility over time and directly controlling traf ¢ conditions. Once a node's
lead time is reached, it and its associated arcs are removed from the network, representing in-
undation. Similarly, subzones appear only after their designated departure times—for example,
subzones p-0; depart at time 0, pappears at time 2, and at time 4.

Two types of arcs are included in the time-expanded network: crossing arcs and holdover
arcs. Crossing arcs connect different nodes across consecutive time steps, representing evac-
uee movement. Holdover arcs, in contrast, link the same node across consecutive time steps
and indicate remaining at that node for a short period. For vehicles, however, holdover arcs
are essential, as shown in Figure 4b, since they allow temporary waiting when road capac-
ity is reached, preventing excessive congestion and improving overall evacuation performance.
These arcs are not de ned for horizontal shelters because vehicles are assumed to complete
their evacuation upon arrival at such shelters.

The construction of crossing and holdover arcs is based on three main parameters: travel
time, time-step length, and lead time. Travel time depends on the distance and speed between
nodes, the time-step length determines the temporal resolution, and the lead time speci es the
nal time step before a node and its arcs become unusable due to inundation.

Consider the static network discussed earlier, where each node has a de ned lead time and
each arc has known travel times for both vehicles and pedestrians. Departure times vary among
subzones as described above. For instance, the static arc betwaehjphas a vehicle travel
time of one minute, with lead times of six and seven minutes famal j;, respectively. Using
a one-minute time-step length, the tail of the crossing arc is de ned over the interval

[departure time; lead time dtravel timee] = [2; 5];
and the head over
[ddeparture time + travel timee; lead time 1] = [3; 6]:

Thus, multiple crossing arcs can be generated from each static arc depending on the available
time intervals. Figure 4a illustrates the generated vehicle crossing arcs.

Holdover arcs are constructed similarly, except their travel time equals the time-step length.
For each node, except horizontal shelters, holdover arcs connect two consecutive time steps,
enabling vehicles to remain stationary until it becomes feasible to move forward. This captures
the accumulation of vehicles at congested nodes and their gradual release once suf cient ca-
pacity is available. Figure 4b illustrates these arcs, showing how they manage temporal vehicle

ow and alleviate congestion.

For pedestrians, the same principle is applied to create crossing arcs, with the difference that
vertical shelters are also included since pedestrians can access them directly. As pedestrian arcs
are not subject to capacity constraints, waiting is unnecessary, and holdover arcs are therefore
not de ned for pedestrians.
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