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ARTICLE INFO ABSTRACT

Keywords: Due to climate change, the frequency and scale of flood events worldwide are increasing dramatically. Flood
OR in disaster relief impacts are especially acute in developing countries, where they often revert years of progress in sustainable
Flood mitigation development and poverty reduction. This paper introduces an optimization-based decision support tool for

Optimization

Planni selecting cost-efficient flood mitigation investments in developing countries’ urban areas. The core of the
anning

tool is a scenario-based, multi-period, bi-objective Mixed Integer Linear Programming model which minimizes
infrastructure damage and traffic congestion in urban road networks. The tool was developed in collaboration
with Vietnamese stakeholders (e.g., local communities and government authorities), and integrates data and
inputs from other disciplines, including social science, transport economics, climatology and hydrology. A
metaheuristic, combining a Greedy Randomized Adaptive Search Procedure with a Variable Neighborhood
Descent algorithm, is developed to solve large scale problem instances. An extensive computational campaign
on randomly generated instances demonstrates the efficiency of the metaheuristic in solving realistic problems
with hundreds of interdependent flood mitigation interventions. Finally, the applicability of the interdisci-
plinary approach is demonstrated on a real case study to generate a 20-year plan of mitigation investments
for the urban area of Hanoi. Policy implications and impacts of the study are also discussed.

1. Introduction highest flood exposure rate (Rentschler et al., 2022). Vietnamese cities
experience severe floods every year, causing significant properties and

Floods are the most frequent disaster type, accounting for about public infrastructure damage, loss of business and livelihood options,
44% of all disaster events registered in the first two decades of this

century, and affect the largest number of people worldwide (UNDRR,
2020). Recent studies found that almost a quarter of the world’s pop-
ulation is directly exposed to high intensity floods (Rentschler et al.,
2022) and that climate change projections indicate that the proportion
of exposed population will increase further (Tellman et al., 2021). From
2000 to 2022, the Emergency Events Database (EM-DAT) recorded & Pathirana, 2013; Rentschler et al., 2020).

contamination of water, and increase in water-related diseases. With
rising temperatures and rainfall intensification due to climate change,
in addition to changes in land-use patterns, rapid urbanization and
acceleration in population growth, the frequency and severity of floods
in Vietnam are expected to increase even further in the future (Huong

3852 flood events worldwide affecting almost 1.8 billion people and As in many other countries facing similar flood disasters, flood im-
causing 929 billion U.S. dollars of damage (CRED, 2023). Around 40% pacts in Vietnamese cities affects overwhelmingly the poorest segments
of these events occurred in Asia, making it the continent with the of society, who are more vulnerable to income losses and increased
highest flood occurrence and highest flood economic impacts (ADRC, food prices during floods, have little resources for protecting their
2022). houses and other properties, and are less able to recover from prop-

Among Asian countries, Vietnam is one of the most prone to riverine
and coastal flooding, due to its extended coastal areas, river basins and
lakeshores (GFDRR, 2015). With 45.5 million people exposed to signifi-
cant flood risks, Vietnam ranks third globally among countries with the

erty damage (Bangalore et al., 2019; Narloch & Bangalore, 2018;
Rentschler et al., 2022). Investments in disaster mitigation measures
can be particularly effective to prevent or mitigate the impact of flood
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disasters given that flooding, unlike other disaster types, has affordable
prevention mechanisms, including drainage systems, dykes, dams and
early warning systems.

This paper presents the method and findings of an interdisciplinary
study aiming at mitigating the negative social and economic impacts
of urban floods in Vietnam through the identification of cost-efficient,
long-term investments in structural flood protection measures. The
study, conducted in collaboration with Vietnamese stakeholders in gov-
ernment and academia, and with the involvement of local communities,
blends methods from different disciplines to develop an optimization
model that determines the schedule of flood protection interventions
minimizing road infrastructure damage and congestion in different
flood scenarios.

The objectives of the model are determined based on the results
of a socio-economic impact assessment, carried out with local com-
munities in the central districts of Hanoi, Vietnam. The results of
the impact assessment show that infrastructure damage and traffic
congestion are the major concerns among the residents of Hanoi. As
noted in the literature, societal flood impacts, both direct (e.g., property
and infrastructure damage) and indirect (e.g., traffic disruptions and
delays), are becoming more severe due to the increasing concentration
of people and economic assets in flood prone areas and the greater
frequency of flood events (Bubeck et al., 2017; Kefi et al., 2018). The
community-based impact assessment confirmed these literature find-
ings and revealed that the greatest social and economic flood impacts
perceived by local communities are associated with road congestion
and damage (Scaparra et al., 2019). The assessment also highlighted
that the aging drainage system is considered to be the main cause of
flooding in the city. The study thus considers a set of mitigation projects
on the drainage system to minimize flood impacts on damage and
congestion. The projects differ in terms of costs and impact reduction
and a limited budget is available to implement them over a discrete
planning horizon. A list of potential mitigation projects for Hanoi was
compiled with the help of transport and drainage system experts, so as
to test the model on a real case study.

To capture the uncertainty of future floods’ intensity, the model
considers different flood scenarios, evaluated in terms of flooding depth
for events with different return periods, defined as the estimated time
interval between two flood events of a similar intensity (Gumbel,
1941). Water depths for flood events of specific return periods can be
computed using hydrological models, which combine topological maps,
precipitation data, and drainage system data to produce flood maps.
Heavy rainfall simulation and hydrological models were used by a team
of climatologists and hydrologists to generate flood maps for the city
of Hanoi in different climate change scenarios and estimate the benefit
of the mitigation measures, in terms of water depth reduction (Dang
et al., 2019).

The resulting Flood Mitigation Planning (FMP) problem, integrating
all the above aspects, is formulated as a scenario-based, multi-period,
bi-objective Mixed Integer Linear Programming (MILP) model. To cap-
ture the bi-objective nature of this complex problem, a simple weighted
sum scalarization method is used. This has the advantage of turning
the model into a single objective model that can then be solved by
commercial optimization solvers. By suitably varying the weights, the
supported non-dominated points on the Pareto front can be generated,
providing the stakeholders with a reasonably-sized subset of trade-off
solutions. Solving each instance of the single objective problem with
general purpose solvers, however, becomes impractical for real-size
problems. To overcome this, an ad hoc hybridization of a Greedy Ran-
domized Adaptive Search Procedure (GRASP) (Feo & Resende, 1995)
and a Variable Neighborhood Descent (VND) algorithm (Hansen &
Mladenovic, 1999) is developed and embedded into a Decision Support
System (DSS) which enables city planners and policy makers to use the
optimization tool and visualize the optimal mitigation measures and
their impacts on a map. The GRASP-VND algorithm is validated and
tested on randomly generated instances. The proposed approach is then
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used empirically for investigating cost effective ways in which flood
road damage and congestion can be mitigated in Hanoi.

This study makes the following main scientific contributions: it
introduces a new realistic flood mitigation optimization model co-
designed with stakeholders and considering both direct and indirect
flood impacts; it uses a unique confluence of distinct disciplines to
generate primary data, define model inputs and identify key objectives;
it proposes an ad hoc algorithm to solve the resulting complex model; it
provides a real application and practical insights for the city of Hanoi;
it develops a methodological framework general in scope and adaptable
to other regions; it draws the attention of policy makers in Southeast
Asia developing countries on the benefits of using analytic tools for
decision making, thus serving as a catalyst for future projects.

The remainder of the paper is organized as follows. A literature
review on optimization for flood mitigation and flood impact assess-
ment is provided in Section 2. Section 3 provides an overview of the
interdisciplinary modeling framework. The model assumptions and the
FMP mathematical formulation are described in Section 4. The details
of the hybrid GRASP-VND metaheuristic are given in Section 5. An
experimental analysis is performed in Section 6. The results of the
Hanoi case study are presented in Section 7. Finally, conclusive remarks
and an outline of future research directions are given in Section 8.

2. Literature review and related works

Our work is rooted in two main streams of literature: flood mitiga-
tion optimization and flood impact assessment.

2.1. Optimization for flood mitigation

Optimization modeling has been applied to disaster operation man-
agement (DOM) since the early 1980s (Altay & Green, 2006). The DOM
lifecycle includes four main programmatic phases: mitigation, pre-
paredness, response and recovery (Altay & Green, 2006; Van Wassen-
hove & Pedraza Martinez, 2012). The mitigation phase includes actions
taken to prevent disasters or reduce their impacts (e.g., risk assess-
ments, facility protection, land use control). The preparedness phase
spans planning, training and educational activities which prepare com-
munities to respond to an emergency (e.g., pre-positioning of relief
supplies, development of communication systems, response personnel
training). The response phase is concerned with short-term critical
actions taken in the aftermath of a disaster to save lives, including
relief supply distribution, evacuation, emergency rescue and medical
care. The recovery phase involves long-term post-disaster actions to
restore normalcy, such as debris removal, buildings reconstruction, and
infrastructure repair.

Optimization techniques have been used to tackle problems in all
four phases, as documented in numerous survey papers (Altay & Green,
2006; Amideo et al., 2019; Besiou et al., 2018; Celik et al., 2012; Coban
et al., 2021; Galindo & Batta, 2013; Grass & Fischer, 2016; Gupta et al.,
2016; Ozdamar & Ertem, 2015). In spite of this large body of literature,
there are still several limitations to the applicability of DOM optimiza-
tion models in practice. As noted in the reviews by Altay and Green
(2006) and Galindo and Batta (2013), existent Operations Research
(OR) works for disaster management are mostly model-driven rather
than application-oriented. Several factors contribute to the scarcity of
real applications. These include: lack of stakeholder engagement in
the modeling process (Amideo et al., 2019; Galindo & Batta, 2013;
Ozdamar & Ertem, 2015), lack of interdisciplinary approaches and
combination of different methodologies (Hoyos et al., 2015), unclear
or unrealistic assumptions about some modeling aspects (Amideo et al.,
2019; Galindo & Batta, 2013), scarce use of primary data and low data
quality (Besiou et al., 2018; Gupta et al., 2016), limited understanding
of specific disaster-related features (Coban et al., 2021; Hoyos et al.,
2015), and insufficient combination of practitioner and academic best
practices (Ozdamar & Ertem, 2015). A few surveys also advocate the
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need to develop more complex models, including multi-objective and
multi-period models (Caunhye et al.,, 2012; Gutjahr & Nolz, 2016;
Hoyos et al., 2015), ad hoc cutting edge algorithms (Caunhye et al.,
2012) and user-friendly interfaces to facilitate model uptake and imple-
mentation (Hoyos et al., 2015; Ozdamar & Ertem, 2015). Finally, Gupta
et al. (2016) point out that there is a lack of studies on specific types of
disasters, including floods, and that more attention should be paid to
the development of mitigation and prevention strategies against natural
disasters.

Mitigation models have been widely studied over the past decades,
especially within the context of facility protection in infrastructure
networks and disruption risk mitigation in supply chains (see for exam-
ple Bhuiyan et al. (2020), Gao et al. (2019), Hien et al. (2020), Starita
and Scaparra (2021) for recent studies on these topics). However,
the literature on optimization modeling for flood disaster mitigation
is still quite sparse. Existent studies mostly focus on the problem of
improving road networks against floods by strengthening or protecting
infrastructure components. For example, Sohn (2006) proposes a link
accessibility index based on distance and traffic flow to quantify the
potential impact of flood damage and prioritize network links to retrofit
in highway networks. Starita et al. (2017) propose a mixed-integer
optimization model to determine optimal protection investments over
a discrete planning horizon so as to minimize the expected shortest
paths in road networks under different flood scenarios. Amin et al.
(2020) consider the problem of determining optimal maintenance and
rehabilitation operations as a mitigation measure to reduce the damage
caused by floods on pavement roads in Bangladesh.

Another line of research, spurred by the 1953 flood in the Nether-
lands, specifically focuses on dikes as a mitigation measure against sea
level rise and floods in delta regions. The first mathematical model to
determine the optimal height of dikes is due to van Dantzig (1956).
The findings of this cost-benefit model were incorporated in the Dutch
Water Act and used to set up flood protection standards in the Nether-
lands. Brekelmans et al. (2012) propose an extension of the dike
height optimization problem to the case of nonhomogeneous dike
rings. Eijgenraam et al. (2017, 2014) improve previous dike upgrading
models by incorporating the dynamic effects of climate change and
socioeconomic growth in the cost-benefit analysis. Zwaneveld et al.
(2018) further refine previous cost-benefit models by proposing an
integer linear programming formulation to determine optimal timing
and extent of dike heightening and strengthening. Finally, Postek et al.
(2019) develop a robust optimization model to incorporate parame-
ter uncertainty and decision adjustability in the design of flood risk
management strategies based on dike heightening.

In summary, previous work on flood mitigation optimization has
focused on road improvement or dike height optimization. In con-
trast, our paper considers improvements to drainage systems to reduce
flood impacts on damage and congestion. As noted by Suarez et al.
(2005), traffic congestion due to floods has significant negative impacts
on transportation and livelihoods. However, congestion as a criterion
to drive flood mitigation decisions has so far been neglected in ex-
istent studies on flood mitigation optimization. Our work also fills
several of the gaps identified by recent DOM literature surveys by
proposing a flood mitigation planning model, which is co-developed
with government stakeholders and local communities, uses realistic
and flood-disaster specific assumptions and data, and is based on
inputs generated through the application of methodologies from other
disciplines.

2.2. Flood impact assessment

Understanding and assessing potential impacts of flood events are
critical components of flood risk management (Huizinga et al., 2017).
Depending on whether the impacts can be quantified in monetary terms
or not, flood damages are typically classified as tangible (e.g., property
damage, business profit losses) and intangible (e.g., fatalities, health

European Journal of Operational Research xxx (xxxx) xxx

impacts, environmental losses) (Bubeck et al., 2017). Tangible damage
can be further categorized in direct and indirect damage. Direct damage
is caused by the direct contact with flood waters, whereas indirect
damage is caused by the disruption of wider physical or economic
systems and includes, for example, economic losses of suppliers, traffic
disruptions and cascading impacts on interdependent infrastructure
systems (Hammond et al., 2015).

Estimating direct flood damage is commonly done using stage-
damage or depth-damage curves, which relate the expected damage of
different property classes or infrastructure assets to the flood charac-
teristics (e.g., water depth, duration and velocity). For example, Dutta
et al. (2003) use stage-damage curves to estimate urban, rural and
infrastructure losses in a river basin in Japan. Jonkman and Vrijling
(2008) provide a function which correlates the flood depth to the
mortality rate. Tariq et al. (2014) embeds stage-damage curves into
a risk-based assessment approach to estimate flood insurance in the
Chenab River region in Pakistan. Win et al. (2018) develop stage-
damage functions to estimate house damage, in-house damage, income
loss and agricultural damage in the Bago River Basin in Myanmar. Kefi
et al. (2018) evaluate the tangible damage caused by floods in the
urban area of To Lich river in Hanoi city.

Stage-damage functions have been mostly applied to evaluate direct
tangible damages, principally on residential and commercial properties.
In contrast, the understanding of indirect tangible damages and intan-
gible damages, especially within the context of infrastructure systems,
is still far from maturation (Hammond et al., 2015). As an example, the
relation between flood events and their impacts on congestion and road
traffic disruption has received little attention (Pyatkova et al., 2019).
Systematic reviews highlighting the gaps in modeling the impacts of
disaster events on transport disruption can be found in Faturechi and
Miller-Hooks (2015) and Pregnolato et al. (2017). Pregnolato et al.
(2017) are the first authors to propose a function which links flood
depths to traffic speed, to estimate flood induced delays. The proposed
depth-disruption function, derived by using video analysis and quan-
titative data from previous studies, is tested on the flood event of
June 2012 in Newcastle upon Tyne, UK. This curve represents a break-
through in modeling flood disruption in road networks as it overcomes
a major limitation of previous approaches which consider roads either
fully operational or fully blocked. A similar depth-disruption function
is used by Choo et al. (2020) in combination with a rainfall-depth curve
to create traffic disruption maps for the city of Seoul, Korea.

A widely used tool to evaluate congestion and traffic delays on roads
is the Bureau of Public Roads (BPR) function, which relates travel times
to traffic volumes (United States Bureau of Public Roads, 1964). Li et al.
(2018) embeds the BPR model into a simulation tool to evaluate the
impact of low returning frequency floods on traffic delays in Shanghai.

As described in Section 4, in our model we consider both direct
tangible impacts on infrastructure, using a depth-damage curve similar
to the one in Kefi et al. (2018), and the indirect damage associated with
traffic congestion, using an adapted BPR function.

3. Interdisciplinary modeling framework

The development of the optimization-based flood mitigation deci-
sion support tool required an interdisciplinary approach integrating OR
with other disciplines, including social science, transport economics,
climatology, and hydrology. The overall methodology comprises five
interrelated components, as displayed in Fig. 1.

In the first component, an impact assessment in selected hotspots
of Hanoi was carried out in collaboration with social scientists at the
Asian Management and Development Institute (AMDI) to identify the
main perceived causes of floods in the city and the main flood-related
concerns of local communities. The assessment involved about 500
participants, including residents and visitors (e.g. street vendors and
taxi drivers). It revealed that improving drainage systems is the main
priority for communities to reduce flood risk. It also highlighted that



S.-L. Phouratsamay et al.

1. Flood Impact
Assessment

a. MILP Formulation
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Fig. 1. The five components of our decision support tool.

the impacts of urban flooding are felt most acutely, and have the
greatest economic and social impacts, along roads. Prolonged traffic
congestion and children’s absence from school were found to be the
most important social impacts among residents. Overall, the assessment
highlighted that road damage and traffic congestion were the major
concerns among residents, street vendors and drivers. It also revealed
that local communities advocate the need for government to take
responsible action by upgrading or reconstructing the relevant drainage
system (Scaparra et al., 2019). These findings were fed into the design
and analysis of the subsequent project components.

The second component, a review of investment programmes, was
carried out in collaboration with transport economists at the Transport
Development and Strategy Institute (TDSI), to find a list of relevant
drainage flood mitigation measures. Various documents, including the
Master Plan 2030-2050 on urban rainwater drainage and lake conser-
vation in Hanoi, were examined to identify a list of potential projects
(e.g., lake rehabilitation, construction of manholes, reservoir upgrade,
etc.), together with their costs, structural details and locations.

The third component aimed at estimating the benefit of each mit-
igation measure by building a set of future flood scenarios for Hanoi.
To this end, meteorologists at the Vietnam Academy of Science and
Technology (VAST) used the Weather Research and Forecasting model
to simulate heavy rainfall in Hanoi, using historical data of the 2008 ex-
treme rainfall event and two return periods of 20 years and 100 years.
These two return periods are commonly used in flood risk assessment
to model flooding events which differ in terms of magnitude and
frequency of occurrence: a flood event with a 100-year return period is
typically more intense and severe compared to a flood with a 20-year
return period, but has a lower probability of occurrence (1% chance
in any given year against 5%). Based on the rain flows produced by
VAST and a hydrological model to set up the water flow in the pipes
of the current drainage system of Hanoi, a team of hydrologists at
the Vietnam Institute of Meteorology, Hydrology and Climate Change
(IMHEN) generated accurate flood maps of Hanoi using the Mike Urban
model (the interested reader is referred to Dang et al. (2019) for
detailed explanations on the flood map generation). Flood maps were
produced for the two scenarios (20- and 100-year return periods) with-
out any mitigation measure, as well as with each mitigation measure.
Combinations of measures affecting the same catchments were also
considered. The flood maps provide an accurate estimate of the water
levels in each flood scenario, when mitigation measures (e.g., installing
larger pipes) are incorporated into the hydrological model.

The core of the methodology is the optimization tool developed
in the fourth component. Using the data and results from the pre-
vious components, a scenario-based, multi-period, bi-objective MILP
model was developed to identify cost-efficient long-term mitigation
investment plans, able to reduce the impacts of future floods on the
urban road network. The model inputs include: water levels in future

flood scenarios, roads and catchments in the study area, cost and
location of mitigation measures, predicted flood variations associated
with mitigation measures, and available budget. Based on the results
of the impact assessment, the model aims at minimizing two criteria:
infrastructure damage and traffic congestion due to floods.

The MILP model and the GRASP-VND metaheuristic devised to solve
it were embedded into a Decision Support System, which was then
used in the last component to generate plans of future flood mitigation
interventions for Hanoi.

4. Flood mitigation planning problem

Our mathematical model for the FMP problem is based on the
following assumptions.

« The urban area is divided into catchments based on topographic
characteristics. Each network link belongs to a specific catchment.

» Each project (e.g., increasing the capacity of a reservoir) is im-
plemented in a given catchment and has an impact only on that
catchment and its links. This simplifying assumption is based on
preliminary flood map generation results, which show that the impact
of a project in other catchments is negligible compared to the impact
in its own catchment.

+ The impact of different projects in the same catchment is not additive.
Therefore, for each scenario, a separate flood map must be generated
for each combination of projects in the same catchment, so as to
evaluate the benefit of that project combination.

» Based on the results of the socio-economic impact assessment, the

model aims at minimizing road congestion and damage. Specifically,

the model minimizes a weighted linear combination of normalized
damage rate and congestion level. The two objectives are normalized
with respect to the total damage and congestion without any miti-
gation project. This way, the objectives explicitly measure the per-
centage improvements over the current state, a meaningful measure
for the decision makers. The choice of using a simple weighted-sum
method was also motivated by the need of providing decision makers
with an intuitive tool. By changing the weights, decision makers can
evaluate a range of different solutions from which to choose the
preferred one, supported by the solution visualization tool described

in Section 7.3.

Based on the simulated water depths used to generate the flood maps,

the benefit of each project combination, including single projects, is

computed as the variation of the catchment area flooded at a given
water depth. This variation affects the damage rate in the catchment.

The flood maps also provide the variation of the length of each link in

the catchment which is flooded at a given water depth. This variation

affects the congestion level on the link.

+ A limited budget is available in each time period and any unused
budget can be rolled over to the next time period.
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+ The cost of each project does not change over the planning horizon
and the duration of a project implementation is negligible with
respect to the length of the time periods. This implies that a project
benefit occurs from the time period when the project implementation
starts. The proposed model can be easily modified to relax this
assumption.

In the following, we denote by S the set of flood scenarios, where
each scenario s is defined by its return period, and by W, indexed by
w, the set of water levels (note that we use water levels and water
depths interchangeably throughout the paper). K represents the set of
catchments and £, the set of links in catchment k. The set of all links is
denoted by L. Each link / is defined by its capacity C; (PCU/h), traffic
volume V; (PCU/h), length D, (km) and vehicle speed limit .S; (km/h),
where PCU stands for Passengers Car Unit.

Let P be the set of projects, P, the set of projects in catchment
k, and 7 the set of discrete time periods, with T = |T|. B, is the
available budget in each time period . Each project has a cost c,
and its implementation induces a variation of the flooded area and
the links’ flooded length in the catchment where it is implemented.
The flooded area (km?) of catchment k at water depth w in flood
scenario s at the beginning of the time horizon is denoted by A;,-
Similarly, A;,,, denotes the flooded length (km) of link / at water
level w in flood scenario s at the beginning of the time horizon. Let
9 = {G, qg = 1,...,]19,|} be the set of project combinations G,
associated with catchment k. We denote by I, the set of indexes of the
project combinations in Q, by Iy, = {g : ¢ = L,...,|Q|,p € G,} the
set of indexes of the project combinations in Q, which include project
poand by Ii; = {q : ¢ = 1,....1Q1,1G,| > |G4|} the set of indexes of
the project combinations in Q, which have a cardinality larger than the
cardinality of G;. For instance, if there are two projects p;, p, that can
be implemented in a catchment k, the possible project combinations
are G, = {p1}, G = (pp} and G5 = {p;,p;}, Q¢ = {G1,G,.G3}) and
I, = {1,3} (set of indexes of combinations including project p,). Then,
Apupsq (Tesp. Ly,,,) represents the predicted flooded area of catchment
k (resp. flooded length of link / € £;) at water depth w in scenario s
when the projects in G, € Q, are implemented.

To compute the damage, we use the Flood Depth Damage Function
introduced by Kefi et al. (2018), which provides direct damage rates,
DR, as a function of flood depth w as follows:

1
1 +exp(—a—bXxXw)

w»

DR, =
where a, b are parameters which need to be calibrated according to the
study area.

To compute the congestion level, we use the BPR congestion func-
tion provided by the United States Bureau of Public Roads (1964)
linking the traffic volume and the travel time:

= (1ra())
where Ty, is the travel time at traffic flow V, T} is the free-flow travel
time, C is the capacity and a, § are road network dependent parameters.
Since roads may be inundated, in the model we use V.S, (km/h) to
denote the estimated vehicle speed at a water level w.

Finally, the model uses the following decision variables. The binary
variable x,, is equal to one if project p is implemented in period 7 and
zero otherwise. The binary variable z,,,, associated with combination
G, € Q. indicates whether combination g, is active in period 1.
Namely, z,,, takes value one if all the projects in combination ¢, are
implemented either in period ¢ or before ¢, zero otherwise. Variable
s (T€SP. 7)) denotes the flooded area (resp. length) in m? (resp.
km) of catchment k (resp. link /) with a water level w in flood scenario
s in period 7. Variable y,, defines the damage rate in scenario s in time
period . The congestion level (hours) of link / in flood scenario s in
period ¢ is denoted by u;,. The free flow travel time (hours) of link
| associated with water depth w in scenario s and in time period ¢ is
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given by 7,,,,. The notation used throughout the paper is summarized
in Table 1 of the supplementary material.
The FMP problem can be formulated as a MILP model as follows:

V4 Z
minimize z = A=- + (1 - 1) = (@)
DB CB
subject to
Z = 251 Zﬂxyst’ (2)
1eT SES
Aposo(1 = Z Ziqr) + Z AwsgZrgt < Qs
q€ly g€l
Vk € K,YweW,Vs € S,Vt €T, 3
Ya= Xt 2 DR Gy VseSVteT, (@)
kekx  wew

Z = 251‘ Zﬁy Z Yk z Uy %)

1eT  se€S  kek leL,

Lypso(1 = Z Zgg) + Z LiwsqZrgt < Cruvst

el g€l
VkeK,\VleL, YweWNVseSVieT, (6)
Tlwst 2 f/m,/VSw

VieLYweWNVseSVieT, @
s 2 (D) — 2 L) S
wew
VieL,VseS,VieT, (8
v p
w=|1+a g DI VieLVseSVIeT, ©)
! wewu(0}
¥ox, <1 VpeP, 1o
teT
DS VkeKVieT, a1
q€l;
XS Y 2y VkeKNpeP.VIET, (12)
9€L},
[AEED YD I VkeK.VteT.Vqel, (13)
J<t peG,
i STyt Y T Vk € KVt € T,Vj> 1Y € I,

9€l;
a4
(IG;1 + DA = z40)) + Gy 124y

= (1651 + Dzyg Vke K NtLjeT 1 j>tNVg,q€ I, 1 §#q,

1s)
ZZcpxpj < ZB, VteT, (16)
J<t peP Jjst
x, €{0,1) VpePVIET, a7
Ziy €{0,1} VkeKVg=1,...,|Q,VtET,
1s)
Vg 20 VseSVteT, 19)
A 2 0 Vke KL,YweW,VseS,VIeT,
(20)
Clios 20 VieLVYweWVseSVIET,
(21)
w, >0 VieLVseSVteT, (22)
Tipst 2 0 VieLVYweWU{0}.VseS,VteT.

(23)

The objective function (1) minimizes a weighted linear combination
of normalized damage and congestion, computed over different flood
scenarios, catchments and time periods. In (1), 4 is the objective
weight, while Dy and Cj are constants denoting respectively the total
damage rate and total congestion level at the beginning of the planning
horizon (with no mitigation measures).
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The damage function z, is computed by Constraints (2)—(4). Specif-
ically, the flooded area a,, in catchment k at water level w in
scenario s and in time period ¢ is derived by Constraints (3), by taking
into account the flooded area A,,,, induced by the selected project
combination in catchment k. This is then used in combination with
the damage rate provided in Kefi et al. (2018) to compute the overall
damage for a specific time period and scenario in Constraints (4).
Finally, the overall damage across all scenarios and time periods is
computed by Constraints (2). Note that to allow flexibility in the model,
catchments, time periods and scenarios can have different weights
(denoted by y,, §, and g, respectively).

The congestion function z, is computed by Constraints (5)—(9).
Similarly to Constraints (3), Constraints (6) define the flooded length
¢ 105 Of link [ at water level w in scenario s and time period . Flooded
lengths are used to compute the free-flow travel time on flooded roads
in Constraints (7) and the free-flow travel times on non-flooded roads in
Constraints (8). Note that the value (D;— Y}, <}y £1us) in Constraints (8)
corresponds to the total non-flooded length of link / in scenario s and
time period t. Constraints (9) compute the congestion levels v, using
the BPR function (United States Bureau of Public Roads, 1964). Finally,
the overall congestion across all links, scenarios and time periods is
computed by Constraints (5).

Constraints (10) indicate that a project p can be implemented at
most once over the planning horizon. Constraints (11) ensure that in
a given period ¢, at most one combination of projects can be active
in each catchment k. Constraints (12) guarantee that if a project p is
implemented in period ¢, then one combination including project p has
to be active in period . Constraints (13) ensure that if a combination
G, in catchment k is active in period # (z;,, = 1), then all projects p € G,
have to be implemented either in period 7 or before period ¢. Constraints
(14) indicate that if a combination g; is active in period 7, then a
combination in the same catchment has to be active in each subsequent
period j > t. This can be the same combination or a combination with
more projects than G;. In a feasible solution, if a combination G; is
active in period 7, then only a combination G, with more than 1G5
projects can be active after period ¢. This is ensured by Constraints
(15). Constraints (16) represent the budget limit in each time period.
Constraints (17)-(23) define the domain of the variables.

5. A hybrid GRASP-VND metaheuristic

For a given choice of the objective weight 4, small and medium-
sized instances of FMP can be solved using commercial optimization
software. However, realistic instances may involve hundreds of poten-
tial interventions in many catchments and over long time horizons.
Solving them by general purpose solvers is impractical, due to excessive
computing time and memory requirements (see Section 6). In addition
the stakeholders who commissioned the study required a solution
approach not reliant on licensed software. We therefore developed a
multi-start, two-phase GRASP-VND metaheuristic. In each start, GRASP,
introduced by Feo and Resende (1995), is used in the constructive
phase to build a feasible solution by randomly selecting promising
elements from a dynamic Restricted Candidate List (RCL). The feasible
solution is then improved using a VND algorithm (see Hansen & Mlade-
novi¢, 1999), which systematically explores different neighborhoods
within a local search. The algorithm stops if either a maximum number
of iterations or a maximum computing time is reached.

5.1. Constructive phase

The constructive phase begins with an empty solution and itera-
tively adds a project to the solution following a randomized greedy
procedure until no project can be added to the solution without ex-
ceeding the available budget. We denote by plan the partial solution
built during the constructive phase. The randomized greedy procedure
guides the construction of the solution using a greedy function defined
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by the benefit of adding a project into the partial solution. Let (¢, p) be
a couple representing a project p implemented in time period 7.
We defined the greedy function ¢,, as:
AADamage,, + (1 — 1)ACongestion
— g tp g tp (2 4)

p

¢tp

where ADamage,, and ACongestion,, are the normalized damage and
congestion variations induced by the implementation of project p in
time period ¢. Note that if the partial solution plan includes other
projects belonging to the same catchment as p and implemented before
t, the damage and congestion variations in the greedy function are
computed by activating and deactivating project combinations in that
catchment accordingly.

At each iteration of the constructive phase, the RCL contains the best
candidates to be inserted into the partial solution. It is constructed so
that the couples (1, p), where project p is not implemented in the partial
solution plan and 1 is the earliest time when p can be implemented de-
pending on the available budget, are ranked using the greedy function
(24). A couple (1, p) is inserted in the RCL if implementing project p at
its earliest time period ¢ is feasible, i.e. the budget constraint is not
violated, and the greedy function ¢,, is in the interval [#¢ . Pmax]
where ¢, is the maximum value ¢,, of the potential couples (z, p)
and n varies between 0 and 1. The selection of the parameter 7 to
construct the RCL has an impact on the quality of the solution built
in the constructive phase. In our experimentation we use a reactive
GRASP (Prais & Ribeiro, 2000) to define the value of # at each iteration.

Once the RCL is constructed, a candidate (7, p) is randomly chosen
from the RCL and added to the partial solution p/an. The residual bud-
get and greedy function for the remaining candidates are then updated
accordingly. The constructive phase ends when no candidate project
can be added to the partial solution without exceeding the available
residual budget. The feasible solution is then improved through the
local search phase.

5.2. Improvement phase

The VND search uses a set N' = {N, ..., N } of five operators such
that operator N}, j = 1, ..., 5, maps a given solution plan to a predefined
neighborhood structure N;(plan). The algorithm explores the neighbor-
hood structures using a sequential neighborhood change step (Hansen
et al., 2017), whereby if an improvement of the incumbent solution
in some neighborhood structure occurs, the search is resumed in the
first neighborhood structure N (plan) of the new incumbent solution;
otherwise the search is continued in the next neighborhood, according
to the order in V. The exploration of each neighborhood uses a best
improvement strategy. The VND algorithm starts with the solution
returned by the constructive phase as the incumbent solution pl/an
and terminates when no improving solution can be found in any of
the neighborhood structures. The five operators can be classified into
two types: period operators (N, N,, and N3), which only change the
implementation periods of the projects in the incumbent solution; and
project operators (N, and N5), which swap projects in the solution with
projects not in the solution. Note that only operators which produce
feasible solutions with respect to the budget constraints are attempted.

In the following, we denote by P the set of projects implemented
in plan and by P the ones not implemented in pl/an. The set of projects
in plan implemented in time period ¢ is denoted by P!". The operators
are defined as follows.

N: One-to-Many Period Operator. Given a period t € T\{T}
and a project p € P, this operator moves project p forward to a
subsequent period 7, with 7 =7+ 1,..., min {t+ h, T}, for some h > 1. It
then tries to move backward projects that are implemented in period
f in the following way: for each project p € Pt,"", project p is moved
backward from period 7 to its earliest feasible (with respect to the
budget) implementation period, if it exists; then as many projects as
possible following j in P;" are moved from period 7 to their earliest
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Table 1
Example of solutions generated by the One-to-Two Period operator.
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(a) Incumbent solution

(b) Solution with t=1,7=3,p=p,,p = ps.

(c) Solution with t=1,7=3,p=p,,p = p;.

Period pn Period pn Period pn

1 b P D3 1 Py P3Py 1 b Pz P7

2 Py Ps 2 Ps Ps  Ps 2 Ps Ps Pg Py
3 Ps P1 Ps Py 3 P Py Pi 3 Ps  Pi

pout P Pu P2 pot Po  Pu P2 po Pio  Pu P2

Table 2
Example of solution generated by the One-to-Many Two-Period operator.

(a) Incumbent solution (b) Solution after the operator

Period pin Period pin

1 P P P 1 P P3  Ps

2 by D5 2 Py Py

3 Ps P Py Py 3 Ps P1 Ps P2
pot Po  Pu  Pi2 po Po  Pu Pi2

feasible implementation period. These projects are tried in the order of
appearance in P!".

Example. Table 1 displays two solutions generated by the One-to-Many
Period operator for a problem with 12 projects and 3 time periods. Table 1a
shows the incumbent solution where Pi" = {p|, py, p3}, Py = {p4, ps} and
P;"’ = {pg.P7. D3, Po}. Tables 1b and 1c present two period exchanges for
project p = p; € Py" from its current implementation period t = 1 to
period f = 3. In Table 1b, the solution is obtained by moving project p = pg
backward to its earliest feasible period 2; then the projects following pe in
Pé"’ (i.e., p;,pg.py) are considered and as many projects as possible are
moved backward (in the example, only project p, is moved backward). In
Table 1c, starting from the incumbent solution, project p = p; is moved first
to its earliest feasible period 1; then the set of projects following p, in Py
is considered (i.e., pg, py) and both projects ps and p, are moved backward
to period 2.

N,: Two-to-Many Period Operator. This operator is equivalent
to the One-to-Many Period operator but instead of moving only one
project to a later period, for each period + € T\{T}, two projects
p.p € PI"" (if they exists) are moved forward to a subsequent period
f, withf=¢+1,..., min {r + h, T}, for some h > 1. Projects in Prl” are
then moved backward as in V.

N3: One-to-Many Two-Period Operator. Let 1 € {l,...,T — 2}
and 7 € {t +2,t + 3} be two time periods. In this operator, a project
p € PI" is first moved forward from period 1 to period 7. Then, a project
pe Pt,"fl, is moved backward from period 7 — 1 to its .earliest feasible
implementation period. Finally, as many projects p € P as possible are
moved from period 7 to their earliest feasible implementation period.
Namely, projects are moved backward from two different time periods
(7 — 1 and 1) rather than only one as in the previous operators.

Example. Table 2 displays a solution generated by the One-to-Many Two-
Period operator. Table 2a shows the incumbent solution. Table 2b shows the
solution obtained by moving project p, forward from period t = 1 to period
1 = 3. Then project ps is moved backward from period t—1 = 2 to its earliest
feasible period 1. Finally, project p, is moved backward from period = 3
to its earliest feasible implementation period 2.

N,: One-to-Many Project Operator. Given a time period 1 € T
and a project p € Pf", p is removed from P,"" and inserted into P%“.
Then as many projects as possible from P are added to the solution in
their earliest feasible implementation period. Note that project p, once
inserted in P°“, can be selected to be added to the solution again but
its implementation period can be different from the one in the initial
solution.

Ns: Two-to-Many Project Operator. This operator is equivalent
to the One-to-Many Project Operator but instead of removing only one
project from the incumbent solution, for each time period t € 7, two
projects p and p’ are moved from P™ to P°“. Projects in P* to be
added to the solution are then selected as in N,.

Based on a pilot study, the VND algorithm explores the five neigh-
borhoods in the order given in N. A flowchart of the GRASP-VND
algorithm is presented in Fig. 2.

6. Experimental analysis

In this section, we perform some computational tests on a set of
randomly generated instances to evaluate the efficiency of GRASP-
VND in solving FMP instances. The instances were generated by using
data provided by TDSI and IMHEN so as to make them as realistic as
possible.

6.1. Instance generation

We consider a time horizon T € {10,20} and two flood scenarios
defined by their return period of 20 and 100 years. We generate urban
networks of two different sizes |C| x |£]: 30 x 300 and 50 x 500.
The characteristics of catchments, links, projects and flood impacts are
generated to mimic the real data provided by the stakeholders. Namely,
the area of a catchment is randomly chosen in the range [3,40]. The
length D, and capacity C; of a link / are randomly generated in the
ranges [10,500] and [500, 3000], respectively. The traffic volume V, of a
link is computed so that ¥, = ¢C, where ¢ is a percentage randomly
chosen between 30% and 100%. We assume two types of urban road,
with a vehicle speed limit equal to 40 km/h or 60 km/h.

The water depth ranges used to produce the flood maps are dis-
cretized by using twelve water depths d, for w € W = {1,...,12},
where each depth represents the middle point of a water depth range.
Namely, we set D = {0.05+ 0.10(w — 1) : w € W}. A water level d,,
represents the water depth range (d,, —0.05,d,, + 0.05]. So for example,
water level d; = 0.05 is used as a proxy for a water depth between 0
and 10 cm ((0,0.17).

For the generation of the flood maps, we consider two types of
catchments: low risk catchments, which are less flooded during flood
events, and high risk catchments, which are flooded with a high water
depth. The percentages of flooded areas at different water depths at the
beginning of the time horizon are randomly chosen in the ranges [a, b]
defined in Table 3. As an example, for a low risk catchment and a 20-
year return period, the percentage of flooded area is chosen between
0% and 5% (resp. 0% and 4%) for each water level between 0.05 m
and 0.75 m (resp. 0.85 m and 1.15 m). Assume that the area of the
catchment is 10 km? and the randomly generated percentage of flooded
area for d; = 0.05 is 2%. This means that in a flood scenario with a 20-
year return period, an area of 0.2 km? in the catchment is flooded with
a water level between 0 and 10 cm. The percentage of flooded length
at the beginning of the time horizon is computed in a similar way. In
addition, we assume that 20% of the links are non-flooded.

We consider that |P| € {30,45,60} if |C| = 30 and |P| € {50,75,100}
if [C|] = 50. We generate two types of project: small projects with
small impacts and costs between $500,000 and $1 million, and big
projects with more significant impacts and costs between $1 million
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Fig. 2. Flowchart of the GRASP-VND algorithm.

Table 3
Generation of flooded area/length percentages at the beginning of the time horizon.

Range (%)

Return period Water level (m)

{dy,....d,} {ds,....dg} {dy,....d}

a 0 0 0

20
Low risk b > 5 4
a 1 1 3
100 b 7 7 6
a 3 3 2

20
High risk b 8 8 4
a 5 5 4
100 b 11 11 10

Table 4

Generation of the percentage of flooded area and length variation for each project type.

Return period Range (%) Water level (m)

{dy,....d,} {ds,....dg} A{dy,....d}
a 2 2 5
20
Small projects b 10 15 20
a 10 10 10
100 b 25 30 35
a 12 12 15
. . 20 b 30 35 50
Big projects
a 20 20 25
100 b 45 50 70

and $3 million. Projects impacts are measured as the percentage of
flooded area reduction at each water depth. For each project type, flood
scenario and water depth, these percentages are randomly chosen in
the range [a, b] defined in Table 4. The percentages of flooded area and
flooded length variations are generated in line with the data behind the
flood maps produced for Hanoi by IMHEN.

According to the analysis provided by Pregnolato et al. (2017), a
vehicle cannot travel when the water level is above 0.3 m. Hence, we
set the vehicle speed equal to 1 km/h for water depths equal to 0.35
and above. For the other cases, according to the data provided by TDSI,
the vehicles’ speeds are set to 22.3 km/h, 18.5 km/h and 9.2 km/h
for water depths equal to 0.05 m, 0.15 m and 0.25 m, respectively.
The damage rate is computed using the flood depth damage function
developed by Kefi et al. (2018) for Hanoi. As recommended by the US
Bureau of Public Roads, the parameters of the BPR congestion function
are set to « = 0.15 and f§ = 4.

In the tests, we assume that the total available budget is equal to
a percentage B of the total cost of the projects and that the budget is
equally spread among the time periods, i.e. B, = (B Yoer c,,) /T, with
B e[0,1].

An instance class is characterized by the budget percentage B, the
size of the networks |C| X |£| and the number of projects |P|. We
generate five instances for each class.

6.2. Analysis

All experiments are performed on a workstation with 128 GB of
RAM and two Intel Xeon E5-2680 v3 CPU @ 2.50 GHz, running under
the CentOS Linux operating system. The FMP model is solved with IBM
ILOG CPLEX 20.1. To avoid memory failures and tune CPLEX perfor-
mance, we use the following memory setting: the working memory
upper limit is set to 64 GB; the node storage file switch parameter
is set to 3, so that tree nodes are compressed and written to disk
when the working memory limit is exceeded; the upper limit of the
branch-and-cut tree size is set to 200 GB. We also set a time limit of
five hours. GRASP-VND is implemented in C++. Based on preliminary
experiments, the parameter 5 of the reactive GRASP is chosen in the
restricted set {0.6,0.7,0.8} and the parameter A used in the VND period
operators is fixed to 4. The maximum number of iterations MaxIter
depends on the size of the instances and is set to 150 for the smaller
instances (|T'| = 10 and |C| = |P]) and to 200 for all the other instances.
The maximum running time for the heuristic is set to one hour.

Our initial analysis is performed by giving equal weights to the
damage and congestion objectives. Also, equal weights are given to the
catchments, time periods and scenarios. Tables 5 and 6 display average
statistics on the five instances in each class obtained with CPLEX and
GRASP-VND, for T = 10 and T = 20 respectively. Columns B, |C|
and |P| display the budget level as a percentage of the total budget,
the number of catchments and the number of projects. To evaluate
the performance of the algorithms, the percentage gap from the Best
Known Value (BKV) is displayed in the columns Gap BKV for each
approach. BKV is the minimum objective value obtained by either
CPLEX or GRASP-VND. Columns Gap LB display the percentage gap
computed with the formula (Obj — LB)/LB x 100 where Obj is the
objective value found by each method and L B is the lower bound found
by CPLEX. Columns Time indicate the average running time (in seconds)
of the algorithms, whereas columns #BKV display the number of BKVs
found by each algorithm for each instance class. For the GRASP-VND
algorithm, the average number of iterations needed to find the solution
is reported in the column #iter.

Note that CPLEX could not find the optimal solutions in 56 cases
for the instances with |T'| = 10 and in 74 cases for the instances with
|T| = 20, due to the time or memory limits. Also, in three cases, CPLEX
reported the optimal solutions, when in fact the solutions were found
to be suboptimal. This is due to CPLEX’s precision and truncation errors
when dealing with small fractional numbers in the model constraints.
Similar issues have been reported in other studies (Berman et al., 2007;
O’Hanley et al., 2013).

The results in Tables 5 and 6 show that GRASP-VND outperforms
CPLEX, especially for the most difficult instance classes where the
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Table 5
Comparison between CPLEX and GRASP-VND for T = 10.
B icl 1P| CPLEX GRASP-VND
Average #BKV Average #BKV
Gap BKV (%) Gap LB (%) Time (s) Gap BKV (%) Gap LB (%) Time (s) #iter
20 30 30 0.000 0.000 13 5 0.000 0.000 15 11 5
45 0.003 0.020 5445 4 0.000 0.017 38 23 5
60 0.005 0.231 18206 4 0.000 0.226 73 27 4
50 50 0.000 0.000 484 5 0.000 0.000 104 7 5
75 0.006 0.092 17279 2 0.001 0.086 388 86 4
100 0.116 1.450 18116 0 0.000 1.332 823 87 5
50 30 30 0.000 0.000 258 5 0.000 0.000 57 33 5
45 0.026 0.120 18175 3 0.002 0.096 187 26 3
60 0.010 1.460 18087 3 0.006 1.456 456 136 3
50 50 0.000 0.000 670 4 0.002 0.003 581 31 4
75 0.004 0.251 18073 4 0.002 0.249 2540 79 2
100 0.167 2.853 18039 0 0.000 2.681 3612 58 5
80 30 30 0.000 0.000 101 5 0.000 0.000 102 56 5
45 0.115 0.096 18163 0 0.000 —-0.019 395 43 5
60 0.235 1.633 18155 0 0.000 1.395 1040 70 5
50 50 0.000 0.000 5946 5 0.001 0.001 1324 55 3
75 0.107 0.509 17136 0 0.000 0.401 3621 40 5
100 1.085 3.163 18068 0 0.000 2.055 3664 17 5
Average 0.104 0.660 11690 0.001 0.554 1057 49
Table 6
Comparison between CPLEX and GRASP-VND for T = 20.
B Ic| 7| CPLEX GRASP-VND
Average #BKV Average #BKV
Gap BKV (%) Gap LB (%) Time (s) Gap BKV (%) Gap LB (%) Time (s) #iter
20 30 30 0.000 0.000 64 5 0.000 0.000 66 4 5
45 0.002 0.160 17725 3 0.000 0.158 115 35 5
60 0.136 2.326 18068 0 0.000 2.186 218 87 5
50 50 0.000 0.000 4159 5 0.001 0.001 284 33 3
75 0.035 0.794 18056 0 0.000 0.758 589 83 5
100 1.104 4.615 18001 0 0.000 3.473 1032 139 5
50 30 30 0.000 0.013 7414 5 0.001 0.015 219 56 4
45 0.175 0.489 18092 0 0.000 0.314 497 103 5
60 0.232 3.841 18028 0 0.000 3.600 1148 92 5
50 50 0.001 0.048 18070 3 0.003 0.050 1146 133 2
75 0.087 1.297 18121 0 0.000 1.208 3217 97 5
100 1.977 6.556 18001 0 0.000 4.491 3621 34 5
80 30 30 0.003 0.046 14041 4 0.001 0.044 344 87 4
45 0.286 0.720 18108 0 0.000 0.435 954 119 5
60 1.401 4.586 18070 0 0.000 3.140 2521 76 5
50 50 0.001 0.046 18138 4 0.007 0.052 2210 97 1
75 0.225 1.414 18126 0 0.000 1.187 3634 45 5
100 2.120 5.836 18001 0 0.000 3.638 3643 18 5
Average 0.433 1.821 15460 0.001 1.375 1414 74

number of projects is strictly greater than the number of catchments.
As to be expected, CPLEX seems to perform better on small instances
(J¢| = |P]). Out of the 90 instances, GRASP-VND finds the best known
values for 78 instances when 7 = 10 and for 78 instances when T = 20,
whereas CPLEX finds it for 49 instances when 7' = 10 and 29 instances
when T = 20, respectively. GRASP-VND also produces better average
gaps, especially on the larger instances with 20 time periods. In terms
of time, with the current setting, GRASP-VND noticeably outperforms
CPLEX, with the best performance observed on the large instances. As
an example, for the most difficult instances with |B| = 80 and |C| < |P|
in Table 6, CPLEX cannot find any BKV after five hours of computing
time, whereas GRASP-VND finds all BKVs in less than one hour. For
medium instances with |P| = 45, the heuristics finds all the best known
solutions in a matter of two to three minutes against the five hours
required by CPLEX. Detailed results for a subset of instances (T' = 20,
B = 20 and |C| = 30) are reported in Table 2 of the supplementary
material.

Overall, these results highlight that GRASP-VND is an efficient
and effective algorithm for identifying optimal or near-optimal solu-
tions to FMP instances and can be confidently used to generate good
approximations of the Pareto front for real instances.

7. Case study of Hanoi, Vietnam

In this section, we provide a practical demonstration of how the
proposed approach can be used to support drainage system upgrade
decisions in Hanoi.

7.1. Description of the case study

In Hanoi, the capital city of Vietnam, flood risk is very acute.
The city has seen increasing urbanization and economic development
during recent decades. However, the pace of supportive infrastructure
development has lagged behind (Luo et al., 2018), and such pressures
are being compounded by more erratic rainfall patterns as a result of
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Fig. 3. Hanoi flood maps in two flood scenarios.

climate change. The city has many hotspots that become waterlogged
during heavy rain because of an outdated and overloaded drainage
system. In 2008, an historic flood triggered by torrential rain killed
18 people in the city and caused massive economic losses. Urban
transportation was halted and food prices reached exorbitant levels
as the rain destroyed crops and livestock and crippled transportation
corridors (Luo et al., 2018). Following the 2008 flood, the city invested
heavily in infrastructural improvements but, in spite of these, it contin-
ues to experience serious flooding every year, and the drainage system
remains substandard (Hai & Ha, 2022).

The study area considered in this case study includes eight districts
in the center of Hanoi: Tay Ho, Ba Dinh, Hoan Kiem, Dong Da, Cau
Giay, Hai Ba Trung, Thanh Xuan and Hoang Mai. Based on the flood
maps generated by IMHEN (see Fig. 3), the districts were divided into
35 catchments with 377 road segments. The characteristics of the road
network (traffic volume, capacity and speed limits) were provided by
TDSI.

The impact assessment carried out by AMDI as part of this study re-
vealed that improving the drainage system remains the highest priority
to reduce flood risk for local communities in Hanoi (Scaparra et al.,
2019). We therefore applied our modeling approach to the central
districts of Hanoi, considering a list of potential drainage projects
identified through the investment programme review. The initial list
included 25 projects, extrapolated from a larger set of about 77 projects
listed in the Drainage System Master Plan 2030-2050. These were used
by IMHEN to modify the parameters of the drainage system within
the MIKE URBAN hydrological model and produce new flood maps of
Hanoi under different flood scenarios. The simulated water depths, used
as input data for the flood maps, were used to compute the flooded
area variations in each catchment and the flooded length variations on
the network links. Note that as mentioned in Section 4, the impacts
on the water depth reduction of projects in the same catchment are
not additive. Therefore, to compute accurate estimates of flooded areas
and flooded link lengths, IMHEN generated distinct flood maps for
each combination G, of projects in the same catchment. A preliminary
analysis of the flood maps indicated that the water depth variations
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induced by some projects were negligible. In addition, one of the
projects was already underway at the time of this study. These projects
were therefore disregarded and the subsequent analysis was carried out
with a subset of 20 drainage system projects, whose details are provided
in Table 3 of the supplementary material.

7.2. Results and impacts

To provide the stakeholders with a sample of tradeoff solutions,
we solved the bi-objective problem using a classic non-inferior set
estimation algorithm (Aneja & Nair, 1979; Stidsen et al., 2014), which
iteratively solves the parametric FMP problem to identify the supported
extreme nondominated points on the Pareto front. These are displayed
in Fig. 4 for two budget levels (20% and 80% of the project total
costs). Note that the normalized objective values which identify the
points on the Pareto front can be used to derive the reduction in
damage and congestion corresponding to each solution. As an example,
the upper left point in Fig. 4(a) has coordinates (0.8227, 0.6818),
which were obtained by dividing the absolute damage and congestion
values by Dy and Cp (damage and congestion without any project).
Consequently, the damage reduction corresponding to this point can be
computed as 1-0.8227 = 0.1773 (or 17.73%). Similarly, the congestion
reduction is 1-0.6818 = 0.3182 (or 31.82%). The analysis shows that
if the preferred objective is the congestion level (lower right points),
the maximum achievable congestion reductions are about 32.7% and
42.5% with a budget level of 20% and 80% respectively. These drop to
31.8% and 41.9% when the damage is preferred (upper left points).
Conversely, the maximum damage reductions are 17.7% and 24.2%
with a budget level of 20% and 80% respectively. These drop to 16.2%
and 22.2% if congestion is prioritized. Overall, the analysis indicates
that considerable reductions in both damage and congestion can be
achieved, even with a budget of 20%; the reduction in congestion is
more significant than the damage reduction; prioritizing one objective
has a modest impact on the deterioration of the other objective, with a
slightly more pronounced impact noticeable on the damage reduction
when congestion is prioritized.



S.-L. Phouratsamay et al.

(a) Budget 20%

0.825 0.828 0.831 0.834

Normalized Damage

0.837 0.840

European Journal of Operational Research xxx (xxxx) xxx

(b) Budget 80%
0.581

0.580

0on

0.579

|
Bo

Normalized Congest
s o o
W wn wn
~ ~ ~
(=) ~ oo

0.575 a

0.574
0.757 0.760 0.763 0.766 0.769 0.772 0.775 0.778 0.781

Normalized Damage

Fig. 4. Trade-off between damage and congestion for two budget levels.

Table 7

Optimal project schedules for three points on the Pareto front and two budget levels.

Periods Budget 20% Budget 80%
ULP MP LRP ULP MP LRP
1 1, 4,7 1,4,7 1,4,7 1,4,7,8,9, 10 1,3,4,6,7,8, 10 1,3,4,5,7,8, 10
2 9 8 8 3,13 2,13 2,13
3 8 3,6 3,5 2,5,6,12 59,12 6, 12
4 10 10 10 14 14 14
5 2,3,6 2 2 11 11 11
6 5 15 16 16
7
8 13 13 15
9 13 59 17
10 18
11 12 15
12 12 12 16 18
13
14
15 14 17 17 18
16 14 14
17
18 11 11 11
19
20 19 20 20
DR (%) 17.7% 17.2% 16.2% 24.2% 24.1% 22.2%
CR (%) 31.8% 32.4% 32.7% 41.9% 42.4% 42.5%

ULP: Upper Left Point; MP: Middle Point; LRP: Lower Right Point.

The solutions corresponding to three points on the Pareto-optimal
front (points with solid fill markers) are displayed in Table 7, which
shows the selected projects and their implementation period, as well
as the overall reduction in damage and congestion for the two budget
levels. The optimal schedules show that there are some key projects
(1, 4 and 7) which are implemented at the beginning of the planning
horizon for each budget level and objective prioritization. The different
weights given to the objectives mostly affect the implementation times
of the projects. For example, for a 20% budget, project 9, which
has more impact on damage reduction than congestion reduction, is
delayed from period 2 (ULP) to period 9 (MP) and period 16 (LRP)
when more importance is placed on reducing congestion.

Finally, we conducted a sensitivity analysis to the budget level for
the case where damage and congestion have equal weights (1 = 0.5).
The results are displayed in Fig. 5, which shows the optimal reduction
in damage and congestion obtained with different budget levels for the
two flood scenarios and their combination. One of the key findings of
the analysis is that more than half of the total reduction in congestion
and damage is achieved with less than 20% of the budget, implying
that some projects in the current drainage system investment and
maintenance programme may not be cost-efficient for mitigating floods.
Fig. 5 also shows that for each level of the budget, varying between
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0% and 100%, the reduction in both damage and congestion is slightly
more significant for floods with a return period of 20 years.

7.3. Graphical user interface

To facilitate the use of the optimization tool by city planners and
policy makers, the solution approach is embedded into a Decision
Support System (DSS), comprising five main forms. The first three
forms enable authorized users to log into the system; select the inputs
files, set up some problem parameters (e.g., budget), run the algorithm
and visualize the projects’ schedule; and obtain some solution statistics
(e.g., level of damage and congestion in each district).

The last two forms allow the user to visualize on maps the reduction
in damage and congestion after the implementation of the optimized
project schedules identified by GRASP-VND. The Catchment Form shown
in Fig. 6 illustrates the damage in each catchment on color-coded
maps, where the colors yellow, orange and red are used to denote low,
medium and high damage levels respectively. The map on the left-
hand side displays the damage in the base case, while the map on the
right-hand side displays the damage after the solution implementation,
for a flood with a 100-year return period and a budget equal to 50%
of the overall cost of the 20 projects. It can be noted that some red



S.-L. Phouratsamay et al.

(a) Damage

Reduction (%)
— () w S W N
o 3 (=} = (=1 [=} o

(=1

0 10 20 30 40 50 60

Budget (%)
——R100 —e—-R20

70 80 90 100

—a—Both scenarios

European Journal of Operational Research xxx (xxxx) xxx

(b) Congestion

B w N
< (=] (=]

Reduction (%)
8

20
10
0
0 10 20 30 40 50 60 70 80 90 100
Budget (%)

——R100 —e—R20 -m—Both scenarios

Fig. 5. Trade-off between budget availability and reduction in damage and congestion for 3 scenarios: (i) 100-year return period (R100); (ii) 20-year return period (R20); (iii) a

combination of R100 and R20.

-y -
+ % Ranked catchment

fg M @ % | Non-ranked catchment

- [ Lat: 21,029"; Lng: 106.018° -

.
T

Tay HO
b

© Openstrestap contributors

+ @ ||Non-ranked road

«| % |Ranked road +|@

Lat: 21.020°; Lng: 105.906° Colour Scheme:

Min Max

Damage 0 969291

 r} 3000 969291

DT.406 1500 3000

) 0 1500

N 4 Min  Max
38y, Ho Congest 001 185138
| 1000  1851.38

\
500 1000
2 ¥ =
San bay 0 500

© Openstrestiap cortributors

Fig. 6. Catchment Form for Hanoi. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(orange) catchments in the base case (left-hand side map) become
orange (yellow) after the projects’ implementation (right-hand side
map) to denote a significant reduction in damage.

The Road Form shown in Fig. 7 illustrates the congestion level
on roads before (map on the left) and after (map on the right) the
mitigation projects are implemented. Roads are colored using different
shades of blue to represent high (dark blue), medium (blue), and low
(light blue) congestion levels. As an example, the maps in Fig. 7 show
that the level of congestion on two main arteries running from North
to South in the Hoang Mai district in the South part of the city is
significantly reduced after the project implementation.

Overall, the DSS offers a valuable tool for stakeholders to gain
rapid visual insights about the impact on damage and congestion of the
recommended solutions in different districts of the city, under different
flood scenarios and for different budget levels and objective priorities.
Additional details of the DSS and how to use it can be found in the
GCRF-OSIRIS DSS user’s manual (available at https://research.kent.ac.
uk/gcrf-osiris/publications-and-data/).
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7.4. Discussion

The pilot study for the city of Hanoi demonstrated the practical ap-
plicability of the proposed modeling framework to mitigate urban flood
impacts, highlighting both its benefits and limitations. Vietnamese rep-
resentatives of the Ministry of Transport commended the importance
of the research for the twin problems of flooding and traffic conges-
tion in Hanoi. They considered especially important the approach’s
ability to identify inefficient mitigation measures which had little or
no impact on reducing infrastructure damage and congestion. As a
result, some of the listed drainage projects were disregarded for future
implementation.

Unfortunately, the model could only be tested with 20 projects.
This was mostly due to the costs and resources needed to calculate
the projects’ benefit, which required generating a new flood map using
a complex hydraulic model with a modified drainage system for each
project combination in the same catchment in each flood scenario. The
project team is currently looking to secure funding to test the model
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with additional projects, including projects not originally included in
the drainage system master plan, but which were suggested by the
IMHEN hydrologists based on the analysis of the flood maps generated
in the third project component. The team is also investigating alterna-
tive ways of estimating the impacts of multiple interdependent flood
defense projects, for example through the use of Artificial Intelligence
(AI) methods such as neural network (Dupuits et al., 2019; Mehedi
et al., 2022). The development of Al-driven tools to generate flood maps
efficiently and rapidly would allow researchers to evaluate dozens of
projects and consider additional flood scenarios.

Other limitations of the study which could be addressed in future
research to further enhance the model effectiveness and accuracy in-
clude: estimating and incorporating costs associated with damage in
the model objective; using more sophisticated tools (e.g., microscopic
traffic modeling techniques) to model congestion and its cost (He et al.,
2021; Pyatkova et al., 2019); more carefully calibrating the timing of
the impact of mitigation projects in relation to the duration of their
implementation; including discounting in the model to capture the time
value of mitigation investments.

In addition, the full model capability should be exploited by ex-
perimenting with different prioritization of catchments, flood scenarios
and time periods through variations of the model parameters y,, f
and §,. As an example, catchments with critical facilities, such as
hospitals, may be given higher weights. Also priority could be given
to catchments in economically disadvantaged areas, to maximize the
reduction of flood impacts among the poor and most vulnerable. By
varying the flood scenario weights, different flood mitigation plans can
be produced to capture the decision maker risk aversion (e.g., higher
priority to most disruptive scenarios).

Although our modeling framework can be applied to other cities,
the FMP model was developed specifically to address the needs of
the Vietnamese stakeholders and communities. The adaptation to other
cities may require considering a variety of flood mitigation measures,
both structural and non-structural, and different flood impacts, such as
pollution, long-term health effects and damage to cultural heritage. As
an example, we are currently investigating a model adaptation for the

city of Pakse in Laos where the main objective is to reduce the risk of
water-borne viral diseases by improving waste management practices
among other measures.

From a methodological point of view, modeling different flood
impacts as functions of water depths results in complex multi-objective
models which require sophisticated solution techniques to identify
representative sets of solutions to be presented to the decision makers.
Recent multi-objective optimization studies have focused on generating
good representations of the Pareto front which satisfy cardinality,
uniformity and coverage criteria (Kidd et al., 2020; Mesquita-Cunha
et al., 2023). In our study, we used a simple weighted sum method,
which according to Kidd et al. (2020) remains a very competitive
method to generate non-dominated points with good coverage of the
objective space in reasonable computing time. Future research should
be directed to test the adaptability of recent multi-objective MILP
solution approaches (Adelgren & Gupte, 2021; Dogan et al., 2022) to
solve problems as complex as FMP.

Finally, future modeling efforts should be directed towards cap-
turing the uncertainty characterizing flood disasters in a more robust
way. In our study, the uncertainty was captured by using a scenario-
based model. However, the practical difficulty of generating flood
maps to evaluate projects’ benefits in each scenario, limited not only
the number of projects we could test, as mentioned earlier, but also
the number of scenarios. The use of stochastic optimization or robust
optimization techniques should be explored to achieve more robust
and effective solutions in the presence of uncertainty related to the
frequency, magnitude and impacts of flood events.

In spite of the aforementioned limitations, this study had signifi-
cant impacts in Vietnam and beyond. Softer areas of impact included
increasing connectedness of stakeholders, OR awareness-raising, and
momentum for developing an OR culture in Southeast Asia. It has
been pointed out in the literature that there is a lack of applications
and a lack of collaboration between stakeholders involved in disaster
management (Besiou et al., 2018; Coban et al., 2021). This project
enabled stakeholder groups who rarely met to address their common
concerns around urban flooding, to start new collaborations and to
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appreciate the potential of OR tools to support decision making. Viet-
namese institutions involved in the study are now promoting the use
of OR to address other sustainable development projects in the region.

8. Concluding remarks

Urban floods pose a serious threat to growing cities in developing
countries, undermining their efforts to achieve sustainable development
targets. Global discourse on urban flood risk management has high-
lighted the need to plan and prioritize flood risk reduction investments
and to improve stakeholder coordination mechanisms in the planning
of mitigation measures (World Bank, 2017). Although donors and hu-
manitarian organizations prioritize investments in short-term response
operations, recent studies advocate the need for long-term investments
in mitigation, as a way of building sustainability in humanitarian
response (Corbett et al., 2022).

In this paper, we developed a comprehensive framework for opti-
mizing flood mitigation investments in Vietnam cities. The Vietnam
context provided an opportunity to tackle integrated challenges: work-
ing with cross-sectoral stakeholders involved in flood risk management,
taking account of interdisciplinary research to create a practical model,
and redressing gaps in data and OR DOM applications as identified in
previous literature (Gupta et al., 2016).

The core of the framework is a bi-objective optimization model
aiming at minimizing road damage and congestion through investments
in drainage system projects. The evaluation of the project impacts on
damage and congestion required producing flood maps with a modified
drainage system for each project and flood scenario. This component
of the study involved using advanced meteorological and hydrological
models for rainfall simulations and water level estimation in the city
catchments. The optimization model objectives were established based
on the results of semi-structured interviews conducted by a team of
social scientists with members of the local communities. This was
to ensure the practical relevance of the proposed model, an aspect
which is often neglected in emergency planning studies in the DOM
literature (De Vries & Van Wassenhove, 2020). To solve the model
efficiently, we developed a GRASP-VND algorithm. Experimental anal-
ysis on a set of random instances showed the algorithm’s effectiveness
in solving realistic problem instances. An important finding of the
model application to the city of Hanoi was that using only 20% of the
overall project costs would be sufficient to reduce both the damage and
congestion rates by half. The analysis also showed that the projects
used in the study would be more efficient to reduce congestion than
to mitigate damage. Another valuable result for the stakeholders was
the identification of inefficiencies in the current drainage system master
plan. The generation of flood maps to evaluate the project benefits, in
fact, highlighted that some projects in the plan had very limited or no
impact in reducing road damage and congestion.

The proposed inter-disciplinary framework has a significant poten-
tial to inform flood mitigation planning in many other cities affected by
frequent flooding. However, as noted in De Vries and Van Wassenhove
(2020), DOM decision making is highly context specific and the context
is essential to determine data availability, actors involved, assumptions
validity and system constraints. Consequently, generalizability needs
to be carefully analyzed, to ensure that optimization models remain
relevant to practice. Flood mitigation decisions are no exception. Floods
can have a variety of societal impacts that span across space and
time (Bubeck et al., 2017), including for example, long-term health
effects, damage to cultural heritage and the environment, and most
importantly loss of human lives. We argue that adaptations of our
modeling framework should reflect local needs and concerns, and take
into account a wide range of flood impacts as well as how these are
experienced across different groups in society, to ensure fairness and
equity in the allocation of flood mitigation resources. We hope that this
study will spur future research to address the multi-faceted problem of
optimizing flood mitigation efforts in developing countries.
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